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PREFACE 

 Vibrational spectroscopy is a frequently used tool to identify and characterize a 

molecule with the help of its vibrational modes. 

 The vibrational spectroscopy is useful in the identification of functional groups 

and the strength of the chemical bonding between atoms. The vibrational and rotational 

energies of molecules can be studied by infrared and Raman spectroscopy.  The infrared 

and Raman spectroscopic methods yield complementary type of informations. For a 

complete vibrational analysis, both methods should necessarily be used. The observed 

frequencies obtained from IR and Raman spectra along with spectral parameters are used 

to carry out the normal coordinate analysis of some polyatomic molecules.  

The quantum chemical calculations have been performed by GAUSSIAN 09W 

program package with the standard B3LYP/6-31G, 6-31G (d, p) basis sets. Optimized 

geometrical parameters, vibrational assignments, HOMO-LUMO, molecular electrostatic 

potential, Mulliken atomic charges were discussed. Natural Bond Orbital (NBO) analysis 

was carried out using NBO 3.1 program as implemented in the Gaussian 09 package. 

Reduced Density Gradient (RDG) analysis was calculated with the help of Multiwfn 

program and plotted by the Visual Molecular Dynamics program (VMD). Molecular 

docking studies were done by Autodock 4.2 software and the ligand-protein interaction 

was analyzed using Pymol and Discovery studio visualization software. 

Chapter 1: In this chapter introduces the principles of vibrational spectroscopy and the 

necessary theory for the simplification of problems in vibrational spectroscopy. The 



normal modes of vibrations and the theory of infrared absorption and Raman 

spectroscopy have been discussed. 

Chapter 2: This theory deals with Quantum chemical calculations. The different 

quantum chemical calculations such as Ab initio methods, Density functional theory, 

semi-empirical methods were discussed. Different types of Basis sets are also presented 

here. Brief description about NBO, Molecular electrostatic potential, Fukui functions 

were discussed. Molecular Docking studies, reduced density gradient analysis were 

explained. 

Chapter 3: This chapter includes the FT-IR and FT-Raman spectroscopic techniques, 

source, detectors, sample handing techniques and advantages. 

Chapter 4: In this chapter we reported the molecular structure, optimized geometry of 5-

(4-Propan-2-yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)phenyl-4,5-

dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one based on quantum chemical 

calculations. The vibrational spectral assignments have been carried out using potential 

energy distribution (PED) analysis. The molecular electrostatic potential (MEP), HOMO-

LUMO, RDG analysis, Fukui functions and Atoms In the Molecule (AIM) analysis were 

carried out. To study the biological activity of the title molecule, Molecular docking 

studies were done to identify the binding energy with different proteins. 

Chapter 5: In this chapter the experimental and theoretical investigation  of molecular 

structure, vibrational spectra of 5-(4-butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-

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

investigated using density functional theory (DFT) B3LYP method with 6-31G and 6-



31G (d,p) basis sets. The geometry of the molecule was fully optimized, vibrational 

spectra and fundamental vibrations were assigned on the basis of potential energy 

distribution (PED) analysis. In addition, molecular electrostatic potential (MEP), HOMO-

LUMO, RDG analysis, Fukui functions and Atoms In the Molecule (AIM) analysis were 

carried out. The biological activity of the title compound has been made based on the 

prediction of Molecular docking results. 

Chapter 6: This chapter deals with the conformal stability and vibrational analysis of 

(4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one has been carried out by 

the application of B3LYP/6-31G and B3LYP/6-31G (d,p) basis sets based on scaled 

quantum mechanical method. The molecular stability and bond strength were 

investigated by applying the natural bond orbital analysis. The effect of substitution of 

electron withdrawing groups on the acceptor ring is studied by using HOMO–LUMO 

analysis. The molecular electrostatic potential (MEP), Fukui function, RDG analysis and 

AIM analysis were carried out. Besides, the docking has been performed by using variant 

proteins with the ligand i.e. the title molecule. The result obtained by docking suggests 

that the title molecule may possess the neuron disorder activity.  

Chapter 7: This chapter comprises on quantum chemical calculations an experimental 

and theoretical study on molecular structure, vibrational spectra of (2E)-1-(anthracene-9-

yl) -3-(4-ethoxyphenyl) prop-2-en-1-one were carried out. The FT-IR and FT-Raman 

spectra were recorded in the solid phase. From the MEP plot it is evident that the 

negative electrostatic potential regions are mainly localized. The natural bond orbital 

(NBO) analysis, Fukui function, RDG and AIM analysis were carried out. The molecular 



docking studied was also done to identify the binding energy with different proteins and 

hydrogen bond length.  

Chapter 8: This chapter includes the structure and spectroscopic studies of (2E) -1-

(anthracene -9-yl)-3-(biphenyl-4-yl)prop-2-en-1-one has been studied based on quantum 

chemical calculations. Structure optimization by force field calculations based on density 

functional theory at the HF/6-31G and B3LYP/6-31G basis sets and the geometry of the 

molecule was fully optimized. In addition, the molecular electrostatic potential (MEP), 

Fukui function, RDG and AIM analysis were carried out. The biological effect of the title 

molecule has been made on the prediction of molecular docking results.  
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Chapter – 1 

 

An Introduction to Vibrational Spectroscopy 



1 

CHAPTER – 1  

An introduction to Vibrational spectroscopy   

 

1.1 Introduction 

 Molecular spectroscopy is the study of the interactions between electromagnetic 

radiation and molecular systems. Modern spectroscopic methods covering the entire 

electromagnetic spectrum are becoming powerful tools for studying the physical 

properties of molecules, such as their molecular structure, chemical bonds, hydrogen 

bonding, isomerism and so on. 

 Vibrational spectroscopy is mainly concerned with vibrational transitions due to 

the absorption and emission of electromagnetic radiations. Vibrational transitions can be 

observed as Infrared and Raman spectra. It also provides information about 

intramolecular forces acting between the atoms in a molecule, the intermolecular forces 

in condensed phase and the nature of chemical bond. 

 

1.2 Vibratioal spectroscopy 

 The vibrational spectroscopy of molecules probes the periodic oscillations of 

atoms. These oscillations do not occur at random, but are precisely defined. When 

considering an N-atomic molecule, there are 3N degrees of freedom, of which three (two) 

refer to translations and three (two) correspond to rotations in a nonlinear (linear) 

molecule structure. In this case, the remaining degrees of freedom are represented by the 

3N-6 (3N-5) vibrations of a nonlinear (linear) molecule. Every atom oscillates at the 



2 

same frequency and with the same phase although with different amplitude in each 

normal mode. Nevertheless, in vibrational spectroscopy, the first principle observable is 

the frequency, which is dependent on the forces acting on the individual atoms and on 

their masses. These forces are generated not only by chemical bonds between individual 

atoms, but also by nonbonding interactions inside the molecule and with the molecular 

environment. 

 In this approach, the frequencies of the normal modes serve as a characteristic 

signature of the molecule's chemical constitution, structure and electron density 

distribution in a specific chemical environment, i.e., all of the parameters required for an 

atomic-scale description of a molecule. These characteristics also determine the 

vibrational spectrum's second most important observable parameter: the band intensities, 

which, unlike the frequencies, are not independent of the method used to investigate the 

spectrum. IR and Raman spectroscopy are two commonly used techniques for obtaining 

vibrational spectra by different mechanisms. With IR spectroscopy, molecules are 

exposed to a continuous flow of IR radiation and the photons with energies 

corresponding to the frequencies of the normal modes can be absorbed to excite the 

respective vibrations. IR radiation with wavelengths corresponding to the frequency of 

molecular vibrations is typically found between 2.5 and 50 mm in wavelength. In Raman 

spectroscopy, the vibrational transitions occurred when monochromatic light is 

inelastically scattered by the molecule, so that the light's frequency is shifted by the 

vibrational frequency of the molecule. In molecules, absorption- and scattering-induced 

vibrational transitions have different probabilities, which are reflected in their IR and 
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Raman spectra and provide additional information about structural and electronic 

properties. 

 Nevertheless, Raman and IR spectroscopy have broader applications in the life 

sciences, as they are not limited to the study of minute structural changes. The use of 

these techniques may provide valuable insights into proteins, nucleic acids and 

membranes. Proteins are constructed from amino acids, which are linked by the same 

chemical entities as peptide bonds. In the same way, nucleic acids are composed of 

repeated units of sugar-phosphate linkages. A vibrational spectrum of these units can give 

insights into the secondary structures of proteins and nucleic acids, since some of the 

modes of vibration depend on the folding of the biopolymer chain. The lipid molecules 

that form bilayer membranes have the same conformations on a periodic basis, thus 

giving them global structural properties. For these conformations, characteristic 

vibrational marker bands can be monitored in order to determine phase transitions or 

other prolonged structural changes. Over the past few years, Raman and IR spectroscopy 

have seen substantial advances, but there has not been enough progress in the 

development of universal strategies for extracting structural information from spectra. 

Still, empirical approaches prevail that are based on the comparison with experimental 

data for related systems and model compounds. 

 In addition to vibrational analysis of proteins, genetic engineering enables 

individual amino acids to be assigned specific bands. A key strength of this approach is 

the close collaboration of spectroscopists and biologists, since it is essential to assess 

individual mutations' functional consequences before unambiguous interpretation can be 
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made of their spectra in terms of structure-function. As a consequence, these empirical 

approaches typically target only a small portion of the vibrational spectrum and thus 

obscure a vast amount of structural information. More comprehensive methods are based 

on the classical treatment of the vibrational Eigen state problem. With the increase in 

availability of powerful personal computers, the popularity of quantum chemical 

programs, the development of efficient program codes, and the development of efficient 

programs, all of these factors have helped to open up new possibilities for comprehensive 

and reliable vibrational analysis. The use of these approaches requires a good 

understanding of theoretical chemistry, but in time, they should become standard tools 

that experimentalists may also use. 

 

1.3 Theory of infrared absorption and Raman spectroscopy 

 Molecular vibrations exhibited in two physical mechanisms: the absorption of 

light quanta and the inelastic scattering of photons [1]. A direct absorption of photons is 

achieved by irradiating molecules with polychromatic light that contains photons that 

have an energy difference hνk between an initial (e.g., ground state) and an excited (e.g., 

first excited state) vibrational state. 

  hνk= hνf  – hνi         ...(1.1) 

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

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

vibrational transitions. Hence, vibrational spectroscopy, which is based on the direct 

absorption of light photons, means IR absorption or IR spectroscopy.  
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 Unlike IR spectroscopy, the scattering process of exciting molecular vibrations 

requires monochromatic irradiation. Part of the incident photon is inelastically 

dissociated, so the energy of incident photon (hνo) and the energy of scattered photon 

(hνR) are different. A molecule‟s energy difference corresponds to the transition between 

two vibrational states, according to the law of conservation of energy. Thus, the energy 

differences 

  hν0  – hνR = hνf  – hνi                ...(1.2) 

despite the fact that UV, visible, or near-infrared photons are used to cause scattering, the 

transitions investigated using direct absorption of mid-IR photons are in the same range 

as the transitions analyzed with direct absorption of mid-IR photons. 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.  

 IR and Raman spectroscopy each probe different vibrational transitions of a 

molecule and in many cases both provide complementary information. In order to 

facilitate comparison, IR and Raman spectra are usually plotted analogously. An ordinate 

indicates the amount of light that is absorbed (IR) or scattered (Raman). When measuring 

IR absorption spectroscopy, the amount of absorption is expressed in units of absorbance, 

is less accurate, but commonly used in terms of optical density. Raman intensity, on the 

other hand, is measured in terms of the number of photons detected per second. In most 

instances, only relative intensities represent physically meaningful quantities as the value 

depends on many apparatus-specific parameters. In practice, Raman intensity scales are 

usually expressed using arbitrary units or omitted altogether. On the abscissa is shown the 
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vibrational energy, expressed in terms of wavenumbers (cm
-1

), which correspond to the 

absorbed light frequency, νabs in IR spectroscopy, and difference between the excited and 

scattered light, hν0  – hνR, in Raman spectroscopy and it is depicted in Fig 1.1. 

 

Fig. 1.1 Energy levels involved in Raman and Rayleigh scattering 

 

1.4 Molecular vibration 

 In a molecular vibration, atoms in a molecule move periodically while the 

molecule rotates and translations constantly. Vibration frequency is defined as the 

frequency of periodic motion. Thus a diatomic molecule has only one normal mode of 

vibration. In polyatomic molecules, each normal mode of vibration is independent of the 

others, involving simultaneous vibrations of different parts. The vibration of a molecule 

is excited when a quantum of energy (E) is absorbed by it, corresponding to the 

vibration's frequency (), according to the relation E=hυ. When a molecule absorbs a 

http://diatomic-molecule.co.tv/
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quantum of energy in its ground state, a fundamental vibration is excited. Overtones are 

excited as two quanta are absorbed, and so on until higher overtones are excited. 

 

1.5 Normal coordinates 

 According to a normal mode of vibration, the normal coordinates are the positions 

of atoms away from their equilibrium positions. Each normal mode has a single normal 

coordinate, which represents the "progress" along that normal mode. Formally, the 

normal modes are obtained by solving a secular determinant, which is then summarized 

over the Cartesian coordinates (over the atom positions) to obtain the normal coordinates. 

By working in normal modes, the matrix governing molecular vibrations is diagonalized, 

so that each normal mode has a spectrum of quantum mechanical states associated with 

it. In the presence of symmetries, a molecule will belong to a point group and its normal 

modes will "transform into" an irreducible representation. By applying group theory to 

the irreducible representation and projecting it onto the Cartesian plane, normal modes 

can be qualitatively determined [2]. 

 

1.6 Molecular force constants 

 Vibrational frequencies and structural data can be combined to determine the 

nature of forces binding the atoms together and to evaluate several molecular constants. 

Force constants represent the amount of force needed to restore a unit displacement or to 

stretch or bend an object, respectively. This quantity indicates the strength of chemical 

bonds between elements. As isotopic substitution does not alter the nature of the chemical 

bond, a molecule and its isotopic analogue have almost the same force constants. Using 
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the force field of a molecule, the fundamental wavenumbers of isotopic substitutes can be 

calculated. It is particularly useful when it is difficult to obtain the spectrum of an 

isotopic substitute. Alternatively, force constants can be evaluated more accurately with 

accurate knowledge of a molecule's spectra and its substituted isotopes. 

 Electron delocalization and interatomic interactions can be visualized with the 

help of force constants. The force constants also provide information regarding valence 

state of atoms in the molecule. As a result, we are also able to know the normal 

coordinates associated with each vibrational frequency, which is necessary for studies on 

absolute intensities. The bond dipole moments, polarizabilities, and derivatives of bond 

dipole moments can be calculated using Raman and infrared intensities along with force 

constants [3]. 

 

1.7 Force fields 

 The fundamental vibrational frequencies of a molecule can be determined from its 

Raman and infrared spectra and then used to solve the secular equations to determine its 

potential energy or force constant. The number of force constants to determine is 

generally greater than the number of equations; therefore, it is impossible to determine 

unique solutions to these equations. A way to overcome this difficulty is to select force 

constants from molecules with similar bonds and environments. The trail F matrix is set 

up and iterating them to give a weighted least square fit to all the observed frequencies. It 

is also possible to reduce the number of force constants to be determined by making 
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specific assumptions about the forces inside the molecules. There are several such force 

fields, each with its own strength and weakness. 

 

1.8 Solution by symmetry and internal coordinates 

 Spectroscopic activity of a molecule is influenced by symmetry consideration. It 

has been proved that Howard and Wilson's [4] "symmetry coordinates" method is the best 

way to determine normal vibrations in symmetrical molecules. Each symmetry type or 

species is typically evaluated by determining the number of genuine vibrations. Generally 

there are (2N3) vibrations for in-plane modes and (N3) vibrations for out-of-plane 

modes. A symmetry coordinate is constructed to represent all the individual 

displacements of all the nuclei through the linear combination of equivalent internal 

coordinates. A quadratic function of symmetry coordinates represents the potential 

function. The choice of symmetry coordinates are governed by the following conditions: 

1 There must be equal numbers of symmetry coordinates under each species for 

each symmetry type. It is necessary to have a pair of symmetry coordinates for 

doubly degenerate vibrations, and three such coordinates for triply degenerate 

vibrations. 

2 They should be normalized. 

3 They should be orthogonal. 

4 As symmetry types, they should be transformed according to their characteristics. 
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1.9 Group theory and molecular vibrations 

 By applying group theory concepts, the normal vibrations of molecules can be 

classified based on their irreducible representations. This method allows qualitative 

analysis of the fundamental, overtone, and combination bands in infrared and Raman. 

The optical activity of a molecule can be determined by knowing its point group 

symmetry. Molecules with different symmetries have qualitatively different spectra [1, 5, 

6]. 

Symmetry elements and symmetry operations 

 The symmetry element is a geometrical entity such as a point, an axis or a plane in 

which one or more symmetry operations take place. In the case of a molecule moving 

between configurations, the resulting configuration remains the same.  

 There is a close relationship between symmetry elements and symmetry 

operations, and one cannot exist without the other. Molecules have no translational 

motion while in symmetry operation. It is possible to treat all molecular symmetries as 

symmetry elements described in literature [7,8]. 

 When a symmetry operation is applied to a molecule, a member of a set of 

degenerate vibrations will be transformed into a linear combination of those vibrations. 

Point group and character tables 

 A possible combination of symmetry operations that leaves atleast one point 

unchanged is called point group. This combination satisfies the group atoms. There are 

only a limited number of such combinations or point groups in mathematical group 
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theory. Most molecules belong to one of these point groups. The procedure for the 

identification of point groups of polyatomic molecules is given in the flow chart 1.1. 

 It is possible to list the characters of matrices in different irreducible 

representations of a point group in a character table. We can solve molecular vibrations 

with the help of character tables, which summarize the symmetry behavior of molecules 

of different point groups [7]. 

Group frequencies 

 When infrared spectra of series of compounds are examined critically, it is 

discovered that compounds containing a common group of atoms share some similarities, 

and this common group absorbs over a narrow range of frequencies, irrespective of the 

nature of the rest of the molecule. By examining infrared spectra, organic group 

frequencies can be used to identify atomic groups.  
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Flowchart 1.1 The procedure for the identification of point groups of polyatomic 

molecules 
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 A group frequency is defined as the vibration of a particular group independent of 

the vibration of the rest of the molecule. The nuclei of a molecule oscillate harmonically 

as a result of normal vibration, so it is impossible to expect a polyatomic molecule to 

exhibit isolated vibrations. It is expected that isolated vibrations occur when a group 

contains either light atoms, such as hydrogen, or heavy atoms, such as iodine. When there 

are two or more double bonds in a group, it is considered independent if it is not part of a 

conjugated system [9]. It may not be possible to isolate group frequencies when atoms 

with similar masses are bonded through bonds of roughly the same force constant. For 

Raman or infrared spectra to confirm the presence or absence of a particular group 

frequency, studies on the structure of complicated molecules and their assignment of 

vibrations require critical examination. There may be a mixing of vibrations in a group 

that result in a significant change in the frequency of the group. 

Fermi resonance 

 Overtones (or a combination of two vibrations) and fundamental vibrations may 

occur almost at the same frequency in certain molecules. According to quantum 

mechanical resonance, the frequency of one vibration (with higher energy) is raised while 

the frequency of the other (with lower energy) is lowered. Using the harmonic oscillator 

approximation, these levels are described by wave functions of the two vibrational 

excited states resulting from the mixing of two wave functions. Such a phenomenon was 

first observed by Fermi and known as Fermi resonance [10, 11]. There must be the same 

symmetry type between the two vibrations in order for the Fermi resonance to occur. 

Energy sharing may also occur in the presence of resonance. There is a possibility that 
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the intensity of overtones and combinations will become equal to the intensity of the 

fundamentals as they borrow energy from them. There is no longer a need to distinguish 

an overtone or combinational level from a fundamental level, since both the displaced 

levels will be partly one kind and partly the other. A deuteration or solvent effect that 

shifts the frequency of one vibration mode, while the other does not, will affect the Fermi 

resonance interaction. Thus, deuterating a sample or taking the spectrum in different 

solvents can be used to test the presence of Fermi resonance in compounds [7, 12]. 

Hydrogen bonding 

 Solids are also affected significantly by the formation of hydrogen bonds (H-

bonds). The H-bond is defined as the bond between an atom X and the hydrogen atom of 

a covalent bond X–H, forming the group X–H...Y.  Atoms X and Y have 

electronegativities greater than H. 

 Generally, it can be viewed as a proton shared by two electrons in a lone pair. 

Molecular association can be either intramolecular or intermolecular, and it is an 

important form of molecular interaction. If the H-bond is formed between groups within 

the same molecule, it's called intramolecular, but when it involves associations between 

two or more molecules, it's called intermolecular. Atoms with a higher electronegativity 

than hydrogen can form an H-bond. Oxygen, nitrogen and halogen atoms are the most 

frequent partners and may give rise to strong H-bond. Typically, oxygen, nitrogen, and 

halogen atoms form strong H-bonds. In order to understand the strength of H-bonds, 

spectroscopic methods are used. A large number of studies [13, 14] on H-bonded systems 

show the following effects with the formation of an H-bond, 
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1) When the H-bond becomes stronger, vibrations of the X-H stretching, shift to 

lower frequencies with broadening and increase in intensity. 

2) Bending X-Y deformation band shifts to higher frequencies without appreciable 

changes in line width and intensity. 

3) At low frequencies, new bands are observed corresponding to stretching and 

deformation of H...Y. 

4) A shift in vibrational modes involving hydrogen bond acceptor atom Y. The shift 

is usually much smaller than that observed between donor X-H vibrations. 

5) In IR and Raman spectroscopic studies, the focus is primarily on the νX-h 

frequencies, which occur in regions that are free of vibrations from other 

molecules. Therefore, IR studies are a powerful technique for understanding the 

nature and strength of hydrogen bonds in molecules. 
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CHAPTER – 2  

Quantum Chemical Calculations 

 
2.1 Introduction 

 Computational chemistry aims to solve chemical problems by applying 

mathematical and theoretical principles. An important part of computational chemistry is 

molecular modeling, which predicts the behavior of molecules within chemical systems. 

The most accurate molecular models employ 'first principles' or ab initio methods to 

determine the electronic structure. These methods are based on quantum mechanical 

principles and are computer-intensive. Nevertheless, molecular modeling has been a 

rapidly developing and expanding field due to advancements in computer storage 

capacity and processor performance, allowing specialists to solve relevant problems in a 

reasonable amount of time. 

 The types of predictions possible for molecules and reactions include [15]: (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) (9) Electronic transitions 

(UV/Visible spectra) (9) Magnetic shielding effects (NMR spectra). 

 

2.2 Survey of computational chemistry methods 

 In general, molecular modeling techniques fall into three broad categories: 
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(1) Molecular Mechanics 

(2) Semi-empirical methods and  

(3) Ab initio electronic structure calculations. 

 

2.3 Molecular Mechanics 

 The simplest type of calculation is Molecular Mechanics (MM) by using the laws 

of classical physics, Molecular Mechanics (MM) predicts the structure and properties of 

molecules (i.e. no quantum mechanics are used; instead, parameters are derived from 

experimental or ab initio data. In the Born-Oppenheimer approximation, the nuclei 

motions are studied and the electrons are not explicitly treated. It is feasible to model 

large and non-symmetrical chemical systems such as polymers and proteins using 

Molecular Mechanics (MM). To predict the chemical properties of molecules, molecular 

mechanics relies upon the laws of classical physics without explicitly treating electrons. 

MM calculations are therefore unable to handle bond breaking or formation problems, 

where electronic or quantum effects are dominant. Additionally, MM models are totally 

dependent on the systems they are used to predict; as absolute quantities, they are not 

meaningful and can only be used for comparative studies. Although MM has some 

shortcomings, it has been extensively used in studying 'mesoscopic' effects in energetic 

materials due to its ability to bridge the gap between quantum mechanics and continuum 

mechanics. These applications include calculating reaction and dissociation energies on 

classical potential energy surfaces [16, 17], evaluating equilibrium crystal properties 
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(e.g., density, packing, specific heats) [18, 19], investigating shock interactions with 

crystals and defects [20], and simulating molecular crystal detonation. 

 The typical molecular mechanics method has some basic assumptions as listed 

below. 

 Atoms (e.g., electrons and nuclei) are each considered to be a single particle with 

characteristic mass. 

 The potential energy of interaction between two atoms is determined by the 

characteristic force constant of the chemical bond is considered to be a spring. 

Potential energy functions can characterize intramolecular stretching, bending, and 

torsion, as well as intermolecular phenomena such as electrical interactions or van 

der Waals forces. 

 Potential energy functions based on experiments or other calculations derived 

from empirical parameters. 

Strength of Molecular Mechanics  

 In comparison to ab initio computations, Molecular Mechanics computations are 

quite inexpensive, and this allows one to compute properties for large systems containing 

thousands of atoms, for example: (1) Energy optimization (2) Calculation of binding 

constants, (3) Simulating of protein folding kinetics (4) Examination of active site 

coordinates (5) Design of binding sites (6) MM can supply results in heat of formation if 

the zero of energy is taken into account. 
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Weaknesses of Molecular Mechanics 

 The performance of a force field parameterized for one class of compounds is 

unlikely to be as good for another class of compounds when it is parameterized for an 

inappropriate force field. It has been found that force fields produce good results for 

limited classes of molecules related to those for which they have been parameterized. The 

parameter transfer from one force field to another is invalid. Optimizing to a stationary 

point that may not be a minimum (it could be a "maximum", a transition state), and 

certainly may not be a global minimum. When a structure is not a minimum, rotate the 

bonds slightly and reoptimize; transition states should slide down toward nearby 

minimums. The solvent and nearby ions are ignored. Using the in vacuo structure can 

lead to incorrect geometries and energies in polar molecules. This is particularly 

important for biomolecules. The energies obtained by molecular mechanics do not 

possess any physical significance, but rather describe the difference in conformation 

(type of isomer). As MM methods ignore electrons, they cannot handle chemical 

problems dominated by electronic effects such as bond formation, bond breaking, etc,. 

 

2.4 Semi-empirical methods 

 Molecular Mechanics provides mostly qualitative results, whereas ab initio 

methods are highly computationally demanding and Semi-empirical quantum methods 

(SE) offer both qualitative and quantitative results. Equations are parameterized using 

semi-empirical methods based on experimental data. A Hamiltonian and wave function 

are used like ab initio method. In other words, they are MO-LCAO methods derived from 
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Hartee-Fock model and they consider only the valence electrons. A minimal basis set is 

used for the valence shell. The numerical results are parametrized with experimental data 

by adjusting them to one and two-center integrals. A large number of properties can be 

quantitatively estimated with very efficient computational tools. It can be used to 

establish trends among classes of similar molecules and to scan a computational problem 

before undertaking high-level treatments. A lot of elements have not be parametrized 

such as transition metals.  

 

Strength of Semi-empirical method 

1) For molecules similar to those used for parametization, semi-empirical methods 

are fast, produce accurate results, and can be applied to very large molecules. 

2) In order to reproduce specific results, these equations must be parameterized, 

usually the geometry and heat of formation, but they can also be used in order to 

find other values. 

Weaknesses of Semi-empirical method 

1) The main weakness of SE methods is their unreliability. SE methods are less 

accurate than ab initio methods, especially in energies. 

2) The SE heats of formation have errors of tens of kJ mol
-1

, so heat (enthalpies) 

of reaction and activation can be in error by scores of kJ mol
-1

. 

 

2.5 Ab initio method 

 In Latin, ab initio means "from first principle". The computations are based on 

quantum mechanics and no experimental data is used. Schrödinger's equation is used in 
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the ab initio method, but with approximations. Model chemistry specifies how ab initio 

molecular orbital calculations should be performed. A model chemistry will include 

several factors, such as the choice of a method, a basis set, the general structure, state of 

the electrons in the molecular system under study (e.g., charge and spin states), and the 

way in which electron spin is treated. The properties of molecules can be assessed by 

using a user-specified input or by allowing the molecule to relax to a minimum energy 

configuration (geometry optimization). Because of their best mathematical approximation 

to the actual system, ab initio molecular orbital methods are the most accurate and 

consistent. 

 There are two strategies for solving equations based on ab initio methods: (1) 

Wavefunction-based methods, which concentrate on obtaining the electronic 

wavefunction, and (2) Density-based methods, which concentrate on determining the 

properties of the system through its electronic density without explicitly determining the 

wavefunction. 

Ab initio method for molecular calculations must satisfy a set of stringent criteria 

 

 (1) The structure and electronic states of the molecules must be well defined and 

specified for well defined and specified solutions, (2) the potential energy system of the 

molecule must vary smoothly and continuously with respect to displacements of the 

atomic nuclei, (3) the model must contain no bias (e.g., the assumption that a chemical 

bond exists between two atoms), (4) It is important to ensure that the model is „size 

consistent', which requires that solutions and their associated errors scale proportionally 

to the molecule's size, (5) It is equally important that the model is „variational', i.e., 
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approximate solutions must provide an upper bound to the „true‟ energy of the system. 

So, within the limitations of the method, the approximate solution with the lowest energy 

represents the closest fit to the true wavefunction. 

 

Advantages of ab initio method 

 A detailed analysis of the electronic distribution using the Schrödinger equation, 

 It is possible to improve chemical accuracy systematically, 

 It does not require parameterization or calibration in relation to experiments, 

 Can describe structure, properties, energetic and reactivity. 

 

Different levels of Ab Initio calculations 

(a) Hartree-Fock (HF), (b) The Møller-Plesset Perturbation Theory (MP), (c) Density 

Functional Theory (DFT), (d) Configuration Interaction (CI).    

(a) Hartree-Fock method 

 The Hartree-Fock method is a variational, wavefunction-based approach. It is a 

many-body technique, but the view is based on single-particle picture, which means that 

the electrons are assumed to occupy single-particle orbitals and make up the 

wavefunction. Through an effective potential, each electron perceives the presence of the 

other electrons indirectly. Thus, each orbital is affected by the presence of electrons in 

other orbitals. 

 In Hartree-Fock theory, the starting point is to construct a variational wave 

function from single particle orbitals. The simplest wavefunction that can be formed from 

these orbitals is their direct product 
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                                  .... (2.1) 

This is the Hartree approximation and the variational lowest energy can be calculated by 

using this approximation from Equation 2.1. However, Hartree wavefunctions fail to 

satisfy antisymmetry, which states that a fermion wavefunction changes sign if the 

electronic variables are permuted in odd ways. The permutation operator is defined by its 

action on the wavefunction 
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 When odd numbers of permutations of this kind are applied to the wavefunction, it 

takes on a negative sign, whereas when even numbers of permutations are applied there is 

no change in sign. In order to satisfy the anti-symmetry condition, a more sophisticated 

form of the Hartree wavefunction is needed [21, 22]. 

 In terms of these orbitals, the Hartree-Fock Hamiltonian operator can be defined 

using the operators of Coulomb and exchange repulsion. For Hartree-Fock equations, the 

general procedure is to make the orbitals self-consistent with the potential field they 

generate. The result is reached through a trial-and-error computational procedure, for 

which reason the process is called the self-consistent field method. 

Iterations to self consistency 

(1) Start with an initial guess for the orbital; (2) construct all the operators in the 

Hamiltonian; (3) solve the Schrödinger equations for the single particle (compute the 

ground state); (4) using the newly constructed orbital, update the Hartree operators; (5) 

solve fagain and continue until convergence. 



24 

 In practice, it is not desirable to construct the Hartree operator at every iteration. 

The previous charge densities may be modified a little bit to move in the direction of the 

new charge density to be calculated. The idea is to minimize the change in operators from 

one iteration to the next. The Hartree equations are coupled integral-differential 

equations. 

 The electron correlation and the Principle of antisymmetry wave function are 

missing in the Hartree equations. 

(b) Møller-Plesset (MP) 

 Møller-Plesset (MP) treatment of electron correlation [23], a general approach 

used in physics to treat complex systems, is based on perturbation theory. This particular 

approach was described by Møller and Plesset in 1934 [24] and developed into a practical 

molecular computational method by Binkley and Pople [25] in 1975. Essentially, 

perturbation theory begins by treating a simple system, then progresses to a more 

complicated version of it. Møller-Plesset calculations are referred to as MP, MPPT (MP 

perturbation theory), or MBPT (many-body perturbation theory). MP energy levels fall 

into hierarchies: MP0, MP1 (these first two designations are rarely used), MP2, etc., 

which successively take into account more thoroughly interelectronic repulsion. 

 MP0 may use the electronic energy obtained by simply summing the HF one 

electron energies. It ignores interelectronic repulsion except for refusing to accommodate 

more than two electrons in a same spatial MO. MP1 corresponds to MP0 corrected with 

the coulomb and exchange integrals and simply it is the Hartree-Fock energy. MP2 is the 

first MP level to go beyond the HF treatment. MP2 energy represents the HF energy plus 
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a correction term (a perturbation adjustment) representing a lowering of energy as a result 

of the electrons being able to avoid one another more effectively than they did in the HF 

treatment: 

  

(2)

2

TOTAL

MP HFE E E             
...(2.3)

 

The HF term includes internuclear repulsion S, and the perturbation correction E
(2)  

is a 

purely electronic term. E
(2)  

is a sum of terms each of which models the promotion of 

pairs of electron from occupied to unoccupied MOs. 

Merits and demerits of Møller-Plesset Perturbation Theory 

 MP is an effective method for including electron correlations. The size extensive 

problem (but not variational) has no error bound for the energy differences. In other 

words, the error remains constant for different systems. 

(c) Density Functional Theory 

 The method is considered as an ab initio method, but it is unique in that it uses 

electron density instead of wave function to describe the molecules. In DFT, electron 

correlation is modeled as a function of electron density (ρ). By using the Kohn-Sham 

equations [26, 27], current DFT methods partition electronic energy into several terms, 

  E = E
T
 + E

V
 + E

 J
 + E

 X C
                                      ...(2.4) 

where E
T
 is the kinetic energy term (arising from the motion of the electrons), E

V
 is the 

potential energy term that includes nuclear-electron and nuclear-nuclear interactions, E
J  

is the electron-electron repulsion term and E
XC

 is the electron correlation term. With the 

exception of nuclear-nuclear repulsions, all the terms are functions of the electron 
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density. The terms E
T
 + E

V
 + E

J
 represent the classical energy of the electron distribution, 

while E
XC

 represents both the quantum mechanical exchange energy, which accounts for 

electron spin, and the dynamic correlation energy due to the concerted motion of 

individual electrons. 

 It is the combination of an exchange functional and correlation functional those 

are used in pure DFT methods to calculate E
XC

 and so are designated by the choice of 

combination. For example, B3LYP combines Becke‟s gradient-corrected exchange 

functional with the gradient-corrected correlation functional of Lee, Yang and Parr [28]. 

DFT calculations fall into three general categories: local density approximations (LDA), 

generalized gradient approximations (GGA), and “hybrid” combinations of DFT and 

Hartree-Fock terms. 

Local Density Approximations (LDA) 

 An approach that works for some bulk materials, but fails to predict isolated 

molecule properties accurately, because LDA exchange and correlation functionals only 

include electron density terms. 

Generalized Gradient Approximations (GGA) 

 The GGA ("nonlocal") functional includes terms that depend on both electron 

density and density gradient. BLYP predicts intramolecular bond dissociation energies 

within a few kJ/mol using gradient-corrected density functional methods [29]. Since 

Coulomb's 'self-interaction' of electrons is negleted [30], the generalized gradient 

approximation significantly underestimates activation barriers. Combining Hartree-Fock 
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self-interaction corrections with density functional exchange and correlation is used to 

solve this problem. 

 Examples of hybrid methods are B3LYP and B3PW91, where B3 denotes Becke‟s 

three-parameter hybrid functional [31], while „PW91‟ and „LYP‟ are gradient-corrected 

correlation functional of Perdew and Wang [32] and, as above, Lee, Yang and Parr. 

Hybrid 

 Hartree-Fock and DFT terms combine in this method. 

Merits and demerits of DFT method  

 The computational expense is avoided with density functional methods. Molecular 

properties and reactions of larger energetic molecules can be studied using the DFT 

technique. 

 

2.6 Basis set 

 A basis set is a mathematical description of the orbitals within a system that can be 

used for theoretical calculations. Atomic orbitals are categorized according to their size 

and description using standard ab initio software packages. The electron distribution 

around an atom is accounted for by several basis functions, and by combining atomic 

basis functions, this leads to the electron distribution within the entire molecule. Basis 

functions not centered on atoms can be considered to lie on “ghost atoms”.  More and a 

wider range of basis functions are included in larger basis sets. It is therefore possible to 

refine molecular wave functions more accurately by using larger basis sets; however, this 

requires correspondingly more computational power. In addition, electrons in atoms can 
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be treated in different ways to obtain accurate wave functions. Molecules containing large 

atoms (Z > 30) may be modeled using basis sets that incorporate relativistic treatments of 

inner-shell electrons. „Minimal‟ basis sets contain the minimum number of 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)

      ...(2.5) 

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

angstroms.
 
 

Types of basis set and their uses 

 Basis sets are broadly classified into two types, one is minimal basis set and 

another one is extended basis set.  

(1) Minimal basis set 

 As the minimal basis set contains only one function per occupied atomic orbital in 

the ground state, it is the smallest possible set. For elements from the first two groups of 

the periodic table, it always includes orbitals from partially occupied subshells and 

valence p-type functions. The most popular minimal basis sets are the STO-nG, where n 

denotes number of primitives in the contraction. It is common for minimal basis sets to 

provide insufficient results for research-quality publication, but they are generally much 

less expensive than their larger counterparts. STO-1G, STO-3G, STO-4G, STO-6G are 

the commonly used minimal basis sets of this type. 
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(2) Extended basis set  

(a) Split valence basis sets 

 It is difficult to respond to changing molecular environments with minimal basis 

sets because they do not allow the orbitals to be altered.   A p-orbital on oxygen in an 

ether compared to the same ether protonated. Comparisons between charged and 

uncharged species are unreliable when a basis set like STO-3G fails to reflect these 

changes. Anisotropic environments are another problem for minimal basis sets. In order 

to address these problems, split valence basis sets can be used. In this basis, the AOs are 

divided into two parts: an inner, compact orbit and an outer, more diffuse orbit. It is 

possible to vary the coefficients of the two kinds of orbitals independently during the 

construction of the MOs. By varying the inner and outer functions (below), the AO's size 

can be controlled. Basis sets that split only the valence orbitals are called split valence 

basis sets; basis sets that split both the core and valence orbitals are called double zeta, 

DZ (implying two different exponents). 

 

                                    

 

 

Fig. 2.1 Split valence basis set 3-21G 

 The simplest split valence basis set provided by GAUSSIAN is the 3-21G is 

shown in Fig. 2.1. According to this description, the core orbital has three Gaussian 

components, whereas the inner and outer valence orbitals have two and one Gaussian 



30 

components, respectively. GAUSSIAN offers two other split valence bases: the 6-31G 

and the 6-311G and both have six Gaussian cores. Based on the 6-311G, the inner orbital 

is represented by three Gaussians, and the middle and outer orbitals by 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-orbitals to all 

heavy (non-hydrogen) atoms. Unlike transition metal d-orbitals, these are not used to 

form bonds in typical organic compounds. They are used to allow a shift of the center of 

an orbital away from the position of the nucleus. In Pople notation, polarization functions 

are indicated by adding an asterisk to the set designator. The larger basis set 6-31G with 

polarization function is shown in Fig. 2.2. Typically, six d-functions (x
2
, y

2
, z

2
, xy, xz, 

and yz), equivalent to five d-orbital‟s and one s, are used (for computational 

convenience) Most programs can also use five "real" d-orbital‟s. DZP: double zeta, 

polarization is an alternative description of this kind of basis set. To provide polarization, 

a second asterisk, as in the 6-31G** basis set, implies adding p-orbitals to each hydrogen. 

Again, an alternative notation exists: DZ2P; double zeta 2 polarization. A polarization 

function is only added to elements in the second row when an asterisk appears in 

parentheses. 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. 
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        Original 'p' orbital         Modified 'p' orbital  
 

 

Fig. 2.2 Split Valence basis set 6-31G 

 

(c) Diffuse Functions 

 In order to provide more accurate descriptions of neutral molecules with unshared 

pairs, diffuse functions may be added to basis sets. The purpose is to improve the basis 

set at large distances from the nuclei, improving the description of barely bound electrons 

in anions. If diffuse functions are included, processes involving changes in the number of 

unshared pairs, such as protonation, can be represented more accurately. In this case, the 

augmentation consists of a single set of very diffuse orbitals (exponents 0.1 - 0.01) on the 

s and p orbitals. The presence of diffuse functions is symbolized by the addition of a plus 

sign (+) to the basis set designator: 6-31+G. Since these are s and p orbital‟s, the symbol 

goes before the G. It should be noted that a second + implies diffusion functions are 

added to hydrogen's, however, unless hydride ions are included in the system under 

investigation, little improvement in results is observed. All of our ab initio programs 

offer at least one set of diffuse functions. 

 Ab initio programs in all of our programs offer diffuse functions at some point. 

Generally, we would like to use the largest available basis set, with the most extensive set 
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of diffuse and polarization functions, and the most extensive consideration of electron 

correlations. 

 

2.7 Properties arising from electron distribution 

 Calculating the shapes (geometries), relative energies, and frequencies of 

stationary points on a potential energies surface are three applications of ab initio 

calculations. The shapes of a molecular species are one of its fundamental characteristics. 

Molecular vibrational frequencies provide information about the electronic nature of the 

bonds within a molecule, and experimentalists may be able to predict the spectra 

represented by these vibrational frequencies. It is possible to predict the dipole moment, 

the charge distribution, the bond orders, and the shapes of various molecular orbitals by 

calculating the electron density distribution. 

(a) Dipole moments 

 A dipole moment [33] of a system of two charges Q and –Q separated by r is, by 

definition, the vector Qr; the direction of the vector is officially from –Q toward +Q, but 

chemists usually assign molecular or bond dipoles the directions from positive to 

negative. The dipole moment of a collection of charges Q1, Q2, Q3, ….Qn, with 

corresponding position vectors r1, r2, r3, …., rn is, 

  

n

i i

I

Q r           ...(2.6) 

and the dipole moment of a molecule is seen to rise from the charges and positions of its 

component electrons and nuclei.  
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(b) Electrostatic potential 

 Molecule electrostatic potential surfaces can be calculated by using electron 

density and nucleus location. This surface represents the distance from a molecule at 

which a positive test charge experiences repulsion or attraction. Using the electrostatic 

potential, we can rationalize intermolecular interactions between polar species, identify 

regions of local negative and positive potential within a molecule, and predict the path 

charged reactants will take.  

 An electrostatic potential (ESP) measures charge distribution and offers other 

useful information as well [34]. The electrostatic potential at a point P of a molecule is 

defined as the amount of energy required to bring a unit point positive "probe charge" 

from infinity to P. It can be viewed as a measure of the molecule's positive or negative 

charge at the point: a positive value indicates repulsion as the probe charge was brought 

from infinity, while a negative value indicates attraction as the probe charge fell from 

infinity to P. The ESP at a point is the net result of the effect of the positive nuclei and 

the negative electrons.  

 

2.8 HOMO–LUMO analysis 

 The acronyms HOMO and LUMO refer to the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied orbital (LUMO). The HOMO is the molecular 

orbital of highest energy that is occupied by electrons. The LUMO is the molecular 

orbital of lowest energy that is not occupied by electrons. Molecular properties such as 
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reactivity and the ability of a molecule to absorb light are determined by the HOMO and 

LUMO.  

 To identify the reactive sites in a molecule, several approaches can be used. The 

choice of approach will depend on the size, type of molecule and the type of reaction. 

The use of atomic partial charges is useful for reactions that are charge controlled (e.g. 

protonation / deprotonation). Electrostatic potentials can be used where polar reagents are 

involved. HOMO and LUMO work best for predicting reactivity when these orbitals are 

well-separated in energy from the rest of the molecular orbitals. Larger molecules have a 

smaller energy difference between the HOMO and LUMO, as well as the other molecular 

orbitals. The molecular orbital close in energy to the HOMO or LUMO help to determine 

the reactivity, and various reactivity indices (electrophilic, nucleophilic, or radical 

susceptibilities, depending on the molecule). 

 

2.9 Natural bond orbital analysis 

 Löwdin first introduced the "natural" orbital concept [35] to describe an array of 

orthonormal 1-electron functions )(ri


  that are intrinsic to the N-electron wave function 

(1, 2, ., N). Mathematically, the θi‟s can be considered as Eigen orbital of  (or, more 

precisely, of 's first-order reduced density operator), therefore they are “best possible” 

(most rapidly convergent, in the mean-squared sense) for describing the electron density 

)(r


  of . Natural orbitals are distinguished from many other orbitals that might be 

imagined or invented [e.g., the standard atomic orbital (AO) basis functions of electronic 

structure packages like Gaussian 2009 [36] by being referred to as "natural" by ψ itself.  
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 In order to remove spurious effects associated with symmetry adaptation, one can 

formulate [37] a localized criterion for orbitals that have analogous maximum occupancy 

(natural) characteristics in localized 1-center and 2-center regions of the molecule. Since 

the Pauli Exclusion Principle limits the maximum occupancy of an orbital to a pair of 

electrons, local 1- and 2-center orbitals with occupancies sufficiently close to 2.000 may 

serve equally well as natural orbitals for describing y. As anticipated by G.N. Lewis, [38] 

localized orbitals of near-double occupancy can be found in the 1- and 2-center regions 

suggested by the elementary Lewis structure diagram. Such natural bond orbital‟s 

(NBOs) provide the most accurate possible “natural Lewis structure” picture of ψ, 

because all orbital details (polarization coefficients, atomic hybrid compositions, etc.) are 

mathematically chosen to include the highest possible percentage of the electron density. 

This gives us an idea as to how accurate the natural Lewis structure picture is, and is 

often found to be > 99% for common organic molecules, revealing the accuracy of 

Lewis's concept. 

 The NBOs are one of a sequence of natural localized orbital sets that include 

natural atomic (NAO), hybrid (NHO), and (semi-)localized molecular orbital (NLMO) 

sets, intermediate between basis AOs and canonical molecular orbital (MOs) 

 AOs → NAOs → NHOs → NBOs → NLMOs → MOs                        ...(2.7) 

Y can be described in terms of any of these natural localized sets, which are complete and 

orthonormal. Compared to standard AOs, e.g., the NAOs give a much more condensed 

description of , with only a small number (i.e., corresponding to the formal “minimal 

basis”) having appreciable occupancy. It is therefore often found that a "minimal" 
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description of NAOs in terms of their core and valence-shell provides a compact 

representation of ψ that is intimately related to standard valence concepts. Mutual 

orthogonality of natural localized orbits may be seen as a conceptual liability, as the 

concept of "orbital overlap" may be lost. However, each orthogonal NAO (or NHO, 

NBO, etc.) can be uniquely associated with a corresponding “pre-orthogonal” PNAO (or 

PNHO, PNBO, etc.) which remains orthogonal to PNAOs on the same atom but has non 

vanishing overlap integrals with those on other atoms. In accordance with the Mulliken 

approximation, [39] the corresponding Hamiltonian interaction elements are found to be 

closely proportional to these overlap integrals. That is, if F̂  denotes the effective orbital 

Hamiltonian (Fock or Kohn-Sham operator), the interaction strength BA hFh  ˆ  of 

bonding NHOs hA, hB can be approximated in terms of overlapping PNHOs Ah
~

 Bh
~

 as 

  
ˆ

A B A Bh F h K h h          ...(2.8)  

where k is a proportionality constant of order unity. In accordance with the simple bond 

orbital picture each bonding NBO ζAB can be written in terms of two directed valence 

hybrids (NHOs) hA, hB on atoms A and B, with corresponding polarization coefficients 

cA, cB, 

  ζAB = cA hΑ + cB hB         ...(2.9) 

that vary smoothly from covalent (cA = cB ) to ionic (cA >> cB ) limit. Each valence 

bonding NBO must in turn be paired with a corresponding valence antibonding NBO 

  ζAB* = cB hΑ - cA hB                        ...(2.10) 
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to complete the span of the valence space. In an idealized Lewis structure picture, 

"Lewis"-type (donor) NBOs are complemented by "non-Lewis"-type (acceptor) NBOs 

that are formally empty. Weak valence antibonds occupancy results in irreducible 

departures from an idealized localized Lewis structure, that is, true "delocalization 

effects". The energetic stabilization due to such ζ → ζ* donor acceptor interactions can 

be estimated by second-order perturbation theory, viz., for the ζi → ζj* interaction, 

  
*

2
*

(2)

*

ˆ
2 i

i j

i

j i

F
E

 

 
  


                             ... (2.11) 

where F̂  is the effective orbital Hamiltonian (Fock or Kohn-Sham operator) and 

iii F  ˆ , **

*
ˆ

jj
Fj    are the respective orbital energies of donor and acceptor 

NBOs. By considering valence antibonds, it is possible to broaden elementary Lewis 

structure concepts to include leading delocalization corrections in perturbative NBO 

estimates such as Equation (2.2). As a result of each ζi → ζj* perturbation, the starting 

NBO acquires a weak antibonding “tail” in the final (doubly occupied) NLMO Ωi. More 

generally, each semi localized NLMO Ωi can be expressed as a linear combination of the 

parent Lewis-type NBO ζi (with coefficient 1iic ) and residual weak contributions 

( 0jic ) from non-Lewis (NL) NBOs ζj* 

  

*
NL

i ii i ji j

j

c c                             ... (2.12)  

that reflect the irreducible physical effect of ζi → ζj* delocalizations. It is important to 

realize that the Slater determinant of doubly occupied NLMOs is equivalent to the usual 

MO wave function despite the compact form of NLMOs and their close connection to 
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chemical structure concepts. It is thus possible to achieve simplicity of such NBO-based 

expansions without losing the accuracy of describing . 

 Two important physical effects distinguish NAOs from isolated-atom natural 

orbitals as well as standard basis orbitals: 

i. In NAOs, the spatial diffuseness is optimized for the effective atomic charge in the 

molecular environment (i.e., more contracted if A is somewhat cationic; more 

diffuse if A is somewhat anionic). As a result, NAOs incorporate the important 

"breathing" responses to local charge shifts, which typically require multiple basis 

functions of variable range (double zeta, triple zeta, or higher) to describe 

accurately. 

ii. The outer fringes of NAOs include the important nodal features caused by steric 

confinement (Pauli) in their molecular environment (more oscillatory features and 

higher kinetic energy with neighboring NAO interpenetration, which preserves 

interatomic orthogonality under Pauli exclusion principle). In this way, the valence 

NAOs of atom A include both inner nodes that maintain orthogonality to its 

atomic core and outer nodes that preserve orthogonality to filled orbitals on other 

atoms B. There are two features that are necessary for realistic steric properties in 

the molecular environment namely, the Fermi-Dirac anticommutators for the 

associated second-quantized NAO field operators [40], but they are commonly 

ignored in standard basis orbitals. 
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2.10 Molecular electrostatic potential maps 

 Molecular electrostatic potential provides a visual method to understand the 

relative polarity of the molecule. As a tool for predicting and analyzing molecular 

interactions, such as drug-receptor interactions and enzyme-substrate interactions, MEP 

is invaluable. For the study of biological discovery processes and hydrogen bonding 

interactions, MEP is very useful in elucidating the qualitative nature of electrophilic and 

nucleophilic reactions. Molecule size, shape, charge density, and site of chemical 

reactivity are depicted by an electron density isosurface mapped with electrostatic 

potential surface. Different colors represent different electrostatic potential values at the 

MEP surface: red or yellow, blue and green represent the most negative, most positive, 

and zero electrostatic potentials.  

 The molecular electrostatic potential of a molecule can be calculated from the 

expression, 

  

   
)d(r

- 
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Z
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



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rr

r

                                                     (2.13) 

where the first term is a contribution from the nuclear charges, which are considered to be 

point charges, and the second term arises from the electron density of the molecule, 

which is obtained from molecular orbital calculations or X-ray diffraction experiments. 

 The different colour ranging from red < orange < yellow < green < blue, gives the 

increasing positive potential. 
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2.11 Fukui function 

 Chemical reactivity in terms of hard-soft acid-base theory, the Fukui function f(r), 

is defined from the change in electron density ρ(r) at a given point r, where N, the total 

number of electrons is changed, by the most important local reactivity index [41]. 

 Fukui Function, f(r) = (∂ρ(r)/ ∂N)v                                                        (2.14) 

As well, it is defined as the functional derivative of chemical potential as compared to 

external potential with constant N. 

          

                                      (2.15) 

The Fukui function, f(r), plays a key role in linking frontier MO theory to the HSAB 

principle. Due to the derivative discontinuity problem at atoms and molecules with 

integral number of electrons [42, 43], both right- and left-hand derivatives are introduced. 

 f
+
(r) = (∂ρ(r)/ ∂N)

+
v  ρN+1(r ) - ρN (r )   ρLUMO (r)  (for a nucleophilic sites 

provoking an electron increase in the system).  

 f
-
(r) = (∂ρ(r)/ ∂N)

-
v  ρN (r ) - ρN-1(r )  ρHOMO (r)  (for an electrophilic sites 

provoking an electron decrease in the system).  

 f
-0

(r) = f
+
(r)+ f

-
(r)/2 (for radical attack).                                                            (2.16)  

 

where N is the electron density at a point r in space around the molecule. The N 

corresponds to the number of electrons in the molecule. N+1 corresponds to an anion, 

with an electron added to the LUMO of the neutral molecule. N-1 correspondinly is the 

cation with an electron removed from the HOMO of the neutral. All calculations are done 

at the ground-state geometry. These functions can be condensed to the nuclei by using an 

atomic charge partitioning scheme, such as 
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Mulliken population analysis: 

 fk+= qk(N+1)− qk(N)          (for nucleophilic attack)                              (2.17)  

 fk-= qk(N)− qk(N−1)           (for electrophilic attack) and                       (2.18) 

 fk
0
 = fk+ - fk-/2                     (for radical attack)                                      (2.19) 

where qk (NA) is the Mulliken charge on atom k for N total electrons. Merely run the 

appropriate calculations of the (N+1), (N) or (N-1) state using the same geometry, and 

subtract the resulting density volumes. Here the three different calculations are carried 

out that is for the molecule and also for the cation and anion.  

 

2.12 Topological analysis 

 In general, topological analysis of atoms in the molecule provides us with more 

accurate information about the presence of strong and weak hydrogen bonds in terms of 

Topological parameters for intramolecular interactions in compound electron density 

electron (rBCP), Laplacian (V
2

BCP), electron kinetic energy density (GBCP), electron 

potential energy density (VBCP), total electron energy density (HBCP), hydrogen bond 

energy (EHB) at bond critical point (BCP). The bond ellipticity index (ε) can provide 

information about the properties of intramolecular hydrogen bonds.  

 An atom is a region of space bounded by a surface not crossable by density 

gradient vectors is called as a 'zero-flux surface in grad '. This theory is known as the 

quantum theory of atoms in molecules (QTAIM). In charge distributions, the electron-

nuclear force dominates, causing electron densities to peak at nuclear positions and 

imposing atomic structures on matter. Physically, the electron density provides the basis 

for partitioning space into atomic regions. All structural concepts such as open, cyclic, 
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and cage structures can be explained by the connectivity between the atomic regions 

defined by the maximum density lines connecting neighboring atoms. Structure and 

structural stability are both explained by changes in the topology of  due to nuclei 

motion. The existence of atoms in molecules or crystals is caused by the fact that atoms 

or functional groups of atoms exhibit characteristic static, reactive, and spectroscopic 

properties that vary within relatively narrow limits. 

 

2.13 Reduced density gradient 

 RDG analysis approaches the weak interaction in real space based on electron 

density and derivatives. It is the first gradient in the literature and a dimensionless extent. 

Its main aim is to assess the effects of non-covalent interactions between dissimilar 

entities on the stability of crystal formation. Through NCI-RDG analysis, we are able to 

visualize the locations of non-covalent interactions graphically. Through the use of a 

simple colour code, it is demonstrated as a useful and effective technique to characterize 

repellent steric interactions, van der Waals interactions, as well as hydrogen bonds. RDG 

surface analysis can provide information about the quality of strength of the interaction. 

The red, green, and blue color codes represent destabilizing steric interactions, van der 

Waals interactions, and hydrogen bonding interactions, respectively. The RDG is defined 

from the following equation, 
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2.14 Molecular docking studies 

 A computational technique called Molecular docking is used to determine the 

interaction energy between two molecules and the orientation of ligand forming a 

complex with minimum energy. As ligand fits within protein's cavity and these protein 

cavities become more active when they contact with any other compounds becomes as 

more active sites. 

 The docking sites and the interacting energy are calculated from a statistical 

scoring function. The Pymol, a visualizing tool, visualizing the 3D pose of bound ligand 

that shows the best fit of ligand. The details of the active site of the protein molecule are 

analyzed from the mode of protein-ligand interaction and further help in protein 

annotation. The molecular docking is mainly used in drug designing and discovery. 

Different types of interactions 

 The different type of interactions between molecules can be defined based on the 

four different forces as follows: 

1. The Electrostatic forces - Forces due to the charges on the particle such as charge-

charge, charge-dipole and dipole-dipole.  

2. Van der Waals interactions or Electrodynamic forces. 

3. The Steric forces - When different molecules contact among them starts affecting 

their reactivity and the free energy of the system due to a force called Steric 

forces. 
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4. The Solvent-related forces - When a chemical reaction between the solvent and the 

protein or ligand generating a force is known as solvent related forces. eg; 

hydrophilic interactions  and hydrophobic interactions. 

Applications 

 The binding of ligands to enzyme proteins may result in either activation or 

inhibition of the enzyme due to force interactions, and as the enzyme protein is a 

receptor, ligand binding may show agonism or antagonism. In pharmaceuticals, docking 

is used mostly for drug design and discovery, along with lead optimization and 

bioremediation. 

 

2.15 Software used in the work 

 Gaussian is a very high-end quantum chemical software package; available 

commercially through Gaussian, Inc. Gaussian is the most powerful software available to 

educators and student researchers through the North Carolina High School Computational 

Chemistry server. Gaussian is an industry standard in the area of molecular modeling and  

computational chemistry and it runs all of the major methods in molecular modeling, 

such as molecular mechanics, ab initio, semi-empirical, and DFT (density functional 

theory). 

 Gauss View is one of the most useful softwares, another Graphical User Interface, 

to prepare input for submission to Gaussian and permits us to graphically examine the 

output. All Gaussian 03 features including molecular specifications, graphical facilities 

for generating options and keywords are supported by Gauss View. 
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AutoDock Vina 

 A program known as AutoDock Vina is used in the field of pharmaceutical for 

drug design and discovery, molecular docking and virtual screening, which gives a good 

performance and good accuracy. This AutoDock Vina program was designed in 2010 in 

the Molecular Graphics Lab at The Scripps Research Institute. The grid maps and clusters 

are calculated automatically by using AutoDock Vina and it gives good results. 
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CHAPTER – 3 

Instrumentation Techniques 

3.1 Introduction 

 An infrared spectroscopy is an extremely versatile experimental technique that can 

be used to gain spectra from solutions, liquids, solids or gases. In this chapter, we will 

examine how samples can be introduced into the instrument, the equipment needed to 

obtain spectra, as well as the pretreatment of samples in order to obtain spectra. 

 

3.2 Dispersive infrared spectrometer 

 Prisms made of sodium chloride were used in the first dispersive infrared 

instruments. After the improved technology for grating construction enabled cheap, good 

quality gratings to be manufactured, prism instruments declined in popularity. The 

dispersive element in dispersive instruments is contained within a monochromatic. An 

infrared spectrometer's optical path acts as grating monochromator. Dispersion occurs 

when energy falling on the entrance slit is collimated onto the dispersive element and the 

dispersed radiation is then reflected back to the exit slit, beyond which lies the detector. 

By rotating a suitable component within the monochromatic, the dispersed spectrum is 

scanned across the exit slit. In order to compensate for the changes in the source energy 

with wavenumbers, the widths of the entrance and exit slits may be varied and 

programmed. During scanning of the spectrum without a sample, the detector receives 

radiation of approximately constant energy. The design of infrared instruments must take 

into account atmospheric absorption caused by CO2 and H2O in the instrument beam. 
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These contributions can be taken into account by using a double-beam arrangement in 

which radiation from a source is divided into two beams. These beams pass through a 

sample and a reference path of the sample compartment, respectively. The information 

from these beams is rationed to obtain the required sample spectrum. 

 In order for a detector to be effective, it must have adequate sensitivity to the 

radiation coming from the sample and be monochromatic over the entire spectrum. It is 

also necessary for the source to be sufficiently intense over a range of wavelengths and 

transmittances. Sources of infrared emission have included the Globar, which is 

constructed of silicon carbide. There is also the Nernst filament, which is a mixture of the 

oxides of zirconium, yttrium, erbium and conducts only electricity at elevated 

temperatures. Most detectors have consisted of thermocouples of varying characteristics.  

 A dispersive spectrometer's primary issue is its monochromatic nature. A 

dispersive spectrometer's primary issue is its monochromatic nature. By using a Fourier-

transform infrared spectrometer, these limitations can be overcome. 

 

3.3 Fourier transform infrared spectrometer 

 Fourier-transform infrared (FT-IR) spectroscopy [44] generates an interferogram 

by combining radiation from two beams. The latter is a signal produced as a function of 

the change of path length between the two beams. The two domains of distance and 

frequency are inter convertible by the mathematical method of Fourier-transformation.  

Before reaching a detector, radiation emitted from the source passes through an 

interferometer. As the signal is amplified and high-frequency contributions are removed 
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by a filter, the data are converted to digital form by an analog-to-digital converter and 

transferred to a computer for Fourier transformation. The basic components of an FT-IR 

spectrometer are shown in Fig.3.1. 

 

 

 

 

Fig. 3.1 Block diagram of FT-IR spectrophotometer 

 A Michelson interferometer is the most common interferometer used in FT-IR 

spectrometry. It consists of two perpendicular plane mirrors, one of which is able to 

travel in a direction perpendicular to the plane. The optical arrangement of FT-IR 

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

the planes of these two mirrors. Based on the region being examined, the beam splitter 

material should be chosen. Materials such as germanium or iron oxide are coated onto an 

„infrared-transparent‟ substrate such as potassium bromide or cesium iodide to produce 

beam splitters for the mid- or near-infrared regions. Thin organic films, such as poly 

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

 When a collimated beam of monochromatic radiation of wavelength  (cm) is 

passed through an ideal beam splitter, 50% of the incident radiation will be reflected, 

while 50% will be transmitted. Reflections from these mirrors recombine and interfere 

with each other at the beam splitter. Through the beam splitter, half of the beam (50%) 

reflected from the fixed mirror is transmitted and half (50% ) is reflected back in the 

direction of the source. A beam that emerges from an interferometer at 90 to the input 

Source Interferometer

r 

Sample Detector Amplifier 

Analog-to-digital converter Computer 
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beam is called a transmitted beam, and this beam is detected in FT-IR spectrometry. The 

moving mirror produces an optical path difference between the two arms of the 

interferometer. If the path difference between the two beams is (n + 1/2) λ, the 

transmitted beam interferes destructively, while the reflected beam interferes 

constructively. 

Sources and detectors 

 A Globar or Nernst source is used in FT-IR spectrometers for the mid-infrared 

region. High-pressure mercury lamps can be used to examine the far-infrared region and 

for the near-infrared region, tungsten–halogen lamps are used as sources. In the mid-

infrared region, two commonly used detectors are employed. Deuterium triglycine sulfate 

(DTGS) in a temperature resistant alkali halide window is commonly used as a 

pyroelectric detector for routine use. 

 

  
Fig. 3.2 Optical arrangement of FT-IR spectrophotometer  
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 Mercury cadmium telluride (MCT) is used for more sensitive work, but it must be 

cooled to liquid nitrogen temperatures. The germanium or indium–antimony detectors are 

employed in the far-infrared region. They operate at liquid helium temperatures. In the 

near-infrared region, lead sulfide photoconductors are commonly used as detectors. The 

essential equations for a Fourier-transformation relating the intensity falling on the 

detector,  I(δ), to the spectral power density at a particular wavenumbers,   , given by 

B( ) are as follows: 

  0

( ) cos(2 )I d   


         ...(3.1)  

which is one half of a cosine Fourier-transform pair, with the other being: 

                   
0

( ) ( )cos(2 )B I d   


          ...(3.2) 

 A Fourier-transform pair consists of these two equations which can be transformed 

into one another. The first shows how power density changes as a function of path length 

differences, which is an interference pattern. The second shows the intensity variation as 

a function of wavenumber. With the help of the mathematical method of Fourier-

transformation, each can be converted into the other.  

 In order to obtain an FT-IR spectrum, we must produce both an interferogram with 

and without a sample in the beam, and then transform the interferograms into spectra of (a) 

the source with sample absorptions and (b) the source without sample absorptions. The ratio 

of the former and the latter corresponds to a double-beam dispersive spectrum. With a 

new mathematical method (or algorithm) for fast Fourier-transformation (FFT), the mid-
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infrared region underwent a major advance toward routine use. Combining this with 

advances in computers enabled these calculations to be performed quickly. 

Moving mirrors 

 The moving mirror is one of the most important components of the interferometer. 

Ideally, it will align accurately and be able to scan two distances so that the path 

difference corresponds to a known value. When evaluating an infrared spectrum, a 

number of factors associated with the moving mirror have to be considered. In order to 

convert the interferogram into a conventional spectrum, the detector must digitalize the 

analogue signal. In converting the digitalized information from the interferogram to a 

spectrum, there are two major sources of error. To begin with, the transformation carried 

out in practice involves integration over a finite displacement rather than over an infinite 

displacement. The mathematical process of Fourier transformation assumes infinite 

boundaries. A suitable function is one that causes the interferogram's intensity to fall 

smoothly to zero at its ends. FT-IR spectrometers typically offer a wide range of 

apodization options, including the cosine function as follows: 

  F(D) = [1+cos (πD)]/2                 ...(3.3) 

where D is the optical path difference. Cosine functions provide a good compromise 

between reducing oscillations and deteriorating spectral resolution. More sophisticated 

mathematical functions may be needed, when accurate band shapes are required. 

 A second source of error is when the sample intervals are not identical on both 

sides of the maxima corresponding to zero path differences. There is a need for phase 

correction, but the correction procedure ensures that the sample intervals remain the same 
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on both sides of the first interval and should correspond to a path difference of zero. The 

resolution for an FT-IR instrument is limited by the maximum path difference between 

the two beams. There is a limiting resolution in wavenumbers (cm
-1

) equal to the 

reciprocal of the path length difference (cm). For example, a path length difference of 10 

cm is required to achieve a limiting resolution of 0.1 cm
−1

. Based on this simple 

calculation, it appears to be quite easy to achieve high resolution. Unfortunately, this is 

not true, since the optics and mirror movement mechanism become less precise with 

longer path length displacements. 

Signal-averaging 

 A rapid-scanning instrument's main advantage is the ability to increase signal-to-

noise ratio (SNR) by signal-averaging, which results in an increase of signal-to-noise 

proportional to the square root of time, as follows: 

  SNR α n
1/2 

                                                                      ...(3.4) 

 The diminishing returns of signal-averaging are that it takes an increasingly longer 

time to achieve greater and greater improvements. As a result of a large number of repeat 

scans, the instrument is placed under greater demands if it is to reproduce the conditions 

precisely. A monochromatic laser source is usually incorporated in the beam of the 

continuous source. Using the laser beam, successive scans can be aligned accurately, and 

the mirror displacement can be calculated and controlled at all times. 

Advantages 

 In comparison with older dispersive instruments, FT-IR instruments have several 

significant advantages. Two of these are the Fellgett (or multiplex) advantage and the 
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Jacquinot (or throughput) advantage. As a result of Fellgett's advantage, the SNR per unit 

time is improved by a proportional amount to the square root of the number of resolution 

elements monitored. This results from the large number of resolution elements being 

simultaneously monitored. Additionally, since FT-IR spectrometry does not require any 

restricting devices, the entire source output can be passed continuously through the 

sample. This results in a significant increase in energy at the detector, thereby improving 

signals and SNRs. This is known as Jacquinot‟s advantage. 

 Strength of FT-IR spectrometry is its speed advantage. As a result of the mirror's 

ability to move short distances rather quickly, as well as improvements in the SNR due to 

the Fellgett and Jacquinot advantages, make it possible to obtain spectra on a millisecond 

time scale. In interferometry, the factor which determines the precision of the position of 

an infrared band is the precision with which the scanning mirror position is known. Using 

a helium–neon laser as a reference, the mirror position can be determined with high 

accuracy. 

Computers 

 Infrared instruments are largely dependent on the computer, which performs a 

variety of functions. A computer controls the instrument, for example, setting scan speeds 

and limits, and starting and stopping scanning. By scanning the spectrum, it reads the 

spectrum into the computer memory, digitizing the spectrum. It is possible to manipulate 

the spectrum using the computer, for example, by adding and subtracting spectra or 

expanding areas of the spectrum that are of interest. Spectra can also be scanned 

continuously on the computer and averaged or added to the memory. 
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Spectra 

 Over a linear wavelength range, early infrared instruments recorded the percentage 

transmittance. Nowadays, routine samples are not measured by wavelength but by 

wavenumbers. The output from the instrument is referred as a spectrum. The 

wavenumbers of most commercial instruments decrease left to right in their spectrums. 

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

). 

Infrared applications typically use the mid-infrared region, but near- and far-infrared 

wavelengths are also important and provide information about some materials. Generally, 

there are many bands between 1800 cm
−1

 and 400 cm
−1

 region and less infrared bands in 

the 4000–1800 cm
−1

 region. Sometimes, the scale is changed so that the region between 

1800 cm
−1

 and 400 cm
−1

 is expanded and the region between 4000 cm
−1

 and 1800 cm
−1

 is 

contracted to emphasize features of interest. The ordinate scale may be presented in % 

transmittance with 100% at the top of the spectrum. In terms of band intensity, 

absorbance and transmittance are commonly used. 

Sample handling techniques in infrared spectroscopy 

 It is possible to measure the IR spectrum for samples in all three phases, namely 

solids, liquids, and gases. Recent improvements in instrumentation have resulted in an 

infrared spectrum covering a range of 12,500 cm to 10 cm. Generally, it is subdivided 

into three sections, namely, near infrared (12,500–4000 cm
–1

), middle infrared (4000–400 

cm
–1

) and far infrared (400–10 cm
–1

). Since it encompasses almost all vibrational and 
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rotational transitions, the middle infrared region is typically used for standard laboratory 

investigations. 

 The pellet technique has been employed for solid samples, to record the FT-IR 

spectrum. A finely ground sample is mixed with KBr powder until an intimate mixture is 

obtained is utilized by this technique. Transparent discs are then formed by pressing the 

mixture at high pressure under vacuum. In order to ensure good dispersion, the sample 

must be free of moisture and good dispersion must be achieved. There are several 

advantages of the pellet technique over the mull method, including lower scattering loss, 

high spectral resolution, no interference bands, better control over concentrations, 

homogeneity of sample in testing small samples, and the possibility of storing specimens 

for future analysis. 

 For recording liquid spectra, spacers are not used and liquids are examined neat or 

in solution. A film of thickness less than or equal to 0.1 mm is produced by pressing the 

liquid between two flat sodium chloride plates, transparent throughout the 4000–625 cm
–1

 

region. 

 Cells of 0.1 to 1.0 mm thickness are used while examine solutions. In order to 

serve as a reference, a duplicate cell containing pure solvent is used. Solvents must be 

transparent in the region of interest and dry solvent must be used. The spectrum of the 

sample, dissolved in any of the solvents such as carbon tetrachloride and carbon 

disulphide, is determined after the sample is dissolved in a solvent with good infrared 

transparency. Despite its less symmetrical nature, chloroform is now preferred as a 
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solvent over carbon tetrachloride and carbon disulphide. Multiple reflection cells with 

path lengths up to several meters can be used to measure gas absorption spectra [45, 46].  

Advantages of FT-IR over dispersive IR 

 There are several advantages of FT-IR over dispersive method. These are 

illustrated as follows: 

 A better spectrum can be obtained with FT-IR since the spectrum is recorded 

in every 30 seconds at a resolution of 4 cm
–1

. 

 It is easier to achieve high resolution in FT-IR without sacrificing sensitivity. 

 Polymeric samples of intractable nature can be analyzed using this technique. 

 It can be used to obtain spectra from trace amounts of materials by depositing 

them on a micro MIR crystal. 

 The response time of FT is much faster than that of dispersive spectroscopy. In 

dispersive spectroscopy, a small amount of energy is used slowly while FT 

uses a large amount of energy quickly. 

 In FT instruments, the accuracy of wavenumber measurement is the same over 

the entire range while in dispersive instruments, there may be considerable 

variation. 

 It is especially useful for examining small samples. 

 Through FT-IR, a digital process in which the data are handled in a computer, it is 

possible to subtract the spectrum of a pure compound from the spectrum of a mixture in 

order to reveal the spectrum of other components or components of the mixture [47]. 
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3.4 Fourier transform Raman spectrometer 

 A FT-Raman spectrometer's optical arrangement is shown in Figure 3.3. The main 

advantage of FT-Raman over conventional dispersive Raman spectroscopy is that its 

lower excitation energy (Nd:YAG laser at 1064nm) renders spectra characterized by 

fluorescence interference. The spectrometer has a high through-put. The FT-IR and FT-

Raman both have wavelength precision, which allows coadding of spectra, resulting in 

high signal-to-noise ratios (SNR). Using Nd:YAG lasers, sensitivity is reduced because 

the intensity of Raman lines is proportional to the fourth power of the excitation 

frequency. In contrast, the sensitivity of Fourier spectroscopy increases with multiplex 

gain. As a result of simultaneously detecting all frequencies, the experimental data is 

recorded in less time. Infrared and Raman spectrometers can be operated simultaneously 

by simply exchanging sources, beam splitters, and detectors on the FT spectrometer once 

its optical path is aligned. The optical arrangement of FT-Raman spectrometer is shown 

in Fig. 3.3. 
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Fig. 3.3 Optical arrangement of FT-Raman spectrophotometer 

 

Source 

 As the laser source in FT-Raman spectrometer, it is an air cooled, diode pumped 

Nd:YAG laser operating at a wavelength 1064 nm and with a maximum output power of 

200 mW. A laser is attached to the rear of the FRA 106 and powered by its own source of 

electricity (110 V or 220 V). When the application program is running, laser radiation 

travels through the optics base plate to the front-mounted sample compartment, which 

can be switched on and off by computer software commands. 

Monochromator 

 In order to eliminate even strong light radiation, a commercial Raman 

spectrometer is equipped with a double or triple monochromator. Double 
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monochromators have one monochromator coupled to another monochromator in 

sequence, allowing stray and Raman radiation to escape the first monochromator's exit 

slits, regardless of the monochromator's nominal frequency. The radiation, which escapes 

through the exit slit of the first monochromator, is redispersed in the second 

monochromator of the double monochromator, thereby removing the unwanted radiation. 

In this procedure, the laser is operated through a slit of some narrow width, causing a 

monochromator to shine. Afterward, the transmitted radiation is recorded at the laser 

frequency and then at the nominal monochromator frequency. This study uses a Raman 

spectrometer equipped with a triple monochromator that eliminates unwanted radiation 

more effectively than a double monochromator. Light enters the monochromator and 

passes through one or more narrow slits after being dispersed by the grating of the 

spectrometer. As a result, light entering a detector always has a narrow band width, 

consider being monochromatic. The detector of a spectrograph, however, displays a 

broad band of light due to wider slits. 

Detectors 

 Raman spectrometers use photomultipliers as detectors. An electric signal is 

generated by collecting and focusing light from the monochromator on the cathode 

surface of the photomultiplier tube. A preamplifier further amplifies the electrical signal. 

Two factors enhance the detection efficiency of weak signals are (i) high efficiency and 

(ii) low thermionic dark current. 

 Quantum efficiency is defined as the ratio of signal pulses arriving at the anode 

per second to the number of photons reaching the cathode. This ratio is the function of 
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wavelength.  As a detector, different types of photo surfaces are used depending on the 

laser wavelength. There should be few thermally excited electrons leaving the cathode of 

a photomultiplier tube in the absence of light. At room temperature, there are 

commercially available photo cathodes capable of producing five dark pulses per second. 

However, the photo cathodes are cooled to –30°C, which prevents dark pulses from 

appearing. This dark current is thus present at room temperature in the output of the 

photomultiplier tube. When considering the photomultiplier tube's output, this must be 

considered. Numbers of electron pulses are measured is called the output of the 

photomultiplier tube. 

Data acquisition and control 

 Data acquisition and control are accomplished using a computer-enabled Raman 

spectrometer. Between the initial and final wavenumber positions, the position of the 

spectrometer is incremented by a predetermined step size. It is possible to select the data 

gathered for the entire run for the orthogonal orientation. The monitor screen displays 

Raman spectra after the run is complete. Several features of the library on the computer 

are useful, such as smoothing peaks, expanding selected peaks, and computing and 

comparing peak intensities. After the run has been completed, a plotter is used to take the 

printout displayed on the screen. 

Sample handing techniques in the Raman spectroscopy 

 FT-Raman spectra of polycrystalline samples are recorded by grounding the 

sample and pressing it into a small depression on a metal disc. The disc is then mounted 

on the sample stage within the sample compartment, which then mounts the sample stage. 
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Polarized Raman spectra of the single crystal were recorded using a Nicolet 950 FT-

Raman system in the near - infrared region using a Nd:YAG laser at wavelength 1064 

nm. While the exciting laser beam has linear polarization, the plane of polarization 

remains unchanged. Hence the three different orientations are polarized so that all six 

orientations can be measured. A gas cell is used to handle gas samples. Multi-reflection 

gas cells contain pressure adjustment provisions [48].  
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CHAPTER – 4 

FT-IR and FT-Raman investigation, quantum chemical 

analysis and molecular docking studies of 5-(4-Propan-2-

yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)phenyl-

4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one  

 

 

4.1 Introduction 

 Thiazole is 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 [49-51]. Similarly, 

aminothiazoles are used to treat bacterial infections, inflammations, tumours [52-55] and 

play a vital role in insulin release [56-58]. Thiazole appears commonly in structures of 

various natural products and biologically active compounds, like thiamine (vitamin-B) and 

antibiotic drugs such as penicillin, micrococcin which have revolutionized the therapy of 

bacterial diseases [59]. Phenyl and substituted phenyl-thiazoles are also common structures 

of a wide range of biologically active natural products [60]. Recently it has been found that 

phenyl-thiazole ring system provides a template for the design and synthesis of antiviral 

agents which inhibit the flaviviruses by targeting their E-protein [61]. Dyes are also 

prepared by employing thiazoles, especially isothiazole orange, containing thiazole moiety 

in the form of benzothiazole which has the binding capability with nucleic acids and other 

uses in biosensors and imaging [62-64]. Thiazoles used in material science due to its 

applications in liquid crystals, sensors and molecular switches. As far as the 
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pharmacological applications of 1,3-thiazoles are concerned, these scaffolds are antiviral 

[65], antifungal, antibacterial [66], anticancer [67], antitubercular [68] and anti-

inflammatory [69]. Thiazoles are compounds which are used as antihyperglycemic 

compounds [70]. For this property, they have many applications in pharmacy and medicine 

industries [71].  

 Literature survey reveals that the results based on quantum chemical calculations, 

FT-IR and FT-Raman studies, NBO analtsis, Reduced Density Gradient (RDG) analysis 

and docking studies of 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-

(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one (BPT1) have 

not been reported. Quantum chemical computational methods have proved to be an 

essential tool for interpreting and predicting the vibrational spectra. Hence, in this study, 

an attempt has been made to interpret the vibrational spectra of BPT1 by applying density 

functional theory calculations based on Becke-3-Lee-Yang-Parr (B3LYP) with 6-31G 

and 6-31G (d,p) basis sets. Further more, the HOMO-LUMO and NBO analysis of BPT1 

have been studied by B3LYP level with 6-31G(d,p) basis set implemented in the 

Gaussian 09 program suite [36]. The Reduced Density Gradient (RDG) analysis has been 

carried out to investigate the presence of H-bond, Steric effect and Van der Waals 

interaction of the BPT1 molecule. Molecular docking studies have been carried out to 

evaluate the biological potential of the BPT1 molecule. 
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4.2 Experimental details  

 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)phenyl-

4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one was synthesized as per the reported 

procedure [72-74]. The Fourier transform infrared spectrum of the BPT1 molecule was 

recorded at room temperature within the interval at 4000-450 cm
-1

 in a resolution of  

±1 cm
-1

 using an MCT detector with Perkin Elmer FT-IR spectrometer equipped for the 

Mid-IR range, and KBr pellets were utilized in the spectral measurements. The FT-

Raman spectrum of the BPT1 molecule was recorded on a BRUKER RFS-66V model 

equipped with FRA-106 FT-Raman accessories within the interval at 4000-0 cm
-1

 using 

the 1064 nm line of an Nd: YAG laser device for excitation operated at 200 mW power. 

 

4.3 Computational details  

 All calculations presented in this study were performed by using Gaussian 09 

software [36] and Gauss view [75]. Several studies have been carried out regarding the 

calculations of vibrational spectra using B3LYP methods with the basis set 6-31G and 6-

31G (d,p). RDG was calculated with the use of Multiwfn program [76] and plotted by 

visual molecule dynamics program (VMD) [77]. The reactivity descriptors, such as 

electrophilicity (ω), global hardness (η), the chemical potential (µ), ionization potential 

(I) and electron affinity (A) were determined from the energies of the frontier molecular 

orbital. The NBO and Mulliken population analysis is also reported for the local minima 

of the molecules. Molecular docking studies were made on Autodock 4.2 software [78] 
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and the result of docking was analyzed using Pymol [79] and Discovery studio [80] 

visualization software. 

 

4.4 Results and discussions 

4.4.1 Optimized molecular geometrical parameters 

 The optimized molecular structure and the geometrical parameters of the BPT1 

molecule are shown in Fig.4.1 and Table 4.1 respectively, by using the B3LYP method 

with 6-31G, 6-31G (d,p) basis sets. The BPT1 molecule contains 32 C-C bonds, 30 C-H 

bonds, 5 C-N bonds, 2 C-S bonds and single N-N, C-O and C-Cl bonds. 

 The DFT calculated bond length of the C-C bond of the benzene rings are found at 

1.419-1.388 Ǻ [81]. The C-C bond length (DFT/XRD) in the phenyl rings in the range of 

1.3866-1.4064/1.3763-1.4053 Ǻ [82]. For our BPT1 molecule, the C-C bond length for 

phenyl ring are C4-C5 = 1.4082/1.4042 Ǻ, C4-C6 = 1.4121/1.4082 Ǻ, C5-C7 

=1.3979/1.3933 Ǻ, C6-C9 = 1.3932/1.3882 Ǻ, C7-C11 = 1.392/1.393 Ǻ, C9-C11 = 1.3963/ 

1.3979Ǻ for the above basis sets which was very close to experimental value [81]. The C-N 

bond lengths (DFT/XRD) are C11-N4 = 1.2891/1.2822, C6-N3 = 1.4847/1.4892 [82]. The 

bond lengths of thiazole ring for the BPT1 molecule are C42=N43 =1.30/1.30 Ǻ, C40-N43 

= 1.41/1.40 Ǻ respectively. These C-N bond lengths were found to be slightly shorter than 

the average value for a C-N single bond 1.47 Ǻ, but longer than a C=N double bond 1.22 Ǻ 

[83], suggesting that some multiple bond character is presented. The bond lengths of both 

the phenyl rings and regular hexagon falls between the normal values for a single (1.54Å) 

and a double (1.33Å) bond [84]. For the BPT1 molecule, bond lengths are C5-H8 = 

1.0844/1.0851 Ǻ, C6-H10 = 1.0835/1.0843 Ǻ, C7-H12 = 1.0829/1.084 Ǻ, C9-H13 = 
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1.0829/1.0841 Ǻ. The reported values for C-S bond length are in the range 1.7675-1.8641 

Ǻ [85]. For the BPT1 compound, the bond length of C-S has C39-S41=1.86/1.79 Ǻ, C42-

S41=1.84/1.78 Ǻ, which are in agreement with literature [86]. In the present study, the 

bond length of C40-O44 = 1.25/1.22 Ǻ are good agreement with the carbon-oxygen bond 

lengths (DFT/XRD) are reported at 1.2199/1.2212 Ǻ [82]. C40-C39-S41= 108.92/108.73, 

S41-C39-C45 = 118.14/118.67, N25-C42-N43 = 122.95/122.14which shows the 

interaction between the C=S and the neighbouring groups. Similarly at C40 position of the 

thiazole ring, the angles C39-C40-O44 is increased by 4.72/4.83 and the angle N43-C40-

C39 is reduced by 6.54/7.30from 120which shows the interaction between the 

neighbouring atoms. From the Table, comparative analysis of the geometrical parameters 

such as bond length and bond angles was observed using DFT is in good agreement with 

each other.  

4.4.2 Vibrational assignments  

 The BPT1 compound is constituted by 67 atoms and hence has 195 normal modes of 

vibration. The observed and calculated wavenumbers and potential energy distributions are 

discussed below. The fundamental modes of vibration were carried out and are depicted in 

Table 4.2. The comparison between theoretical and experimental FT-IR and FT-Raman 

spectra are given in Figs.4.2 and 4.3, respectively. 

C-H vibrations  

 C-H stretching vibrations usually observed in a heteroaromatic compound in the 

frequency range 3200-2850 cm
-1 

[86, 87]. The in-plane bending vibrations appear in the 

range of 1300-1000 cm
-1

 and the out-of-plane bending occurs in the region 1000-750 cm
-1

.  
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Fig. 4.1 Optimized molecular structure of 5-(4-Propan-2-yl)benzylidene)-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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Murugavel et al [88] reported that the C-H stretching vibrations at 2993, 3024 and 3061 

cm
-1

 in FT-IR and calculated at 2944, 3022 and 3065 cm
-1

. Al-Alshaikh et al  

 [89] observed the C-H stretching vibrations at 3079, 3042 cm
-1

 theoretically and 

experimentally at 3060 cm
-1

 in FT-IR and 3068 cm
-1

 in FT-Raman spectrum.   

Minitha et al [90] reported the C-H stretching vibrations at 3195, 3157, 3106 3057 cm
-1

 

in the FT-IR and at 3153, 3100, 3047 cm
-1

 in the FT-Raman spectrum. For the BPT1 

molecule, the C-H stretching vibrations observed experimentally at 2870 cm
-1

 in FT-IR, 

3102 cm
-1

 in FT-Raman and theoretically at 3135, 3129, 3120, 3104, 3095, 3074, 3056, 

2986, 2873 cm
-1

 by B3LYP/6-31G and 3133, 3125, 3117 3100, 3093, 3070, 3055, 2986, 

2871 cm
-1

 by B3LYP/6-31G (d,p) methods. Murugavel et al [88] reported that the in-

plane bending vibration occurs at 1028 and 1282 cm
-1

. Resmi et al [91] reported that the 

in-plane C-H bands are assigned at 1262, 1140, 1116, 1029 cm
-1

 and at 1250, 1103 cm
-1

 

in FT- IR, 1250, 1136, 1105 cm
-1

 in FT-Raman, 1249, 1139, 1101, 1028 cm
-1

 by 

theoretically. Al-Alshaikh et al [89] observed the in-plane bending at 1063, 1013 cm
-1

 in 

IR and 1285, 1161, 1139, 1066 cm
-1

  in the Raman spectrum. Minitha et al [90] reported 

the C-H in-plane bending vibration occurs at 1514, 1425, 1287 cm
-1

 in IR spectrum , 

1569, 1501, 1417, 1284 cm
-1

 in Raman spectrum and 1586, 1573, 1497, 1418,1281 cm
-1

  

observed by theoretically. In the present study, 1267, 1248 cm
-1

 and 1462, 1390, 1300, 

1250 cm
-1

 are assigned to C-H in-plane bending mode at FT-IR and FT-Raman spectrum, 

respectively and 1473, 1466,1456, 1391, 1360,1329, 1304, 1294, 1256,1235 cm
-1

 by 

B3LYP/6-31G and 1473, 1463, 1450, 1388, 1355, 1325, 1301, 1290, 1249, 1231 cm
-1

  

theoretically obtained by B3LYP/6-31G(d,p) basis sets. C-H out-of-plane bending 
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vibrations are observed at 756, 826, 899 and 984 cm
-1

 by Murugavel et al [88]. Resmi et 

al [91] reported that the out-of-plane C-H deformations are assigned at 938, 904,  

745 cm
-1

 FT-IR and 731 cm
-1

 in FT-Raman spectrum. Al-Alshaikh et al [89] observed the 

out-of-plane bending vibrations are assigned at 907, 825 cm
-1

 in the IR spectrum and 905, 

827 cm
-1

 in the Raman spectrum. Minitha et al [90] reported the C-H out-of-plane 

bending vibration assigned at 964, 936,  881, 749 cm
-1

 in the IR spectrum, 989, 942, 744 

cm
-1

 in Raman spectrum and 993, 931, 890, 731 cm
-1

 obtained by theoretically.  For 

BPT1 molecule, the C-H out-of-plane bending vibrations occur at 908, 827 cm
-1

 in FT-IR 

and 910, 895, 810, 790 cm
-1

 in FT-Raman spectrum and 955, 928, 912, 906,880, 856, 

835, 816, 804 cm
-1

  by B3LYP/6-31G, 953, 924, 909, 875, 850, 830, 812, 800 cm
-1

  

theoretically observed by B3LYP/6-31G (d,p) basis sets. These assignments are good 

agreement with the literature survey. 

CH3 vibrations 

 In general, the methyl group C-H stretching vibrations occur in the region 2975-

3840 cm
-1 

[92, 93]. Normally, CH3 group deformations are found in between 1450-1400 

cm
-1

 [94]. For the present study, the asymmetric stretching vibration occurs at 3023, and 

2959 in FT-IR spectrum, 3040 in FT-Raman spectrum and computed values are found at 

3053, 3045, 3031, 3016, 3003, 2996, 2975, 2964, 2930, 2910, 2904, 2896 cm
-1

 by 

B3LYP/6-31G and 3049, 3041, 3032, 3025, 3012, 2999, 2991,  2972, 2960, 2928, 2906, 

2900, 2891 cm
-1

 by B3LYP/6-31G (d,p). The symmetric stretching modes calculated for 

the title molecule at 2945, 2930, 2910, 2904, 2896 cm
-1

 by B3LYP/6-31G and 2941, 

2928, 2906, 2900, 2891 cm
-1

 by B3LYP/6-31G (d,p) and 2904 cm
-1 

observed in FT-
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Raman spectrum. In this study, the CH3 in-plane bending vibrations are assigned at  

1416 cm
-1

 in FT-IR spectrum. The computed wavenumbers are predicted by ipb = 1419, 

1412, 1406, 1402 cm
-1 

, opb = 1445, 1440, 1435, 1426 cm
-1

, sb = 1365, 1366 cm
-1

, ipr = 

874, 866, 851, 849 cm
-1

 by B3LYP/6-31G and ipb = 1415, 1409, 1404, 1399 cm
-1

 , opb = 

1441, 1438, 1430, 1422 cm
-1

 sb = 1363, 1360 cm
-1

 ipr = 869, 861, 848, 845 cm
-1

 by 

B3LYP/6-31G (d,p) methods. In this present work, the CH3 out-of-plane bending 

vibrations are assigned at 1010 cm
-1

 in FT-IR spectrum. The theoretically predicted 

values by B3LYP/6-31G opr = 1041, 1026, 1014, 1004 cm
-1 

by B3LYP/6-31G and 1038, 

1024, 1010, 999 cm
-1

 by B3LYP/6-31G (d,p) method.  

CH2 vibrations
 

 The CH2 symmetric stretching vibrations are generally noticed in the vicinity of 

2900-2800 cm
-1

 and asymmetric stretch will appear at 3000-2800 cm
-1

 [95, 96]. Mary et 

al [97] reported the stretching modes of CH2 are assigned at 2971, 2925 cm
-1

 by 

theoretically and at 2974, 2921 cm
-1

 in the IR spectrum and the deformation modes of the 

CH2 group are assigned at 1430, 1197, 1132 cm
-1

 theoretically and at 1434, 1191 cm
-1

 in 

the IR spectrum. Beegum et al [98] reported that the CH2 stretching vibrations are 

assigned at 2926, 1465, 1340 cm
-1

 in the IR spectrum, 2958, 2930, 1335 cm
-1

 in the 

Raman spectrum and 2956, 2922, 1467, 1338, 1203, 947 cm
-1

 theoretically obtained. Al-

Alshaikh et al [89] assigned the CH2 stretching modes at 2965, 2921 cm
-1 

in the FT- IR 

spectrum, 2999, 2965, 2944, 2918 cm
-1 

in FT-Raman spectrum and the deformation 

modes of the CH2 groups are assigned at 1444, 1415, 1366, 1294, 1269, 1252 cm
-1 

in the  
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Fig. 4.2 Observed FT-IR and simulated spectra of 5-(4-Propan-2-yl)benzylidene)-2-

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

thiazol-4(5H)-one 



72 

Wavenumber (cm
-1

) 

B3LYP/6-31G (d,p) 

 

B3LYP/6-31G ) 

 

OBSERVED 

4000 3500 3000 2500 2000 1500 1000 500 0 

R
am

an
 I

n
te

n
si

ty
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.3 Observed FT–Raman and simulated spectra of 5-(4-Propan-2-

yl)benzylidene)-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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FT-IR spectrum, 1444, 1415, 1370 1351, 1270 cm
-1 

in FT-Raman spectrum and at 1441, 

1418 cm
-1 

for scissoring, 1362, 1355 cm
-1 

 for wagging, 1296, 1267 cm
-1 

for twisting, 

1254, 1132 cm
-1 

for rocking modes. For BPT1 molecule, the CH2 stretching modes are 

observed at ass = 3036 cm
-1

, ss = 2945 cm
-1

, sci = 1398 cm
-1
, rock = 1206 cm

-1
,  = 1095 cm

-1
,  

wagg. = 935 cm
-1 

by B3LYP/6-31G, ass = 3032 cm
-1

, ss = 2941 cm
-1

, sci = 1395 cm
-1

, 

rock = 1203 7cm
-1

, 
 
 = 1091 cm

-1
, wagg. = 931 cm

-1
 by B3LYP/6-31G (d,p) method 

respectively. 

C-O vibrations 

 The stretching mode of C-O is expected in the range of 1850-1550 cm
-1 

[99]. The 

in-plane and out-of-plane bending modes of C-O were reported in the ranges 725±95 cm
-1 

and 595±120 cm
-1 

[99]. The calculated C-O stretching vibrational modes was obtained 

theoretically at 1788 cm
-1

, 1782 cm
-1

 and 1694 cm
-1

 at FT-IR and 1689 cm
-1

 in FT-

Raman by Ellakiya et al [100]. Parveen et al [101] observed the bands at 1657 cm
-1

 in the 

IR spectrum, 1662 cm
-1

 in the Raman spectrum and the in-plane and out-of-plane bending 

modes of C-O are assigned at 606, 569 cm
-1

 theoretically. In the present work, C-O 

stretching vibrations observed at 1689 cm
-1

, in-plane bending at 944 cm
-1

 and out-of-

plane bending at 753 cm
-1

 in FT-IR spectrum and observed theoretically at ν = 1896,  = 

948,  = 755, 748 cm
-1

 by B3LYP/6-31G, ν = 1890,  = 945,  = 751, 745 cm
-1

 by 

B3LYP/6-31G (d,p) basis set. 
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C-Cl vibrations 

 The vibration between halogen atom attached to aromatic carbon is recognized 

around wave numbers 1285-485 cm
-1

 [102]. Generally, C-Cl absorption found in the 

vicinity 750-700 cm
-1

 [103]  and C-Cl deformation bending around 460-175 cm
-1

 [104]. 

 For Beegam et al [98], the C-Cl stretching mode is observed at 673 cm
-1

 in the 

Raman spectrum and theoretically at 671 cm
-1

.Viji et al [105] observed the C-Cl stretching 

vibrations experimentally at 414 cm
-1

 and calculated at ν=416, 415 cm
-1

 observed 

theoretically. Sebastian et al [81] observed this mode at 764 cm
-1 

in the IR spectrum and 

760 cm
-1 

theoretically. For the C-Cl stretching mode, Resmi et al [91] are assigned at 876, 

644, 581 cm
-1 

in Raman spectrum and 877, 646, 588 cm
-1 

theoretically. For the BPT1 

molecule, the C-Cl stretching mode is observed theoretically at ν=690 cm
-1

, = 453 cm
-1

, 

=266, 160, 93 cm
-1

 by B3LYP/6-31G and at ν=685 cm
-1

, =449 cm
-1

, = 262, 155, 88 cm
-1

 

by B3LYP/6-31G (d,p). 

C-C vibrations  

The C-C stretching vibrations usually occur at 1625-1465 cm
-1

 [106]. Murugavel et 

al [88] reported that the wavenumbers 1613, 1553, 1302, 1207, 1082 and 1036 cm
-1

 are 

recognized as C-C stretching modes. Resmi et al [91] reported that the C-C stretching 

vibrations are observed at 1570, 1545, 1284 cm
-1

 in the IR spectrum and at 1571 cm
-1

 in the 

Raman spectrum and theoretically observed at 1278, 1264 and 1571 cm
-1

. For BPT1 

molecule, the band observed in FT-IR spectrum at 1600, 1545, 1225, 1196, 1181, 1117, 

1011 cm
-1

 and FT-Raman spectrum at 1600, 1545, 1501, 1210, 1160, 1110 cm
-1 

are 

assigned to C-C stretching vibrations. The computed C-C stretching values found at 1601, 
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1584, 1573, 1549, 1525, 1507, 1234, 1223, 1201, 1192, 1124 1104 cm
-1

 by B3LYP/6-31G 

and 1603, 1581, 1569, 1545, 1519, 1504, 1227, 1222, 1195, 1147, 1119, 1100 cm
-1

 by 

B3LYP/6-31G (d,p). Murugavel et al [88] reported that and C-C in-plane deformation was 

found at 429, 514, 580, 627, 652 cm
-1

 which is in accord with the experimental data at 428, 

442, 459, 476, 515, 552, 575 and 627 cm
-1

. For BPT1 molecule, the C-C in-plane bending 

occurs at 409 cm
-1

 in FT-IR spectrum, 835, 640, 410 cm
-1

 in FT-Raman spectrum and the 

computed values are found at  840, 836, 668, 644, 439, 424, 414, 396 cm
-1

 by B3LYP/6-

31G and 837, 833, 666, 640, 438, 421, 410, 390 cm
-1

 by B3LYP/6-31G (d,p) method. 

Ring vibration 

 The thiazole and phenyl ring in-plane bending vibrations are theoretically calculated 

at 520, 469, 437, 426, 418, 402, 354, 317,304 cm
-1 

  in B3LYP/6-31G (d,p) and 515, 463, 

433, 421, 415 399, 352, 312, 302 cm
-1 

in B3LYP/6-311G observed by Viji et al [107]. In 

the present work, the in-plane bending vibrations of thiazole ring are theoretically observed 

at 780, 767, 630, 621, 610, 605, 525, 515, 503, 490, 470, 376, 370, 335, 320, 83, 71, 60, 

52, 45, 41, 36 cm
-1 

  in B3LYP/6-31G and 777, 763, 625, 616, 607, 602, 523, 512, 500, 

487, 468, 374, 368, 333, 318, 80, 68, 57, 49, 40, 38, 32 cm
-1 

in by B3LYP/6-31G (d,p) 

methods. The observed values at 608, 501 cm
-1

 in FT-IR spectrum and 600, 510, 375, 42 

cm
-1 

in FT-Raman spectrum. The out-of-plane bending vibrations observed at 720, 556   

cm
-1 

in FT-IR spectrum, 28 cm
-1 

in FT-Raman spectrum and computed values are 736, 

725,584, 560 551, 405 399, 385,364,306, 182, 173, 145 cm
-1 

in B3LYP/6-31G and 732, 
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720, 581, 555, 544, 400, 394, 382, 361, 304, 179, 171, 142 cm
-1 

in by B3LYP/6-31G (d,p) 

method. 

N-N vibrations  

 N-N stretching mode occurs at 1417-1372 cm
-1 

[108]. The N-N stretching mode is 

reported at 1120 cm
-1

 in the IR spectrum and 1130 cm
-1

 theoretically assigned by Parveen 

et al [101]. In the present work, 981, 980 cm
-1

 observed by FT-IR and FT-Raman spectrum 

and 986, 982 cm
-1

 obtained by theoretically by B3LYP/6-31G, 6-31G (d,p) methods.  

C-S vibrations 

 This vibration cannot be identified easily as it results in weak infrared bands, which 

is susceptible to coupling effects and is also of variable intensity. In general, the C-S 

stretching vibration was reported in 750-600 cm
-1 

[109]. In the present work, the C-S 

stretching vibration assigned at 854 cm
-1

 in the IR spectrum, 860,786 cm
-1

 and 854,  

785 cm
-1

 obtained theoretically by B3LYP/6-31G, 6-31G (d,p) methods. Aswathy et al 

[110] observed the band at 728 cm
-1

 in the IR spectrum, 729 cm
-1

 in the Raman spectrum 

and 728 cm
-1

 theoretically is assigned as the C-S stretching mode.  

C-N vibrations 

 According to literature, the C-N stretching modes are expected in the region 1100-

1300 cm
-1 

[111-113]. Murugavel et al [88] reported that the C-N stretching peaks appeared 

at 1188, 1222, 1229, 1440 and 1503 cm
-1

. Kuruvilla et al [114] observed the C-N stretching 

vibrations theoretically at 1537 and 966 cm
-1

 and experimentally observed at 1395 cm
-1

 in 

the FT-IR spectrum. The C-N vibration observed at 1612 cm
-1 

in the FT-Raman spectrum 
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by Alphonsa et al [115]. For BPT1 molecule, the C-N stretching mode in the FT-IR 

spectrum exhibited at 1491, 1332 cm
-1

. The calculated wavenumbers predicted at  = 1530, 

1493, 1485, 1336, 847 cm
-1

,  = 593 in B3LYP/6-31G,  =1528, 1490, 1481, 1333,  

840 cm
-1

,  = 590
 
cm

-1 
in by B3LYP/6-31G (d,p) methods are assigned for C-N stretching 

vibrations. 

 

4.5 Mulliken population analysis 

 The natural population analysis of the BPT1 molecule obtained by Mulliken [116] 

population analysis with B3LYP level using 6-31G and 6-31G (d,p) basis set. Mulliken 

atomic charge calculation has an important role in the application of quantum chemical 

calculation to the molecular system because of atomic charge affect, dipole moment, 

molecular polarizability, electronic structure and a lot of properties of molecule systems. 

The calculated Mulliken charge values are shown in Fig. 4.4. The charge changes with 

basis set due to polarization.  

 In the title compound, the Mulliken atomic charge of 8 carbon atoms,30 hydrogen 

atoms and one sulphur atom exhibit a strong positive region and 22 carbon atoms, 3 

nitrogen and one oxygen atoms are as a negative region which is tabulated in Table 4.3. In 

the present structure, the carbon atoms have both positive and negative charges so they 

were highly influenced by their substituent atoms [117]. For our BPT1 molecule, C40 was 

highly positive (C40=4.489/0.361) because that atom was attached with the two 

electronegative oxygen and nitrogen atoms and these two electronegative atoms 

withdrawing an electron charges from the carbon atom and become negative. The nitrogen  
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Fig. 4.4 Mulliken atomic charges of 5-(4-Propan-2-yl)benzylidene)-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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atom N25 was more negative than other nitrogen which is due to the influence of 

surrounding hydrogen atoms is N24=-0.324/-0.198, N25=-0.458/-0.531 and N43=-0.465/-

0.278.  All the hydrogen atoms in the BPT1 molecule have a positive charge and among  

the atoms, H35, H55, H56, H63, H66 were highly positive. The eight positive carbon 

atoms C1=0.215/0.184, C2=0.119/0.032, C4=0.112/0.113, C14=0.126/0.16, C21= 0.14/  

0.126, C40=0.489/0.361, C46=0.102/0.036, C53= 0.13/ 0.116. The carbon present in the 

negative region depends upon the neighbouring atoms and the carbon-negative range are 

given as C5=-0.127/-0.155, C6=-0.097/-0.126, C7=-0.086/-0.112, C9=-0.9/-0.121, C11=-

0.085/-0.26, C15=-0.145/-0.174, C30=-0.332/-0.417, C31=-0.332/-0.418 respectively. 

Atoms Cl27 and C42 have both positive and negative charges. Distribution of positive and 

negative charges is vital to increase or decreasing bond length between the atoms. 

 

4.6 Molecular electrostatic potential (MEP) surface 

 For investigating chemical reactivity of the molecule, molecular electrostatic 

potential (MEP) surface is plotted over the optimized electronic structure of the BPT1 

molecule using density functional B3LYP method with 6-31G (d,p) basis set is shown in 

Fig.4.5. The MEP generated in the molecule by the charge distribution is very helpful in 

understanding the reactive sites for the nucleophilic and electrophilic region in hydrogen 

bonding interactions. The colour scheme for the MEP surface is the red, electron-rich, 

partially negative charge; blue, slightly electron-deficient, partially positive charge; light 

blue, slightly electron-deficient region; yellow slightly electron-rich region respectively. 

The colour order of the MEP of the BPT1 molecule originates with red colour (-7.13210
-2 
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Fig.4.5 Molecular electrostatic potential surfaces of 5-(4-Propan-2-yl)benzylidene)-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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a.u) and terminated with dark blue colour (7.13210
-2 

a.u) which shows the separate values 

of the electrostatic potential at the exterior of the molecule. The MEP total density of the  

BPT1 molecule clearly shows the presence of more electron density around the carbonyl 

group is characterized by red colour. The predominance of the green region in the MEP 

surfaces corresponds to a potential halfway between the two extremes red and blue colour. 

As seen from the 2D diagram of MEP of BPT1 molecule, more reactive sites are close to 

ketone (C=O) group which is present in thiazole group, the region having the most 

negative potential over oxygen atom O44 and the positive potential regions are most of the 

hydrogen atoms and it represents the possible site of the nucleophilic sites. 

 

4.7 Molecular orbital studies 

 The most widely used theory by chemists is the molecular orbital (MO) theory. 

Ionization Potential (I), electron affinity (A), electronegativity (), electrophilic index (), 

hardness () and chemical potential (µ) must be put into a MO framework. The orbital 

energies of the Frontier molecular orbital are given by Fig.4.6. The FMO energy 

parameters and global reactivity descriptors at B3LYP/6-31G (d,p) method are tabulated in 

Table 4.4. We focus on the HOMO and LUMO energies to determine interesting 

molecular/atomic properties and chemical quantities. 
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Fig.4.6 Patterns of the principle highest occupied and lowest unoccupied molecular 

orbital of 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-

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

  

E= 3.525 eV                                                          E= 4.5231 eV                                                        E= 5.8124eV 
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where  is the chemical potential the electronegativity and hardness are used to make 

predictions about chemical behaviour and these are used to explain aromaticity in organic  

compounds [118]. A hard molecule has a large and a soft molecule has a small HOMO-

LUMO gap. Like the same, soft molecule will be more reactive than the hard one. Based 

on a fully optimized ground state structure, the DFT/B3LYP/6-31G calculation predicts 

one intense electronic transition from the ground to the first excited state and is mainly 

described by one electron excitation from the highest occupied molecular orbital (HOMO) 

to the lowest unoccupied molecular orbital (LUMO). The less value of ∆E confirms that 

the molecule is more polarized and has bioactivity [119, 120]. Computed EHOMO, ELUMO 

and ∆E by DFT estimates that 401 molecular orbital with 139 occupied and remaining 

unoccupied for BPT1 molecule. Orbital 139 is identified as highest occupied HOMO 

orbital and 140 as lowest unoccupied LUMO orbital with energies 5.7579eV and 2.2329eV 

respectively. The HOMO-LUMO energy gap ∆E is 3.525eV, Ionization potential (I) 

=5.758 eV, Electron affinity (A) = 2.233 eV, Global hardness () = 1.763 eV, Softness () 

= 0.567 eV, Chemical potential () = -3.995 eV, Electrophilic index () = 4.529 eV. The 

values for chemical potential and electrophilic index are small that indicates the reactive 

nature of the BPT1 molecule which confirms the bioactivity of the title molecule by the 

positive value of chemical softness. 
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4.8 Natural bond orbital analysis 

 In quantum chemistry, a natural bond orbital (NBO) is a computed bonding orbital 

with maximum electron density. Natural bond orbital is used in computational chemistry to 

calculate bond orbital, donor-acceptor interactions and the distribution of electron density 

between atoms. The natural bond orbital (NBO) calculations were performed using NBO 

3.1 program [121] as implemented in the Gaussian 09 package at the DFT/B3LYP level 

with 6-31G (d,p) basis set in order to understand various second-order interactions and it 

provides an efficient method for studying interesting features of molecular structure and 

also provides a convenient basis for investigation of charge transfer or conjugative 

interaction in the molecular system. The second-order Fock matrix was carried out to 

evaluate the donor-accepter interactions in the NBO analysis [122]. For each donor (i) and 

accepter (j) the stabilization energy (E2) associated with the delocalization ij is 

determined as  

   
 

2

,
2E

ij

ji
iij

EE

F
qE




 

where qi is the donor orbital occupancy, Ei,Ej are diagonal elements (orbital energies) and 

F(i,j) is the off-diagonal NBO Fock matrix element. All the interactions of the BPT1 

compound were tabulated in Table 4.5. The important hyper-conjugative interactions are 

C42-N43 from S41 of LP(2)S41 ζ*(C42-N43), C39-N45 from S41 of LP(2) S41 

ζ*(C39-N45), C1-N24 from N25 of LP(1)N25 ζ*(C1-N24), C40-N43 from O44 of 

LP(2) O44 ζ*(C40-N43), C39-40 from O44 of LP(2) O44 ζ*(C39-C40), C39- C40 
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from O44 of LP(2) O44 ζ*(C39-C40), C42-N43 from N25 of LP(N25)→ ζ*(C42-N43) 

with stabilization energies, 100.22, 64.42, 26.81, 22.99, 18.59, 13.01 kJ/mol.  

 The perturbation energies of significant donor-acceptor interactions are presented in 

Table 6. The larger E(2) value denotes is the interaction between electron donors (ζ and π)  

and electron acceptors (ζ* and π*). In Table 4.6, ζ (C40-O44) orbital with 1.99418 a.u 

energy has 36.24% C40 character in SP 
(2.02)

 hybrid and has 63.76% O44 character in       

SP 
(1.74)

 hybrid. The idealized SP 
(1.74)

 hybrid has 66.86%, 63.51% p-character and 33.16%, 

36.46% s-character. The two coefficients 0.6020 and 0.7985 are called polarization 

coefficients. ζC11-Cl27 orbital with 1.98945 a.u energy has 45.41% C11 character in SP 

(3.42)
 hybrid and has 54.59% Cl27 character in SP 

(5.04)
 hybrid. The idealized SP 

(5.04)
 hybrid 

has 77.38%, 83.45% p-character and 22.62%, 16.55% s-character. The two coefficients 

0.6739 and 0.7389 are called polarization coefficients. The oxygen (O44) has a larger 

percentage of this NBO, 63.76% and gives the larger polarization coefficient 0.6777 

because it has a higher electronegativity. Similarly, the carbon (C48) has a larger 

percentage of this NBO, 62.63% and gives the larger polarization coefficient 0.6113. The 

carbon and nitrogen have a lesser percentage of NBO and give a lesser polarization 

coefficient. The carbon (C40) has a lower percentage of this NBO, 36.24% and gives the 

lesser polarization coefficient 0.6020.  

 

4.9 Fukui Function  

 In computational chemistry, the Fukui function describes the electron density when 

some electrons are added or removed from it. It is a local density functional descriptor, 
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which helps in predicting the chemical reactivity and selectivity. The Fukui function helps 

one to predict the most reactive sites for electrophilic and nucleophilic sites within a 

molecule [123, 124]. The condensed or atomic Fukui functions on the rth atomic site for an 

electrophilic f
-
r, nucleophilic f

+
r and free radical f

0
r on the reference molecule can be 

defined as  
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k
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In these equations, qr is the atomic charge (evaluated from Mulliken population analysis, 

electrostatic derived charge, etc.) at the rth atomic site in the neutral (N), anionic (N+1), 

cationic (N-1) chemical species [125]. Dual descriptor (∆f (r)) combines the two Fukui 

functions f
+

r and f
-
r as   

        rfrfrf   

The dual descriptors ∆f(r) distinguishes between the nucleophilic and electrophilic attack at 

a particular site with their sign. If ∆f(r) > 0, the site is favoured for a nucleophilic site, 

whereas if ∆f(r) < 0, the site may be favoured for electrophilic sites. From Table 4.7, some 

of nucleophilic sites for the BPT1 molecule are Cl27, N43, H56, S41, C45, O44 and these 

sites have positive values i.e ∆f(r) > 0. Similarly some of electrophilic sites are C64, C2, 

C26, C46, H20 and these sites have negative values i.e ∆f(r) < 0.  Among these 

nucleophilic and electrophilic sites, C46 and H20 have higher negative and positive charge 

values and O44, C45 are found in thiazole and phenyl group respectively of the BPT1 

molecule. 
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4.10 Reduced density gradient (RDG) analysis 

 The reduced density gradient (RDG) can be used to reveal the intermolecular, 

intramolecular and even covalent interactions in real space based on the electron density 

and their derivatives are developed by Johnson et al [126].  It is defined as  

  

 
 

 

 
3

4
32

1
rRDG

2
1

2 r

r

r 








 

In order to explore the features associated with small reduced gradients, we examined plots 

of RDG versus sign (2 (r) (r)). The 2 sign was utilized to distinguish the bonded ((2<0) 

interactions from nonbonding (2>0) interactions. The plot of the RDG versus the electron 

density ρ increased by the sign of 2 and visualization to a whole wide range of interactions 

types. The RDG spikes are found in the low gradient region and have low density and 

depicted in Fig.4.7. According to the 2d graph, the strong interactive interaction indicates 

in blue colour which represents the interaction between H-bond, C-Cl bonds, weak 

interaction represents in green colours such as Van der Waals interaction and steric 

repulsion in red colour. The reduced density gradient, RDG is -0.010 a.u. 

 

4.11 Atoms in molecules (AIM) analysis 

 According to Atoms in molecules (AIM) hypothesis, any chemical bond involving 

in H-bonding is explained by bond critical points (BCPs). The topological parameters 

suited at each BCP decide the peculiarity of the interaction between two adjacent atoms. 

Here, AIM analysis is accomplished to examine the intermolecular interactions with in 

the BPT1 molecule. The molecular diagram of the BPT1 molecule using the AIM  
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Fig.4.7 Plots of the RDG versus λ(2)ρ of 5-(4-Propan-2-yl)benzylidene)-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.4.8 Molecular graph of 5-(4-Propan-2-yl)benzylidene)-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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program calculated at B3LYP/6-31G (d, p) approximation was presented in Fig.4.8 and 

the energy of intermolecular H-bond presenting is showed in Table 4.8. According to 

Rozas et al [127] hypothesis, Nature of hydrogen bond can be represented by values of 

∇2ρ(r) > 0 and V(r) < 0 intimate intermediate type hydrogen bonds, values of ∇2ρ(r) > 0  

and G(r)+V(r) > 0 associated weak hydrogen bond interactions. From the table, all 

interaction of hydrogen bond of the BPT1 molecule has positive values of Laplacian of 

electron density ∇2ρ(r) > 0 and V(r) < 0, depict that they are intermediate closed-shell 

type hydrogen bond interactions. The hydrogen bond energy 0.0159 kcal/mol as 

calculated with the help of Multiwfn.  

 

4.12 Molecular docking studies 

 Molecular docking is a powerful computational tool that predicts the preferred 

binding orientation, affinity and protein targets. BPT1 molecule can be used for treating 

microbacterial diseases and cancer. To explore the biological activity of the BPT1 

molecule, molecular docking simulations have been performed using AutoDock/Vina 

software [78]. The BPT1 molecule (ligand) was docked into the active site of the protein 

4QXM, 5T6N, 4YJ3, 3S9Y and 4I50 associated with antitubercular, antiviral and 

anticancer activity. The 3D crystal structure of the protein was obtained from the protein 

data bank. Initially, the co-crystalline ligands co-factors and water molecules were 

removed from protein using Auto Dock Tools (ADT) graphical user interface. 

Subsequently, polar hydrogen was attached and atomic charges were computed by 

Kollman and Gasteiger method. The active site of protein was defined with 60Å x 60Å x 

60Å grid size and the Lamarckian Genetic Algorithm (LGA) was used to carry out the 
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process. The molecular docking binding energies (kcal/mol), intermolecular energy 

(kcal/mol) and inhibition constants (µm) were obtained and are tabulated in Table 4.9. 

Binding energy gives a measure of the affinity of ligand-protein complex whereas the 

intermolecular energy indicates the energy between non-bounded atoms. Interaction of 

antitubercular protein shows three van der waals and one conventional hydrogen bond 

was found in 4QXM interacting with amino acids (3.12Å; MET A:98, 4.06Å; ILE A:47, 

4.46Å; TYR A:158, 2.8Å; THR A:196) with different binding energy (-9.03, -7.24, -7.23, 

-6.73 kcal/mol), inhibition constant (239.32nm, 4.95mm, 5.06mm, 11.75mm) and RMSD 

values are (45.171, 32.143, 51.17, 39.7)Å. Interaction of antiviral protein shows two 

conventional hydrogen bonds, three pi-pi stacked bonds were found in 5T6N interacting 

with amino acids (3.49Å; GLN A-210, 1.92Å; GLN A:210, 3.15Å; TRP A:234, 3.13Å; 

TRP A:234, 3.15Å TRP A:234) with different binding energies (-7.63, -5.71, -6.23, -5.67, 

-5.37) kcal/mol, inhibition constant (2.57, 65.29, 27.26, 69.34, 115.39 µm) and RMSD 

values are (46.93, 61.645, 48.102, 49.815, 82.058) Å. Interaction of anticancerous protein 

shows existence of three van der waals interactions and Pi-donor hydrogen bond were 

found in 4YJ3interacting with amino acids (2.21Å; GLN A:358, 2.62 Å; PRO A:364, 

2.81 Å; THR A:365, 2.94 Å; GLY A:365) with different binding energies (-6.47, -6.18, -

6.14, -6.12) kcal/mol, inhibition constant (18.02, 29.66, 31.72, 32.56) µm) and RMSD 

values are (262.039, 229.467, 269.206, 267.117) Å. Interaction of anticancerous protein 

shows three conventional hydrogen bonds and a van der waals bond were found in 3S9Y 

interacting with amino acids (3.01Å;ASP A:160, 3.03 Å; LYS A:158, 2.61 Å; ASP 

A:160; 2.93Å; MET A:1) with different binding energies (-7.71, -7, -6.51, -7.79) 

kcal/mol, inhibition constant (2.24, 7.4, 16.78, 1.94) µm and RMSD values are (17.797, 
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56.79, 23.213, 39.362)Å. Two conventional hydrogen bonds, two pi-pi stacked 

interactions and a van der waals bond were found in another anticancerous protein 4I50 

with amino acids (1.91 Å; ALA A:247, 1.92 Å; LEU A: 248, 3.01 Å; TYR A:357, 3.21 

Å; TYR A:357, 3.83 ; GLY A:246) with different binding energies (-7.52, -7.09, -7.06, -

7.03, -6.38) kcal/mol, inhibition constant (3.07, 6.37, 6.64, 7.01, 21.08) µm and RMSD 

values are (123.143, 123.075, 114.455, 113.872, 122.855) Å. The docked ligand 

interactions with amino acids of the receptor and the ligand at the active sites of the 

receptor are shown in Fig.4.9. These docked preliminary results suggest that the title 

compound might exhibit the inhibitory activity against protein inhibitors. 
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Fig.4.9 Ligand 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-

yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one - Protein – 4QXM, 

3S9Y,4YJ3,5T6N and 4I5O 
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4.13 Conclusion 

 The optimized geometries and vibrational frequencies of the BPT1 molecule have 

been determined using DFT/B3LYP/6-31G and 6-31G (d,p) basis sets. Experimentally 

observed frequencies are in good agreement with the throeretical values as well as 

literature data. In HOMO and LUMO, the lower energy gaps i.e. 3.525eV, depict the 

presence of biological activity of the BPT1 molecule. From the MEP analysis, it is evident 

that the electrophilic regions are oxygen atoms and nucleophilic regions are mainly over 

hydrogen atoms. Stability of the molecule arising from hyper conjugative interaction and 

charge delocalization has been analysed using natural bond orbital analysis. The electron 

density between atoms revealed two relatively strong intramolecular noncovalent 

interactions. The molecular docking results referred that the BPT1molecule might be an 

inhibitory activity against anti-cancer and antiviral agents. The anticancer protein 4YJ3 is 

having higher binding energy, inhibition constant and RMSD values such as -6.47 

kcal/mol. 18.02 µM and 262.039 than 3S9Y, 4I5O. Thus the BPT1 molecule may be 

observed as an efficient antitubercular, anticancer and antiviral drug. 
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Table 4.1  Optimized structural parameters of 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-

yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one using B3LYP/6-31G and B3LYP/6-31G (d,p) method 

 

Parameters 

Bond length () 

Parameters 

Bond angle () 

Parameters 

Dihedral angles () 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

C1-C4 1.46 1.46 C4-C1-N24 121.69 121.78 N24-C1-C4-C5 178.97 178.57 

C1-N24 1.31 1.29 C4-C1-C26 125.18 125.08 N24-C1-C4-C6 -0.80 -1.17 

C2-N25 1.51 1.49 N24-C1-C26 113.12 113.13 C26-C1-C4-C5 0.14 -0.29 

C2-H55 1.09 1.09 C14-C2-N25 112.42 112.52 C24-C1-C4-C6 -179.64 179.97 

H3-C26 1.09 1.09 C14-C2-C26 115.12 114.92 C4-C1-N24-N25 -179.90 179.80 

C4-C5 1.41 1.40 C14-C2-H55 109.25 109.07 C26-C1-N24-N25 -0.93 -1.22 

C4-C6 1.41 1.41 N25-C2-C26 100.18 100.19 C4-C1-C26-C2 -174.61 -174.90 

C5-C7 1.40 1.39 N25-C2-H55 107.27 107.64 C4-C1-C26-H3 -54.52 -54.77 

C5-H8 1.08 1.09 C26-C2-H55 112.12 112.08 C4-C1-C26-H28 65.51 65.17 

C6-C9 1.39 1.39 C1-C4-C5 120.64 120.60 C24-C1-C26-C2 6.47 6.16 

C6-H10 1.08 1.08 C1-C4-C6 120.60 120.83 C24-C1-C26-H3 126.56 126.28 

C7-C11 1.39 1.39 C5-C4-C6 118.76 118.57 C24-C1-C26-H28 -113.41 -113.77 

C7-H12 1.08 1.08 C4-C5-C7 120.89 121.04 N25-C2-C14-C15 67.62 63.88 

C9-C11 1.40 1.40 C4-C5-H8 120.26 120.20 N25-C2-C14-C16 -112.24 -116.40 

C9-H13 1.08 1.08 C7-C5-H8 118.85 118.76 C26-C2-C14-C15 -46.25 -49.94 

C17-H22 1.09 1.09 C4-C6-C9 120.75 120.86 C26-C2-C14-C16 133.89 129.79 

C19-C21 1.40 1.40 C4-C6-H10 119.06 119.07 H55-C2-C4-C15 -173.42 -176.75 
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C19-H23 1.09 1.09 C9-C6-H10 120.20 120.07 H55-C2-C14-C16 6.72 2.97 

C21-C29 1.53 1.52 C5-C7-C11 118.79 119.15 C14-C2-N25-N24 -113.77 -114.45 

N24-N25 1.39 1.37 C5-C7-H12 120.73 120.69 C14-C2-N25-C42 69.30 71.09 

N25-C42 1.35 1.35 C1-C7-H12 120.48 120.17 C26-C2-N25-N24 8.96 8.10 

C29-H38 1.10 1.10 C6-C9-C11 118.97 119.36 C26-C2-N25-C42 -167.97 -166.37 

C30-H32 1.10 1.10 C6-C9-H13 120.71 120.65 H55-C2-N25-N24 126.12 125.36 

C39-C40 1.50 1.51 C11-C9-H13 120.33 119.98 H55-C2-N25-C42 -50.81 -49.11 

C39-S41 1.86 1.79 C7-C11-C9 121.84 121.02 C14-C2-C26-C1 112.34 113.07 

C39-C45 1.36 1.36 C7-C11-Cl27 119.10 119.54 C4-C2-C26-H3 -8.49 -7.64 

C40-N43 1.41 1.40 C9-C11-Cl27 119.05 119.44 C14-C2-C26-H28 -128.62 -128.10 

C40-O44 1.25 1.22 C2-C14-C15 121.40 121.26 N25-C2-C26-C1 -8.47 -7.77 

S41-C42 1.84 1.78 C2-C14-C16 119.97 120.21 N25-C2-C26-H3 -129.30 -128.47 

C42-N43 1.30 1.30 C15-C14-C16 118.63 118.53 N25-C2-C26-H28 110.57 111.07 

C48-H52 1.08 1.08 C14-C15-C17 120.63 120.65 H55-C2-C26-C1 -121.96 -121.67 

C49-C53 1.41 1.40 C40-C39-S41 108.92 108.73 H55-C2-C26-H3 117.21 117.62 

C49-H57 1.09 1.09 C40-C39-C45 132.94 132.60 H55-C2-C26-H28 -2.92 -2.84 

C58-C60 1.55 1.54 S41-C39-C45 118.14 118.67 C1-C4-C5-C7 -179.71 -179.67 

C58-C64 1.55 1.54 C39-C40-O44 124.72 124.83 C1-C4-C5-H8 0.23 0.27 

C64-H66 1.10 1.10 N43-C40-O44 121.81 122.47 C6-C4-C5-C7 0.07 0.08 

C64-H67 1.10 1.10 S41-C39-C45 118.14 118.67 C6-C4-C5-H8 -179.99 -179.98 
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Table 4.2 Vibrational assignments of 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-

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

4(5H)-one using B3LYP/6-31G and B3LYP/6-31G (d,p) method 

 

Modes 

Observed 

wavenumbers        

(cm
-1

) 

Calculated 

wavenumbers (cm
-1

) 

Vibrational assignments 

(% PED) 
B3LYP/ 

6-31G 

 

B3LYP/6-

31G (d,p) 

 FT-IR 
FT-

Raman 

1 

  

3135 3133 CH (98) 

2 

  

3129 3125 CH (98) 

3 

  

3120 3117 CH (98) 

4 

  

3113 3109 CH (98) 

5 

 

3102 3104 3100 CH (98) 

6 

  

3101 3098 CH (98) 

7 

  

3095 3093 CH (98) 

8 

  

3091 3089 CH (98) 

9 

  

3085 3082 CH (98) 

10 

  

3080 3076 CH (98) 

11 

  

3074 3070 CH (98) 

12 

  

3071 3063 CH (98) 

13 

  

3056 3055 CH (98) 

14 

  

3053 3049 ass CH3 (95) 

15 

 

3040 3045 3041 ass CH3 (95) 

16  

 

3036 3032 ass CH2 (95) 

17 3023 

 

3031 3025 ass CH3 (95) 

18 

  

3016 3012 ass CH3 (95) 

19 

  

3003 2999 ass CH3 (95) 

20 

  

2996 2991 ass CH3 (95) 

21 

  

2986 2980 CH (98) 

22 

  

2975 2972 ass CH3 (95) 

23 2959 

 

2964 2960 ass CH3 (95) 

24 

  

2945 2941 ss CH2 (96) 

25 

  

2930 2928 ss CH3 (97) 

26 

 

2904 2910 2906 ss CH3 (97) 
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27 

  

2904 2900 ss CH3 (97) 

28 

  

2896 2891 ss CH3 (97) 

29 

  

2891 2888  CH (97) 

30 2870 

 

2891 2871  CH (97) 

31 1689 

 

1896 1890  CO (71), CC (18), CH(10) 

32 1600 1601 1606 1603 CC (70), CH(22) 

33 

  

1584 1581 CC (70), CH(20) 

34 

  

1573 1569 CC (70), CH(20) 

35 1545 1545 1549 1545 CC (62), CN(11), CH(10) 

36 

  

1530 1528 CN(63), CC (12), CH(10) 

37 

  

1525 1519 CC (62), CH(12), CC(10) 

38 

 

1501 1507 1504 CC (60), CCl(16), CN(10) 

39 1491 

 

1493 1490 CN(62), CC (18), CH(10) 

40 

  

1485 1481 CN(60), CC (18), CO(12) 

41 

  

1473 1470 CH(63) CC (18) 

42 

 

1462 1466 1463 CH(63) CC (18) 

43 

  

1456 1450 CH(62) CC (20) 

44 

  

1445 1441 opb CH3 (71) 

45 

  

1440 1438 opb CH3 (70) 

46 

  

1435 1430 opb CH3 (70) 

47 

  

1426 1422 opb CH3 (71) 

48 1416 

 

1419 1415 ipb CH3 (73) 

49 

  

1412 1409 ipb CH3 (73) 

50 

  

1406 1404 ipb CH3 (72) 

51 

  

1402 1399 ipb CH3 (73) 

52 1397 

 

1398 1395 sci CH2 (81) 

53 

 

1390 1391 1388 CH(66) CC (19) 

54 

  

1375 1371 CH(66) CC (21) 

55 1364 

 

1365 1363 sb CH3 (75) 

56 

  

1366 1360 sb CH3 (75) 

57 

  

1360 1355 CH(68), CC (20) 

58 

  

1357 1351 CH(68), CC (22) 

59 

  

1350 1346 sb CH3 (76) 

60 

  

1345 1340 sb CH3 (76) 

61 1332 

 

1336 1333 CN(65) 
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62 

  

1329 1325 CH(68) 

63 

  

1320 1317 CH(68) 

64 

 

1300 1304 1301 CH(66) 

65 

  

1294 1290 CH(66) 

66 

  

1385 1281 CH(69) 

67 1267 

 

1369 1267 CH(65), CC (12) 

68 1248 1250 1256 1249 CH(65), CC (12) 

69 

  

1244 1240 CH(66), CC (12) 

70 

  

1235 1231 CH(66), CC (12) 

71 1225 

 

1234 1227 CC (63), CH(12) 

72 

  

1228 1222 CC (65), CH(16) 

73 

  

1223 1218 CC (65), CH(15) 

74 

 

1210 1216 1212 CC (65) 

75 

  

1206 1203  rock CH2(70), CH(12) 

76 1196 

 

1199 1195 CC (65), CH(15) 

77 

  

1192 1188 CC (65), CH(16) 

78 1181 

 

1183 1180 CC (65), CH(15) 

79 

 

1160 1167 1161 CC (65), CH(15) 

80 

  

1150 1147 CC (66) 

81 1117 

 

1124 1119 CC (66) 

82 

  

1122 1115 CC (65) 

83 

 

1110 1114 1110 CC (66) 

84 

  

1104 1100 CC (66) 

85 1090 

 

1095 1091 CH2 (96) 

86 

  

1086 1082 CH (53) 

87 

  

1079 1075 CC (66), CH(13) 

88 

  

1070 1063 CC (65), CH(13) 

89 1056 

 

1059 1055 CC (65), CH(12) 

90 

  

1041 1038 opr CH3(63), CC(12) 

91 981 980 1026 1024 opr CH3(63), CC(12) 

92 

  

1021 1016 CC (72), CO(13), CH(10) 

93 

  

1014 1010 opr CH3(63), CC(13) 

94 

  

1004 999 opr CH3(63), CC(13) 

95 

  

986 982 NN (64), CH(22) 

96 

  

981 978 CC (62), wagg, CH2 (12) 
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97 

  

975 971 CC (63), CH(18) 

98 

  

970 967 CC (64), CH(19) 

99 

  

955 953 CH (58) 

100 944 

 

948 945 CO (65), CH(19) 

101 

  

935 931 wagg, CH2 (59), CC (18) 

102 

  

928 924 CH (58), ring (22) 

103 

  

916 913 CH (58), ring (20) 

104 908 910 912 909 CH (58), ring (22) 

105 

  

906 901 CH (60), ring (22) 

106 

 

895 899 895 CH (61), ring (21) 

107 

  

880 875 CH (60), ring (20) 

108 

  

874 869 ipr CH3 (66) 

109 

  

866 861 ipr CH3 (66) 

110 854 

 

860 854 CS (75), CH(21) 

111 

  

856 850 CH (60) 

112 

  

851 848 ipr CH3 (68) 

113 

  

849 845 ipr CH3 (68) 

114 

  

847 840 CN (65), CC(18) 

115 

 

835 840 837 CC(61), ipr CH3 (12) 

116 

  

836 833 CC(60), ipr CH3 (12) 

117 827 

 

835 830 CH (61) 

118 

  

827 824 CH (60) 

119 

  

822 819 CH (60) 

120 

 

810 816 812 CH (60) 

121 

  

810 807 CH (59) 

122 

  

804 800 CH (58) 

123 

 

790 798 791 CH (60) 

124 

  

786 785 CS (75), CH(20) 

125 

  

780 777 ring (60) 

126 

  

767 763 ring (60) 

127 753 

 

755 751 CO (53), ring,  CC(17) 

128 

  

748 745 CO (51), ring (18) 

129 

  

736 732 ring (51), CC (13) 

130 720 

 

725 720 ring (50) 

131 

 

715 719 716 CC (48), ring (23) 
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132 

  

690 685 CCl (67), ring (27) 

133 

  

668 666 CC(61), ipr CH3 (12) 

134 

 

640 644 640 CC(61), 

135 

  

630 625 ring (67) 

136 

  

621 616 ring (66) 

137 608 

 

610 607 ring (66) 

138 

 

600 605 602 ring (65) 

139 

  

593 590 CN (57), ring (27) 

140 

  

584 581 ring (58) 

141 556 

 

560 555 ring (58) 

142 

  

551 544 ring (57) 

143 535 

 

540 536 CC (60), ring (22) 

144 

  

525 523 ring (65) 

145 

 

510 515 512 ring (65) 

146 501 

 

503 500 ring (66) 

147 

  

490 487 ring (66) 

148 

  

470 468 ring (65) 

149 

  

453 449 CCl(62), ring (18) 

150 

  

439 438 CC(62) 

151 

  

424 421 CC(60) 

152 409 410 414 410 CC(60) 

153 

  

405 400 ring (55) 

154 

  

399 394 ring (55) 

155 

  

396 390 CC(60) 

156 

  

385 382 ring (56) 

157 

 

375 376 374 ring (58) 

158 

  

370 368 ring (60) 

159 

 

360 364 361 ring (55) 

160 

  

335 333 ring (61) 

161 

  

320 318 ring (61) 

162 

  

306 304 ring (52) 

163 

  

286 283 CC(63) 

164 

  

280 275 CC(63) 

165 

 

260 266 262 CCl (59) 

166 

  

254 250 CC (55) 
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167 

  

242 241 `CC (54) 

168 

  

235 230 CH3 (58) 

169 

  

222 219 CH3 (58) 

170 

  

208 204 CH3 (58) 

171 

  

200 198 CH3 (58) 

172 

  

196 191 CC (55) 

173 

  

189 185 CC (55) 

174 

  

182 179 ring (54) 

175 

  

173 171 ring (53) 

176 

  

160 155 CC (54) 

177 

 

150 156 150 CC (54) 

178 

  

145 142 ring (55) 

179 

  

140 136 CC (55) 

180 

 

128 135 130 CC (54) 

181 

  

110 103 CC (54) 

182 

  

93 88 CC (54) 

183 

  

83 80 ring (58) 

184 

  

71 68 ring (60) 

185 

  

60 57 ring (58) 

186 

  

52 49 ring (58) 

187 

 

42 45 40 ring (56) 

188 

  

41 38 ring (56) 

189 

  

36 32 ring (58) 

190 

 

28 32 28 ring (54) 

191 

  

30 25 ring (53) 

192 

  

25 21 ring (53) 

193 

  

20 16 ring (54) 

194 

  

140 11 ring (55) 

195 

  

8 5 ring (55) 

 -stretching, νsym-sym stretching, νasym-asym stretching, δ-in-plane bending, γ-out-of-

plane bending, -scissoring, -wagging, -rocking, η-twisting. 
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Table 4.3 Mulliken atomic charges for 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-

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

4(5H)-one using B3LYP/6-31G and B3LYP/6-31G (d,p) method 

Atom 

Numbering 

Charge 
Atom 

Numbering 

Charge 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

C1 0.215 0.184 H35 0.116 0.147 

C2 0.119 0.032 H36 0.108 0.139 

H3 0.114 0.163 H37 0.108 0.140 

C4 0.112 0.113 H38 0.155 0.194 

C5 -0.127 -0.155 C39 -0.068 -0.287 

C6 -0.097 -0.126 C40 0.489 0.361 

C7 -0.086 -0.112 S41 0.242 0.488 

H8 0.103 0.149 C42 0.293 -0.013 

C9 -0.090 -0.121 N43 -0.465 -0.278 

H10 0.126 0.173 O44 -0.495 -0.404 

C11 -0.085 -0.260 C45 -0.131 -0.043 

H12 0.113 0.157 C46 0.102 0.036 

H13 0.115 0.159 C47 -0.092 -0.115 

C14 0.126 0.160 C48 -0.111 -0.138 

C15 -0.145 -0.174 C49 -0.109 -0.147 

C16 -0.114 -0.140 H50 0.094 0.139 

C17 -0.143 -0.175 C51 -0.113 -0.151 

H18 0.084 0.131 H52 0.093 0.137 

C19 -0.155 -0.190 C53 0.130 0.116 

H20 0.080 0.135 H54 0.089 0.135 

C21 0.140 0.126 H55 0.166 0.224 

H22 0.083 0.130 H56 0.152 0.174 

H23 0.085 0.133 H57 0.088 0.131 

N24 -0.324 -0.198 C58 -0.128 -0.178 

N25 -0.458 -0.531 H59 0.111 0.144 

C26 -0.275 -0.424 C60 -0.321 -0.406 

Cl27 -0.014 0.117 H61 0.106 0.136 

H28 0.134 0.182 H62 0.100 0.131 

C29 -0.142 -0.208 H63 0.123 0.153 

C30 -0.332 -0.417 C64 -0.317 -0.402 

C31 -0.332 -0.418 H65 0.104 0.134 

H32 0.109 0.139 H66 0.122 0.152 

H33 0.113 0.143 H67 0.101 0.132 

H34 0.108 0.141    
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Table 4.4 HOMO-LUMO energies for 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)phenyl-

4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one by B3LYP/6-31(d,p) basis set. 

Molecular 

properties 

Energy 

(eV) 

Energy 

gap  

(eV) 

Ionisation 

potential 

(I) 

Electron 

affinity 

(A) 

Global 

hardness  

() 

Electron 

negativity 

() 

Global 

softness    

() 

Chemical 

potential   

() 

Global 

Electrophilicity 

() 

EHOMO 5.7579 

3.5250 5.7579 2.2329 1.7625 3.995 0.5674 -3.9954 4.5286 

ELUMO 2.2329 

EHOMO-1  6.1868 

4.5231 6.1868 1.6637 2.2616 3.9252 0.4422 -3.9253 3.4064 

ELUMO-1 1.6637 

EHOMO-2 6.5852 

5.8124 6.5852 0.7725 2.9064 3.6789 0.3441 -3.6788 2.3282 

ELUMO-2 0.7725 

 



105 

Table 4.5 Second order perturbation theory analysis of Fock matrix in NBO basis 

corresponding to intra molecular bands of 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-

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

4(5H)-one  

Donor Acceptor 
E(2)(kcal/mol) 

BMP 

E(J)-E(i) (a.u) 

BMP 

F(ij) (a.u) 

BMP 

LP (1) N 24 BD*(1) C2 - N25 4.81 0.82 0.056 

LP (1) N 25 BD*(2) C1 - N24 26.81 0.24 0.072 

LP (1) N 25 BD*(1) C2 - C14 1.04 0.65 0.024 

LP (1) N 25 BD*(1) C2 - H55 4.15 0.65 0.049 

LP (1) N 25 BD*(1) S41 - C42 6.94 0.75 0.068 

LP (1) N 25 BD*(1) C42 - N43 13.01 0.68 0.088 

LP (1)Cl 27 BD*(1) C7 - C11 1.21 1.48 0.038 

LP (1)Cl 27 BD*(1) C9 - C11 1.21 1.48 0.038 

LP (2)Cl 27 BD*(1) C7 - C11 3.88 0.87 0.052 

LP (2)Cl 27 BD*(1) C9 - C11 3.85 0.87 0.052 

LP (3)Cl 27 BD*(2) C7 - C11 12.37 0.32 0.061 

LP (1) S 41 BD*(1) N25 - C42 0.61 0.92 0.021 

LP (1) S 41 BD*(1) C39 - C40 7.94 0.99 0.08 

LP (1) S 41 BD*(1) C40 - O44 0.78 1.04 0.026 

LP (1) S 41 BD*(1) C42 - N43 8.55 0.94 0.08 

LP (2) S 41 BD*(2) C39 - C45 64.42 0.2 0.111 

LP (2) S 41 BD*(1) S41 - C42 0.56 0.76 0.022 

LP (2) S 41 BD*(2) C42 - N43 100.22 0.21 0.133 

LP (1) N 43 BD*(1) N25 - C42 1.76 0.75 0.033 

LP (1) N 43 BD*(1) C39 - C40 5.99 0.81 0.062 

LP (1) N 43 BD*(1) C39 - C45 0.71 0.69 0.02 

LP (1) N 43 BD*(1) C40 - O44 1.54 0.87 0.033 

LP (1) N 43 BD*(1) S41 - C42 5.63 0.84 0.062 

LP (1) O 44 BD*(1) C39 - C40 3.04 1.13 0.053 

LP (1) O 44 BD*(1) C40 - N43 2.31 1.1 0.046 

LP (2) O 44 BD*(1) C39 - C40 18.59 0.69 0.102 

LP (2) O 44 BD*(1) C40 - N43 22.99 0.65 0.111 

            aE(2) means energy of hyperconjugative interactions (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. 



106 

Table 4.6 NBO analysis of bonding and antibonding orbit of 5-(4-Propan-2-

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

pyrazol-1-yl]-1,3-thiazol-4(5H)-one 

Band (A-B) 
ED/Energy 

(a.u.) 

ED  

% 

ED 

 % 
NBO 

S 

(%) 

P 

(%) 

BD (1) C 1 - C 4 1.9716 50.07 49.93 0.7076 SP
(1.72)

 36.83 63.17 

 -0.63785     0.7066 SP
(2.42)

 29.21 70.79 

BD (1) C 1 - N 24 1.98458 41.16 58.84 0.6416 SP
(2.53)

 28.3 71.7 

 -0.8076     0.7671 SP
(2.53)

 35.15 64.85 

BD (1) C 1 - C 26 1.97344 47.4 52.6 0.6884 SP
(1.87)

 34.83 65.17 

 -0.71293     0.7253 SP
(2.48)

 28.73 71.27 

BD (1) C 2 - C 14 1.96717 52.32 47.68 0.7233 SP
(2.08)

 32.46 67.54 

 -0.62256     0.6905 SP
(2.5)

 28.53 71.47 

BD (1) C 2 - N 25 1.97706 39.6 60.4 0.6293 SP
(2.92)

 25.51 74.49 

 -0.79968     0.7772 SP
(1.85)

 35.07 64.93 

BD (1) C 2 - C 26 1.96518 50.3 49.7 0.7092 SP
(2.03)

 33.04 66.96 

 -0.71183     0.7050 SP
(2.48)

 28.73 71.27 

BD (1) C 2 - H 55 1.89411 63.49 36.51 0.7968 SP
(9.94)

 9.14 90.86 

 -0.45971     0.6042 S
(1)

 100   

BD (1) C 4 - C 5 1.97386 51.06 48.94 0.7146 SP
(1.8)

 35.68 64.32 

 -0.71778     0.6996 SP
(1.87)

 34.85 65.15 

BD (1) C 4 - C 6 1.97513 51.33 48.67 0.7146 SP
(1.85)

 35.11 64.89 

 -0.71245     0.6977 SP
(1.86)

 34.98 65.02 

BD (1) C 5 - C 7 1.96991 50.02 49.98 0.7072 SP
(1.81)

 35.55 64.45 

 -0.71264     0.7070 SP
(1.8)

 35.76 64.24 

BD (1) C 6 - C 9 1.97082 49.7 50.3 0.7050 SP
(1.86)

 34.99 65.01 

 -0.70774     0.7092 SP
(1.79)

 35.82 64.18 

BD (1) C 7 - C 11 1.98087 49.11 50.89 0.7008 SP
(1.88)

 34.78 65.22 

 -0.73664     0.71334 SP
(1.59)

 38.64 61.36 

BD (1) C 9 - C11 1.98117 48.98 51.02 0.6999 SP
(1.89)

 34.66 65.34 

 -0.73613     0.7142 SP
(1.58)

 38.74 6.26 

BD (1) C 11 -Cl 27 1.98945 45.41 54.59 0.6739 SP
(3.42)

 22.62 77.38 

 -0.72439     0.7389 SP
(5.04)

 16.55 83.45 

BD (1) C 14 - C 15 1.97179 51.33 48.67 0.7165 SP
(1.78)

 36.02 63.98 

 -0.70373     0.6976 SP
(1.88)

 34.77 65.23 

BD (1) C 14 - C 16 1.97342 51.24 48.76 0.7158 SP
(1.83)

 35.37 64.63 

 -0.70241     0.6983 SP
(1.88)

 34.71 65.29 

BD (1) C 15 - C 17 1.97468 50.24 49.76 0.7088 SP
(1.78)

 35.97 64.03 

 -0.69235     0.7054 SP
(1.83)

 35.36 64.64 

BD (1) C 21 - C 29 1.97443 49.85 50.15 0.7060 SP
(2.34)

 29.96 70.04 

 -0.60045     0.7082 SP
(2.34)

 29.98 70.02 

BD (1) N 24 - N 25 1.97516 44.85 55.15 0.6697 S
(3.87)

 20.53 79.47 

 -0.78565     0.7456 SP
(2.67)

 27.25 72.75 

BD (1) N 25 - C 42 1.98191 59.48 40.52 0.7713 SP
(1.67)

 37.41 62.59 

 -0.84614     0.6365 S
(2.05)

 32.8 67.2 
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BD (1) C 31 - H 35 1.98711 61.78 38.22 0.7860 SP
(2.93)

 25.45 74.55 

 -0.5137     0.6182 S
(1)

 100   

BD (1) C 39 - C 40 1.97996 54.86 45.14 0.7407 SP
(2.03)

 33.04 66.96 

 -0.73079     0.6719 SP
(1.84)

 35.18 64.82 

BD (1) C 39 - S 41 1.9775 53.45 46.55 0.7311 SP
(1.98)

 33.55 66.45 

 -1.04732     0.6823 SP
(2.03)

 33.03 66.97 

BD (1) C 39 - C 45 1.97473 54.08 45.92 0.7354 SP
(2.00)

 33.34 66.66 

 -0.66995     0.6777 SP
(2.10)

 32.25 67.75 

BD (1) C 40 - N 43 1.98023 41.39 58.61 0.6433 SP
(2.21)

 31.13 68.87 

 -0.78333     0.7656 SP
(2.28)

 30.46 69.54 

BD (1) C 40 - O 44 1.99418 36.24 63.76 0.6020 SP
(2.02)

 33.14 66.86 

 -1.01591     0.7985 SP
(1.74)

 36.46 63.51 

BD (1) S 41 - C 42 1.9822 47.49 52.5 0.6891 SP
(2.07)

 32.57 67.43 

 -1.06292     0.7247 SP
(1.77)

 36.15 63.85 

BD (1) C 42 - N 43 1.9797 44.91 55.09 0. 6702 SP
(2.07)

 30.79 69.21 

 -0.80862     0.7422 SP
(2.26)

 30.71 69.29 

BD (1) C 45 - C 46 1.98017 49.8 50.2 0.7057 SP
(1.88)

 34.72 65.28 

 -0.64355     0. 7085 SP
(2.53)

 28.3 71.7 

BD (1) C 46 - C 47 1.96938 51.35 48.65 0.7166 SP
(1.81)

 35.57 64.43 

 -0.70742     0. 6975 SP
(1.87)

 34.86 65.14 

BD (1) C 46 - C 48 1.9671 51.25 48.75 0.7169 SP
(1.77)

 36.12 63.88 

 -0.71003     0. 6982 SP
(1.87)

 34.86 65.14 

BD (1) C 47 - C 49 1.97519 50.04 49.96 0.7074 SP
(1.81)

 35.65 64.35 

 -0.69378     0. 7069 SP
(1.87)

 34.79 65.21 

BD (1) C 48 - C 51 1.97445 50.17 49.83 0.7083 SP
(1.79)

 35.79 64.21 

 -0.69711     0. 7059 SP
(1.85)

 35.08 64.92 

BD (1) C 48 - H 52 1.98197 62.63 37.37 0.7914 SP
(2.41)

 29.34 70.66 

 -0.52131     0. 6113 S
(1)

 100   

BD (1) C 49 - C 53 1.97437 49.41 50.59 0.7029 SP
(1.88)

 34.75 65.25 

 -0.69549     0. 7113 SP
(1.89)

 34.6 65.4 

BD (1) C 51 - C 53 1.97499 49.43 50.57 0.7031 SP
(1.84)

 35.2 64.8 

 -0.69798     0. 7111 SP
(1.89)

 34.6 65.4 

BD (1) C 53 - C 58 1.97214 50.82 49.18 0.7129 SP
(2.25)

 30.81 69.19 

 -0.59158     0. 7013 SP
(2.96)

 25.23 74.77 

BD (1) C 58 - C 60 1.98234 50.65 49.35 0.7117 SP
(2.94)

 25.38 74.62 

 -0.57515     0. 7025 SP
(2.79)

 26.35 73.65 

BD (1) C 58 - C 64 1.98097 50.69 49.31 0.7120 SP
(2.94)

 25.39 74.61 

 -0.57507     0. 7022 SP
(2.8)

 26.34 73.66 

BD (1) C 60 - H 61 1.98862 61.54 38.46 0.7845 SP
(3.11)

 24.34 75.66 

 -0.50495     0. 6201 S
(1)

 100   

BD (1) C 39-S 41 1.9775 53.45 46.55 0.7311 SP
(1.98)

 33.55 66.45 

  -1.04732     0. 6201 S
(2.03)

 33.03 66.97 
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Table 4.7 Fukui function (fi+, fi-, ∆f) for 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-

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

4(5H)-one 

Atoms 
Natural atomic charges Fukui functions(eV) Electro 

-philicity 

Nucleo 

-philicity qN qN-1 qN+1 F+ F- F0 

C 1 0.184 0.160 0.237 -0.077 0.024 -0.039 -0.102 0.102 

C 2 0.032 0.037 0.010 0.026 -0.005 0.013 0.031 -0.031 

H 3 0.163 0.138 0.245 -0.107 0.025 -0.053 -0.131 -0.131 

C 4 0.113 0.115 0.113 0.001 -0.001 0.001 0.003 -0.003 

C 5 -0.155 -0.163 -0.142 -0.021 0.007 -0.010 -0.028 0.028 

C 6 -0.126 -0.132 -0.111 -0.022 0.006 -0.011 -0.028 0.028 

C 7 -0.112 -0.114 -0.104 -0.011 0.003 -0.005 -0.013 0.013 

H 8 0.149 0.140 0.160 -0.019 0.008 -0.010 -0.028 0.028 

C 9 -0.121 -0.125 -0.114 -0.011 0.004 -0.006 -0.015 0.015 

H 10 0.173 0.171 0.196 -0.025 0.002 -0.012 -0.027 0.027 

C 11 -0.260 -0.263 -0.256 -0.008 0.003 -0.004 -0.011 0.011 

H 12 0.157 0.137 0.191 -0.054 0.020 -0.027 -0.074 -0.074 

H 13 0.159 0.142 0.194 -0.053 0.018 -0.026 -0.070 0.070 

C 14 0.160 0.143 0.157 -0.014 0.016 -0.007 -0.031 0.031 

C 15 -0.174 -0.176 -0.160 -0.016 0.003 -0.008 -0.019 0.019 

C 16 -0.140 -0.137 -0.126 -0.012 -0.003 -0.006 -0.008 0.008 

C 17 -0.175 -0.182 -0.160 -0.022 0.007 -0.011 -0.029 0.029 

H 18 0.131 0.116 0.150 -0.034 0.015 -0.017 -0.049 0.049 

C 19 -0.190 -0.200 -0.176 -0.025 0.010 -0.012 -0.035 0.035 

H 20 0.135 0.196 0.160 0.036 -0.060 0.018 0.096 -0.096 

C 21 0.126 0.127 0.128 -0.001 -0.001 0.000 0.000 0.000 

H 22 0.130 0.107 0.168 -0.061 0.024 -0.031 -0.085 0.085 

H 23 0.133 0.132 0.168 -0.035 0.001 -0.018 -0.036 0.036 

N 24 -0.198 -0.193 -0.163 -0.031 -0.005 -0.015 -0.025 0.025 

N 25 -0.531 -0.511 -0.474 -0.036 -0.020 -0.018 -0.016 0.016 

C 26 -0.424 -0.410 -0.477 0.066 -0.014 0.033 0.080 -0.080 

Cl 27 0.117 0.076 0.197 -0.121 0.041 -0.060 -0.162 0.162 

H 28 0.182 0.158 0.240 -0.082 0.023 -0.041 -0.105 0.105 

C 29 -0.208 -0.203 -0.222 0.019 -0.005 0.009 0.024 -0.024 

C 30 -0.417 -0.417 -0.419 0.001 0.000 0.001 0.001 -0.001 

C 31 -0.418 -0.417 -0.419 0.002 -0.001 0.001 0.003 -0.003 

H 32 0.139 0.126 0.163 -0.037 0.013 -0.019 -0.051 0.051 
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H 33 0.143 0.141 0.147 -0.005 0.002 -0.003 -0.007 0.007 

H 34 0.141 0.131 0.162 -0.031 0.011 -0.016 -0.042 0.042 

H 35 0.147 0.155 0.149 0.006 -0.008 0.003 0.014 -0.014 

H 36 0.139 0.124 0.163 -0.040 0.016 -0.020 -0.055 0.055 

H 37 0.140 0.134 0.160 -0.027 0.006 -0.013 -0.033 0.033 

H 38 0.194 0.188 0.217 -0.029 0.007 -0.015 -0.036 0.036 

C 39 -0.287 -0.325 -0.309 -0.016 0.037 -0.008 -0.053 0.053 

C 40 0.361 0.328 0.376 -0.048 0.033 -0.024 -0.082 0.082 

S 41 0.488 0.386 0.521 -0.135 0.102 -0.067 -0.236 0.236 

C 42 -0.013 -0.064 -0.015 -0.049 0.051 -0.025 -0.100 0.100 

N 43 -0.278 -0.355 -0.265 -0.089 0.077 -0.045 -0.166 0.166 

O 44 -0.404 -0.546 -0.372 -0.174 0.142 -0.087 -0.316 0.316 

C 45 -0.043 -0.147 -0.009 -0.138 0.104 -0.069 -0.242 0.242 

C 46 0.036 0.079 0.026 0.052 -0.042 0.026 0.095 -0.095 

C 47 -0.115 -0.114 -0.115 0.001 -0.002 0.001 0.003 -0.003 

C 48 -0.138 -0.142 -0.135 -0.007 0.005 -0.004 -0.012 0.012 

C 49 -0.147 -0.159 -0.140 -0.018 0.012 -0.009 -0.030 0.030 

H 50 0.139 0.114 0.146 -0.032 0.024 -0.016 -0.056 0.056 

C 51 -0.151 -0.162 -0.145 -0.017 0.011 -0.009 -0.029 0.029 

H 52 0.137 0.114 0.141 -0.027 0.023 -0.013 -0.049 0.049 

C 53 0.116 0.118 0.116 0.002 -0.001 0.001 0.003 -0.003 

H 54 0.135 0.097 0.152 -0.055 0.038 -0.027 -0.092 0.092 

H 55 0.224 0.221 0.294 -0.072 0.003 -0.036 -0.075 0.075 

H 56 0.174 0.091 0.197 -0.106 0.084 -0.053 -0.190 0.190 

H 57 0.131 0.095 0.148 -0.053 0.036 -0.027 -0.089 0.089 

C 58 -0.178 -0.171 -0.182 0.010 -0.007 0.005 0.017 -0.017 

H 59 0.144 0.119 0.157 -0.038 0.025 -0.019 -0.063 0.063 

C 60 -0.406 -0.402 -0.408 0.006 -0.004 0.003 0.010 -0.010 

H 61 0.136 0.128 0.140 -0.012 0.008 -0.006 -0.020 0.020 

H 62 0.131 0.106 0.145 -0.040 0.026 -0.020 -0.065 0.065 

H 63 0.153 0.155 0.151 0.004 -0.002 0.002 0.006 -0.006 

C 64 -0.402 -0.398 -0.404 0.006 -0.004 0.003 0.011 -0.011 

H 65 0.134 0.127 0.138 -0.011 0.007 -0.005 -0.018 0.018 

H 66 0.152 0.154 0.150 0.004 -0.002 0.002 0.006 -0.006 

H 67 0.132 0.106 0.146 -0.040 0.026 -0.020 -0.067 0.067 
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Table 4.8 Topological parameters for intramolecular interactions in compound 

electron density (BCP), Laplacian of electron density (V
2 

BCP), electron kinetic energy 

density (GBCP), electron potential energy density (VBCP), total electron energy density 

(HBCP), Hydrogen bond energy (EHB) at bond critical point(BCP)  

Interactions BCP 
2
BCP GBCP VBCP HBCP EHB 

O40…..H50 0.02952 0.1168 0.0318 -0.0345 -0.0026 -0.0159 

 

Table 4.9 Binding affinity for docking in 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-

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

4(5H)-one 

Drug Protein 
Type of 

activity 

Binding 

affinity  

(kcal/mol) 

Etimated 

inhibition 

constant 

Ki(µM) 

Bonded 

residues 

Nature of 

bond 

Bond 

distance 

(Å) 

RMSD 

5
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4
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e)
-2

-[
3

-(
4

-c
h

lo
ro

p
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
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l-
1
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l]
-1

,3
-t

h
ia

zo
l-

4
(5

H
)-

o
n

e 

4QXM Antitubercular 

-9.03 
239.32 

(Nm) 

MET 

A:98 

van der 

waals 
3.12 45.171 

-7.24 4.95 ( M) 
ILE 

A:47 

van der 

waals 
4.06 32.143 

-7.23 5.06( M) 
TYR 

A:158 

van der 

waals 
4.46 51.17 

-7.03 7.05 (M) 
ILE 

A:36 
Alkyl 3.01 30.178 

-6.73 11.75(M) 
THR 

A:196 

Conventional 

hydrogen 

bond 

2.8 39.7 

5T6N Antiviral 

-7.63 2.57 
GLN 

A:210 

Conventional 

hydrogen 

bond 

3.49 46.93 

-6.23 27.26 
TRP 

A:234 
π-π stacked 3.15 48.102 

-5.71 65.29 
GLN 

A:210 

Conventional 

hydrogen 

bond 

1.92 61.645 

-5.67 69.34 
TRP 

A:234 
π-π stacked 3.13 49.815 

-5.37 115.39 
TRP 

A:234 
π-π stacked 3.15 82.058 

4YJ3 Anticancer 

-6.47 18.02 
GLN 

A:358 

van der 

waals 
2.21 262.039 

-6.18 29.66 
PRO 

A:364 

van der 

waals 
2.62 229.467 
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-6.14 31.72 
THR 

A:365 

van der 

waals 
2.81 269.206 

-6.12 32.56 
GLY 

A:365 

Pi-donor 

hydrogen 

bond 

2.94 267.117 

-6.02 38.85 
VAL 

A:26 
Pi-alkyl 3.01 258.416 

3S9Y Anticancer 

-7.63 2.57 
GLN 

A:210 

Conventional 

hydrogen 

bond 

3.49 46.93 

-6.23 27.26 
TRP 

A:234 
π-π stacked 3.15 48.102 

-5.71 65.29 
GLN 

A:210 

Conventional 

hydrogen 

bond 

1.92 61.645 

-5.67 69.34 
TRP 

A:234 
π-π stacked 3.13 49.815 

-5.37 115.39 
TRP 

A:234 
π-π stacked 3.15 82.058 

4I5O Anticancer 

-7.52 3.07 
ALA 

A:247 

Conventional 

hydrogen 

bond 

1.91 123.143 

-7.09 6.37 
LEU 

A:248 

Conventional 

hydrogen 

bond 

1.92 123.075 

-7.06 6.64 
TYR 

A:357 
π-π stacked 3.01 114.455 

-7.03 7.01 
TYR 

A:357 
π-π stacked 3.21 113.872 

-6.38 21.08 
GLY 

A:246 

van der 

waals 
3.83 122.866 
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CHAPTER – 5 

 

Molecular Docking, vibrational, structural and electronic 

studies of 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-

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

4(5H)-one 

 

5.1 Introduction 

 Thiazole is a heterocyclic compound that contains both sulphur and nitrogen and a 

large family of derivatives. Thiazole itself is a pale yellow liquid with a pyridine-like 

odor and they have extensive applications in agriculture and medicinal chemistry [128, 

129]. Varieties of biologically active molecules accommodate the thiazole and its 

derivatives, aminothiazoles [130]. They are used as important fragments in different 

drugs related to anti-tuberculosis, anti-inflammatory, [131,69, 132] , anti-allergic [133], 

anti-hypertensive [134], schizophrenia [135], anti-bacterial, HIV infections [131,136] 

and human lymphatic filarial parasites [137]. Various thiazole derivatives are used as 

fungicides and herbicides and have numerous applications in agricultural field [138]. 

Hydantoin derivatives, in particular phenytoin, are important antiepileptic drugs.  

 We have found from literature survey that no results have been reported on 

quantum chemical calculations, FT-IR, FT-Raman spectral analysis, NBO analysis, AIM 

analysis, Reduced Density Gradient (RDG) and Molecular Docking studies on 5-(4-

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

yl]-1,3-thiazol-4(5H)-one (BPT2). Hence in this study, an attempt has been made to 



113 

interpret the vibrational spectra of the BPT2 molecule by applying density functional 

theory calculations based on Becke-3-Lee-Yang-Parr (B3LYP) with 6-31G and 6-31G 

(d,p) basis sets. The Mulliken atomic charge analysis has been reported using the above 

basis sets.Futher more, the HOMO-LUMO, MEP analysis and NBO analysis of BPT2 

molecule have been studied by B3LYP level with 6-31G (d,p) implemented in the 

Gaussian 09 program suite [36]. The AIM analysis has been carried out to find out the 

presence of strong and weak H-bond in the BPT2 molecule. The Reduced Density 

Gradient (RDG) analysis has been carried out to investigate the presence of Steric effect, 

Van der Waals interaction and Hydrogen bond of the BPT2 molecule. Herewith the 

molecular docking studies have been carried out for the BPT2 molecule to assess its 

biological potential.  

 

5.2 Experimental details 

 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)-4, 5-dihydro-

1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one (BPT2) was synthesized as per the reported 

procedure [72-74]. The Fourier Transform infrared (FT-IR) spectrum of the BPT2 

molecule was recorded using Perkin Elmer Spectrometer fitted with a KBr beam splitter 

around 4000-450 cm
-1

. The Bruker RFS 27 FT-Raman spectrometer in the region 4000-0 

cm
-1

 using a 1064 nm Nd:YAG laser source was used to reported the FT-Raman 

spectrum. Both the spectral measurements were performed at the Sophisticated 

Analytical Instrumentation Facility (SAIF), IIT, Madras, India.  

 

  



114 

5.3 Computational details  

 All calculations of the BPT2 molecule were carried out using Gaussian 09 

program [36] was performed with Becke‟s three-parameter hybrid model and therefore 

the Lee-Yang-Parr correlation was a useful functional (B3LYP) in DFT [139, 140] 

technique. The electronic structure of the molecule has to be proven with the density 

functional theory. The visual representations for fundamental modes are also checked by 

the Gauss view program [75]. Electron density map and reduced density gradient (RDG) 

were calculated with the use of Multiwfn program [76] and plotted by visual molecule 

dynamics program (VMD) [77]. The reactivity descriptors, such as electrophilic index 

(ω), global hardness (η), the chemical potential (µ), ionization potential (I) and electron 

affinity (A) were determined from the energies of frontier molecular orbitals. The NBO 

and Mulliken population analysis are also reported for the local minima of the molecules. 

The molecular docking calculation was performed by the AutoDock 4.2 software [141], 

which was also applied to detect the docking input files and analyze the docking result. 

Using Discovery studio visualize software, one of the best active site was visualized for 

ligand-protein interactions. 

 

5.4 Results and discussions 

5.4.1 Optimized molecular geometrical parameters  

 The geometrical structure and parameters of 5-(4-Butoxybenzylidene)-2-[3-(4-

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

(BPT2) are depicted in Fig. 5.1 and Table 5.1 by using B3LYP/6-31G and B3LYP/6-31G 
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(d,p) methods. The C-C bond length are in the range of 1.3952-1.3984 Ǻ (DFT), 1.3815-

1.4041 Ǻ(XRD) [84], while for the BPT2 molecule, the C-C bond length for pyrazole ring 

of C1-C26, C2-C26 are 1.5223/1.5184, 1.5576/1.5519 Ǻ, for thiazole ring for C39-C40 is 

1.493/1.5081 Ǻ for the B3LYP/6-31G and B3LYP/6-31G (d,p) methods and these values 

are in between the single and double bond (1.54 Ǻ and 1.33 Ǻ) [84].  

    In the present work, the C-O bond length are observed at C40-O44=1.2485/1.2232 Å, 

C53-O58 = 1.3842 / 1.3595Å, O58-C59=1.4618/1.4285Å which are in good agreement 

with the reported values for a similar derivatives (1.3871 Ǻ and 1.3653 Ǻ) [142]. The C-N 

bond length for the BPT2 molecule are C1-N24, C2-N25, N25-C42, C40-N43, C42-N43 

are 1.3062/1.294 Å, 1.5078/1.4931 Å, 1.3483/1.3513 Å, 1.4066/1.3966 Å, 1.3043/1.2987 

Å which are in agreement with the literature [143].  The C-S bond length for the BPT2 

molecule are 1.8656/1.794 Å for C39-S41 and for S41-C42 is 1.8656/1.794 Å, 1.8391 

/1.776 Å and is similar to Kuruvilla et al [144] observed the C-S value at C5-S9= 1.748 Å 

and C8-S9=1.733 Å theoretically and experimentally at 1.8642, 1.862 Å. In the case of C-

H bond lengths, (DFT/XRD) it is observed that aromatic C-H bonds measure 1.10/1.09 Å, 

which is equal to the experimental value. For the BPT2 molecule, the bond lengths for C2-

H55, C6-H10, C9-H13, C31-H35, C47-H50, C65-H66, C68-H70, C68-H71 are 

1.0919/1.0919, 1.0835/1.0843, 1.083/1.0842, 1.0956/1.0944, 1.0867/1.0872, 1.1/1.0984, 

1.0958/1.0945 and 1.0969/1.0956 Å observed. It was also very confined to experimental 

value [145]. The N-N bond lengths (DFT/XRD) are reported in the range 1.3409-1.3886 Ǻ 

[146] and in the present case, the N-N bond length is found at 1.3915/1.37 Ǻ for N24-

N25.The thiazole ring is tilted from the phenyl ring as is evident from the torsion angles    
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Fig.5.1 Optimized molecular structure of 5-(4-Butoxybenzylidene)-2-[3-(4-

chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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C45-C39-C40-N43=179.99/179.97˚, S41-C39-C40-H43 = -0.1457/-0.2921˚, C40-C39-

S41-C42= 0.3713/ 0.414˚ and C45-C39-S41-C42= -179.74/-179.81˚.   

 For the BPT2 molecule, the interactions between the thiazole and pyrazole groups 

are C40-C39-C45 = 132.917/132.571, S41-C39-C45 = 118.135/118.669, C39-C40-N43 = 

113.471 /112.705, C39-C40-O44 = 124.813 / 124.954, N43-C40-O44 = 121.716/ 122.339, 

C39-S41-C42 = 86.313/87.757, N25-C42-S41= 119.688/119.294, N25-C42-N43 = 

122.861 / 122.033, S41-C42-N43 = 117.447/118.672, C40-N43-C42 = 113.818 / 112.104 

respectively. 

5.4.2 Vibrational assignments 

 The BPT2 molecule is consist of 71 atoms and has 207 fundamental modes of 

vibrations. The observed and simulated FT-IR and FT-Raman spectra of 5-(4-

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

yl]-1,3-thiazol-4(5H)-one (BPT2) at B3LYP level using 6-31G and 6-31G(d,p) basis sets 

are shown in Figs. 5.2 and 5.3. The elaborated vibrational assignments of the BPT2 

molecule along with the calculated IR and Raman frequencies and normal mode 

descriptions are given in Table 5.2. 

C-H vibrations  

 The substituted aromatic structures show the presence of C-H stretching vibration 

in the region 3100-3000 cm
-1

 which is the characteristic region for the identification of C-

H stretching vibrational modes [147, 112, 148]. 

 Soleymani et al [149] observed the C-H vibrations at 3112, 3113 3071, 2978 cm
-1 

theoretically and 3050, 3128 cm
-1 

experimentally. Saruadevi et al [150] reported the C-H  
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Fig.5.2 Observed FT-IR and simulated spectra of 5-(4-Butoxybenzylidene)-2-[3-(4-

chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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Fig. 5.3 Observed FT-Raman and simulated spectra of 5-(4-Butoxybenzylidene)-2-

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

4(5H)-one 
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stretching modes are observed at 3096 cm
-1

 in the IR spectrum and at 3097, 3063, 3038 

cm
-1

 in the Raman spectrum experimentally and at 3098, 3075, 3072, 3066, 3055, 3044 

cm
-1

 theoretically.  Pillai et al [151] reported the C-H stretching vibrations at 3097, 3086, 

3081, 3057, 3055 cm
-1

 in the IR spectrum and 3077, 3064 cm
-1

 in the Raman spectrum. 

Kuruvilla et al [144] reported the C-H stretching vibrations are found at 3090, 3062, 2964, 

2940 cm
-1 

in FT-Raman and at 2934, 2771 cm
-1

 in FT-IR spectrum. Kuruvilla et al [145] 

observed the C-H vibrations experimentally at 3050, 2900 cm
-1

 in FT-IR spectrum and 

3042, 2976, 2891, 2850 cm
-1

 in FT- Raman spectrum. For our BPT2 molecule, the C-H 

stretching vibrations observed at 3150, 3075, 3002 cm
-1

 for FT-Raman spectrum, 3156, 

3125, 3110, 3099, 3094, 3078, 3058, 3045, 3038, 3033, 3026, 3016, 3010, 2936, 2846 

cm
-1

 and 3152, 3123, 3107, 3095, 3088, 3074, 3055, 3043, 3034, 3029, 3021, 3011, 3003, 

2935,2843 cm
-1

 are calculated by B3LYP method with 6-31G and 6-31G(d,p) basis sets. 

 Jeyasheela et al [103] observed the C-H in-plane bending vibrations at 1179,  

1059 cm
-1

 in Raman spectrum and at 1167, 1086, 1046 cm
-1

 in IR spectrum and 

computed bands appeared at 1318, 1170, 1094, 1059 cm
-1

. Tamilelakkiya et al [100] 

observed the C-H stretching mode at 1543, 1440 cm
-1 

in IR spectrum and 1540, 1477 cm
-

1 
in Raman spectrum and was calculated in the range of 1511-1445 cm

-1
. Saraudevi et al 

[150] reported the C-H bands theoretically at 1277, 1248, 1170, 1140, 1108, 1102, 1042 

cm
-1

 and experimentally observed at 1250, 1114, 1044 cm
-1

 in IR spectrum and 1279, 

1246, 1168, 1038 cm
-1

 in Raman spectrum. In our BPT2 molecule, the C-H in-plane 

bending vibrations occurs at 1506, 1485, 1329 cm
-1

 and 1510, 1485, 1310, 1280 cm
-1

 

observed in FT-IR and FT-Raman spectrum and calculated theoretically at 1512, 1499, 
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1490, 1420, 1414, 1335, 1327, 1308, 1285, 1278, 1266, 1248 cm
-1 

and 1508, 1493, 1486, 

1475, 1408, 1403, 1330, 1323, 1302, 1281, 1275, 1263, 1244 cm
-1

 for the same basis set.  

 Saraudevi et al [150] observed the CH out-of-plane bending vibrations 

theoretically at 930, 897, 895, 858, 818, 811, 731 cm
-1

 and experimentally at 931, 896, 

855, 816 cm
-1

 for IR, 788, 729 cm
-1

 for Raman spectrum. In the present work, the C-H 

out-of-plane bending vibrations occurs at 948, 827 cm
-1 

and 950 cm
-1

 for FT-IR and FT-

Raman spectrum and calculated values found at 960, 953, 935, 932, 889, 840, 833, 

823,796, 779, 706 cm
-1

 and 956, 948, 933, 929, 885, 865, 834, 829, 820, 795, 790, 

773,700 cm
-1

 respectively. These assignments are good agreement with the literature 

data. 

CH3 vibrations     

 The CH3 modes are occurs in the region 2900-3050 cm
-1 

[152]. Asymmetric and 

symmetric stretching modes of a methyl group attached to the benzene ring are usually 

downshifted because of electronic effects and are expected near 2925 and 2865 cm
-1

 for 

asymmetric and symmetric stretching vibrations [153].  

 The asymmetric stretching modes of the methyl group are calculated at 3047, 

3039, 3022, 3003 cm
-1

 by Paniker et al [154]. For the BPT2 molecule, asymmetric 

stretching vibrations observed at 2922 cm
-1

 for IR spectrum, theoretically found at 3001, 

2986, 2976, 2964, 2950, 2930 cm
-1

 and 2995, 2983, 2971, 2959, 2947, 2926 cm
-1

 by 

B3LYP/6-31G and B3LYP/6-31G(d,p) respectively. 

 The symmetric modes are observed at 3038, 2946 cm
-1

 in the IR spectrum and 

theoretically obtained at 2948, 2943 cm
-1

 by Paniker et al [154]. Saraudevi et al [150] 
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reported the CH3 stretching mode at 3027, 2970, 2908 cm
-1

 and experimentally observed 

at 3002, 2972, 2970 cm
-1

. Parveen et al [142] observed the CH3 stretching modes are 

assigned at 3002, 2980, 2958, 2914 cm
-1

 in the IR spectrum, 2960, 2938 cm
-1

 in the 

Raman spectrum and theoretically occurs in the range 3032-2906 cm
-1

. Murugavel et al 

[88] theoretically the C-H stretching modes of methyl group at 3056, 3022, 2984, 2964, 

2944, 2917 and 2911 cm
-1

 is the experimental values 3024 and 2943 cm
-1

. Alphonsa et al 

[115] reported CH3 stretching mode for FT-IR spectrum at 2983, 2924 cm
-1

 and for FT-

Raman at 2983, 2944, 2923 cm
-1

 and asymmetric and symmetric stretching vibrations 

observed at 3059, 3053 cm
-1

 for FT-IR, Raman spectrum and theoretically at 3012 cm
-1

. 

For the BPT2 molecule, symmetric stretching vibrations observed at 2856 cm
-1

 for IR 

spectrum, theoretically found at 2888, 2882, 2860 cm
-1

  and 2884, 2878, 2854 cm
-1

 by 

B3LYP/6-31G and B3LYP/6-31G(d,p) respectively. 

 In this work, the CH3 in-plane bending vibrations theoretically obtained at opb = 

1481, 1477, 1472 cm
-1

, ipb = 1455, 1442, 1437 cm
-1

, sb = 1388, 1385, 1376 cm
-1

, ipr = 

768, 760, 741 cm
-1

, CH3 =230, 218, 210 cm
-1

 by B3LYP/6-31G method and opb = 1475, 

1470, 1466 cm
-1

, ipb = 1436, 1430, 1422 cm
-1

, sb =1383, 1379, 1370 cm
-1

, ipb = 765, 

756, 748 cm
-1

, CH3 = 221, 212, 206 cm
-1

 by B3LYP/6-31G(d,p) method. For the BPT2 

molecule, the out-of-plane bending vibration occurs at 1002 cm
-1

 for FT-IR spectrum. 

The theoretically predicted values by B3LYP/6-31G opr =1032, 1021, 1003 cm
-1 

by 

B3LYP/6-31G and 1028, 1017, 1000 cm
-1

 by B3LYP/6-31G (d,p) methods. These 

assignments are good agreement with experimental observation as well as literature data. 
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CH2 group 

 The stretching vibrations of the CH2 group and deformation modes of CH2 group 

(scissoring, wagging, twisting and rocking modes) appears in the regions 3000 ± 20, 2900 

± 25, 1450 ± 30, 1330 ± 35, 1245 ± 45, 780 ± 55 cm
-1

 respectively  [152, 155, 112].  

 Parveen et al [142] observed the CH2 stretching modes at 2923 cm
-1

 in the Raman 

spectrum and at 2926, 2966 cm
-1 

theoretically. The deformation modes of CH2 are 

assigned at 1439, 1295, 1220, 1148 cm
-1 

 in the IR spectrum, 1146 cm
-1  

in the Raman 

spectrum. Murugavel et al [88] the CH2 stretching vibrations are calculated at 2991 cm
-1

 

(asymmetric) and 2944 cm
-1

 (symmetric). Asymmetric bending of is found at 1275 cm
-1

 

which is consistent with the DFT value of 1274 cm
-1

. Minithra et al [90] observed CH2 

asymmetric and symmetric stretching at 2982, 2932 cm
-1

 and 2905, 2893 cm
-1

 and 

assigned at 2978, 2930, 2885 cm
-1

 in the IR spectrum and at 2971, 2935, 2898 cm
-1

 in the 

Raman spectrum. For the BPT2 molecule, the asymmetric CH2 stretching calculated at 

2970, 2922, 2910, 2872 by B3LYP/6-31G method and 2933, 2919, 2906, 2869 by 

B3LYP/6-31G(d,p) method. The symmetric CH2 stretching observed at 2910 in FT-

Raman spectrum and the computed values are 2915, 2896, 2841, 2830 by B3LYP/6-31G 

method and 2912, 2893, 2835, 2822 by B3LYP/6-31G(d,p) method. For the BPT2 

molecule, CH2 scissoring band observed at 1394, rocking at 1173 in the IR spectrum and 

scissoring at 1415, 1400, rocking at 1200, wagging at 800 in the Raman spectrum. For 

the BPT2 molecule, the CH2 stretching modes are observed at sci = 1429, 1423, 1408, 

1402 cm
-1

, rock = 1214, 1210, 1179, 1165 cm
-1

,  = 1118, 1110, 1056, 1044 cm
-1

, wagg. = 

817, 805, 785, 775 cm
-1 

by B3LYP/6-31G, sci = 1422, 1415, 1399, 1395 cm
-1

, rock = 
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1207, 1200, 1175, 1163 cm
-1

,  = 1113, 1105, 1051, 1040 cm
-1

, wagg. = 812, 802, 780, 

769 cm
-1

 by B3LYP/6-31G (d,p) method respectively. 

C-O vibrations  

 The C-O stretching vibrations [156, 152] are expected in the region 1715-1600 cm
-1

. 

The in-plane deformation of C-O found in the region 625 ± 70 cm
-1

and out-of-plane 

bending is in the range 540 ± 80 cm
-1

[152]. 

 Lucose et al [157] observed C-O stretching vibrations at 1632 cm
-1

 in IR spectrum 

and theoretically found at 1636 cm
-1

 (DFT). In-plane bending observed at 569 cm
-1

 in IR 

and 555 cm
-1

 in DFT is assigned as this mode and out-of-plane bending observed at 673, 

676 cm
-1

 in the IR spectrum.  

 The C=O stretching vibration appears both in the FT-IR and FT-Raman spectra 

due to intra molecular charge transfer from donor atom to acceptor atom through  and  

bonds conjugated path, which can induce large variation in dipole and molecular 

polarizability of the molecule  and hence high activity in both spectra [152].  Pillai et al 

[151] observed the C-O modes at 1625 at IR and 1614, 1626 cm
-1 

at Raman spectrum. 

The C-O stretching modes are reported at 1786, 1603, 1027 cm
-1

 and at 1726, 1629 cm
-1

 

in the FT-IR, Raman spectrum and 1184, 1083, 1010, 974, 696 cm
-1

 assigned 

theoretically by Sakthivel et al [158]. Benzon et al [159] reported the C-O stretching 

mode at 1212 cm
-1

(IR), 1228 cm
-1

 (Raman) and at 1229 cm
-1

 theoretically. For the BPT2 

molecule, C-O stretching vibrations observed at 1679, 1254 cm
-1

 in IR spectrum and 

1680, 1295 cm
-1

 in Raman spectrum. The reported values for C-O = 1683, 1301, 1260 

cm
-1

, CO = 1346, 984, 965 cm
-1

, CO= 685, 630, 620 cm
-1 

by B3LYP/6-31G method, 
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C-O = 1680, 1297, 1254 cm
-1

, CO = 1342, 980, 963 cm
-1

, CO= 679, 626, 620 cm
-1

 by 

B3LYP/6-31G (d,p) method respectively. 

C-C vibrations  

 C-C stretching vibrations occur in the range of 1625-1465 cm
-1

 [106]. The in-plane 

and out-of plane bending modes of C-C were reported at 725± 95 and 595 ± 120 cm
-1

 

[113]. 

 The C-C band observed by Kuruvilla et al [144] at 1579, 1531, 1439, 1380, 1123 

for FT-Raman and for FT-IR bands at 1428, 1235, 1002 cm
-1

. Soleymani et al [149] 

observed C-C stretching band at 1625, 1590, 1575, 1540, 1470, 1465, 1430, 1380, 1280 

cm
-1

. Tamil elakkiya et al [100] observed the C-C stretching band at 1313, 1039 cm
-1 

and 

calculated at 1600, 1625, 1319, 1054 cm
-1

. In the present work, the C-C stretching 

vibrations observed at 1591, 1230, 1118, 909 cm
-1

 in IR spectrum, 1215, 910 cm
-1

 in 

Raman spectrum. The reported values at 1644, 1625, 1613, 1596, 1538, 1236, 1221, 

1195, 1186, 1162, 1145, 1140, 1131, 1125, 1080, 1013, 992, 925,924, 914, 845 cm
-1 

by 

B3LYP/6-31G method, 1641, 1623, 1604, 1590, 1533, 1231, 1217, 1191, 1182, 1158, 

1143, 1136, 1127, 1120, 1075, 1009, 989, 921, 916, 910, 842 cm
-1

 by B3LYP/6-31G 

(d,p) methods respectively. The C-C in-plane bending observed at 503 cm
-1

 and 502, 345 

cm
-1

 in IR and Raman spectrum and the reported values are 792, 715, 690, 616, 608, 590, 

575, 565, 539, 510, 503, 477, 480, 360, 349 cm
-1 

by B3LYP/6-31G method and 786, 711, 

688, 612, 603, 586, 573, 561, 535, 506, 500, 472, 466, 354, 345 cm
-1

 by B3LYP/6-31G 

(d,p) method. The C-C out-of-plane bending vibration assigned at 150, 135, 120 cm
-1 

in 

Raman spectrum and the calculated values are at 330, 319, 303, 296, 291, 273, 262, 246, 
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197, 189, 176, 158, 141, 126 cm
-1 

by B3LYP/6-31G method, 325, 314, 299, 293, 286, 

275, 268, 242, 191, 185, 173, 151,136, 120 cm
-1

 by B3LYP/6-31G (d,p) method 

respectively.      

C-N vibrations  

 The C-N stretching modes are expected in the region 1400-1200 cm
-1

 Sandhyarani 

et al [160] reported the C-N stretching mode at 1319 cm
-1

. Benzon et al [159] reported at 

1247, 129, 938 cm
-1

 theoretically, 1268, 11135, 926 cm
-1

 in the Raman spectrum and  

924 cm
-1

 in the IR spectrum. The C-N stretching modes were reported at 1268, 1220,  

1151 cm
-1

 theoretically by Malek et al [161]. Al-Alshaikh et al [89] observed C-N 

stretching mode at 1329, 1092, 997 cm
-1

 in the IR spectrum, 1328 cm
-1

 in the Raman 

spectrum and theoretically at 1479, 1472, 1331, 1097, 998 cm
-1

. Bhagyasree et al [162] 

reported C-N stretching modes at 1247 and 1236 cm
-1

. Shana parveen et al [146] assinged 

the C-N stretching mode at 1579 cm
-1

 and IR spectrum at 1553 cm
-1

. In the present work, 

C-N stretching vibrations obtained at 1541 cm
-1

 and 1350, 720 cm
-1

 in IR and Raman 

spectrum. The calculated values are obtained at 1579, 1533, 1525, 1370, 1356, 726 cm
-1

and 

1572, 1529, 1517, 1362, 1351, 720 cm
-1

 by the B3LYP/6-31G and B3LYP/6-31G (d,p) 

method respectively. 

N-N vibrations  

 N-N stretching mode occurs at 1417-1372 cm
-1 

[163]. The υN-N has been reported 

at 1151 cm
-1

 by Crane et al [164], 1121 cm
-1

 by Bezerra et al [165] and 1130 cm
-1

 El-

behery and El-Twigry et al [166] and 1083 cm
-1

 theoretically by Sundaragensan et al 

[167]. Binil et al [85] reported the N-N stretching mode at 1138 cm
-1

 in IR, 1139 cm
-1

 in 
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Raman and 1136 cm
-1

 theoretically. For Murugavel et al [88], N-N stretching vibrations 

allocated at 1083, 1119 cm
-1

 by DFT technique and experimentslly at 1082 cm
-1

 in FT-IR 

spectrum. For the BPT2 molecule, N-N stretching mode is calculated at 883 and 879 cm
-1

 

by B3LYP/6-31G and 6-31G (d,p) method respectively.      

C-S vibrations    

 This vibration cannot be identified easily as it results in weak infrared bands, 

which is susceptible to coupling effects and is also of variable intensity. In general, the C-

S stretching vibration was reported in 750-600 cm
-1

 [109].  

 Benzon et al [159] reported value this mode at 1515 cm
-1

 in the IR spectrum,  

1520 cm
-1

 in the Raman spectrum, 1517 cm
-1

 theoretically. The C-S stretching mode 

observed for Sarau et al [150] assigned at 759, 660 cm
-1

 theoretically and experimentally 

observed at 756, 665 cm
-1

 and 756, 658 cm
-1

in the IR and Raman spectrum. Kuruvilla et 

al [144] observed these vibrations at 822,714 cm
-1

 theoretically and FT-IR spectrum 

obtained experimentally observed at 714 cm
-1

. The C-S stretching modes were observed 

by Coates et al [109] in the range 710-687cm
-1

 while Kwiastkowski et al [168] reported 

the vibration at 839 and 608 cm
-1

. The C-S stretching vibrations are reported at 783, 632 

cm
-1

 and 633 cm
-1

 IR, Raman spectrum and 785, 635 cm
-1

 theoretically found by El-Azab 

et al [169]. The C-S stretching vibrations are reported at 770 cm
-1

 in the IR spectrum, and 

at 770, 636 cm
-1

 theoretically assigned by Shaheen Fatma et al [106]. In the present work, 

C-S vibrations calculated at 738, 697 and 731, 694 cm
-1

 by B3LYP/6-31G and 6-31G 

(d,p) method respectively. 
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Fig.5.4 Mulliken atomic charges of 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-

5[4-(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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Fig.5.5 Molecular electrostatic potential surfaces of 5-(4-Butoxybenzylidene)-2-[3-(4-

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

5.5 Mulliken population analysis 
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C-Cl vibrations 

 The vibrations belong to C-Cl absorption is obtained in the region between 850-

550 cm
-1

 [170]. Kuruvilla1 et al [144] observed theoretically at C-Cl vibration at 694 cm
-

1
 and 415 cm

-1
 and experimentally at 710-505 cm

-1
. Jayasheela et al [103] reported this 

band at 725 cm
-1 

and 720 cm
-1 

4-chlorophenyl ({[(1E)-3-(1Himidazol-1-yl)-1-

phenylpropylidene] amino}oxy) methanone for theoretically and experimentally. For the 

BPT2 molecule, the vibrations occurs at for C-Cl= 597,  C-Cl=438 in FT-IR spectrum 

and theoretically at C-Cl=602 and 598 cm
-1

,  C-Cl=473 and 440 cm
-1

,  C-Cl=280 and 

275 cm
-1 

by B3LYP/6-31G and 6-31G (d,p) methods respectively. 

Ring vibration 

 The thiazole ring in-plane bending vibrations are observedfor the BPT2 molecule 

at 551, 457, 411 cm
-1

 by FT-IR spectrum and theoretically at 588, 553, 545,531, 522, 

487, 463, 427, 417, 407, 392,381, 166, 146, 112, 52, 48 cm
-1 

by B3LYP/6-31G method 

and 580, 550, 541, 523, 518, 481, 460, 422, 410, 401, 389, 375, 162, 142, 102, 49, 46, 43 

cm
-1 

by B3LYP/6-31G(d,p) method. The ring out-of-plane bending observed at 35 cm
-1

 in 

FT-Raman spectrum, theoretically at 135, 95, 86, 80, 75, 66, 41, 37,30, 25, 23, 17, 12, 7 

cm
-1 

by B3LYP/6-31G method and 128, 89, 79, 74, 69, 57, 35, 30, 24, 22, 20, 16, 10, 6 

cm
-1 

by B3LYP/6-31G(d,p) method.  

 

5.5 Mulliken population analysis  

 Mulliken atomic charge calculation [116] has an important role in the application of 

quantum chemical calculation to molecular system. Because of atomic charges affects 
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dipole moment, polarizability, electronic structure and more properties of molecular 

system. The Mulliken atomic charges of the methyl group hydrogen atoms are higher than 

the aromatic group hydrogen atoms. It denotes that the methyl group hydrogen atoms are 

more acidic than the aromatic group hydrogen atoms. Atomic charges has been used to 

describe the process of electro negativity equalization and charge transfer in chemical 

reactions [171,172] and to model the electrostatic potential outside the molecular surfaces. 

Mulliken atomic charges calculated at the B3LYP/6-31G and 6-31G (d,p) methods are 

tabulated in Table 5.3 and Fig. 5.4. For the BPT2 molecule, the Mulliken atomic charges of 

C40, S41, C42, H52, C53 are occupies the more positive and becomes high acidic and N24, 

N25, C26, C30, C31, N43, O44 and O58 are have more negative and become less acidic. 

 

5.6 Molecular electrostatic potential (MEP) surface analysis 

 Molecular electrostatic potential at a point in space around a molecule gives 

information about the net electrostatic effect produced at that point by total charge 

distribution (electron + proton) of the molecule and correlates with dipole moments, 

electro-negativity, partial charges and chemical reactivity of the molecules. It provides a 

visual method to understand the relative polarity of the molecule [173, 174]. An electron 

density iso-surface mapped with electrostatic potential surface depicts the size, shape, 

charge density and site of chemical reactivity of the molecules. Fig.5.5 illustrates the 

charge distributions of the molecule two dimensionally. As it can be seen from the figure, 

the different values of the electrostatic potential at the surface are represented by different 

colours; red represents region of most electronegative electrostatic potential, blue 

represents region of the most positive electrostatic potential and green represents region of  
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ELUMO = -5.3304 eV   ELUMO1 = -5.9862 eV                             ELUMO2 = -6.4777eV 

 

 

 

    

 

 

 

 E=3.3557 eV              E = 4.5911 eV                      E = 5.8023 eV              

   

 

 

 

 

 

EHOMO = -1.9783 eV    EHOMO1 = -1.3951 eV    EHOMO2 = -0.6754 

         

 

Fig. 5.6 Patterns of the principle highest occupied and lowest unoccupied molecular orbital 

5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-

pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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zero potential. Potential increases in the order red < orange < yellow < green < blue. Blue 

indicates the strongest attraction and red indicates the strongest repulsion. Region of 

negative potential are usually associated with the lone pair of electronegative atoms. From 

the MEP map of the BPT2 molecule, more reactive sited are close to C=O (C40-O44) 

groups, the region having the most negative potential over oxygen atom O44 and O58, then 

all the hydrogen atoms have positive potential. The negative potential which is represented 

by red colour corresponds to an interaction of a proton by aggregate the electron density of 

the molecule represented by red yellow shade and blue region is positive which 

corresponds to the repulsion of the proton represented by blue shades. The strong negative 

region spread over the phenyl rings, nitrogen atom and oxygen atom of the hydroxyl group 

and these are possible sites of electrophilic sites. The positive electrostatic potential regions 

are fully covered all the hydrogen atoms and it represents the possible site of the 

nucleophilic sites in the MEP plot. 

 

5.7 Frontier molecular orbital (FMO) study      

 DFT method with 6-31G (d,p) basis set is applied to compute the energy of 

HOMO and LUMO levels and the energies are shown in Table 5.4. The Frontier 

molecular orbitals (FMO) play a significant function in the electric and quantum 

chemistry [175]. The pictorial demonstration of these different FMOs is shown in Fig.5.6. 

The HOMO is the donor and LUMO is acceptor orbital and the energy difference 

between HOMO and LUMO have been used to investigate the global reactivity 

descriptors. The electrophilic index (), hardness () and chemical potential (µ) are 

known reactivity parameters. These parameters are considered as highly successful 
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descriptors for biological activity. Moreover, electronegativity (), electron affinity (A), 

ionization potential (I) are also determined using the energies of frontier molecular 

orbitals and these reactivity parameters used in understanding the site selectivity and the 

reactivity. The compounds that possess positive electron affinity are known as electron 

acceptors and might participate in charge transfer reactions. The electron donation 

strength for any donor compound can be measured using ionisation potential is the 

energy which need to take off an electron from the HOMO. Electronegativity is known as 

one of the most important chemical properties which defined as power of species to 

attract electrons towards itself. The large EHOMO- ELUMO differences define a hard species, 

which means compound is more stable and less reactive. While, small EHOMO- ELUMO gap 

defines a soft species is less stable and more reactive. The calculated energy of HOMO is 

-5.3304 eV and LUMO is -1.9783 eV and the energy gap for the BPT2 molecule is 

3.3521 eV and is a hard one. Ionization potential (I) =5.3304 eV, Electron affinity (A) = 

1.9783 eV, Global hardness () = 1.6761 eV, Softness () = 0.5966 eV, Chemical 

potential () = -3.6544 eV, Electrophilic index () = 3.9838 eV. The values for chemical 

potential and electrophilic index are small that indicates the reactive nature of the BPT2 

molecule which confirms the bioactivity of the title molecule by the positive value of 

chemical softness.  

 

5.8 Natural bond orbital analysis       

 Natural bond orbital (NBO) analysis helps in understanding the delocalization of 

electron density from occupied Lewis-type (donor) NBOs to properly unoccupied non-
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Lewis type (acceptor) NBOs within the molecule [176]. It is an efficient method for 

investigating charge transfer or conjugative interactions in molecular systems. To explain 

the intermolecular hydrogen bonding, intermolecular charge transfer (ICT), 

rehybridization and delocalization of electron density, NBO analysis was done for the 

BPT2 molecule. The corresponding results are given in Table 5.5. As the value of E (2) 

increases, the interaction of electron donors and electron acceptors also increases. As a 

result, the extent of conjugation of the system shows an increasing tendency to donate 

electrons from donors to the electron acceptors.  

 The important hyper-conjugative interactions are C42 - N43 from S41 of (2) S41 

 *(2)C42 - N43,  C39 - C45 from S41 of (2) S41 *(2) C39 - C45,C1 - N24 from 

N25 of (1) N25 *(2)C1-N24,  C40 - N43 from O44 of (2) O44 *(1)C40 - N43, 

C39 - C40 from O44 of (1) O44  *(2) C39 -C40, C42 - N43 from N25 of (1) 

N25 *(2)C42-N43, C7 - C11 from Cl27 of (3) Cl27  *(2) C7 - C11, C42 - N43 

from S41 of (1) S41*(1)   C42 - N43, C39 – C40 from S41 of (1) S41 *(1) C39 

–C40, C 49 – C53 from O59 of (1) O59*(1)   C49 – C53, with electron densities, 

0.133, 0.112, 0.072,0.111, 0.102, 0.088, 0.061, 0.08, 0.08, 0.068 eV  and stabilization 

energies,99.81, 65.56, 26.71, 22.98, 18.59, 13.03, 12.39, 8.55, 7.95 and 5.89 kcal/mol. 

 In Table 5.6, C40-O44 orbital with 1.99419 a.u energy has 36.24% of C40 

character in SP 
2.02

 hybrid and has 63.75% O44 character in (SP) 
2.29

 hybrids. The 

idealized SP 
2.02

 hybrid has 63.56% p-character and 36.44% s-character. The two 

coefficients 0.6020 and 0.7985 are called polarization coefficients.  C53-O58 orbital  
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Fig.5.7. Plots of the RDG versus λ(2)ρ of 5-(4-Butoxybenzylidene)-2-[3-(4-

chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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with 1.98738 a.u energy has 33.44 % of C53 character in SP
3.11

 hybrid and has 66.01 % 

O58 character in SP
2.83

 hybrids. The idealised SP
3.11

 hybrid has 24.31%, 26.09% s-

characters and 75.69%, 73.92% p-characters. The two coefficients 0.5830 and 0.8124 are 

called polarization coefficients. The oxygen (O58) has a larger percentage of NBO, 

67.56% and gives the larger polarization coefficient 0.8219 because it has a higher 

electronegativity. The carbon, nitrogen and sulphur have a lesser percentage of NBO and 

gives a lesser polarization coefficient. 

 

5.9 Reduced density gradient   

 RDG is a pictorial visualization of various kinds of non-covalent interactions 

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

(VMD) program [76, 77]. Noncovalent interactions are very weak when compared with 

covalent bonds and hence play a vital role in nature. To understand the nature of inter 

molecular interaction of the BPT2 molecule, RDG analyses were carried out and the 

resultant graphs are shown in Fig.5.7. According to this graph, the green regions 

represent weak attractive interactions (λ2≈0) such as Van der Waals interaction; strong 

attractions like H-bond, C-Cl bonds are represented by blue colour. The red colour 

represents steric repulsion appears in the inside of phenyl rings, pyrazole, and 4-

Butoxybenzylidene while Van der Waals interactions took place near 4(propan-2-yl) and 

over hydrogen atoms. The negative values of λ(2)ρ indicates strong attractive 

interactions, while the positive values mean the repulsive interactions.  
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5.10 Fukui functions    

 Fukui functions indicate how electron density changes with the addition or 

removal of the charge. If the charge is added it is useful to track where electron density 

increased. On the other side if the charge is removed than it is useful to track where 

electron density decreased. This is done by the so called f+ and f– functions, which are in 

Jaguar defined in the finite difference approximation as following: 

  f*= (
N+

(r)- (
N
(r))/ δ                                    

  f*= (
N-

(r)- (
N
(r))/ δ                                     

 where N denotes the number of electrons in the reference state of the molecule and δ 

represents the fraction of electron, which is set to be 0.01 [177]. Values of Fukui f+ and 

f– functions have been mapped to electron density surface.   

 Morell et al [178] have introduced a new dual descriptor (∆ƒ(r)), which is defined 

as the difference between nucleophilic and electrophilic Fukui function and is given by, 

∆ƒ(r)= [ƒ+-ƒ-]. When ∆ƒ(r)<0, the site is favoured for an electrophilic attack, ∆ƒ(r)> 0, 

the site is favoured for a nucleophilic attack. These sites of the BPT2 molecule based on 

Mulliken atomic charges and these sites are listed in Table 5.7. Most favourable 

electrophilic and nucleophilic sites of the BPT2 molecule is in the order of   

H20>N25>H55>H3>Cl27 and N43>S41>C45>O44. The higher positive charge values 

obtained for H20 (= 0.0846), N25 (=0.0784), H20 lies in the phenyl ring and N25 in the 

pyrazole ring. The higher negative values obtained at O44 (= -0.0845), C45(=-0.0832) 

whereas O44 in the thiazole ring and C45 in between the thiazole and phenyl ring. 

 



139 

5.11 Topological analysis 

 The topological analysis of atoms in the molecule provides an effective 

information about the presence of strong and weak hydrogen bonds in terms of 

Topological parameters for intramolecular interactions in compound electron density 

(BCP), Laplacian of electron density (V
2 

BCP), electron kinetic energy density (GBCP), 

electron potential energy density (VBCP), total electron energy density (HBCP), Hydrogen 

bond energy (EHB) at bond critical point (BCP) [179]. To contemplate the noncovalent 

interactions of the BPT2 molecule, AIM analysis was performed using Multiwfn [138] 

package. According to the topological theory of AIM, the Bond Critical Point (BCP) 

appears when the two neighbouring atoms are chemically bonded or those atoms have 

weak interactions. The weak H-bonds, medium, strong and their electrostatic partially 

covalent and covalent nature can be denoted by (V
2 

BCP > 0 and HBCP > 0), (V
2 

BCP > 0 and 

HBCP < 0) and (V
2
 BCP < 0 and HBCP < 0) [180]. The topology analysis of the BPT2 

molecule was carried out to (3,-1) bond critical points. The paths generated are pictured 

in Fig. 5.8. The bond interactions and their values are provided in Table 5.8 and indicated 

that O44…H50 is weak interactions having V
2
 BCP and HBCP values greater than zero. 

∇2ρ(r) > 0 and G(r)+V(r) < 0, depict that they are intermediate closed shell type hydrogen 

bond interactions. The strength of hydrogen bond can be also characterized by evaluating 

the hydrogen bonding energy (EHB). The negative value of EHB of hydrogen bonds 

designate the conformation of the hydrogen bonds is thermodynamically favoured [181].  
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5.12 Molecular docking studies 

 Molecular docking is a computer-assisted drug design (CADD) method used to 

predict the favourable orientation of a ligand (drug) to a target (receptor) when bound to 

each other to form a stable complex. By understanding the favoured orientation can be 

used to find out the strength of binding affinity between ligand and target site, e.g. by 

docking score [182]. Moreover, docking study can be used to find out type of interactions 

between ligand and receptor like hydrogen bonding and hydrophobic interactions.  

Hence, molecular docking can be considered as first-line technique for a pharmaceutical 

lead discovery [183]. Molecular docking studies were carried out to understand the 

binding profile of thiazole derivatives and to support the in vitro anticancerous activity. 

Automated docking was used to determine the orientation of inhibitors bound in the 

active site of Tubulin (PDV ID=4YJ2), which the protein has anti-cacerous activity. 

Protein 4YZJ has antiviral and 1OQE, 4YJE has anti tumer activity. 

 A Lamarckian genetic algorithm method, implemented in the program AutoDock 

Vina software was employed. The ligand used for docking was the optimized structure at 

B3LYP/6-31G (d, P). The files were prepared in a pdb format. The protein structure file 

(PDB ID: 4YZJ) taken from RCSB Protein Data Bank (PDB) was prepared for docking 

by removal of water molecules, adding polar hydrogens and Kollman charges to the 

structure file. In silico prediction of amino acids involved in the active site of protein 

responsible for binding with the ligands are obtained from the co-crystallized endogenous 

ligand from the PDB file.The ligand was docked in the functional sites of the selected 

protein and minimum docking energy value was examined. Docked conformation which  
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Fig. 5.8 Molecular graph of 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-

(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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had the lowest binding energy was chosen to scrutinize the molecule mode of binding. 

The molecular docking binding energies and inhibition constants were also obtained and 

listed in Table 5.9. The BPT2 molecule taken as the ligand interactions with proteins are 

shown in Figs. 5.9. 

Anti-tumer activity 

 Interaction of antitumor protein 1OQE shows the existence of many conventional 

bonds such as three conventional hydrogen bonds and two alkyl bond interaction with 

amino acid (ASN A: 42, GLU A: 41, ASN A: 42, PRO A: 15, ILE A: 15) with different 

binding energies (-4.7, -3.97, -3.8, -4.33, -4.19)kcal/mol, inhibition constants (360.43, 

1.23 (mM), 1.54 (mM), 667.85, 845.86)ki(µM) RMSD values are (87.206, 81.106, 

82.083, 71.635, 78.414)Å. Interaction of antitumor protein 4YJE shows the existence of 

many conventional bonds such as five conventional hydrogen bond interaction with 

amino acid (MET A: 438, MET A: 438, TYR A: 486, MET A: 438, MET A: 438) with 

different binding energies (-5.42, -5.32, -5.2, -4.95, -4.45)kcal/mol, inhibition constants 

(106.41, 126.67, 155.59, 234.91, 544.29)ki(µM) RMSD values are (49.944, 48.812, 

33.732, 25.064, 25.158)Å.  

Anticancerous activity 

 Interaction of anticancerous protein 4YJ2 shows the existence of many 

conventional bonds such as one Alkyl bonds, two -alkyl bond and one carbon hydrogen 

bond interaction with amino acid (LEU A: 397, PRO A: 175, PRO A: 173, PRO A: 184, 

GLN A: 176) with different binding energies (-4.7, -4.6, -4.21, -4.57, -4.53)kcal/mol,  
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inhibition constants (358.4, 426.72, 817.23, 447.01, 482.07)ki(µM) RMSD values are 

(80.983, 121.029, 111.228, 87.283, 94.627)Å.  

Antiviral activity 

 Interaction of antiviral protein 4JZJ shows the existence of many conventional 

bonds such as three van der waals bonds and two - stacked bond interaction with 

amino acid (PHE A: 107, TRP A: 47, PHE A: 107, TRP A: 105, LEU A: 45) with 

different binding energies (-5.17, -4.95, -4.49, -4.23, -4.2)kcal/mol, inhibition constants 

(163.56, 236.07, 514.73, 790.86, 838.87)ki(µM) RMSD values are (36.106, 36.427, 

30.374, 38.123, 32.471)Å.  
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Fig 5.9 Ligand - 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)-

4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one,  Proteins – 1JH5,1OQE, 4YJ2 

and 4JZJ 
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5.13 Conclusion 

 Structure of the BPT2 molecule was investigated using high-level quantum 

chemistry calculation. The optimized geometrical parameters and vibrational frequency 

assignment of the fundamental modes of BPT2 molecule have been obtained from 

DFT/B3LYP/6-31G and DFT/B3LYP/6-31G (d, p) level of calculation. The observed and 

theoretical wavenumbers are compared and assigned on the basis of potential energy 

calculations shows the excellent agreement of the calculated and observed spectra. In the 

Mulliken atomic charges, C40 (=0.448/0.57) has high values for both basis sets. The 

stability of the molecule arising from hyper-conjugative interaction and charge 

delocalization has been studied using NBO analysis. The HOMO and LUMO analysis are 

used to determine the charge transfer within the molecule and the calculated HOMO and 

LUMO energies show the chemical activity of the molecule. The energy gap of the title 

molecule is E= 3.3557eV.  From the molecular electrostatic potential plot, it is evident 

that the negative charge covers the carbonyl group and the positive region is over the 

remaining groups and the more electronegativity in the carbonyl group makes it the most 

reactive part of the molecule. The preferred active sites for the electrophilic and 

nucleophilic reactions are also identified by the Fukui indices of the BPT2 molecule. 

Weak interaction profile shows that the presence of Van der Waals interactions and steric 

effect are present in the molecule. Molecular docking analysis reveals that the BPT2 

molecule can act as a good inhibitor against the proteins 1JH5, 1OQE, 4YJ2 and 4JZJ. 
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Table 5.1  Optimized structural parameters of 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)-4,5-

dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one obtained by B3LYP/6-31G and B3LYP/6-31G (d,p) basis sets. 

Parameters 

Bond length (Å) 

Parameters 

Bond angle (°) 

Parameters 

Dihedral angle (°) 

B3LYP/ 

6-31G 

B3LYP/ 

6-31G(D,P) 

B3LYP/ 

6-31G 

B3LYP/ 

6-31G(d,p) 

B3LYP/ 

6-31G 

B3LYP/ 

6-31G(D,P) 

C1-C4 1.4604 1.4628 C4-C1-N24 121.7147 121.788 N24-C1-C4-C5 179.171 178.663 

C1-N24 1.3062 1.294 C4-C1-C26 125.171 125.091 N24-C1-C4-C6 -0.574 -1.023 

C1-C26 1.5223 1.5184 N24-C1-C26 113.104 113.11 C26-C1-C4-C5 0.425 -0.056 

C1-C14 1.5184 1.5174 C14-C2-N25 112.3446 112.421 C26-C1-C4-C6 -179.319 -179.743 

C2-N25 1.5078 1.4931 C14-C2-C26 115.1468 114.938 C4-C1-N24-N25 -179.833 179.898 

C2-C26 1.5576 1.5519 C14-C2-N25 109.2771 109.088 C26-C1-N24-N25 -0.948 -1.241 

C2-H55 1.0919 1.0919 N25-C2-C26 100.1893 100.201 C4-C1-N26-C2 -174.604 -174.939 

H3-C26 1.0937 1.0932 N25-C2-H55 107.2673 107.668 C4-C1-C26-H3 -54.509 -54.804 

C4-C5 1.4082 1.4042 C26-C2-H55 121.7147 121.788 C4-C1-C26-H28 65.533 65.160 

C4-C6 1.4121 1.4083 C1-C4-C5 125.171 125.091 N24-C1-C26-C2 6.557 6.245 

C5-C7 1.3979 1.3933 C1-C4-C6 113.104 113.11 N24-C1-C26-H3 126.652 126.379 

C5-C8 1.0844 1.0852 C5-C4-C6 112.3446 112.421 N24-C1-C26-H28 -113.306 -113.657 

C6-C9 1.3932 1.3882 C4-C5-C7 115.1468 114.9386 N25-C2-C14-C15 68.304 64.354 

C6-H10 1.0835 1.0843 C4-C5-H8 109.2771 109.088 N25-C2-C14-C16 -111.460 -115.788 

C7-C11 1.392 1.3929 C7-C5-H8 100.1893 100.201 C26-C2-C14-C15 -45.540 -49.422 

C7-H12 1.0829 1.084 C4-C6-C9 107.2673 107.668 C26-C2-C14-C16 134.697 130.437 

C9-C11 1.3963 1.3978 C4-C6-H10 121.7147 121.788 H55-C2-C14-C15 -172.766 -176.292 

C9-H13 1.083 1.0842 C9-C6-H10 125.171 125.091 H55-C2-C14-C16 7.471 3.566 

C11-Cl27 1.8237 1.7554 C5-C7-C11 113.104 113.11 C14-C2-N25-N24 -113.650 -114.317 

C14-C15 1.4058 1.4019 C5-C7-H12 112.3446 112.421 C14-C2-N25-C42 69.525 71.318 

C14-C16 1.4006 1.3959 C11-C7-H12 115.1468 114.938 C26-C2-N25-N24 9.079 8.210 

C15-C17 1.3957 1.3917 C6-C9-C11 109.2771 109.088 C26-C2-N25-C42 -167.745 -166.155 
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C15-H18 1.0867 1.0872 C6-C9-H13 100.1893 100.201 H55-C2-N25-N24 126.247 125.504 

C16-C19 1.3982 1.3951 C11-C9-H13 107.2673 107.668 H55-C2-N25-C42 -50.578 -48.861 

C16-H20 1.0849 1.0859 C7-C11-C9 121.7147 121.788 C14-C2-C26-C1 112.154 112.861 

C17-C21 1.4076 1.4037 C7-C11-Cl27 125.171 125.091 C14-C2-C26-C3 -8.727 -7.907 

C17-C22 1.086 1.0865 C9-C11-Cl27 113.104 113.11 C14-C2-C26-H28 -128.840 -128.348 

C19-C21 1.4035 1.399 C2-C14-C15 112.3446 112.421 N25-C2-C26-C1 -8.582 -7.874 

C19-H23 1.0862 1.087 C2-C14-C16 115.1468 114.939 N25-C2-C26-C3 -129.463 -128.642 

C21-C29 1.5261 1.5226 C15-C14-C16 109.2771 109.088 N25-C2-C26-H28 110.424 110.917 

N24-N25 1.3915 1.37 C14-C15-C17 100.1893 100.201 H55-C2-C26-C1 -122.075 -121.822 

N25-C42 1.3483 1.3513 C14-C15-H18 107.2673 107.668 H55-C2-C26-C3 117.044 117.409 

C26-H28 1.0969 1.096 C17-C15-H18 121.7147 121.788 H55-C2-C26-H28 -3.069 -3.032 

C29-C30 1.5465 1.5402 C14-C16-C19 125.171 125.091 C1-C4-C5-C7 -179.695 -179.612 

C29-C30 1.546 1.5402 C14-C16-H20 113.104 113.11 C1-C4-C5-H8 0.260 0.318 

C29-H38 1.0993 1.0978 C19-C16-H20 112.3446 112.421 C6-C4-C5-C7 0.054 0.082 

C30-H32 1.0965 1.0953 C15-C17-C21 115.1468 114.938 C6-C4-C5-C8 -179.991 -179.988 

C30-H33 1.0953 1.094 C15-C17-H22 109.2771 109.088 C1-C4-C6-C9 179.712 179.627 

C30-H34 1.0968 1.0955 C21-C17-H22 100.1893 100.201 C1-C4-C6-H10 -0.241 -0.339 

C31-H35 1.0956 1.0944 C16-C19-C21 107.2673 107.668 C5-C4-C6-C9 -0.037 -0.066 

C31-H36 1.0966 1.0954 C16-C19-H23 121.7147 121.788 C5-C4-C6-H10 -179.990 179.968 

C31-H37 1.0968 1.0956 C21-C19-H23 125.171 125.091 C4-C5-C7-C11 -0.039 -0.047 

C39-C40 1.493 1.5081 C17-C21-C19 113.104 113.11 C4-C5-C7-H12 179.976 179.971 

C39-S41 1.8656 1.794 C17-C21-C29 112.3446 112.421 H8-C5-C7-C11 -179.994 -179.978 

C39-C45 1.3602 1.3596 C19-C21-C29 115.1468 114.939 H8-C5-C7-H12 0.020 0.040 

C40-N43 1.4066 1.3966 C1-N24-N25 109.2771 109.088 C4-C6-C9-C11 0.006 0.015 

C40-O44 1.2485 1.2232 C2-N25-N24 100.1893 100.201 C4-C6-C9-H13 -179.979 -179.983 

S41-C42 1.8391 1.776 C2-N25-C42 107.2673 107.668 H10-C6-C9-C11 179.958 179.981 

C42-N43 1.3043 1.2987 N24-N25-C42 121.7147 121.788 H10-C6-C9-H13 -0.027 -0.018 
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C45-C46 1.4585 1.4571 C1-C26-C2 125.171 125.091 C5-C7-C11-C9 0.006 -0.006 

C45-C56 1.0902 1.0904 C1-C26-H3 113.104 113.11 C5-C7-C11-Cl27 -179.973 -179.967 

C46-C47 1.416 1.4105 C1-C26-H28 112.3446 112.421 H12-C7-C11-C9 179.992 179.977 

C46-C48 1.4198 1.4156 C2-C26-H3 115.1468 114.939 H12-C7-C11-Cl27 0.013 0.016 

C47-C49 1.3931 1.3906 C2-C26-H28 109.2771 109.088 C6-C9-C11-C7 0.010 0.021 

C47-H50 1.0867 1.0872 H3-C26-H28 100.1893 100.201 C6-C9-C11-Cl27 179.989 179.982 

C48-C51 1.3882 1.3839 C21-C29-C30 107.2673 107.668 H13-C9-C11-C7 179.995 -179.980 

C48-H52 1.0817 1.082 C21-C29-C31 121.7147 121.788 H13-C9-C11-Cl27 -0.026 -0.019 

C49-C53 1.4036 1.4017 C21-C29-H38 125.171 125.091 C2-C14-C15-C17 179.751 179.385 

C49-H57 1.0828 1.0831 C30-C29-C31 113.104 113.11 C2-C14-C15-H18 -0.979 -1.326 

C51-C53 1.4054 1.4049 C30-C29-H38 112.3446 112.421 C16-C14-C15-C17 -0.483 -0.476 

C51-H54 1.0837 1.0851 C31-C29-H38 115.1468 114.939 C16-C14-C15-H18 178.787 178.813 

C53-O58 1.3842 1.3595 C29-C30-H32 109.2771 109.088 C2-C14-C15-C19 -179.424 -179.063 

O58-C59 1.4618 1.4285 C29-C30-H33 100.1893 100.201 C2-C14-C16-H20 2.293 2.184 

C59-H60 1.0988 1.0996 C29-C30-H34 107.267 107.668 C15-C14-C16-C19 0.806 0.799 

C59-H61 1.0988 1.0996 C40-C39-C45 113.104 113.11 C15-C14-C16-H20 -177.477 -177.954 

C59-C62 1.5233 1.5217 S41-C39-C45 118.135 118.670 C14-C15-C17-C21 -0.126 -0.137 

C62-H63 1.0976 1.0969 C39-C40-N43 113.471 112.705 C14-C15-C17-H22 179.731 179.737 

C62-H64 1.0976 1.0969 C39-C40-O44 124.813 124.954 H18-C15-C17-C21 -179.403 -179.432 

C62-C65 1.5402 1.5336 N43-C40-O44 121.716 122.339 H18-C15-C17-H22 0.454 0.442 

C65-H66 1.1 1.0984 C39-S41-C42 86.313 87.757 C14-C16-C19-C21 -0.532 -0.522 

C65-H67 1.1 1.0984 N25-C42-S41 119.688 119.294 C14-C16-C19-H23 -179.815 -179.889 

C65-C68 1.5369 1.5315 N25-C42-N43 122.861 122.033 H20-C16-C19-C21 177.745 178.228 

C68-H69 1.0969 1.0956 S41-C42-N43 117.447 118.672 H20-C16-C19-H23 -1.538 -1.139 

C68-H70 1.0958 1.0945 C40-N43-C42 113.818 112.104 C15-C17-C21-C19 0.407 0.421 

C68-H71 1.0969 1.0956 S41-C39-C45 118.135 118.670 C15-C17-C21-C29 179.921 -179.872 
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Table 5.2 Vibrational assignments of 5-(4-Butoxybenzylidene)-2-[3-(4-

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

one by B3LYP/6-31G and B3LYP/6-31G (d,p) method. 

 

Modes 

Observed 

wavenumbers (cm
-1

) 

Calculated 

wavenumbers (cm
-1

) 
 

Vibrational assignments 

(%PED) FT-IR FT-Raman 
B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

1   3150 3156 3152 CH(98) 

2     3125 3123 CH(98) 

3    3110 3107 CH(98) 

4     3099 3095 CH(98) 

5    3094 3088 CH(98) 

6  3075 3078 3074 CH(98) 

7    3058 3055 CH(98) 

8    3045 3043 CH(98) 

9     3038 3034 CH(98) 

10     3033 3029 CH(98) 

11     3026 3021 CH(98) 

12     3016 3011 CH(98) 

13   3002 3010 3003 CH(98) 

14    3001 2995 assCH3(96) 

15     2986 2983 assCH3(97) 

16     2976 2971 assCH3(97) 

17     2970 2966 assCH2(95) 

18     2964 2959 assCH3(96) 

19     2950 2947 assCH3(97) 

20     2936 2935 CH(98) 

21 2922   2930 2926 assCH3(98) 

22     2922 2919 assCH2(96) 

23  2910 2915 2912 ssCH2 (96) 

24     2910 2906 assCH2 (97) 

25     2896 2893 ssCH2 (96) 

26     2888 2884 ssCH3(97) 

27     2882 2878 ssCH3 (96) 

28     2872 2869 assCH2 (97) 

29 2856   2860 2854 ssCH3 (96) 

30     2846 2843 CH(98) 
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31     2841 2835 ssCH2 (96) 

32     2830 2822 ssCH2 (96) 

33 1679 1680 1683 1680 CO(72), CC(20) 

34    1644 1641 CC(70), CH(18) 

35     1625 1623 CC(71), CH(20) 

36    1613 1604 CC(70), CH(22) 

37 1591   1596 1590 CC(68), CN(12), CH(10) 

38   1579 1572 CN(65), CC(14), CH(10) 

39     1563 1559 CC(64), CH(14), CC(11) 

40     1538 1533 CC(60), CCl(18), CN(10) 

41 1541   1533 1529 CN(65), CC(15), CH(12) 

42     1525 1517 CN(65), CC(16), CH(12) 

43 1506 1510 1512 1508  CH(64), CC(18)  

44     1499 1493  CH(64), CC(20) 

45 1485 1485 1490 1486  CH(65), CC(18) 

46     1481 1475  opb CH3 (72) 

47     1477 1470  opb CH3(75) 

48     1472 1466  opb CH3(73) 

49     1455 1451  ipb CH3(73) 

50    1442 1436  ipb CH3(72) 

51     1437 1430  ipb CH3(72) 

52    1429 1422 sci CH2(80) 

53   1415 1423 1415 sci CH2(80) 

54     1420 1408  CH(65), CC(21) 

55    1414 1403  CH(66), CC(22) 

56   1400 1408 1399 sci CH2(80) 

57 1394   1402 1395 sci CH2(81) 

58    1388 1383 sb CH3(75) 

59    1385 1379 sb CH3(75) 

60     1376 1370 sb CH3(74) 

61    1370 1362 CN(64) 

62   1350 1356 1351 CN(65), CH(14) 

63    1346 1342 CO(67) 

64 1329   1335 1330 CH(67) 

65     1327 1323 CH(68) 

66  1310 1318 1312 CH(66), CC(14) 
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67    1308 1302 CH(66), CC(15) 

68   1295 1301 1297 CO(66), CH(12) 

69   1280 1285 1281 CH(66), CC(12)  

70     1278 1275 CH(66), CC(12), CN(10) 

71     1266 1263 CH(64), CN(18), CC(10) 

72 1254  1250 1260 1254 CO(65),  CH(17), CCl(10) 

73     1248 1244 CH(66), CC(12), CN(10) 

74 1230   1236 1231 CC(63), CH(16), CN(12) 

75  1215 1221 1217 CC(65), CH(18) 

76     1214 1207 rockCH2(70), CH(12) 

77  1200 1210 1200 rockCH2(70), CH(12) 

78     1195 1191 CC(65), CH(14) 

79     1186 1182 CC(66), CH(15) 

80 1173   1179 1175 rockCH2(70) 

81     1165 1163 rockCH2(69) 

82     1162 1158 CC(68) 

83     1145 1143 CC(68) 

84     1140 1136 CC(68) 

85     1131 1127 CC(66) 

86 1118   1125 1120 CC(66) 

87     1118 1113 CH2(75) 

88     1110 1105 CH2(75) 

89     1102 1097 CH(60) 

90     1093 1088 CH(60) 

91     1080 1075 CC(65), CH(13) 

92     1056 1051 CH2(75) 

93     1044 1040 CH2(74) 

94     1032 1028  opr CH3(62), CC(10) 

95     1021 1017  opr CH3(63), CC(10) 

96     1013 1009 CC(74), CO(16) 

97 1002   1003 1000 opr CH3(64) 

98     992 989 CC(66), CH(15) 

99     984 980 CO(66), CH(14) 

100     965 963 CO(65), CH(12) 

101     960 956 CH(58), ring(26) 

102 948 950 953 948 CH(58), ring(26) 
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103     935 933 CH(58), ring(25) 

104     932 929 CH(58), ring(21) 

105     925 921 CC(72), CO(15), CH(10) 

106     924 916 CC(63), CH(18) 

107 909 910 914 910 CC(64), CH(20) 

108     889 885 CH(58), ring(18) 

109     883 879 NN(65), CH(18) 

110     867 865 CH(55), CC(18) 

111     845 842 CC(18), wagg CH2(12) 

112    840 834 CH(62), ring(18) 

113 827   833 829 CH(58), CC(21) 

114     823 820 CH(58), CC(20) 

115     817 812 wagg CH2(58), CC(20) 

116   800 805 802 wagg CH2(58), CC(21) 

117     800 795 CH(56), CC(18) 

118     796 790 CH(55), CC(17) 

119     792 786 CC(63), CH(18) 

120     785 780 wagg CH2(57) 

121     779 773 CH(58), ring(18) 

122     775 769 wagg CH2(58), CC(20) 

123     768 765 ipr CH3(68) 

124     760 756 ipr CH3(68) 

125 747   741 748 ipr CH3(68) 

126     738 731 CS(74), CH(20) 

127   720 726 720 CN(64), CC(16) 

128     715 711 CC(60), ipr CH3(19) 

129     706 700 CH(58), ring(16) 

130     697 694 CS(75), CH(20) 

131     690 688 CC(60), ipr(17) 

132     685 679 CO(58) 

133     670 666 CC(68) 

134     664 659 CC(68) 

135     658 655 CC(68) 

136     653 648 ring(56) 

137     646 643 ring(56) 

138     640 638 ring(56) 
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139     635 631 CC(66) 

140     630 626 CO(51), ring(17) 

141     625 620 CO(50), ring(17) 

142     616 612 CC(58) 

143     608 603 CC(59) 

144 597   602 598 CCl(68), ring(25) 

145     590 586 CC(58) 

146    588 580 ring(52) 

147     575 573 CC(58) 

148     565 561 CC(58) 

149 551   553 550 ring(52) 

150     545 541 ring(53) 

151     539 535 CC(59) 

152     531 523 ring(52) 

153     522 518 ring(50) 

154     510 506 CC(58) 

155 503 502 503 500 CC(58) 

156     487 481 ring(54) 

157     477 472 CC(59) 

158     480 466 CC(59) 

159 457   463 460 ring(55) 

160 438   445 440 CCl(60), ring(15) 

161     427 422 ring(52) 

162 411   417 410 ring(54) 

163     407 401 ring(50) 

164                  392 389 ring(52) 

165     381 375 ring(52) 

166     371 366 CC(53) 

167     360 354 CC(54) 

168   345 349 345 CC(54) 

169     337 332 CC(54) 

170     330 325 CC(55) 

171     319 314 CC(54) 

172     303 299 CC(53) 

173     296 293 CC(55) 

174     291 286 CC(54) 
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175     280 275 CCl(55) 

176     273 268 CC(50) 

177     262 259 CC(54) 

178     246 242 CC(50) 

179     230 221 CH3(55) 

180     218 212 CH3(54) 

181     210 206 CH3(54) 

182     197 191 CC(55) 

183     189 185 CC(55) 

184     176 173 CC(55) 

185     166 162 ring(58) 

186   150 158 151 CC(55) 

187    146 142 ring(55) 

188   135 141 136 CC(56) 

189    135 128 ring(56) 

190   120 126 120 CC(56) 

191    112 102 ring(53) 

192   92 95 89 ring(54) 

193     86 79 ring(53) 

194     80 74 ring(54) 

195     75 69 ring(53) 

196     66 57 ring(51) 

197     60 49 ring(58) 

198     52 46 ring(58) 

199     48 43 ring(58) 

200   35 41 35 ring(54) 

201     37 30 ring(53) 

202     30 24 ring(54) 

203     25 22 ring(54) 

204     23 20 ring(53) 

205     17 16 ring(54) 

206     12 10 ring(54) 

207     7 6 ring(54) 

-stretching, νsym-sym stretching, νasym-asym stretching, δ-in-plane bending, γ-out-of-

plane bending, -scissoring, -wagging, -rocking, η-twisting. 
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Table 5.3 Mulliken atomic charges for 5-(4-Butoxybenzylidene)-2-[3-(4-

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

one by B3LYP/6-31G and B3LYP/6-31G (d,p) basis sets 

Atom 

Numbering 

Charge 
Atom 

Numbering 

Charge 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

C1 0.173 0.274 H37 0.132 0.102 

C2 -0.031 -0.009 H38 0.129 0.091 

H3 0.182 0.142 C39 -0.289 -0.188 

C4 0.102 0.098 C40 0.448 0.570 

C5 -0.151 -0.130 S41 0.416 0.205 

C6 -0.127 -0.101 C42 0.214 0.366 

C7 -0.109 -0.078 N43 -0.422 -0.520 

H8 0.143 0.097 O44 -0.430 -0.487 

C9 -0.107 -0.075 C45 -0.190 -0.154 

H10 0.181 0.129 C46 0.118 0.135 

C11 -0.228 -0.092 C47 -0.192 -0.145 

H12 0.164 0.116 C48 -0.144 -0.120 

H13 0.166 0.118 C49 -0.136 -0.137 

C14 0.151 0.154 H50 0.131 0.084 

C15 -0.163 -0.132 C51 -0.145 -0.130 

C16 -0.126 -0.102 H52 0.212 0.150 

C17 -0.162 -0.122 C53 0.298 0.361 

H18 0.129 0.086 H54 0.146 0.099 

C19 -0.178 -0.140 H55 0.180 0.135 

H20 0.150 0.101 H56 0.135 0.094 

C21 0.142 0.147 H57 0.134 0.088 

H22 0.127 0.083 O58 -0.569 -0.529 

H23 0.130 0.086 C59 -0.020 0.065 

N24 -0.210 -0.324 H60 0.142 0.100 

N25 -0.464 -0.324 H61 0.141 0.100 

C26 -0.354 -0.289 C62 -0.243 -0.196 
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Cl27 0.079 -0.010 H63 0.147 0.111 

H28 0.182 0.143 H64 0.147 0.111 

C29 -0.178 -0.129 C65 -0.251 -0.184 

C30 -0.394 -0.305 H66 0.127 0.096 

C31 -0.394 -0.304 H67 0.127 0.096 

H32 0.132 0.101 C68 -0.403 -0.317 

H33 0.145 0.114 H69 0.137 0.107 

H34 0.132 0.102 H70 0.134 0.103 

H35 0.137 0.106 H71 0.137 0.107 

H36 0.133 0.102    
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Table 5.4 HOMO-LUMO energies for 5-(4-Butoxybenzylidene)-2-[3-(4-

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

by B3LYP/6-31G (d,p) basis set 

 

Molecular 

properties 

Energy 

(eV) 

Energy 

gap  

(eV) 

Ionisation 

potential 

(I) 

Electron 

affinity  

(A) 

Global 

hardnessn  

() 

Global 

softness    

() 

Chemical 

potential   

( ) 

Global 

Electroplicity 

() 

EHOMO -5.3304 
3.3521 5.3304 1.9783 1.6761 0.5966 -3.6544 3.9838 

ELUMO -1.9783 

EHOMO-1  -5.9862 
4.5911 5.9862 1.3951 2.2955 0.4356 -3.6907 2.9669 

ELUMO-1 -1.3951 

EHOMO-2 -6.4777 
5.8023 6.4777 0.6754 2.9012 0.3447 -3.5765 2.2045 

ELUMO-2 -0.6754 
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Table 5.5 Second order perturbation theory analysis of Fock matrix in NBO basis 

corresponding to intra molecular bands of 5-(4-Butoxybenzylidene)-2-[3-(4-

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

Donor Acceptor 
E(2)(kcal/mol)

a
 E(J)-E(i) (a.u)

b
 F(ij) (a.u)

c
 

BMP BMP BMP 

 (1) N25 *(2) C1-N24 26.71 0.24 0.072 

 (1) N25 *(1) C2 - C14 1.03 0.65 0.024 

 (1) N25 *(1) C2 - H55 4.15 0.65 0.049 

 (1) N25 *(1) S41- C42 6.95 0.75 0.068 

 (1) N25 *(1) C42 - N43 13.03 0.68 0.088 

 (1)Cl27 *(1) C7 - C11 1.21 1.48 0.038 

 (1)Cl27 *(1) C9 - C11 1.21 1.48 0.038 

 (2)Cl27 *(1) C7 - C11 3.88 0.87 0.052 

 (2)Cl27 *(1) C9 - C11 3.85 0.87 0.052 

 (3)Cl27 *(2) C7 - C11 12.39 0.32 0.061 

 (1) S41 *(1) N25 - C42 0.61 0.92 0.021 

 (1) S41 *(1) C39 - C40 7.95 0.99 0.08 

 (1) S41 *(1) C40 - O44 0.78 1.04 0.026 

 (1) S41 *(1) C42 - N43 8.55 0.94 0.08 

 (2) S41 *(2) C39 - C45 65.56 0.2 0.112 

 (2) S41 *(1) S41 - C42 0.57 0.76 0.022 

 (2) S41 *(2) C42 - N43 99.81 0.21 0.133 

 (1) N43 *(1) N25 - C42 1.76 0.75 0.033 

 (1) N43 *(1) C39 - C40 5.99 0.81 0.062 

 (1) N43 *(1) C39 - C45 0.71 0.69 0.02 

 (1) N43 *(1) C40 - O44 1.54 0.87 0.033 

 (1) N43 *(1) S41 - C42 5.63 0.84 0.062 

 (1) O44 *(1) C39 - C40 3.05 1.13 0.054 

 (1) O44 *(1) C40 - N43 2.31 1.1 0.046 

 (2) O44 *(1) C39 - C40 18.59 0.69 0.102 

 (2) O44 *(1) C40 - N43 22.98 0.65 0.111 

 (1) O58 *(1) C49 - C53 5.89 0.98 0.068 

 (1) O58 *(1) C51 - C53 1.32 0.98 0.032 

 (1) O58 *(2) C51 - C53 2.06 0.43 0.029 
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 (1) O58 *(1) C59 - H60 5.28 0.89 0.062 

 (1) O58 *(1) C59 - H61 0.77 0.89 0.023 

 (1) O58 *(1) C59 - H62 0.65 0.78 0.02 

 (2) O58 *(1) C51 - C53 4.53 1.02 0.061 

 (2) O58 *(2) C51 - C53 3.73 0.47 0.041 

 (2) O58 *(1) C59 - H61 4.6 0.93 0.059 

 (2) O58 *(1) C59 - H62 0.54 0.83 0.019 

            aE(2) means energy of hyperconjugative interactions (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 5.6 NBO analysis of bonding and antibonding orbit of 5-(4-

Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-

pyrazol-1-yl]-1,3-thiazol-4(5H)-one  

Band (A-B) 
ED/Energy 

(a.u.) 
ED % ED % NBO S(%) P(%) 

BD (1)C1 - C4   1.97159 50.09 49.91 0.7077 SP
(1.71)

 36.84 63.16 

  -0.63884     0.7065 SP
(2.42)

 29.2 70.8 

BD(1)C1-N24  1.98456 41.16 58.84 0.6416 SP
(2.53)

 28.3 71.7 

  -0.80876     0.7671 SP
(1.84)

 35.16 64.84 

BD(1) C1 -C26 1.97344 47.4 52.6 0.6885 SP
(1.87)

 34.82 65.18 

  -0.71406     0.6416 SP
(2.48)

 28.72 71.28 

 BD (1) C2 - C14  1.96718 52.33 47.67 0.7234 SP
(2.08)

 32.46 67.54 

  -0.62372     0.6905 SP
(2.51)

 28.53 71.47 

 BD (1)C2 - N25   1.97696 39.59 60.41 0.6292 SP
(2.92)

 25.5 74.5 

  -0.801     0.7773 SP
(1.85)

 35.08 64.92 

BD(1) C2 - C26  1.96517 50.31 49.69 0.7093 SP
(2.03)

 33.04 66.96 

  -0.71298     0.7049 SP
(2.48)

 28.73 71.27 

 BD(1) C4 - C5  1.97386 51.06 48.94 0.7146 SP
(1.80)

 35.69 64.31 

  -0.71857     0.6995 SP
(1.87)

 34.84 65.16 

BD (1) C4 - C6   1.97513 51.33 48.67 0.7165 SP
(1.85)

 35.12 64.88 

  -0.71323     0.6976 SP
(1.86)

 34.97 65.03 

BD(1) C5 - C7   1.96991 50.02 49.98 0.7073 SP
(1.81)

 35.55 64.45 

  -0.71337     0.7070 SP
(1.80)

 35.76 64.24 
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BD (1) C6 - C9  1.97082 49.7 50.3 0.7050 SP
(1.86)

 35 65 

  -0.70844     0.7092 SP
(1.79)

 35.82 64.18 

BD(1) C7 - C11   1.98087 49.11 50.89 0.7008 SP
(1.88)

 34.78 65.22 

  -0.73732     0.7134 SP
(1.59)

 38.63 61.37 

BD(1) C9 - C11   1.98117 48.98 51.02 0.6999 SP
(1.89)

 34.66 65.34 

  -0.7368     0.7142 SP
(1.58)

 38.73 61.27 

BD(1)C11 -Cl27   1.98944 45.42 54.58 0.6740 SP
(3.42)

 22.62 77.38 

  -0.72494     0.7388 SP
(5.04)

 16.55 83.45 

BD(1) C14 - C15   1.97178 51.34 48.66 0.7165 SP
(1.78)

 36.03 63.97 

  -0.70477     0.6976 SP
(1.88)

 34.77 65.23 

BD(2) C14 - C15  1.67259 49.99 50.01 0.7070 SP
(99.99)

 0.08 99.92 

  -0.25609     0.7072 SP
(1)

   100 

BD(1) C14 -C16   1.97342 51.23 48.77 0.7158 SP
(1.83)

 35.37 64.63 

  -0.70356     0.6983 SP
(1.88)

 34.72 65.28 

BD(1) C15 - C17   1.97468 50.24 49.76 0.7088 SP
(1.78)

 35.97 64.03 

  -0.69332     0.7054 SP
(1.83)

 35.36 64.64 

BD(1)C16 - C19   1.97521 50.2 49.8 0.7085 SP
(1.80)

 35.74 64.26 

  -0.69142     0.7057 SP
(1.83)

 35.38 64.62 

BD(1) C17 - C21   1.97314 49.13 50.87 0.7009 SP
(1.85)

 35.07 64.93 

  -0.69629     0.7132 SP
(1.86)

 34.98 65.02 

BD(1) C21 - C29  1.97443 49.86 50.14 0.7061 SP
(2.34)

 29.97 70.03 

  -0.60131     0.7081 SP
(2.34)

 29.98 70.02 

BD(1) N24 -N25   1.97507 44.83 55.17 0.6695 SP
(3.88)

 20.51 79.49 

  -0.78688     0.7428 SP
(2.67)

 27.27 72.73 

BD(1) N25 - C42   1.98189 59.45 40.55 0.770 SP
(1.68)

 37.38 62.62 

  -0.84789     0.6368 SP
(2.05)

 32.83 67.17 

BD(1) C29 - C30  1.98383 51.43 48.57 0.7171 SP
(2.35)

 29.89 70.11 

  -0.58926     0.6969SP
(2.88)

 25.8 74.2 

BD(1) C29 - C31   1.98381 51.46 48.54 0.7173 SP
(2.34)

 29.91 70.09 

  -0.58907     0.6967SP
(2.88)

 25.78 74.22 

BD(1) C39 - C40 1.98003 54.87 45.13 0.7407 SP
(2.03)

 33.02 66.98 

  -0.73383     0.6718 SP
(1.84)

 35.17 64.83 
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BD(1) C39 - S41   1.9775 53.47 46.53 0.7407 SP
(2.03)

 33.57 66.43 

  -1.05001     0.6718 SP
(1.84)

 33 67 

BD(1) C39 - C45   1.97467 5.05 45.95 0.7352 SP
(2.00)

 33.34 66.66 

  -0.67297     0.6778 SP
(2.1)

 32.3 67.7 

 BD(1) C40 - N43 1.98023 41.41 58.59 0.6435 SP
(2.21)

 31.15 68.85 

  -0.78584     0.7655 SP
(2.29)

 30.42 69.58 

BD(1) C40 - O44   1.99419 36.24 63.76 0.6020 SP
(2.02)

 33.14 66.86 

  -1.01876     0.7985 SP
(2.29)

 36.44 63.56 

BD(1) C45 - C46 1.97996 49.65 50.35 0.7046 SP
(1.89)

 34.63 65.37 

  -0.64813     0.7096 SP
(2.52)

 28.44 71.56 

 BD(1) C46 - C47   1.97007 51.3 48.7 0.7162 SP
(1.82)

 35.49 64.51 

  -0.71492     0.6979 SP
(1.86)

 34.91 65.09 

BD(1) C46 - C48  1.96789 51.21 48.79 0.7156 SP
(1.77)

 36.06 63.94 

  -0.71737     0.6985 SP
(1.87)

 34.9 65.1 

BD(2) C46 - C48   1.66959 52.13 47.87 0.7220 SP
(99.99)

 0.02 99.98 

  -0.26411     0.6919 SP
(99.99)

 0.02 99.98 

BD(1) C47 - C49   1.97212 50.01 49.99 0.7072 SP
(1.83)

 35.34 64.66 

  -0.70351     0.7070 SP
(1.84)

 35.17 64.83 

 BD(1) C49 - C53   1.97919 50.13 49.87 0.7080 SP
(1.89)

 34.61 65.39 

  -0.71706     0.7062 SP
(1.65)

 37.72 62.28 

 BD(1) C51 - C53   1.9797 50.14 49.86 0.7080 SP
(1.86)

 35.01 64.99 

  -0.71924     0.7061 SP
(1.65)

 37.79 62.21 

 BD(2) C53 - O58  1.98738 33.99 66.01 0.5830 SP
(3.11)

 24.31 75.69 

  -0.81114     0.8124 SP
(2.83)

 26.08 73.92 

BD(1) O58 - C59  1.97868 67.56 32.44 0.8219 SP
(2.9)

 25.61 74.39 

  -0.79178     0.5696 SP
(4.02)

 19.92 80.08 

 BD(1) C59 - C62  1.98311 50.39 49.61 0.7099 SP
(2.58)

 27.96 72.04 

  -0.58843     0.7043 SP
(2.98)

 25.12 74.88 

BD(1) C62 - C65 1.97916 50.45 49.81 0.7085 SP
(2.85)

 26 74 

  -0.57455     0.7057 SP
(2.88)

 25.78 74.22 
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Table 5.7 Fukui function (fi+, fi-, ∆f) for 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)-4,5-

dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 

Atoms 

number 

Neutral 

(N) 

Cation 

(N-1) 

Anion 

(N+1) 
fk

+
 fk

-
 fk

0
 fr Sk

+
 Sk

-
 Sk

0
 k

+
  k

-
  k

0
 

C1 0.1848 0.1603 0.2373 0.0525 0.0245 0.0385 0.0280 0.0202 0.0094 0.0148 0.1716 0.0801 0.1258 

C2 0.0320 0.0368 0.0097 -0.0223 -0.0048 -0.0135 -0.0175 -0.0086 -0.0019 -0.0052 -0.0728 -0.0157 -0.0443 

H3 0.1634 0.1388 0.2464 0.0830 0.0246 0.0538 0.0584 0.0320 0.0095 0.0207 0.2713 0.0804 0.1758 

C4 0.1136 0.1148 0.1135 -0.0001 -0.0012 -0.0006 0.0011 0.0000 -0.0005 -0.0002 -0.0002 -0.0039 -0.0021 

C5 -0.1550 -0.1625 -0.1416 0.0134 0.0075 0.0104 0.0060 0.0052 0.0029 0.0040 0.0438 0.0244 0.0341 

C6 -0.1261 -0.1322 -0.1106 0.0155 0.0061 0.0108 0.0094 0.0060 0.0024 0.0042 0.0507 0.0201 0.0354 

C7 -0.1118 -0.1145 -0.1037 0.0081 0.0027 0.0054 0.0054 0.0031 0.0010 0.0021 0.0264 0.0087 0.0176 

H8 0.1488 0.1406 0.1599 0.0112 0.0082 0.0097 0.0030 0.0043 0.0032 0.0037 0.0365 0.0268 0.0316 

C9 -0.1213 -0.1250 -0.1139 0.0074 0.0037 0.0056 0.0037 0.0029 0.0014 0.0021 0.0243 0.0122 0.0182 

H10 0.1735 0.1716 0.1968 0.0233 0.0019 0.0126 0.0214 0.0090 0.0007 0.0048 0.0762 0.0062 0.0412 

C11 -0.2604 -0.2633 -0.2557 0.0047 0.0030 0.0038 0.0017 0.0018 0.0011 0.0015 0.0152 0.0097 0.0125 

H12 0.1571 0.1369 0.1913 0.0342 0.0202 0.0272 0.0140 0.0132 0.0078 0.0105 0.1118 0.0660 0.0889 

H13 0.1597 0.1420 0.1951 0.0354 0.0177 0.0266 0.0177 0.0136 0.0068 0.0102 0.1157 0.0579 0.0868 

C14 0.1599 0.1434 0.1575 -0.0023 0.0164 0.0070 -0.0188 -0.0009 0.0063 0.0027 -0.0077 0.0537 0.0230 

C15 -0.1739 -0.1764 -0.1598 0.0141 0.0026 0.0083 0.0115 0.0054 0.0010 0.0032 0.0461 0.0084 0.0272 

C16 -0.1404 -0.1373 -0.1256 0.0148 -0.0031 0.0058 0.0179 0.0057 -0.0012 0.0022 0.0483 -0.0102 0.0190 

C17 -0.1747 -0.1817 -0.1596 0.0151 0.0071 0.0111 0.0081 0.0058 0.0027 0.0043 0.0494 0.0231 0.0362 

H18 0.1309 0.1161 0.1509 0.0200 0.0148 0.0174 0.0053 0.0077 0.0057 0.0067 0.0655 0.0483 0.0569 

C19 -0.1898 -0.2003 -0.1750 0.0149 0.0105 0.0127 0.0044 0.0057 0.0040 0.0049 0.0486 0.0342 0.0414 

H20 0.1341 0.1947 0.1580 0.0240 -0.0607 -0.0183 0.0846 0.0092 -0.0234 -0.0071 0.0783 -0.1983 -0.0600 

C21 0.1260 0.1273 0.1282 0.0022 -0.0014 0.0004 0.0036 0.0009 -0.0005 0.0002 0.0073 -0.0045 0.0014 

H22 0.1307 0.1070 0.1692 0.0386 0.0236 0.0311 0.0149 0.0149 0.0091 0.0120 0.1261 0.0773 0.1017 

H23 0.1333 0.1321 0.1685 0.0352 0.0012 0.0182 0.0340 0.0136 0.0005 0.0070 0.1151 0.0040 0.0595 

N24 -0.1983 -0.1929 -0.1623 0.0360 -0.0054 0.0153 0.0414 0.0139 -0.0021 0.0059 0.1177 -0.0176 0.0501 

N25 -0.5314 -0.5112 -0.4731 0.0582 -0.0202 0.0190 0.0784 0.0224 -0.0078 0.0073 0.1905 -0.0660 0.0622 
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C26 -0.4241 -0.4103 -0.4772 -0.0532 -0.0137 -0.0335 -0.0394 -0.0205 -0.0053 -0.0129 -0.1738 -0.0450 -0.1094 

Cl27 0.1175 0.0766 0.1986 0.0811 0.0409 0.0610 0.0401 0.0312 0.0158 0.0235 0.2651 0.1339 0.1995 

H28 0.1818 0.1585 0.2410 0.0592 0.0233 0.0412 0.0359 0.0228 0.0090 0.0159 0.1936 0.0761 0.1348 

C29 -0.2083 -0.2031 -0.2222 -0.0138 -0.0053 -0.0096 -0.0086 -0.0053 -0.0020 -0.0037 -0.0452 -0.0172 -0.0312 

C30 -0.4171 -0.4174 -0.4187 -0.0016 0.0003 -0.0006 -0.0019 -0.0006 0.0001 -0.0002 -0.0052 0.0009 -0.0021 

C31 -0.4180 -0.4172 -0.4195 -0.0015 -0.0007 -0.0011 -0.0008 -0.0006 -0.0003 -0.0004 -0.0050 -0.0024 -0.0037 

H32 0.1395 0.1262 0.1641 0.0246 0.0134 0.0190 0.0112 0.0095 0.0051 0.0073 0.0804 0.0437 0.0621 

H33 0.1434 0.1413 0.1467 0.0033 0.0021 0.0027 0.0012 0.0013 0.0008 0.0010 0.0107 0.0068 0.0088 

H34 0.1411 0.1306 0.1627 0.0216 0.0105 0.0161 0.0111 0.0083 0.0040 0.0062 0.0706 0.0344 0.0525 

H35 0.1465 0.1548 0.1489 0.0024 -0.0083 -0.0030 0.0107 0.0009 -0.0032 -0.0011 0.0078 -0.0271 -0.0097 

H36 0.1396 0.1239 0.1642 0.0247 0.0156 0.0201 0.0090 0.0095 0.0060 0.0078 0.0806 0.0511 0.0659 

H37 0.1400 0.1336 0.1612 0.0212 0.0064 0.0138 0.0149 0.0082 0.0025 0.0053 0.0695 0.0208 0.0451 

H38 0.1946 0.1881 0.2177 0.0231 0.0065 0.0148 0.0165 0.0089 0.0025 0.0057 0.0755 0.0214 0.0484 

C39 -0.2852 -0.3236 -0.2976 -0.0123 0.0383 0.0130 -0.0507 -0.0048 0.0148 0.0050 -0.0404 0.1253 0.0425 

C40 0.3617 0.3282 0.3673 0.0056 0.0335 0.0195 -0.0279 0.0021 0.0129 0.0075 0.0182 0.1095 0.0638 

S41 0.4886 0.3866 0.5339 0.0453 0.1020 0.0736 -0.0568 0.0174 0.0393 0.0284 0.1480 0.3337 0.2408 

C42 -0.0124 -0.0630 -0.0243 -0.0120 0.0506 0.0193 -0.0625 -0.0046 0.0195 0.0074 -0.0391 0.1654 0.0632 

N43 -0.2757 -0.3528 -0.2499 0.0257 0.0772 0.0514 -0.0514 0.0099 0.0297 0.0198 0.0841 0.2523 0.1682 

O44 -0.4001 -0.5431 -0.3416 0.0585 0.1430 0.1008 -0.0845 0.0225 0.0551 0.0388 0.1913 0.4677 0.3295 

C45 -0.0456 -0.1487 -0.0257 0.0199 0.1031 0.0615 -0.0832 0.0077 0.0397 0.0237 0.0651 0.3373 0.2012 

C46 0.0363 0.0787 0.0267 -0.0096 -0.0424 -0.0260 0.0328 -0.0037 -0.0163 -0.0100 -0.0313 -0.1386 -0.0850 

C47 -0.1131 -0.1109 -0.1165 -0.0034 -0.0021 -0.0028 -0.0013 -0.0013 -0.0008 -0.0011 -0.0113 -0.0070 -0.0091 

C48 -0.1357 -0.1405 -0.1362 -0.0005 0.0047 0.0021 -0.0052 -0.0002 0.0018 0.0008 -0.0016 0.0155 0.0069 

C49 -0.1117 -0.1230 -0.1069 0.0048 0.0113 0.0081 -0.0065 0.0018 0.0044 0.0031 0.0157 0.0370 0.0264 

H50 0.1466 0.1225 0.1493 0.0027 0.0241 0.0134 -0.0215 0.0010 0.0093 0.0052 0.0088 0.0790 0.0439 

C51 -0.1149 -0.1250 -0.1104 0.0045 0.0102 0.0073 -0.0057 0.0017 0.0039 0.0028 0.0147 0.0333 0.0240 

H52 0.1449 0.1226 0.1447 -0.0002 0.0223 0.0111 -0.0225 -0.0001 0.0086 0.0043 -0.0006 0.0729 0.0362 

C53 0.2482 0.2348 0.2526 0.0045 0.0134 0.0089 -0.0089 0.0017 0.0052 0.0034 0.0146 0.0437 0.0292 

H54 0.1470 0.1064 0.1614 0.0144 0.0406 0.0275 -0.0262 0.0055 0.0156 0.0106 0.0470 0.1327 0.0899 
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H55 0.2243 0.2211 0.2943 0.0700 0.0032 0.0366 0.0668 0.0270 0.0012 0.0141 0.2289 0.0103 0.1196 

H56 0.1751 0.0915 0.1894 0.0143 0.0836 0.0490 -0.0694 0.0055 0.0322 0.0189 0.0467 0.2735 0.1601 

H57 0.1420 0.1029 0.1569 0.0149 0.0391 0.0270 -0.0241 0.0057 0.0150 0.0104 0.0487 0.1277 0.0882 

O58 -0.5454 -0.5607 -0.5382 0.0072 0.0152 0.0112 -0.0080 0.0028 0.0059 0.0043 0.0236 0.0498 0.0367 

C59 -0.0223 -0.0026 -0.0313 -0.0091 -0.0196 -0.0143 0.0106 -0.0035 -0.0076 -0.0055 -0.0296 -0.0642 -0.0469 

H60 0.1280 0.1187 0.1320 0.0040 0.0093 0.0067 -0.0053 0.0016 0.0036 0.0026 0.0132 0.0304 0.0218 

H61 0.1278 0.1196 0.1311 0.0033 0.0082 0.0057 -0.0049 0.0013 0.0032 0.0022 0.0108 0.0268 0.0188 

C62 -0.2397 -0.2380 -0.2406 -0.0009 -0.0017 -0.0013 0.0008 -0.0003 -0.0007 -0.0005 -0.0029 -0.0056 -0.0043 

H63 0.1433 0.1344 0.1473 0.0040 0.0089 0.0064 -0.0048 0.0015 0.0034 0.0025 0.0131 0.0290 0.0211 

H64 0.1416 0.1334 0.1451 0.0034 0.0082 0.0058 -0.0048 0.0013 0.0032 0.0022 0.0113 0.0268 0.0191 

C65 -0.2554 -0.2517 -0.2572 -0.0018 -0.0037 -0.0028 0.0019 -0.0007 -0.0014 -0.0011 -0.0060 -0.0121 -0.0090 

H66 0.1282 0.1242 0.1300 0.0018 0.0040 0.0029 -0.0021 0.0007 0.0015 0.0011 0.0060 0.0129 0.0095 

H67 0.1279 0.1244 0.1294 0.0014 0.0035 0.0025 -0.0021 0.0006 0.0014 0.0010 0.0047 0.0116 0.0081 

C68 -0.4018 -0.4019 -0.4016 0.0002 0.0001 0.0001 0.0001 0.0001 0.0000 0.0001 0.0007 0.0003 0.0005 

H69 0.1370 0.1319 0.1397 0.0027 0.0052 0.0039 -0.0025 0.0010 0.0020 0.0015 0.0088 0.0169 0.0128 

H70 0.1324 0.1208 0.1386 0.0063 0.0115 0.0089 -0.0053 0.0024 0.0044 0.0034 0.0205 0.0377 0.0291 

H71 0.1367 0.1318 0.1391 0.0024 0.0049 0.0036 -0.0025 0.0009 0.0019 0.0014 0.0077 0.0160 0.0119 

 

 

Table 5.8 Topological parameters for intramolecular interactions in compound electron density (BCP), Laplacian of 

electron density (V
2 

BCP), electron kinetic energy density (GBCP), electron potential energy density (VBCP), total 

electron energy density (HBCP), Hydrogen bond energy (EHB) at bond critical point (BCP).  

Interactions BCP 
2
BCP GBCP VBCP HBCP EHB 

O44…..H52 0.03021 0.1179 0.03249 -0.0355 0.0263 -0.0177 
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Table 5.9 Binding affinity for docking in5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)-4,5-

dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 

Drug Protein 
Type of 

activity 

Binding 

affinity(kcal/mol) 

Etimated 

inhibition 

constant 

Ki(µM) 

Bonded 

residues 
Nature of bond 

Bond 

distance 

(Å) 

RMSD 

In
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4
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H
)-
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1OQE Antitumer 

-4.7 360.43 ASN A-42 Conventional hydrogen bond 3.31 87.206 

-4.33 667.85 PRO A-15 Alkyl 4.1 71.635 

-4.19 845.86 ILE A-15 Alkyl 4.17 78.414 

-3.97 1.23(mM) GLU A-41 Conventional hydrogen bond 4.32 81.106 

-3.8 1.64 (mM) ASN A-42 Conventional hydrogen bond 4.55 82.083 

4YJ2 Anticancer 

-4.7 358.4 LEU A-397 Alkyl 3.72 80.983 

-4.6 426.72 PRO A-175 Alkyl 3.82 121.029 

-4.21 817.23 PRO A-173 -alkyl 4.24 111.228 

-4.57 447.01 PRO A-184 -alkyl 4.39 87.283 

-4.53 482.07 GLN A-176 Carbon hydrogen bond 4.55 94.627 

4YJE Antitumer 

-5.42 106.41 MET A-438 Conventional hydrogen bond 3.64 49.944 

-5.42 106.79 MET A-438 Conventional hydrogen bond 3.8 47.995 

-5.32 126.67 TYR A-486 carbon hydrogen bond 3.89 48.812 

-5.2 155.59 MET A-438 Conventional hydrogen bond 4.02 33.732 

-4.95 234.91 MET A-438 Conventional hydrogen bond 4.17 25.064 

4JZJ Antiviral 

-5.17 163.56 PHE A: 107 van der waals 3.85 36.106 

-4.95 236.07 TRP A: 47 van der waals 4.65 36.427 

-4.49 514.73 PHE A: 107 van der waals 4.94 30.374 

-4.23 790.86 TRP A: 106 - Stacked 5.05 38.123 

-4.2 838.87 LEU A: 45 - Stacked 5.08 32.471 
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Chapter – 6 

 

FT-IR and FT-Raman investigation, quantum chemical 

analysis and molecular docking studies of (4Z)-4-(4-

Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 

 

6.1 Introduction  

 The biological study of heterocyclic compounds has been interesting field for a 

long time [184] and oxazole is one such moiety which has gained attention in recent 

times due to its increasing importance in the field of medicinal chemistry. Oxazole is an 

important heterocyclic nucleus having a wide spectrum of biological activities and its 

derivatives used in various biological activities. Oxazole derivatives play a pivotal role in 

delineating the biological activities like antimicrobial [185], anticancer [186], 

antitubercular [187], anti-inflammatory [188], antidiabetic [189], antiobesity [190] and 

antioxidant [191]. Based on the literature review, we have found that quantum chemical 

calculations, FT-IR, FT-Raman spectroscopic studies, Reduced density gradient (RDG) 

analysis and docking studies of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-

5(4H)-one (MBO) have not been reported. To interpret and predict the vibrational spectra 

of the MBP compound, the quantum chemical computational methods have been used as 

an effective tool. Hence, in this study, the results reported here are based on the 

experimental and theoretical interpretations of the infrared and Raman spectra, which 

agree and support each other. In addition to vibrational spectra, electrostatic potential 

should aid in understanding the structural, spectral, and bioactive properties of the MBO 
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compound of this class. Furthermore, the HOMO-LUMO, NBO analysis and Fukui 

function of MBO compound have been studied by B3LYP level with 6-31G (d,p) basis 

set implemented in the Gaussian 09 program suite [36]. RDG analysis has been 

performed on the molecule to analyze H-bonds, steric effects, and Van der Waals 

interactions. The Molecular Docking studies have been conducted to evaluate the 

biological potential of the MBO compound.     

 

6.2 Experimental details 

 Fourier transform infrared (FT-IR) spectrum of (4Z)-4-(4-Methylbenzylidene)-2-

phenyl-1,3-oxazol-5(4H)-one (MBO) was recorded employing the Perkin Elmer 

spectrometer fitted with a KBr beam splitter around 4000-450 cm
-1

. Bruker RFS 27 FT-

Raman spectrometer was used to report the FT-Raman spectrum in the region 4000-0  

cm
-1

 using a 1064 nm Nd: YAG laser source. Both the spectral measurements were 

performed at the Sophisticated Analytical Instrumentation Facility (SAIF), IIT, Chennai, 

India.  

 

6.3 Computational details 

 All calculations presented in this study were performed with the Gaussian 09W 

program [36] and Gauss view [75]. By DFT calculations, B3LYP functional combined 

with 6-31G and 6-31G (d,p) basis sets to predict the molecular structure and vibrational 

wave numbers. The natural bonding orbital calculations were performed using the NBO 

program as implemented in Gaussian 09 Package. The Reduced Density Gradient (RDG) 

analysis of the MBO molecule are graphed by Multiwfn [76] and plotted by the VMD 
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program [77]. The molecular docking calculations were performed with the Autodock 

Tools version 1.5.6 software package [78] and the docking results were analyzed using 

Pymol [79] and Discovery studio [80] visualization software. The three dimensional 

crystal structure of DNA was obtained from the Protein data bank PBD ID.  

6.4 Results and discussions 

6.4.1 Molecular geometry 

 The optimized geometrical structure and parameters of the MBO compound 

obtained using DFT at B3LYP/6-31G and B3LYP/6-31G (d,p) level are shown in Fig.6.1 

and Table 6.1 respectively. The MBO compound contains 17 C-C bonds, 12 C-H bonds, 

3 C-O bonds and 2 C-N bonds. 

 The bond length C1-C2, C1-C6, C2-C3, C5-C6, C15-C16, C19-C20, C19-C21, 

C22-C26, C24-C26 values are 1.3965 / 1.3932, 1.4003 / 1.396, 1.4071 / 1.4034,  1.4026 / 

1.3986, 1.4987 / 1.5023, 1.4361 / 1.4327, 1.436 / 1.4333, 1.4122 / 1.4089 which are high 

due to the presence of benzene ring and also are good agreement with Benzon et al [192] 

that C22-C24,C21-C23 are 1.4988 and 1.4923 Å. For the MBO compound, C18-C19, 

C20-C22, C21-C24 has bond length values are 1.3737/1.3692, 1.3857/1.3823, 

1.3858/1.3814 which is good agreement with the reported value [193]. 

 The C–H bond length lies between 1.08 and 1.09 Å for the phenyl ring. Here for 

the MBO compound, C1-H7, C2-H8, C4-H9,  C5-H10, C6-H11, C20-H23, C21-H25, 

C22-H27, C24-H28, C29-H30, C29-H31, C29-H32 are 1.0849/1.0857, 1.0834/1.0841, 

1.084/1.0845, 1.085/1.0857, 1.0854/1.086, 1.0841/1.0845, 1.0841/1.0846, 1.0863/1.087, 

1.0863/1.0871, 1.0952/1.0938, 1.0995/1.098, 1.0952/1.0944 are very close to the reported 
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value. The C-O bond length of the MBO compound of C12-O14, C16-O14, C16-O17 are 

1.4204/1.3899, 1.4316/1.4015, 1.2189/1.1976 which are close agreement with reported 

values C3–O11 = 1.3959 Å and C12–O11 = 1.4565 Å [194].  

 The C-N bond distance for the MBO compound, C12-N13, N13=C15 has 

1.3003/1.2894, 1.4354/1.416 Å was found to be much shorter than the average value for a 

C-N single bond (1.47Å) but significantly longer than a C=N double bond (1.22Å) [195], 

suggesting that some multiple bond character is presented. Haress et al [194] assigned the 

C-N bond length of C24-N5 =1.2951/1.2933 Å and C7-N4 = 1.2947/1.2923 Å which are 

close to the MBO compound.  Purkayastha and Chattopadhyay et al [196] reported N14-

C13, N14-C19 bond lengths as 1.3270 Å, 1.400 Å which are close related to our title 

compound. For the MBO compound, the bond angle for C2-C1-C6, C1-C2-C3 is 

120.19/120.18, 119.77/119.81 which is in good agreement with the reported values 

(120.4 and 120) and C3-C4-C5, C1-C6-C5 has 119.83/119.87, 120.05/120.06 are 

close to Benzon et al [194] observed at 120.7 and 118.1. For the MBO compound, 

N13-C15-C16 = 108.11/107.91, N13-C15-C18 = 126.37/127.53, C16-C15-C18 = 

126.52/124.56 which is due to the interaction between the oxazole and the benzene 

ring. 

 It is clearly seen that the dihedral angles C4-C3-C12-O14, C2-C3-C12-N13 are 

180 and C2-C3-C12-O14, C4-C3-C12-N13 are 0. This indicates that the benzene ring 

and the oxazole ring moieties of the MBO compound is planner.  
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Fig 6.1 Optimized molecular structure of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-

1,3-oxazol-5(4H)-one 

 

 

 

  



171 

4000 3500 3000 2500 2000 1500 1000 500 

T
ra

n
sm

it
ta

n
ce

(%
) 

Wavenumber (cm
-1

) 

OBSERVED 

B3LYP/6-31G  

 

B3LYP/6-31G (d,p) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.2 Observed FT-IR and simulated spectra of (4Z)-4-(4-Methylbenzylidene)-2-

phenyl-1,3-oxazol-5(4H)-one 
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Fig 6.3 Observed FT-Raman and simulated spectra of (4Z)-4-(4-

Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 
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6.4.2 Vibrational analysis 

 The MBO compound is constituted by 32 atoms and has 90 normal modes of 

vibrations. Among 90 fundamental modes of vibrations are classified into 36 stretching 

and the remaining is divided into in-plane and out-of-plane bending vibrations. The 

observed and simulated FT-IR and FT-Raman spectra of the MBO compound at DFT-

B3LYP level using 6-31G and 6-31G (d,p) basis sets are shown in Figs. 6.2 and 6. 3. The 

elaborated vibrational assignments of the MBO compound along with the calculated IR 

and Raman frequencies and normal mode descriptions are given in Table 6.2. 

CH3 vibrations  

 The stretching vibrations of CH3 are expected in the range 3050-2850 cm
-1

 for 

asymmetric and symmetric vibrations [152, 155]. The deformed modes of methyl group 

are expected in the range of 1485-1355 cm
-1

. The methyl rocking wavenumbers are 

expected in the range 110095 cm
-1

 and 1080 80 cm
-1

 [152]. 

 Benzon et al [159] assigned the asymmetric CH3 stretching vibrations at 3023, 

2997, 2961 cm
-1 

in IR spectrum, 3037, 3016, 2992, 2967 cm
-1 

in Raman spectrum and for 

symmetric CH3 stretching vibrations at 2934, 2916 cm
-1 

 theoretically and 2924 cm
-1 

 for 

IR spectrum, 2928, 2903 cm
-1 

 at Raman spectrum. Parveen et al [146] observed the CH3 

vibrations at 2980 cm
-1

 and 2978 cm
-1 

in the IR and Raman spectrum and theoretically 

observed at 3011,  2988, 2925 cm
-1

. Benzon et al [192] asymmetric CH3 groups are 

theoretically obtained at 3063, 2996 cm
-1 

and experimentally observed at 3063 cm
-1 

 in IR 

spectrum, 2998 cm
-1 

 in Raman spectrum. For our MBO compound, the assCH3 stretching 

vibrations occurs 2785 cm
-1

 in FT-Raman spectrum and theoretically observed at 2796, 
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2790 cm
-1

 and 2791, 2786 cm
-1

 for B3LYP/6-31G and B3LYP/6-31G (d,p) basis sets. 

The symmetric stretching vibrations observed at 2788 cm
-1

 and 2780 cm
-1

 for the same 

basis sets.    

 Benzon et al [192] observed the CH3 deformation modes at 1458, 1455 1450, 

1435 cm
-1 

by theoretically and 1442, 1446 in FT-IR, FT-Raman spectrum. Parveen et al 

[146] observed the deformed methyl group at 1355 cm
-1

 at IR and theoretically at 1449, 

1434, 1358 cm
-1

. Benzon et al [159] observed the CH3 modes at 1468 cm
-1

 (IR), 1470,  

1435 cm
-1

 (Raman) and calculated at 1464, 1458, 1455, 1435 cm
-1

. In the present work, 

the CH3 in-plane bending vibrations are assigned at 1374, 911 cm
-1

 and 1420, 991 cm
-1

 in 

FT-IR and FT-Raman spectrum. The computed wavenumbers are predicted by B3LYP/6-

31G method at opb = 1435 cm
-1

, ipb = 1426 cm
-1

, sb = 1380 cm
-1

, opr = 993 cm
-1

, 

ipr = 915 cm
-1

 and for B3LYP/6-31G (d,p) method at opb = 1431cm
-1 

, ipb = 1422 

cm
-1

, sb = 1374 cm
-1

, opr = 990 cm
-1

, ipr = 913 cm
-1

. In this study, the out-of-plane 

twisting vibration is observed at 38/31 cm
-1

 for the above basis sets. 

C-H stretching 

 The C-H stretching vibrations occur at 3120-3000 cm
-1

 [152]. The C-H in-plane 

and out-of-plane bending occurs at 1315-995 cm
-1

 and 1000-700 cm
-1

 [152].  

 Parveen et al [146] observed the C-H stretching vibrations at 3088, 3038 cm
-1 

in 

IR spectrum and 3102, 3072, 3035 cm
-1

 in Raman spectrum. Haress et al [194] reported 

the C-H stretching at 2921, 2917, 2915 cm
-1

. Renjith et al [151] observed the CH 

stretching vibration at 3081 cm
-1 

and 3077, 3064 cm
-1

 in IR and Raman spectrum, found 
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theoretically in the range of 3097-3057 cm
-1

. For the MBO compound, the CH stretching 

vibrations observed at 3001, 2900, 2802 cm
-1

 in FT-IR spectrum, 3095, 3010, 2940 cm
-1

 

in FT-Raman spectrum and theoretically at 3095, 3015, 3006, 2991, 2945, 2910, 2896, 

2870, 2802 cm
-1

 by B3LYP/6-31G and 3091, 3010, 3001, 2989, 2941, 2905, 2891, 2866, 

2800 cm
-1

 by B3LYP/6-31G (d,p) method. 

 The C-H in-plane bending for IR spectrum observed at 1294, 1145, 1115, 1035 

cm
-1

 and 1288, 1148 cm
-1

 for FT-Raman spectrum for Parveen et al [146]. Haress et al 

[194] observed the in-plane bending for 2-(Adamantan-1-yl)-5-(4-nitrophenyl)-1,3,4-

oxadiazole at 1349, 1299, 1085 cm
-1

 theoretically. Renjith et al [151] observed the in-

plane bending at 1272, 1202, 1077 cm
-1

 in IR spectrum and 1266, 1197, 1174, 1150 cm
-1

 

in Raman spectrum. In the present work, the in-plane bending vibrations observed at 

1455, 1411, 1300, 1135, 1100, 1056 cm
-1

 in FT-IR spectrum and 1460, 1386, 1304, 1295, 

1102 cm
-1

 in FT-Raman spectrum and theoretically obtained at 1464, 1453, 1420, 1391, 

1309, 1300, 1170, 1140, 1115, 1064, 1004 cm
-1

 by B3LYP/6-31G and 1458, 1447, 1412, 

1385, 1304, 1296, 1167, 1134, 1101, 1057, 1000 cm
-1

 by B3LYP/6-31G (d,p) method. 

 The out-of-plane bending by Parveen et al [146] assigned at 947, 922, 820, 808 

cm
-1

 for IR spectrum and 820, 920 cm
-1 

for Raman spectrum. Haress et al [194] reported 

the out-of-plane bending at 943, 845, 821 cm
-1

 theoretically. Renjith et al [151] observed 

the out-of-plane bending for IR spectrum at 1272, 1202, 1077 cm
-1

 and Raman spectrum 

at 1266, 1197, 1174, 1150 cm
-1

. In the present work, the out-of-plane bending vibrations 

occurs at 888, 861, 733 cm
-1

 in FT-IR spectrum, 875, 836, 785 cm
-1 

in FT-Raman 

spectrum and 933, 890, 879, 863, 841, 805, 801, 790, 738, 722, 648 cm
-1 

by B3LYP/6-
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31G and 931, 886, 877, 860, 838, 802, 795, 786, 735, 718, 643 cm
-1

 by B3LYP/6-31G 

(d,p) method. 

C-O vibrations 

 The C-O band is expected in the region 1220 ± 40 cm
-1

 [156, 197,198]. Benzon et 

al [159] reported the stretching of C-O appears at 1212 cm
-1

 in the IR spectrum,  

1228 cm
-1

 in Raman spectrum and the calculated value is 1229 cm
-1

. Ulahannan et al 

[199] reported that the stretching of C-O at 1215 cm
-1

 in IR and theoretically at  

1208 cm
-1

. Varghese et al [200] reported the C-O stretching at 1255 cm
-1

 in both IR and 

Raman spectra. Sagdinc et al [201] reported the C-O vibration at 1680, 1725, 1717 cm
-1

 

for IR spectrum, at 1723 cm
-1

 Raman spectrum and at 1726 cm
-1

 observed theoretically. 

Veenakumar et al [202] assigned the C-O stretching vibrations at 1214, 1050 and 1396, 

1208, 1050 in IR and Raman spectrum. For the MBO compound, the C-O stretching 

vibrations reported at 1680 and 1682 in FT-IR and FT-Raman spectrum. Theoretically at 

1685, 1337 and 1680, 1332 in B3LYP/6-31G and B3LYP/6-31G (d,p) method. The in-

plane bending vibrations occurs at 1007 in FT-Raman spectrum, 1011, 830 and 1009, 824 

in B3LYP/6-31G and B3LYP/6-31G (d,p) method. 

C-C vibrations 

 The C=C stretching is expected around 1600 ± 50 cm
-1

 [92]. Benzon et al [159] is 

observed at 1653 cm
-1

, 1647 cm
-1

 in IR, Raman spectrum and assigned theoretically at 

1630 cm
-1

. Felfoldi et al [203] reported the C-C stretching vibrations at 1625 cm
-1 

theoretically. For the MBO compound, C-C vibrations observed at 1602, 1580, 1510, 

1251, 1183, 980 in FT-IR spectrum, 1605, 1502, 1304, 1251, 1190 in FT-Raman 
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spectrum and theoretically at 1607, 1576, 1520, 1504, 1491, 1351, 1254, 1196, 1183, 982 

and 1603, 1573, 1514, 1500, 1487, 1340, 1250, 1192, 1180, 978 B3LYP/6-31G and 

B3LYP/6-31G (d,p) methods. The in-plane bending vibrations observed at 563 and 

224,65 in FT-IR and FT-Raman spectrum and 571, 353, 228, 211 and 565, 348, 225, 208 

in the B3LYP/6-31G and B3LYP/6-31G (d,p) method. The out-of-plane bending 

vibrations observed at 648, 312, 170, 29, 13 and 612, 309, 166, 25, 10 at B3LYP/6-31G 

and B3LYP/6-31G (d,p) method.   

C-N vibrations 

 Normally C-N stretching vibrations of aromatic rings are observed in the region at 

1330-1260 cm
-1

 due to stretching of the phenyl carbon-nitrogen bond [155].  

 Parveen et al [146] assigned the C-N stretching modes at 1211, 1208 cm
-1

 in the 

IR, Raman and at 1270, 1209 cm
-1

 theoretically. Bhagyasree et al [204] reported C-N 

stretching modes at 1247 and 1236 cm
-1

 and Mary et al [205] reported the C-N stretching 

modes at 1238 cm
-1

 in Raman spectrum and theoretically at 1233, 1209 cm
-1

. 

Sandhyarani et al [206] reported the C-N stretching at 1318 cm
-1

 and Benzon et al [159] 

C-N is assigned at 1247, 1183, 1131, 1122 cm
-1 

theoretically and experimentally 

observed at 1247, 1181, 1140, 1120 cm
-1 

in Raman spectrum, 1153 cm
-1 

in IR spectrum. 

Veenakumar et al [202] reported the C-N stretching mode at 1609, 1132 cm
-1 

for IR 

spectrum and 1605, 1520, 1288, 1170, 1009, 971 cm
-1 

at FT-Raman spectrum, and 

observed theoretically in the range of 1607-969 cm
-1

. Hareeas et al [194] observed the C-

N stretching at 1535, 1520 cm
-1

 and 1540, 1521 cm
-1

 in the IR and Raman spectra and 

calculated wavenumber at 1531, 1516 cm
-1

. For the MBO compound, the C-N vibrations 
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observed at 1545 in FT-Raman spectrum and theoretically at 1549, 1028 and 1542, 1025 

at B3LYP/6-31G and B3LYP/6-31G (d,p) method. These assignments are good 

agreement with the literature data. 

Ring vibrations 

 The ring breathing mode of the 1,4-disubstituted benzenes with entirely different 

substituent has been reported in the interval 780-880 cm
-1

[197]. Mary et al [97] reported 

the ring breathing modes are assigned at 977, 748 cm
-1

 for benzene ring theoretically. For 

our MBO compound, the ring breathing modes are observed at 968 cm
-1 

in FT-Raman 

spectrum, 970 and 967 cm
-1 

assigned theoretically by B3LYP method with 6-3.1G and 6-

31G (d,p) basis sets.  

 For the MBO compound, the in-plane bending vibrations of oxazole and benzene 

rings are observed at 902, 812, 693, 503 cm
-1 

in FT-IR spectrum and 694, 602, 527,101 

cm
-1 

in FT-Raman spectrum and theoretically reported at 954, 906, 815, 765, 700, 606, 

590, 560, 535, 506, 431, 195, 110, 89 cm
-1 

  in B3LYP/6-31G and 950, 902, 812, 763, 

695, 600, 587, 554, 530, 501, 428, 189, 102, 85 cm
-1 

  in B3LYP/6-31G (d,p) method. 

The out-of-plane bending vibrations observed at 402 cm
-1

 in IR spectrum and obtained 

theoretically at 631, 491, 470, 408, 376, 128, 61 cm
-1 

in B3LYP/6-31G, 627, 488, 467, 

401, 373, 123, 56 cm
-1 

in B3LYP/6-31G (d,p) method.  

 

6.5 Mulliken atomic charge analysis 

 The charge distribution analysis is leading to the application of quantum 

mechanical calculations to the molecular systems. The charge distribution of a molecule  
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Fig.6.4 Mulliken atomic charges of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-

oxazol-5(4H)-one 
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has significant influence on dipole moment, polarizability, electronic structure and 

vibrational modes [207]. Mulliken atomic charge distribution analysis was performed for 

the present molecular structure using DFT/B3LYP method with 6-31G and 6-31G (d,p) 

basis sets and values are compared and tabulated it in Table 6.3 and shown in Fig 6.4 in 

order to assess the sensitivity of the calculated charges to changes in the choice of the 

basis set and the choice of the quantum mechanical method. Generally, carbon atoms 

bonded to electronegative atoms such as nitrogen, oxygen are negatively charged atoms 

N13= -0.3728/-0.5075, O14= -0.5344/-0.5084, O17= -0.3576/-0.4321. For the MBO 

compound, all the hydrogen atoms has positive values, such as H8= 0.1735/0.1199, 

H9=0.1713/0.1237, H30= 0.1527/0.1180, H31= 0.1641/0.1319, H32 = 0.1527/0.1206 and 

the charges in the ring carbon atoms have both positive and negative charge (C2 = 

0.0751/-0.0996, C19=0.0395/-0.0336) that indicates that carbon atoms are highly 

influenced by their neighboring atoms [208]. 

 

6.6. Frontier molecular orbital analysis 

 The HOMO energy characterizes the electron donating ability and LUMO is the 

electron retreating ability and the energy gap between the HOMO and LUMO levels 

describes the molecular chemical stability. The energy gap has low which corresponds to 

low kinetic stability and large chemical reactivity [209-212]. The electron transition from 

ground state to first excited state was described by an electron transition from HOMO to 

LUMO. The HOMO, LUMO energy gap and quantum chemical parameters of the MBO 

compound have been calculated by DFT method with B3LYP/6-31G (d, p) basis set. The 
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orbital energies of the Frontier orbital are given by Fig.6.5. Quantum chemical quantities 

such as ionization potential (I), electron affinity (A), chemical potential (µ), global 

hardness (η), global softness (v), global electrophilic index (ω) and electronegativity (χ) 

can be calculated using the HOMO and LUMO energy values and tabulated in Table 6.4. 

Hardness, chemical potential and electronegativity are outlined using Koopman‟s 

theorem as I =EHOMO; A = ELUMO; µ = -(I+A)/2, η = (I-A)/2,   = 1/ η and ω = µ
2
/2 η 

 For the MBO compound, EHOMO = -5.2126 eV, ELUMO = -2.3157 eV, Energy 

gap(Eg) = 2.8969 eV, Ionization potential (I) = 5.2126 eV, Electron affinity (A) = 2.3157 

eV, Chemical hardness (µ) = 1.4485eV, Softness () = 0.6904 eV, Chemical potential (µ) 

=-2.7642 eV, Electrophilic index (ω) = 2.6375eV. It is seen that the chemical potential of 

the MBO compound is negative; it means that the compound is stable. The global 

hardness (η) parameter is related to the Eg and defined as measurement from the 

resistance of an atom or a group of atoms to charge transfer [213]. The molecular 

structure with a small energy gap (Eg) has a high chemical reactivity, kinetic stability and 

is a soft molecule, whereas a hard molecule has high energy gap. For MBO compound, 

the calculated global hardness for H-1 and H-2 are 2.8082, 3.3778 respectively. Hence 

the MBO compound is a soft molecule. 
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ELUMO-2 (0.4278 eV) 

EHOMO+2 = (-7.185eV)      

E=6.7557eV 

ELUMO (-2.3157eV) ELUMO-1 (-0.9546eV) 

EHOMO = (-5.2126eV) EHOMO+1 = (-6.571eV) 

E=2.8969eV E=5.6164eV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6.5 Patterns of the principle highest occupied and lowest unoccupied molecular 

orbital of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 
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6.7 Natural bond orbital analysis 

 The natural bond orbital (NBO) analysis is an effective tool for determining the 

chemical interpretation of hyper conjugative interactions and electron density transfer 

from filled lone pair orbital of one subsystem to a vacant orbital of another subsystem. 

The DFT calculations are used to analyze various second order interactions between the 

filled and vacant orbital‟s of a system which gives a measure of delocalization and hyper 

conjugation [214]. The hyper conjugation interaction energy can be obtained from the 

second order perturbation method [215] as follows: 
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 
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ij

ji
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EE
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where qi is the donor orbital occupancy, Ei and Ej are the diagonal elements and F (i, j) is 

the off diagonal NBO Fock matrix element. The NBO analysis shows the various 

possible donors and acceptors in the molecule with their occupancy value in each 

position are tabulated in Table 6.5. The important hyper-conjugative interactions are 

C12-N13 from O14 of LP(2) O41 ζ*(C12-N13), C16-O17 from O14 of LP(2) O14 

ζ*(C16-O17) , O14-C16 from O17  ζ*(O14-C16), C12-O14 from  N13 ζ*(C12-

O14), C15-C16 from C18 ζ*(C15-C16 with stabilization energies 19.37,  16.14, 11.1, 

4.66, 4.09 kJ/mol. 

 Also, the various possible transitions among these donors and acceptors are 

provided. The larger the E (2) values the more intense will be the interaction between the 

electron donors and electron acceptor groups i.e. more electron donating tendency and 

greater the extent of conjugation of the whole system tabulated on Table 6.6. ζ (C15-
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C16) orbital with 0.99659 a.u. energy has 50.91% C15 character in SP
(1.98)

 hybrid and has 

49.08% C16 character in SP
(1.44)

 hybrid. The idealized SP
(1.44)

 hybrid has 66.49%, 58.95%  

p-character and 33.51%, 41.05% s-character. The two coefficients 0.7136 and 0.7006 are 

called polarization coefficients. ζ (C16-O17) orbital with 0.99543 a.u energy has 40.43% 

C16 character in SP 
(1.99)

 hybrid and has 59.57% O17 character in SP 
(3.85)

 hybrid. The 

idealized SP 
(3.75)

 hybrid has 66.61%, 79.37% p-character and 33.39%, 20.63% s-

character. The two coefficients 0.6358 and 0.7718 are called polarization coefficients. 

The oxygen (O17) has a larger percentage of this NBO, 79.37% and gives the larger 

polarization coefficient 0.7718 because it has a higher electronegativity. Similarly, the 

carbon (C29) has a larger percentage of this NBO, 74.12% and gives the larger 

polarization coefficient 0.6988. The carbon and nitrogen have a lesser percentage of NBO 

and give a lesser polarization coefficient. The carbon (C16) has a lower percentage of 

NBO, 25.22% and gives the lesser polarization coefficient 0.5514. 

 

6.8 Molecular electrostatic potential functions 

 Molecular electrostatic potential (MEP) is related to the electronic density which 

is very useful descriptor in understanding nuclecphilic and electrophilic sites as well as 

hydrogen bonding interaction [216]. This analysis is also used to predict the biological 

activity of a molecule as well as its ability to form hydrogen bonding with its target 

protein. To predict the reactive sites such as electrophilic and nuclecphilic sites for the 

title molecule, MEP at the B3LYP/6-31G (d,p) optimized geometry was calculated. The 

color range of the MEP diagram of the MBO molecule is shown in Fig.6.6 which starts 
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with red color and ends with dark blue color which means different values of electrostatic 

potential at the surface of the molecule in the following decreasing order: Red > orange > 

yellow > blue>green, red, blue and green represent the regions of most negative, most 

positive and zero electrostatic potential respectively. The negative electrostatic potential 

corresponds to an attraction of the proton by the aggregate electron density in the 

molecule (shades of red), while the positive electrostatic potential corresponds to the 

repulsion of the proton by the atomic nuclei (shade of blue). The negative, (red) region of 

MEP were related to electrophilic reactivity and the positive (blue) regions to 

nucleophilic reactivity. 

 From the MEP plot of the MBO compound, it is evident that the negative charge 

covers the nitrogen in the oxazole ring and the positive region is over all the hydrogen 

atoms in the methylbenzylidene and benzene ring. The more electronegativity in the nitro 

group makes it the more reactive part in the molecule.  

 

6.9 Reduced density gradient analysis 

 Reduced density gradient is a dimensionless quantity and Johnson et al [128] 

derived the methodology for RDG from electron density and it was the first gradient 

found in the literature. 
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Fig 6.6 Molecular electrostatic potential surfaces of (4Z)-4-(4-Methylbenzylidene)-2-

phenyl-1,3-oxazol-5(4H)-one 
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The plot  (r) against 2 sign will help to understand the nature and strength of the 

interactions. The sign of 2 the second largest value of hessian matrix of electron density 

and is used to find the nature of interaction. If 2 > 0, for non bonded and if 2 < 0 for 

bonded. The red color in scale in Fig.6.7 represents a strong repulsion for the stric effect. 

The green colour representing the non-covalent interaction i.e Van der Waals interaction 

and the blue indicate the strong attractions of the MBO compound. 

 

6.10 Fukui function 

 Fukui function is defined as the partial derivative of the electron density  (r) with 

respect to the total number of electron N, at constant external potential V(r) or the partial 

derivatives of the chemical potential  with respect to external potential  V(r), at constant 

number of electrons N 
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    The Fukui function is a function defined at each point of space, but it is helpful to 

define a condensed Fukui function. For this, the Fukui functions are defined as condensed 

to an atom, by a partial scheme and the condensed form of Fukui functions for an atom k 

in a molecules are expressed as, 

     fk+= qk(N+1)− qk(N)         (for nucleophilic attack)                    

     fk-= qk(N)− qk(N−1)          (for electrophilic attack) and               

     fk
0
 = fk+ - fk-/2                    (for radical attack)                              
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Fig. 6.7 Plots of the RDG versus λ(2)ρ of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-

oxazol-5(4H)-one 
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where qk is the atomic charge (evaluated from Mulliken population analysis) at the kth 

atomic site in the neutral (N), anionic (N+1) and cationic (N-1) chemical species [217]. 

From Table 6.7, according to the condition for dual descriptor f(r), which is defined as 

the difference between the nucleophilic and electrophilic Fukui function and some of the 

nucleophilic sites are N13, C16, C19, C22, H23 and C24 are positive values i.e f(r) 0. 

Similarly the electrophilic sites are C12, C15, O17, C18 and C29 are some of the 

negative values i.e f(r) 0.  

 

6.11 Topological analysis 

 In the frame of AIM (Atoms in Molecule) hypothesis [218], any chemical bond or 

those atoms have interactions involving in H-bonding is explained by bond critical points 

(BCPs). One can acquire about the characteristics of intramolecular hydrogen bond 

interactions through on the bond elliptic index (ε), AIM analysis was performed using 

Multiwfn package to contemplate the noncovalent interactions of the MBO compound. 

The strong, medium, weak H-bonds and their covalent, partially covalent and 

electrostatic nature can be denoted by (V
2
 BCP < 0 and HBCP < 0), (V

2
 BCP > 0 and HBCP < 

0) and (V
2
 BCP > 0 and HBCP > 0) [182]. The molecular diagram of the title molecule using 

the AIM program calculated at B3LYP/6-31G (d, p) approximation was presented in Fig. 

6.8. The bond critical point is not observed for the MBO compound. 
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6.12 Molecular docking studies 

 The molecular interactions between the lead molecule and target protein of 

biological interest have become great importance within the field of drug design. Title 

molecule can be used for treating cancer, tubercular and convulsant. To explore the 

biological activity of the MBO molecule, molecular docking studies were carried out. 

The molecular mechanism of selectivity [219] can be observed by docking analysis of the 

lead molecule with many protein targets. The MBO compound was docked into the active 

sites of proteins 5FDC, 1EOU, 5H8V, 1PCV, 2RER and 1NNU associated with 

convulsant, cancer, fungal, tubercular and human lymphatic filarial parasites activity. The 

molecular docking binding energies (kcal/mol), intermolecular energy (kcal/mol) and 

inhibition constants (µm) were obtained and are tabulated in Table 6.8. The proteins were 

downloaded from the protein data bank website. The docking macromolecule i.e protein 

was prepared by removing the water, co-factors, co-crystallized ligands and AutoDock 

tools (ADT) graphical computer program was accustomed calculate Kollman charges and 

polar hydrogens. The active site of the macromolecule was defined to incorporate 

residues of the active site within the grid size of 60Å 60Å60Å. The common method to 

evaluate the quality of docking result is to calculatethe Root Mean Square Deviation 

(RMSD) between the docked cause and the well known crystal structure conformation. 

RMSD values up to 2Å are considered reliable for a docking protocol [220]. Amongst the 

docked conformations of the co-crystallized ligand and scored well was visualized for 

ligand-protein interactions in Discovery Studio Visualizer 4.1 software. The docked 

ligand interactions with amino acids of the receptor and the ligand at the active sites of 

the receptor are stated in Fig.6.9. 
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Fig.6.8 Molecular graph of  (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-

5(4H)-one 
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Fig. 6.9 Ligand (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one  

Protein – 5FDC, 5H8X, 1PCV, 1NNU, 1EOU, 2RER. 
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Anticonvulsant 

 Interaction of anticonvulsant proteins shows existence of many conventional 

bonds which are as follows: two Conventional hydrogen bond and one van der Waals 

bond was found in 5FDC interacting with amino acids (1.92 Å; TYR A: 7, 2.01 Å; HIS 

A:64, 3.14 Å; GLY A:63) with different binding energy(-7.05, -6.71, -5.99) kcal/mol, 

inhibition constant (6.85, 12.12, 40.43) M  and RMSD value is (8.468, 25.279, 13.263) 

Å. One conventional bond, one -donar hydrogen bond and one van der waals bond was 

found in 1EOU interacting with amino acids (2.3 Å; ASN A:11, 2.93 Å; TYR A:7, 3.5 Å; 

GLY A:63) with different binding energy(-7.23, -6.42, -6.23) kcal/mol, inhibition 

constant (5.02, 19.84, 27.11) M  and RMSD value is (9.016, 13.611, 8.945) Å. 

Anticancer 

 Interaction of anticancer proteins shows existence of many conventional bonds 

which are as follows: three Conventional hydrogen bond and one - stacked bond was 

found in  5H8V interacting with amino acids (2.26 Å; LEU A:160, 2.18 Å; TYR A:219, 

3.66 Å; ALA A;161, 3.21 Å; VAL A:194) with different binding energy(-7.97, -7.63, -

5.3, -5.18) kcal/mol, inhibition constant (1.44, 2.53, 129.56, 158.36) M and RMSD 

value is (27.135, 26.811, 9.135, 19.745) Å.  

Antifungal 

 Interaction of antifungal proteins shows existence of many conventional bonds 

which are as follows: two Conventional hydrogen bond, two van der Waals bond and one 

- stacked bond was found in 1PCV interacting with amino acids (1.97 Å; ARG A:44, 
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2.62 Å; ARG A:44, 2.74 Å; PHE A:95, 3.12 Å; MET A: 42, 2.12 Å; TRP A: 75) with 

different binding energy (-6.6, -5.97, -5.7, -5.63, -6.14 ) kcal/mol, inhibition constant 

(14.5, 42.39, 65.97, 73.29, 31.45) M and RMSD value is (35.044, 44.564, 46.382, 

46.842, 32.706) Å.  

Antitubercular 

 Interaction of antitubercular proteins shows existence of many conventional bonds 

which are as follows: two Conventional hydrogen bond and one carbon-hydrogen bond 

was found in 2RER interacting with amino acids (1.83 Å; ARG A:82, 2.22 Å; ARG 

A:82, 2.35 Å; PRO A:87) with different binding energy(-7.61, -7.34, -6.95) kcal/mol, 

inhibition constant (2.63, 4.14, 8.03) M and RMSD value is (49.626, 55.046, 53.908) Å. 

Human lymphatic filarial parasites  

 Interaction of human lymphatic filarial parasites proteins shows existence of many 

conventional bonds which are as follows: two carbon-hydrogen bond and two van der 

Waals bond was found in 1NNU interacting with amino acids (2.03 Å; ALA A:169, 2.01 

Å; SER A:170, 2.12 Å; GLY A:104, 4.1 Å; ASN A;218) with different binding energy (-

7.67, -7.01, -7.49, -6.71) kcal/mol, inhibition constant (2.37, 7.31, 3.23, 11.99) M and 

RMSD value is (99.845, 111.129, 103.844, 108.043) Å.  

 

6.13 Conclusion  

 The FT-IR and FT-Raman spectral measurements have been performed for (4Z)-4-

(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one (MBO). In the present work, to 
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calculate the geometrical parameters of the optimized structure, quantum chemical 

techniques have been used. 

 The stability of the molecule arising hyper-conjugative interaction and charge 

delocalization has been studied using NBO analysis. The HOMO-LUMO analysis is used 

to determine the charge transfer within the molecule and the calculated HOMO-LUMO 

energies show the chemical reactivity of the molecule. The energy gap (E) is 2.8969 eV. 

 From the MEP plot, it is evident that the negative charge covers the nitrogen in the 

oxazole group and in the positive region all are hydrogen atoms.  

 The strong, week and van der Waals interactions can be studied by the Reduced 

Density Gradient. 

 Molecular docking studies were carried out for various proteins such as 5FDC, 

1EOU, 5H8V, 1PCV, 2RER and 1NNU. 
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Table 6.1 Optimized structural parameters of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one using 

B3LYP/6-31G and B3LYP/6-31G (d,p) method 

Parameters 

Bond length (Å) 

Parameters 

Bond angle () 

Parameters 

Dihedral angle  () 

B3LYP/ 

6-31G 

B3LYP/ 

6-31G(d,p) 

B3LYP/ 

6-31G 

B3LYP/ 

6-31G(d,p) 

B3LYP/ 

6-31G 

B3LYP/ 

6-31G(d,p) 

C1-C2 1.3965 1.3932 C2-C1-C6 120.1941 120.1864 C6-C1-C2-C3 -0.0001 0.0015 

C1-C6 1.4003 1.396 C2-C1-H7 119.7215 119.7025 C6-C1-C2-H8 180.0005 -179.999 

C1-H7 1.0849 1.0857 C5-C1-H7 120.0845 120.1111 H7-C1-C2-C3 -179.9999 -179.999 

C2-C3 1.4071 1.4034 C1-C2-C3 119.7765 119.8103 H7-C1-C2-H8 0.0007 -0.0001 

C2-H8 1.0834 1.0841 C1-C2-H8 120.837 120.6321 C2-C1-C6-C5 0.0002 -0.0017 

C3-C4 1.4088 1.405 C2-C3-H8 119.3865 119.5577 C2-C1-C6-H11 180.0003 179.9971 

C3-C12 1.4529 1.4608 C2-C3-C4 119.9757 119.9049 H7-C1-C6-C5 180 179.9992 

C4-C5 1.394 1.3903 C2-C3-C12 120.7341 120.887 H7-C1-C6-H11 0.0001 -0.002 

C4-H9 1.084 1.0845 C4-C3-C12 119.2902 119.2081 C1-C2-C3-C4 0.0002 -0.0002 

C5-C6 1.4026 1.3986 C3-C4-C5 119.8256 119.8754 C1-C2-C3-C12 179.9995 -179.998 

C5-H10 1.085 1.0857 C3-C4-H9 118.9188 118.8525 H8-C2-C3-C4 -180.0004 -180 

C6-H11 1.0854 1.086 C5-C4-H9 121.2556 121.272 H8-C2-C3-C12 -0.0011 0.0031 

C12-N13 1.3003 1.2894 C4-C5-C6 120.1699 120.1597 C2-C3-C4-C5 -0.0003 -0.0008 

C12-O14 1.4204 1.3833 C4-C5-H10 119.7888 119.7752 C2-C3-C4-H9 179.9995 -180 

N13-C15 1.4354 1.416 C6-C5-H10 120.0413 120.0651 C12-C3-C4-C5 -179.9996 179.9965 

O14-C16 1.4316 1.4015 C1-C6-C5 120.0582 120.0633 C12-C3-C4-H9 0.0002 -0.0023 

C15-C16 1.4987 1.5023 C1-C6-H11 119.9885 119.9712 C2-C3-C12-N13 180.0027 -179.974 

C15-C18 1.3172 1.3152 C5-C6-H11 119.9532 119.9656 C2-C3-C12-O14 0.0004 0.0307 

C16-O17 1.2189 1.1976 C3-C12-N13 127.9771 126.7808 C4-C3-C12-N13 0.002 0.0284 
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C18-C19 1.3737 1.3692 C3-C12-O14 117.0539 116.6691 C4-C3-C12-O14 179.9997 -179.967 

C19-C20 1.4361 1.4327 N13-C12-O14 114.969 116.5501 C3-C4-C5-C6 0.0003 0.0006 

C19-C21 1.436 1.4333 C12-N13-C15 106.6147 105.3947 C3-C4-C5-H10 180.001 -179.998 

C20-C22 1.3857 1.3823 C12-O14-C16 106.1513 106.2689 H9-C4-C5-C6 -179.9995 179.9994 

C20-H23 1.0841 1.0845 N13-C15-C16 108.106 107.9065 H9-C4-C5-H10 0.0012 0.0007 

C21-C24 1.3858 1.3814 N13-C15-C18 126.3724 127.5269 C4-C5-C6-C1 -0.0003 0.0006 

C21-H25 1.0841 1.0846 C16-C15-C18 125.5216 124.5665 C4-C5-C6-H11 179.9996 -179.998 

C22-C26 1.4122 1.4079 O14-C16-C15 104.1591 103.8798 H10-C5-C6-C1 -180.0009 179.9993 

C22-H27 1.0863 1.087 O14-C16-O17 122.5165 122.6714 H10-C5-C6-H11 -0.0011 0.0005 

C24-C26 1.4122 1.4089 C15-C16-O17 133.3244 133.4487 C3-C12-N13-C15 -180.0066 -179.986 

C24-H28 1.0863 1.0871 C15-C18-C19 171.1948 179.9605 O14-C12-N13-C15 -0.0044 0.009 

C26-C29 1.5093 1.5069 C18-C19-C20 121.2321 121.2464 C3-C12-O14-C16 180.0039 179.9899 

C29-H30 1.0952 1.0938 C18-C19-C21 121.236 121.2185 N13-C12-O14-C16 0.002 -0.0056 

C29-H31 1.0995 1.098 C20-C19-C21 117.5283 117.5336 C12-N13-C15-C16 0.005 -0.0086 

C29-H32 1.0952 1.0944 C19-C20-C22 120.5149 120.4589 C12-N13-C15-C18 179.9974 -179.992 
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Table 6.2 Vibrational assignments of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-

oxazol-5(4H)-one using B3LYP/6-31G and B3LYP/6-31G (d,p) method 

Modes 

Observed  

wavenumbers (cm
-1

) 

Calculated  

wavenumbers (cm
-1

) Vibrational assignments 

(% PED) 
FT-IR FT-Raman 

B3LYP/ 

6-31G 

B3LYP/ 

6-31G (d,p) 

1    3095 3095 3091 CH (98) 

2    3010 3015 3010 CH (99) 

3  3001   3006 3001 CH (98) 

4    2991 2989 CH (98) 

5   2940 2945 2941 CH (99) 

6  2900   2910 2905 CH (98) 

7      2896 2891 CH (98) 

8    2870 2866 CH (99) 

9  2802   2802 2800 CH (98) 

10     2796 2791 ass CH3 (97) 

11    2785 2790 2786 ass CH3 (97) 

12    2788 2780 ss CH3 (97) 

13  1680 1682 1685 1680 CO(78), CC (16) 

14  1602 1605 1607 1603 CC(84), CO (12) 

15  1580   1576 1573 CC (78), CH (17) 

16    1545 1549 1542 CN (76), CC (19) 

17  1510   1520 1514 CC (76), CH (18) 

18    1502 1504 1500 CC (76), CH (18) 

19      1491 1487 CC (78), CH (16) 

20  1455 1460 1464 1458 CH (69), CC (22) 

21      1453 1447 CH (68), CC (20) 

22      1435 1431 opbCH3 (88) 

23    1420 1426 1422 ipbCH3 (86) 

24  1411   1420 1412 CH (68), CC (19) 

25    1386 1391 1385 CH (70), CC (21) 

26  1374   1380 1374 sbCH3 (86) 
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27     1351 1340 CC (75), CH (21) 

28    1337 1332 CO (69), CH (13), CC (10) 

29  1300 1304 1309 1304 CH (72), CO (13) 

30    1295 1300 1296 CH (69), CC (13) 

31  1250 1251 1254 1250 CC (76), CH (18) 

32    1190 1196 1192 CC (68), CH (12) 

33  1183   1183 1180 CC (70), CH (12), CC (10) 

34      1170 1167 CH (78) 

35  1135   1140 1134 CH (75) 

36  1100 1102 1115 1101 CH (73) 

37  1056   1064 1057 CH (75) 

38      1028 1025 CN (66), CC (13), CO (10) 

39    1007 1011 1009 CO (67), CC (12), CH (10) 

40      1004 1000 CH (68) 

41    991 993 990 opr CH3 (70) 

42  980   982 978 CC (72), CH (14) 

43    968 970 967 Ring breathing (75) 

44      954 950 ring (69) 

45      933 931  CH (64) 

46  911   915 912 ipr CH3 (69), CH (10) 

47  902   906 902 ring (70) 

48  888  890 886  CH (65) 

49    875 879 877  CH (65) 

50  861   863 860  CH (65) 

51    836 841 838  CH (66) 

52      830 824 CO (72), ring (16) 

53  812   815 812 ring (66) 

54      805 802  CH (67) 

55      801 795  CH (67) 

56    785 790 786  CH (67) 

57      765 763 ring (70) 

58  733   738 735  CH (68) 

59      722 718  CH (68) 
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60  693 694 700 695 ring (72) 

61      648 643  CH (68) 

62      631 627 ring (63),  CC (14) 

63      615 612  CC (66), ring (15) 

64    602 606 600 ring (68) 

65      590 587 ring (68) 

66  563   571 565 CC (60), CO (18) 

67      560 554 ring (66) 

68    527 535 530 ring (65) 

69  503   506 501 ring (65) 

70      491 488 ring (62) 

71      470 467 ring (62) 

72      431 428 ring (66) 

73  402   408 401 ring (63) 

74     376 373 ring (62) 

75      353 348 CC (68) 

76      312 309  CC (62) 

77      290 285 CCH3 (64) 

78    224 228 225 CC (66) 

79      211 208 CC (66) 

80      195 189 ring (68) 

81      170 166  CC (61) 

82      128 123 ring (60) 

83    101 110 102 ring (65) 

84      89 85 ring (65) 

85    65 72 67 CC (66) 

86     61 56 ring (60) 

87      47 40 CC (58) 

88      38 31 CH3 (67) 

89      29 25  CC (62) 

90      13 10  CC (60) 

-stretching, νsym-sym stretching, νasym-asym stretching, δ-in-plane bending, γ-out-of-

plane bending, -scissoring, -wagging, -rocking, η-twisting. 
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Table 6.3 Mulliken atomic charges for (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-

oxazol-5(4H)-one using B3LYP/6-31G and B3LYP/6-31G (d,p) method 

Atom 

Numbering 

Charge 
Atom 

Numbering 

Charge 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

B3LYP/6-

31G 

B3LYP/6-

31G(d,p) 

C1 -0.1424 -0.0940 O17 -0.3576 -0.4321 

C2 0.0751 -0.0996 C18 -0.0373 0.1646 

C3 0.0751 0.0262 C19 0.0395 -0.0336 

C4 -0.1083 -0.0904 C20 -0.0745 -0.0741 

C5 -0.1435 -0.0952 C21 -0.0744 -0.0743 

C6 -0.1043 -0.0728 C22 -0.1639 -0.1184 

H7 0.1363 0.0964 H23 0.1490 0.1016 

H8 0.1735 0.1199 C24 -0.1639 -0.1173 

H9 0.1713 0.1237 H25 0.1490 0.1017 

H10 0.1356 0.0960 C26 0.1255 0.1262 

H11 0.1349 0.0948 H27 0.1331 0.0879 

C12 0.3769 0.5437 H28 0.1331 0.0879 

N13 -0.3728 -0.5075 C29 -0.4852 -0.3838 

O14 -0.5344 -0.5084 H30 0.1527 0.1180 

C15 -0.0682 -0.0258 H31 0.1641 0.1319 

C16 0.5467 0.5862 H32 0.1527 0.1206 

 

Table 6.4 HOMO-LUMO energies for (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-

oxazol-5(4H)-one by using B3LYP/6-31G (d,p) level of theory 

Molecular 

properties 

Energy 

(eV) 

Energy 

gap  (eV) 

Ionisation 

potential   

(I) 

Electron 

affinity 

(A) 

Global 

hardness() 

Global 

softness() 

Chemical 

potensial 

() 

Global 

Electroplicity 

() 

EHOMO -5.2126 

-2.8969 5.2126 2.3157 1.4485 0.6904 -2.7642 2.6375 ELUMO -2.3157 

EHOMO-1  -6.571 

-5.6164 6.571 0.9546 2.8082 0.3561 -3.7628 2.5609 ELUMO-1 -0.9546 

EHOMO-2 -7.1835 

-6.7557 7.1835 0.4278 3.3778 0.2961 3.8057 2.1439 ELUMO-2 -0.4278 
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Table 6.5 Second order perturbation theory analysis of Fock matrix in NBO basis 

corresponding to intra molecular bands of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-

1,3-oxazol-5(4H)-one  

Donor Acceptor 
E(2)(kcal/mol) 

BMP 

E(j)-E(i) (a.u) 

BMP 

F(ij) (a.u) 

BMP 

LP (1) N  13 BD*(1)  C  12 - O  14 4.66 0.62 0.068 

LP (1) N  13  BD*(1) C  15 - C  16 2.71 0.82 0.06 

LP (1) N  13  BD*(1) C  15 - C  18 0.35 0.72 0.02 

LP (1) N  13  BD*(1) C  16 - O  17 0.4 0.63 0.02 

LP (1) O  14  BD*(1) C  12 - N  13 1.89 0.99 0.055 

LP (1) O  14  BD*(1) C  15 - C  16 1.58 1.04 0.051 

LP (1) O  14  BD*(1) C  16 - O  17 0.39 0.84 0.023 

LP (2) O  14  BD*(2) C  12 - N  13 19.37 0.31 0.1 

LP (2) O  14  BD*(2) C  16 - O  17 16.14 0.29 0.089 

LP (1) O  17  BD*(1) O  14 - C  16 0.86 1.02 0.038 

LP (1) O  17  BD*(1) C  15 - C  16 1.48 1.23 0.054 

LP (2) O  17  BD*(1) O  14 - C  16 11.1 0.5 0.094 

LP (2) O  17  BD*(1) C  15 - C  16 2.95 0.71 0.059 

LP (2) O  17  BD*(2) C  19 - C  20 0.28 0.28 0.012 

LP (1) C  18  BD*(1) N  13 - C  15 0.6 0.77 0.027 

LP (1) C  18  BD*(1) C  15 - C  16 4.09 0.82 0.073 

LP (1) C  18  BD*(1) C  19 - C  20 0.34 0.93 0.023 

LP (1) C  18  BD*(2) C  19 - C  20 4 0.38 0.054 

LP (1) C  18  BD*(1) C  19 - C  21 0.35 0.93 0.023 

a E(2) means energy of hyperconjugative interactions (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. 

 

  



203 

Table 6.6 NBO analysis of bonding and antibonding orbit of (4Z)-4-(4-

Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 

Band (A-B) 
ED/Energy 

(a.u.) 
ED % ED % NBO S(%) P(%) 

 C 1-C 2 0.98877 49.7 50.3 0.7050 sp
(1.85)

 35.12 64.88 

        0.7092 sp
(1.81)

 35.59 64.41 

 C 1-C 6 0.99014 50.01 49.99 0.7072 SP 
(1.84)

 35.26 64.74 

        0.7070 SP 
(1.84)

 35.26 64.75 

 C 2-C 3 0.9825 48.22 51.78 0.6944 SP 
(1.88)

 34.74 65.26 

        0.7178 SP
 (1.83)

 35.17 64.83 

 C 3-C 4 0.98248 51.79 48.21 0.7196 SP 
(1.85)

 35.13 64.87 

        0.6944 SP 
(1.88)

 34.71 65.29 

 C 3-C 12 0.98717 50.62 49.38 0.7115 SP 
(2.37)

 29.67 70.33 

        0.7027 SP 
(1.31)

 43.28 56.72 

 C 3-C 12 0.98879 50.29 49.71 0.7092 SP 
(1.81)

 35.61 64.39 

        0.7050 SP 
(1.85)

 35.14 64.86 

 C 4-C 5 0.98879 50.29 49.71 0.7092 SP 
(1.81)

 35.61 64.39 

        0.705 SP 
(1.85)

 35.14 64.86 

 C 5-C 6 0.99013 50.01 49.99 0.7072 SP 
(1.84)

 35.24 64.76 

        0.707 SP 
(1.84)

 35.25 64.75 

 C 12-N 13 0.99155 41.08 58.92 0.641 SP
 (2.13)

 31.98 68.02 

        0.7676 SP 
(2.13)

 31.91 68.09 

 C 12-O 14 0.99353 30.56 69.44 0.5528 SP 
(3.04)

 24.77 75.23 

        0.8333 SP 
(2.17)

 31.58 68.42 

 N 13-C 15 0.99006 58.41 41.59 0.7643 SP
(2.07

) 32.58 67.42 

        0.6449 SP 
(2.34)

 29.93 70.07 

 O14-C 16 0.9935 69.59 30.41 0.8342 SP
(2.38)

 29.58 70.42 

        0.5514 SP 
(2.97)

 25.22 74.78 

 C 15-C 16 0.99659 50.91 49.08 0.7136 SP 
(1.98)

 33.51 66.49 

        0.7006 SP 
(1.44)

 41.05 58.95 

 C 15-C 18 0.98694 54.63 45.37 0.7391 SP 
(1.74)

 36.43 63.57 

        0.6736 SP 
(2.43)

 29.2 70.8 
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 C 16-O 17 0.99543 40.43 59.57 0.6358 SP
 (1.99)

 33.39 66.61 

        0.7718 SP 
(3.85)

 20.63 79.37 

 C 18-C 19 0.9882 46.62 53.38 0.5828 SP 
(2.19)

 31.31 68.69 

        0.7306 SP 
(2.55)

 28.16 71.84 

 C 19-C 20 0.98691 50.97 49.03 0.714 SP
 (1.78)

 35.92 64.08 

        0.7002 SP 
(1.86)

 35.02 64.98 

 C 19-C 21 0.9869 50.97 49.03 0.714 SP 
(1.78)

 35.92 64.08 

        0.7002 SP 
(1.85)

 35.03 64.97 

 C 20-C 22 0.98822 50.25 49.75 0.7098 SP 
(1.82)

 35.49 64.51 

        0.7053 SP 
(1.85)

 35.07 64.93 

 C 21-C 24 0.98821 50.25 49.75 0.7089 SP 
(1.82)

 35.46 64.54 

        0.7053 SP 
(1.85)

 35.05 64.95 

 C 22-C 26 0.98822 49.26 50.74 0.7019 SP
(1.83)

 35.32 64.68 

        0.7123 SP
(1.87)

 34.9 65.1 

 C 26-C 29 0.99118 51.17 48.83 0.7154 SP 
(2.31)

 30.17 69.83 

        0.6988 SP
 (2.86)

 25.88 74.12 
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Table 6.7 Fukui function (fi+, fi-, ∆f) for (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 

Atom 

numbering 

Neutral 

(N) 

Cation 

(N-1) 

Anion 

(N+1) fk
+
 fk

-
 fk°  

sk
+
 sk

-
 sk° ωk

+
 ωk

-
 ωk° 

C1 -0.1396 -0.1442 -0.1339 0.0058 0.0046 0.0052 0.0013 0.0022 0.0018 0.0020 0.0191 0.0149 0.0170 

C2 -0.0914 -0.0954 -0.0864 0.0050 0.0040 0.0045 0.0010 0.0019 0.0016 0.0017 0.0164 0.0132 0.0148 

C3 0.0539 0.0546 0.0518 -0.0021 -0.0007 -0.0014 -0.0014 -0.0008 -0.0003 -0.0005 -0.0068 -0.0022 -0.0045 

C4 -0.0912 -0.0953 -0.0854 0.0059 0.0041 0.0050 0.0018 0.0023 0.0016 0.0019 0.0193 0.0132 0.0163 

C5 -0.1398 -0.1443 -0.1347 0.0050 0.0045 0.0048 0.0005 0.0019 0.0018 0.0018 0.0164 0.0149 0.0156 

C6 -0.1072 -0.1145 -0.0992 0.0081 0.0072 0.0076 0.0008 0.0031 0.0028 0.0029 0.0263 0.0237 0.0250 

H7 0.1409 0.1108 0.1693 0.0283 0.0302 0.0292 -0.0019 0.0109 0.0116 0.0113 0.0924 0.0986 0.0955 

H8 0.1543 0.1443 0.1643 0.0100 0.0100 0.0100 0.0000 0.0039 0.0038 0.0038 0.0327 0.0326 0.0327 

H9 0.1543 0.1443 0.1647 0.0104 0.0100 0.0102 0.0005 0.0040 0.0038 0.0039 0.0340 0.0325 0.0333 

H10 0.1409 0.1108 0.1689 0.0279 0.0302 0.0290 -0.0023 0.0107 0.0116 0.0112 0.0911 0.0987 0.0949 

H11 0.1394 0.1061 0.1704 0.0310 0.0334 0.0322 -0.0024 0.0119 0.0129 0.0124 0.1013 0.1092 0.1053 

C12 0.2781 0.2378 0.3002 0.0222 0.0403 0.0312 -0.0181 0.0085 0.0155 0.0120 0.0725 0.1317 0.1021 

N13 -0.4033 -0.4208 -0.3628 0.0405 0.0175 0.0290 0.0230 0.0156 0.0067 0.0112 0.1324 0.0573 0.0949 

O14 -0.4701 -0.5091 -0.4292 0.0408 0.0390 0.0399 0.0018 0.0157 0.0150 0.0154 0.1335 0.1276 0.1305 

C15 0.0771 -0.0305 0.0919 0.0148 0.1075 0.0612 -0.0926 0.0057 0.0414 0.0236 0.0485 0.3515 0.2000 

C16 0.4974 0.4625 0.5621 0.0647 0.0348 0.0498 0.0299 0.0249 0.0134 0.0192 0.2116 0.1139 0.1627 

O17 -0.4489 -0.5592 -0.3981 0.0507 0.1103 0.0805 -0.0596 0.0195 0.0425 0.0310 0.1658 0.3608 0.2633 

C18 0.0994 -0.0434 0.1941 0.0947 0.1428 0.1188 -0.0480 0.0365 0.0550 0.0457 0.3098 0.4669 0.3883 

C19 -0.0246 0.0044 -0.0286 -0.0040 -0.0290 -0.0165 0.0250 -0.0015 -0.0112 -0.0064 -0.0131 -0.0948 -0.054 

C20 -0.1014 -0.1284 -0.0683 0.0331 0.0270 0.0301 0.0061 0.0127 0.0104 0.0116 0.1083 0.0884 0.0983 

C21 -0.1013 -0.1283 -0.0681 0.0332 0.0271 0.0301 0.0061 0.0128 0.0104 0.0116 0.1086 0.0885 0.0985 
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C22 -0.1462 -0.1523 -0.1244 0.0218 0.0061 0.0140 0.0157 0.0084 0.0024 0.0054 0.0713 0.0200 0.0456 

H23 0.149 0.0965 0.2171 0.0683 0.0522 0.0603 0.0161 0.0263 0.0201 0.0232 0.2234 0.1708 0.1971 

C24 -0.1465 -0.1526 -0.1247 0.0218 0.0061 0.0140 0.0157 0.0084 0.0023 0.0054 0.0713 0.0199 0.0456 

H25 0.1488 0.0965 0.2172 0.0684 0.0523 0.0604 0.0161 0.0264 0.0201 0.0232 0.2238 0.1710 0.1974 

C26 0.1009 0.0933 0.1153 0.0143 0.0077 0.0110 0.0066 0.0055 0.0030 0.0042 0.0468 0.0253 0.0360 

H27 0.1367 0.0775 0.2068 0.0701 0.0592 0.0647 0.0109 0.0270 0.0228 0.0249 0.2294 0.1936 0.2115 

H28 0.1367 0.0775 0.2069 0.0702 0.0592 0.0647 0.0110 0.0270 0.0228 0.0249 0.2296 0.1937 0.2116 

C29 -0.4696 -0.4728 -0.4701 -0.0005 0.0032 0.0014 -0.0037 -0.0002 0.0012 0.0005 -0.0016 0.0104 0.0044 

H30 0.1548 0.1248 0.1975 0.0426 0.0300 0.0363 0.0126 0.0164 0.0116 0.0140 0.1394 0.0981 0.1188 

H31 0.1639 0.1247 0.2182 0.0543 0.0392 0.0467 0.0150 0.0209 0.0151 0.0180 0.1774 0.1282 0.1528 

H32 0.1546 0.1246 0.1971 0.0425 0.0300 0.0363 0.0126 0.0164 0.0115 0.0140 0.1391 0.0981 0.1186 
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Table 6.8 Binding affinity for docking in (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 

Drug Protein 
Type of 

activity 

Binding 

affinity  

(kcal/mol) 

Etimated 

inhibition 

constant 

Ki(µM) 

Bonded 

residues 

Nature of 

bond 

Bond 

distance 

(Å) 

RMSD 

(4Z)-4-(4-

Methylbenzylidene)-

2-phenyl-1,3-oxazol-

5(4H)-one 

 

5FDC Anticonvulsant 

-7.05 6.85 TYR A:7 
Conventional 

Hydrogen bond 
1.92 8.468 

-6.71 12.12 HIS A:64 
Conventional 

Hydrogen bond 
2.01 25.279 

-6.25 26.17 GLY A: 6 -Anion 3.02 13.607 

-5.99 40.43 GLY A: 63 Van der waals 3.14 13.263 

-5.78 58.01 PHE A: 231 - Alkyl 3.16 35.532 

5H8X Anticancer 

-7.97 1.44 LEU A: 160 
Conventional 

Hydrogen bond 
2.26 27.135 

-7.63 2.53 TYR A: 219 
Conventional 

Hydrogen bond 
2.18 26.811 

-5.3 129.56 ALA A:161 
Conventional 

Hydrogen bond 
3.66 9.135 

-5.18 158.36 VAL A: 194 - Stacked 3.21 19.745 

-4.99 221.37 LEU A: 194 Alkyl 2.76 14.536 

-4.96 232.75 HIS A: 197 
Amide-Pi 

Alkyl 
4.37 14.701 

1PCV Antifungal -6.6 14.5 ARG A: 44 Conventional 1.97 35.044 
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Hydrogen bond 

-6.14 31.45 TRP A: 75 - Stacked 2.12 32.706 

-5.97 42.39 ARG A:44 
Conventional 

Hydrogen bond 
2.62 44.564 

-5.7 65.97 PHE A:95 Van der waals 2.74 46.382 

-5.64 73.29 MET A:42 Van der waals 3.12 46.842 

-5.63 74.76 GLU A:84 -Anion 5.4 21.728 

-5.59 80.5 ALA A;86 -Alkyl 5.37 47.042 

1EOU Anticonvulsant 

-7.23 5.02 ASN A: 11 
Conventional 

Hydrogen bond 
2.3 9.016 

-7.01 7.29 HIS A: 64 -Cation 2.93 11.272 

-6.42 19.84 TYR A: 7 
-Donar 

Hydrogen bond 
3.27 13.611 

-6.23 27.11 GLY A: 63 Van der waals 3.5 8.945 

-6.03 37.84 TYR A: 5 - T-Stacked 5.02 16.602 

2RER Antitubercular 

-7.61 2.63 ARG A: 82 
Conventional 

Hydrogen bond 
1.83 49.626 

-7.34 4.14 ARG A: 82 
Conventional 

Hydrogen bond 
2.22 55.046 

-7.2 5.27 TRP A: 63 - Stacked 2.24 53.799 

-6.95 8.03 PRO A: 87 
Carbon - 

Hydrogen 
2.35 53.908 
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Bond 

-6.65 13.4 TRP A: 65 -Sigma 4.12 53.525 

1NNU 

Human 

lymphatic 

filarial 

parasites 

-7.67 2.37 ALA A: 169 

Carbon - 

Hydrogen 

Bond 

2.03 99.845 

-7.49 3.23 GLY A: 104 Van der waals 2.12 103.844 

-7.01 7.31 SER A: 170 

Carbon 

Hydrogen 

Bond 

2.01 111.129 

 

 

-6.94 8.12 LYS A:240 -Cation 2.6 107.16 

-6.78 10.74 ASP A: 168 -Anion 3.3 105.347 

-6.71 11.99 ASN A:218 Van der waals 4.1 108.043 
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CHAPTER – 7 

 

Molecular Docking, vibrational, structural and electronic 

studies of (2E)-1-(anthracene-9-yl)-3-(4-ethoxyphenyl) 

prop-2-en-1-one 
 

7.1 Introduction 

 Anthracene derivatives such as Anthraquionone are a significant building block 

for the synthesis of dyes and pigments [221,222] pharmaceuticals [223, 224], 

agrochemicals [225], light-emitting devices [226], additives of paper making [227] as 

well as potentially used as a significant insecticide since it is postulated as the chemical 

which gives teak its resistance to insect and fungi attacks. Anthracene finds applications 

as photoelectric material in areas of photo-induced electron transfer, photochemical 

reactions and photon absorption [228-230]. They also have been widely used as 

fluorescent sensors, electronic donor or receptors with chromospheres, triple state 

sensitization agent and polymer of energy transfer detection agent 3-D memory material 

[231-234]. Hence, anthracene and its derivatives have been the subject matter for ongoing 

spectroscopic and theoretical investigations from the viewpoint of application and basic 

science. 

 Literature survey reveals that to the best of our knowledge, the results based on 

quantum chemical calculations, FT-IR and FT-Raman studies, HOMO-LUMO analysis, 

NBO analysis, Reduced Density Gradient (RDG) analysis and molecular studies of (2E)-

1-(anthracene-9-yl)-3-(4-ethoxy phenyl)prop-2-en-1-one (ANC1) have not been reported. 

Quantum Chemical computational methods have proved to be an effective tool for 
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interpreting and predicting the vibrational spectra. Hence, in this study, an attempt has 

been made to interpret the vibrational spectra of (2E)-1-(anthracene-9-yl)-3-(4-ethoxy 

phenyl)prop-2-en-1-one (ANC1) by applying density functional theory calculations based 

on B3LYP with 6-31G and 6-31G (d,p) basis sets. In addition, the HOMO-LUMO 

analysis, NBO analysis, Mulliken atomic charge analysis of ANC1 molecule have been 

studied by B3LYP level with 6-31G (d,p) basis set implemented in the Gaussian 09 

program suite [36]. The reduced density gradient (RDG) analysis has been carried out to 

evaluate steric effect, Van der Waals and Hydrogen bond of the ANC1 molecule using 

Multiwfn software. The structure of the target protein can be obtained from the protein 

data bank (PDB) format. The molecular docking can predict the preferred orientation of 

the ligand concerning the protein concerned with complex. We Hope that the theoretical 

and experimental results carried out in the current study would be helpful for future 

research work.  

 

7.2 Experimental details  

 The infrared and Raman spectra of (2E)-1-(anthracene-9-yl)-3-(4-ethoxy 

phenyl)prop-2-en-1-one (ANC1) was recorded at Sophisticated Analytical 

Instrumentation Facility (SAIF), Indian Institute of Technology, Chennai. The FT-IR 

spectrum of the title compound was recorded in the frequency region 4000-450 cm
-1

 at a 

resolution of on 1 cm
-1

 Perkin Elmer spectrometer equipped with an MCT detector, a 

KBr beam splitter and global source. The spectrum of FT-Raman has been recorded using 

the 1064 nm line of an Nd-YAG laser as excitation wavelength in the region of 4000-0 
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cm
-1

 BRUKER model interferometer. The reported wavenumbers are expected to be 

accurate within ± 1 resolution with 250 mW of power at the sample in both techniques.  

 

7.3 Computational details  

 The quantum chemical computations have been carried out to determine the 

molecular structure, vibrational frequencies with intensities and characteristics of the 

molecule using density functional triply-parameter hybrid model DFT/B3LYP [235,20] 

mploying 6-31G and 6- 31G (d, p) basis sets by Gaussian 09w software package [36]. 

The natural bonding orbital (NBO) calculations were performed using NBO 3.1 [123] 

program as implemented in Gaussian 09W package at the 6/31G(d,p) level to understand 

various second-order interactions between another subsystem which is the measure of the 

intramolecular delocalization or hyper-conjugation. The HOMO-LUMO analysis was 

also investigated with the same level, to confirm the intramolecular charge transfer and 

also molecular electrostatic potential (MEP) contour map shows the various electrophilic 

region of the ANC1 compound. In order to detect adsorption interactions in real space 

based on the electron density, the reduced density gradients (RDG) analysis have been 

studied. The molecular docking calculation was performed by the AutoDock 4.0.1 

software [236] which was also applied to detect the docking input files and analyze the 

docking result. Due to the different potential biological activity, molecular docking of the 

ANC1 molecule is also reported. 
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7.4. Results and discussions  

7.4.1 Optimized molecular geometrical parameters  

 The ANC1 compound is optimized using the B3LYP method with the 6-31G and 

6-31G (d,p) basis set. The complete geometrical optimization was accomplished by 

accepting the C1 point group symmetry. The experimental and calculated molecular 

geometrical parameters were given in Table 7.1 and the observed and calculated bond 

parameters are compatible with each other. The molecular structure of the ANC1 

compound is shown in Fig.7.1. The experimental value of C-C bond length in the range 

of 1.4747-1.356 Å, which is much shorter than the typical C-C single bond 1.54Å) and 

longer than the C=C double bond (1.34Å) [237, 238]. The ANC1compound contains 28 

C-C bonds, 21 C-H bonds, 3 C-O bonds and a single H-O bond. 

 For the ANC1 compound, C1-C2, C1-C6, C3-C4, C5-C6, C7-C10, C9-C10, C11-

C13, C14-C15, C24-C26, C26-C28, C28-C30, C30-C32, C31-C33, C32-C35 and C35-

C37 bond length are computed as 1.3727, 1.4258, 1.4486, 1.3754, 1.4005, 1.4497, 1.372, 

1.3748,1.4747, 1.356, 1.4571, 1.411, 1.3885, 1.3942 and 1.4055 Å for the basis set 

B3LYP/6-31G and for 6-31G(d,p) basis set the bond length are observed as 1.3685, 

1.4233, 1.4451, 1.3709, 1.3977, 1.4459, 1.3678, 1.3703, 1.4814, 1.3513, 1.4558, 1.4067, 

1.3848, 1.3905 and 1.4045Å respectively which are good agreement with 1.406 Å by X-

ray crystal data [239]. The C=O bond length (1.1988Å) given by DFT calculation agree 

with the reported literature values [239] and for the ANC1 compound is C24=O25= 

1.2587/1.2298 Å.  
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 According to the calculations for the ANC1 compound, the exocyclic angle C8-

C24-O25 and O25-C24-C26 are reduced by 1.0° which shows the interaction between 

C24 and O25 (C8-C24- O25 = 121.1°/121.06° and O25-C24-C26 = 121.19°/ 121.92°) for 

the B3LYP/6-31G and /6- 31G(d,p) basis sets. This departure of the exocyclic angles 

from 120° can be found in the crystal structure of the anthraquinone [240]. For the ANC1 

compound, the bond angle for C33-C37-O40, C37-O40-C41, and O40-C41-C44 has 

115.7°/115.9°, 119.7°/119.1° and 106.7°/107.5° is reduced by 4.3°, 0.3° and 3.3° due to 

the interaction between the C37 and O40. C35-C37-O40 is increased by 4.3° due to the 

interaction between the ethoxy group and O40. O40-C41-H42, O40- C41-H43 

(=109.3°/109.7°, 109.3°/109.7°)is reduced by 0.3°, 0.7° due to the interaction between 

H42 and O40. 

7.4.2 Vibrational assignments  

 The ANC1 compound has 47 atoms and 135 modes of fundamental vibrations 

which span the irreducible representation as A. The observed and simulated FT-IR and 

FT-Raman spectra of the ANC1 compound at DFT-B3LYP level using 6-31G and 6-31G 

(d, p) basis sets are shown in Figs. 7.2 and 7.3. The experimental and theoretical 

wavenumbers along with their intensities are given in Table 7. 2. The assignments of 

fundamental modes are based on the reported literature and Gauss View visualization 

program. The observed and calculated wavenumber and potential energy distribution are 

discussed below. 
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Fig.7.1   Optimized molecular structure of (2E)-1-(anthracene-9-yl)-3-(4-

ethoxyphenyl) prop-2-en-1-one 
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C-H vibrations  

 The C-H stretching vibrations of aromatic compounds are exhibit in the region 

3100-2800 cm
-1

 [59]. The C-H in-plane bending and out-of-plane bending vibrations 

occur at 1300-1000 cm
-1

 and 1000-700 cm
-1

 [59]. 

 In the present work, the CH stretching vibrations, the band appeared at 3127vw, 

3050 vw, 2971 vw, 2923 vw, 2885 vw, 2851 vw cm
-1

 in IR spectrum and 3060s, 2990 

vw, 2950 vw, 2860 vw, 2758 vw cm
-1

 in Raman spectrum. The computed values at 

B3LYP/6-31G method are 3065, 3055, 3045, 3038, 3032, 3025, 3017, 3010, 3002, 2986, 

2978, 2971, 2960, 2948, 2940 cm
-1

 and 3062, 3051, 3043, 3036, 3029, 3022, 3015, 3007, 

2999, 2982, 2975, 2966, 2957, 2936, 2918,2907,2896, 2887 cm
-1

 obtained by by 

B3LYP/6-31G(d,p) method. Alaşalvar et al [241] reported that the CH in-plane bending 

modes are found at 1466, 1458, 1377, 1264, 1181, 1169, 1160, 1118, 1091, 1078, 1017 

cm
-1

 for IR spectrum and 1467, 1385, 1186, 1162, 1123, 1093, 1078 cm
-1 

for Raman 

spectrum. In the present work, the C-H in-plane bending vibrations reported at 1443, 

1313, 1174, 1041 cm
-1

 in the IR spectrum and 1435, 1325, 1216, and 1033 cm
-1

 in the 

Raman spectrum. The computed values by B3LYP/6-31G method are obtained at 1471, 

1445, 1440, 1406, 1392, 1340, 1327, 1273, 1179, 1160, 1078, 1043, 1040 cm
-1

 for 

B3LYP/6-31G and 1469, 1442, 1438, 1401, 1390, 1337, 1325, 1270, 1175, 1158, 1075, 

1040, 1036, 1032 cm
-1

 obtained by B3LYP/6-31G(d,p) method. The C-H out-of-plane 

bending modes are observed at 727, 813, 841, 846, 864, 905, 919 cm
-1

 for IR spectrum 

and 817, 841, 863, 924 cm
-1

 for Raman spectrum by Alaşalvar et al [241]. In the present  
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Fig. 7.2 Observed FT-IR and simulated spectra of (2E)-1-(anthracene-9-yl) -3-(4-

ethoxyphenyl) prop-2-en-1-one 
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Fig. 7.3 Observed FT-Raman and simulated spectra of (2E)-1-(anthracene-9-yl) -3-

(4-ethoxyphenyl) prop-2-en-1-one 
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work, the C-H out-of-plane bending vibrations are assigned to 918, 890, 864, 798, 734 

cm
-1

 in FT-IR and 880, 800, 732 cm
-1

 in FT-Raman. The computed values by B3LYP/6-

31G method are 926, 924, 896, 885, 870, 849, 810, 802, 788, 775, 745, 735, 718 cm
-1

 and 

930, 923, 918, 892, 881, 867, 845, 809, 799, 785, 771, 741, 733,715 cm
-1

 obtained by 

B3LYP/6-31G(d,p) method. 

Ring vibrations  

 The anthracene ring and phenyl ring in-plane bending vibrations were calculated 

at 784, 770, 648, 636, 628, 615, 600, 439, 420, 406, 388, 304, 125, 105 cm
-1

 for 

B3LYP/6-31G and 779, 765, 645, 632, 613, 597, 436, 418, 401, 385, 301, 121, 103 cm
-1

 

obtained by B3LYP/6-31G(d,p) method. The peaks were observed at 696, 643, 623,  

599 cm
-1

 for IR and 765, 600, 450, 400, 120 cm
-1

 for Raman spectrum was assigned to 

ring in-plane bending vibrations. The ring out-of-plane bending vibrations were 

calculated at 682, 500, 455, 431, 360, 163, 120, 98, 82, 65, 45, 34, 20, 13 cm
-1

 for 

B3LYP/6-31G and 681, 497, 451, 427, 361, 160, 117, 95, 80, 62, 40, 29, 17, 10 cm
-1

 

obtained by B3LYP/6-31G (d,p) method and the Raman spectrum was observed at  

82 cm
-1

 .  

C-O vibration  

 The C-O stretching mode is expected in the region 1750-1680 cm
-1

 [242, 161, 

243]. The in-plane and out-of-plane C-O bending modes are expected in the regions 

625±70 and 540 ±80 cm
-1

, respectively. In the present work, C-O stretching mode, in-

plane bending and out-of-plane bending vibrations are observed at 1116 cm
-1

 , 669 cm
-1

 

and 557 cm
-1

 by FT-IR and at ν=1580 cm
-1

  and γ=557 cm cm
-1

  by FT-Raman. Hence in 
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the present work, the calculated C-O stretching vibrations by B3LYP/ 6-31G method at = 

1585, 1120, 1007 cm
-1

, C-O in-plane bending = 734, 673, 575 cm
-1

, C-O out-of-plane 

bending = 559 cm
-1

 and νCO=1581, 1118, 1001 cm
-1

 , δCO= 729, 670, 571 cm
-1

 , γCO = 

555 cm
-1

  by B3LYP/6-31G (d, p). 

CH3 vibrations  

 The wavenumber of the vibrational modes of methoxy group is known to be 

influenced by a many interactions such as electronic effects, intermolecular hydrogen 

bonding and Fermi resonance [244]. Electronic effect such as back donation and 

induction are caused by the presence of oxygen atom adjacent to CH3 group that can shift 

the position of CH stretching and bending modes [245, 246]. υasCH3 absorb with a weak 

medium intensity (2985±25 cm
-1

 and 2970±30 cm
-1

) and regularly seen above 3000 cm
-1

 

In the present work, CH3 stretching vibrations for the ANC1 compound, the bands 

appeared at νass=2923vw cm
-1

 in FT- IR spectrum and 2900, 2890 cm
-1

 for FT- Raman 

spectrum. The computed values for νass = 2928, 2920 cm
-1

, νss= 2910, δopb=1420 cm
-1

 , 

δsb=1358, 1315 cm
-1

 , δipb=1415 cm
-1

 , opr=1131 cm
-1

 , δipr=1024 cm
-1

 computed 

wave-numbers by B3LYP/6-31G method and at νass=2925, 2918 cm
-1

, δopb=1417 cm
-1

, 

δipb=1410 cm
-1

, δsb=1355, 1312 cm
-1

 , opr=1129 cm
-1

 coputed wavenumber by 

B3LYP/6-31G(d,p) method.  

CH2 vibrations  

 The main fundamental vibrations associated with each CH2 group is classified as 

CH2 symmetric stretching, asymmetric stretching, rocking and scissoring modes belong 

to in-plane vibration, whereas CH2 twisting and wagging modes assigned to out-of-plane 
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bending vibration. This CH2 symmetric and asymmetric stretching vibrations occur in the 

range 3000- 2800 cm
-1

 [247]. For the ANC1 compound, the methyl group, symmetric 

stretching is observed at υssCH2 =2889, 2887 cm
-1 

and υasCH2 = 2898, 2896 cm
-1

 

theoretically obtained by B3LYP/6-31G and B3LYP/6-31G (d,p) method. Scissoring 

modes reported at 1313 cm
-1

 (IR), 1435 cm
-1

 (Raman) and 1440, 433,1420 cm
-1

 observed 

theoretically for B3LYP/6-31G, 1438, 1431,1417 cm
-1

 for B3LYP/6-31G (d,p). Rocking 

modes are observed at 1356, 1313 cm
-1

 for IR spectrum and 1355 cm
-1

 for Raman 

spectrum. Theoretically δrock observed at 1358, 1315, 1024 cm
-1 

by B3LYP/6-31G, 

1355, 1312, 1188 cm
-1

 wag= 758, 752 cm
-1

 by B3LYP/6-31G (d,p) methods. CH2 = 

1131, 1129 cm
-1

 for the same basis set. Varasanyi et al [197] observed the CH2 

scissoring mode at 1465, 1420 cm
-1

 and CH2 twisting and wagging at 1350, 1150 cm
-1

. 

For methyl group, two asymmetric stretching modes are calculated at 2974, 2975, 2978 

and 3006 cm
-1

 , while one symmetric stretching vibrational frequency is observed at 2921 

and 2926 cm
-1

 by Alasalvar et al [241].  

C-C vibration  

 The C-C stretching vibrations in aromatic rings generally appear at 1600-1400 cm
-1

 

[248-250, 251, 252]. In the present work, the C-C stretching vibrations observed at 1424, 

1387, 1257 in FT-IR and 1565, 1515, 1294, 1259 cm
-1

 in FT-Raman spectrum. These C-

C stretching modes are calculated at 1571, 1560,1549, 1531, 1518, 1489, 1429, 1388, 

1366, 1289, 1260, 1145 cm
-1

 B3LYP/6-31G method and 1566, 1557, 1545, 1528, 1516, 

1487,1425, 1385, 1362,1288, 1258, 1221, 1141 cm
-1

 by B3LYP/6-31G(d,p) method. In 

the present study, The C-C in-plane deformation were calculated at 806, 728,707, 474, 
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338, 228 cm
-1 

by B3LYP/6-31G method and 804, 722, 703,470, 334,  

226 cm
-1

 by B3LYP/6-31G (d,p) method. The C-C out-of-plane deformation were 

calculated at 661, 535, 520, 285, 260, 241 cm
-1

 for B3LYP/6-31G and 657, 531, 519, 

282, 258, 239 cm
-1

 for B3LYP/6-31G (d,p). 

 

7.5 Mulliken atomic charges  

 The natural population analysis of the ANC1 compound is obtained by Mulliken 

population analysis with B3LYP level using 6-31G and 6-31G (d,p) basis sets. The 

Mulliken charge values are tabulated in Table 7.3 and the plot is shown in Fig. 7.4. The 

calculation has an important role in the application of quantum chemical calculation to 

the molecular system because of atomic charge affect, dipole moment, molecular 

polarizability and electronic structure. The charge changes with the basis set to 

polarization. For example, the charge of C(24) and C(37) atoms has 0.22 a.u, 0.32 a.u and 

0.3 a.u, 0.36 a.u for the B3LYP /6-31G and B3LYP /6-31G (d,p) basis set are more 

positive, which are acceptor atoms The charge distribution for C(33) and C(35) atoms has 

-0.13 a.u, -0.12 a.u and -0.14 a.u, -0.13 a.u charges. The charges of O(25) and O(40) 

atoms have -0.45 a.u, -0.49 a.u and -0.56 a.u, -0.52 a.u are more negative which are donor 

atoms. MEP and Mulliken charge analysis can be used for interpreting and predicting the 

reactive sites of a wide variety of chemical systems in both nucleophilic and electrophilic 

reactions.  
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7.6 NBO analysis 

 The natural bond orbital (NBO) calculations for the ANC1 compound were 

performed using NBO 3.1 program [123] as implemented in the Gaussian 09 package at 

the DFT / B3LYP level with 6-31G (d,p) basis set. The NBO method demonstrates the 

bonding concept like atomic charge, Lewis structure, bond type, hybridization, bond 

order, charge transfer and resonance possibility. The stabilization of orbital interaction is 

proportional to the energy difference between interacting orbitals. The bonding – 

antibonding stabilization energies within the molecule are calculated, to investigate the 

intermolecular interactions. The bonding - antibonding interactions can be qualitatively 

described employing second-order perturbation interaction energy E(2) [255, 

256,189,257, 258]. This energy represents the estimate of the off-diagonal NBO Fock 

matrix elements and the Fock matrix was carried out to evaluate donor (i) and accepter 

(j). The stabilization energy E(2) associated with delocalization i j is estimated as 

follows 

 

 

 

 

 

 

 

  



224 

 

 

 

 

 

Fig.7.4 Mulliken atomic charges of (2E)-1-(anthracene-9-yl) -3-(4-ethoxyphenyl) 

prop-2-en-1-one 
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where qi is the donor orbital occupancy j and I are diagonal elements and F (i,j) is the 

offdiagonal NBO Fock matrix element.  

 The occupancy of bond orbitals, atomic and hybrid contributions of different 

bonds of the ANC1 compound are presented in Table 7.4. The NBO analysis BD (C37-

O40) orbital with 1.99005 electrons has 33.04% C37 character in a sp
1.14

 hybrid and has 

66.96%  O40 character in a sp
2.33

 hybrid. The sp
1.14

 hybrid on C37 has 75.64 p-characters 

and the sp
2.33 

hybrid on O40 has 69.97 p-character. For BD (C41-C44) orbital with 

1.98962 electrons has 50.54% C41 character in a sp
2.55

 hybrid and has 49.46% C44 

character in a sp
2.9 

hybrid. The sp
2.55

 hybrid on C41 has 71.87% p-character and the sp
2.9

 

hybrid on C44 has 74.33% p-character for the ANC1 compound. The two coefficients, 

1.99005 and 1.98962 are called polarization coefficients. The sizes of these coefficients 

show the importance of the two hybrids in the formation of the bond. The oxygen has a 

larger percentage of this NBO, 66.96% and gives the larger polarization coefficient 

0.8183 because it has the higher electronegativity. Similarly, BD (C5-H19), BD (C1-

H17), BD (C2- H18) having a lesser percentage of NBO and give the lesser polarization 

coefficients as compared to BD (C37-O40) bond. This shows that oxygen and carbon in 

the above bonding orbitals have less electronegativity as compared to BD (C37-O40). 

 The donor-accepter interaction can be estimated by the second-order perturbation 

theory. Table 7.5 lists the calculated second-order interaction energies E(2) between the 

donor-acceptor orbital of the ANC1 compound. The most important interaction energies 
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related to the resonance in the anthracene ring are electron-donating from the BD (C1-

C2), BD (C3-C4), LP(2) O25, LP(2) O25, LP(2) O40, LP(2) O40 to the anti-bonding 

accepter BD*(2) C3-C4, BD*(2) C8-C9, BD*(1) C24-C26, BD*(1) C8-C24, BD*(2) 

C35-C37, BD*(1) C41-H43, orbitals and their corresponding energies are 24.47, 44.72, 

19.57, 8.82, 8.35 and 5.56 kcal/mol, respectively. These interactions indicate that the 

strongest interaction increase in the stabilization energy of electron delocalization occurs 

due to the substitution of the molecule. 

 

 

7.7 Frontier molecule orbitals  

 The highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) are called as the frontier molecule orbitals (FMOS) that have 

an important role in chemical reactions [209]. The HOMOs and LUMOs can be 

considered as donor and acceptor groups occupied, unoccupied by electrons respectively. 

The energy values between HOMO and LUMO also determines the molecular electronic 

properties such as ionization potential (I= - EHOMO), electron affinity (A = ELUMO), 

chemical hardness ( = (I-A)/2), Chemical softness ( = 1/2(I-A)), Chemical potential (µ 

= -(I+A)/2), Electronegativity ( = (I+A)/2), electrophilic index ( = µ2 /2) chemical 

reactivity and chemical stability that are important parameters in a quantum chemistry 

[257, 120, 258]. To understand the bonding schemes of the ANC1 compound, the 

surfaces of FMOs are given in Fig.7.5 and Table 7.6. The energy gap, the difference 

between H-L, H-1-L-1, H-2-L-2 orbital are the parameters in determining molecular 

electrical transport properties because it is a measure of electronic conductivity and the 
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energy gaps were calculated as 3.1197, 4.3785 and 6.1495eV respectively. This energy 

gap also indicates the colour of these compounds as electrons are constantly shifting 

between these orbitals and further dictates their interaction with receptor site at the 

cellular level. Simultaneously, it also explains that charge transfer interactions are 

occurring within the molecules. From the energy gap, one can find whether the molecule 

is hard or soft. The molecules having a large energy gap are known as hard and having 

small energy gap is known as soft. The energy gap of the ANC1 compound is 3.12 eV. 

Hence we conclude that the ANC1 compound belongs to hard material. The soft 

molecules are more polarizable than the hard one because they need small energy for 

excitation. The calculated values of the hardness and softness of the molecules were 

0.115eV and 8.722eV. The chemical potential of the title compound is negative and it 

means that the ANC1 compound is stable. 

 

7.8 Molecular electrostatic potential  

 The molecular electrostatic potential (MEP) has been used to predict the behaviour 

and reactivity of the molecule. It is very useful in understanding the potential sites for 

electrophilic (negative region) and nucleophilic (negative region) reactions [259]. MEP is 

also well suited for analyzing process based on the “recognition” of one molecule by 

another, as in drug-receptor and enzyme-substrate interactions because it is through their 

potential that the two species first “see” each other [260]. To predict reactive sites for 

electrophilic and nucleophilic sites for the investigated molecule, MEP is calculated at   
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Fig 7.5 Patterns of the principle highest occupied and lowest unoccupied molecular 

orbital of (2E)-1-(anthracene-9-yl) -3-(4-ethoxyphenyl) prop-2-en-1-one 
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the B3LYP/6-31G(d,p) optimized geometries and shown in Fig. 7.6. The colour scheme 

for the MEP surface is, red represents a rich region which is an absolute negative charge, 

yellow represents the slightly electron-rich region, light blue represents a slightly 

electron-deficient region, green represents the neutral region and blue represents electron-

deficient which is a partially positive charge. Potential increases in the order red  orange 

 yellow green  blue [261]. 

 For the ANC1 compound, more reactive sites are close to the C=O group, the 

regions having the most negative potential over the oxygen atom O25 ketone group then 

all the hydrogen atoms have positive potential. The red colour is a negative potential 

which corresponds to the interaction of a proton and blue region is positive which 

corresponds to the repulsion of the proton. It is seen that negative electrostatic potential 

(red) is located maximum around oxygen atom and the hydrogen atoms attached to the 

ethylene group posses the bang of positive charge (blue). 

 

7.9 Reduced density gradient (RDG) analysis 

 The reduced density gradient (RDG) [128] analysis can be used to reveal the 

intermolecular, intramolecular and covalent interactions in real space based on the 

electron density using Multiwfn and plotted by visual molecular dynamics (VMD) 

program [262, 77]. In order to explore the features associated with reduced gradients, we 

examined plots of RDG versus sign (2(r)(r)) and the resultant graph is shown in 

Fig.7.7. 
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Fig 7.6 Molecular electrostatic potential surfaces of (2E)-1-(anthracene-9-yl) -3-(4-

ethoxyphenyl) prop-2-en-1-one 

 

-6.480 e-2 -6.480 e-2 



231 

 

Fig 7.7 Plots of the RDG versus λ(2)ρ of (2E)-1-(anthracene-9-yl) -3-(4-

ethoxyphenyl) prop-2-en-1-one 
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 According to graph, the green regions represent weak attractive interactions 

(λ2≈0) such as Van der Waals interaction, blue color ring represents strong interaction 

like hydrogen bond and red color represents steric repulsion. For the ANC1 compound, 

the phenyl ring showed more steric effect than anthracene ring and benzene ring. The 

negative values of λ(2)ρ indicates strong attractive interactions, while the positive values 

mean the repulsive interactions. The color on the RDG isosurface between the carbon and 

oxygen showed that strong Van der Waals interaction formed. The Van der Waals 

interaction in the ANC1 compound has two strong spikes observed. 

 

7.10 Fukui functions  

 The Fukui function is a local reactivity descriptor that indicates the preferred 

regions where chemical species will change its density when the number of electrons is 

modified and hence, it indicates propensity of the electronic density to deform at a given 

position upon donating or accepting electrons. Condensed Fukui functions can be defined 

using finite differences of the electronic density [263]. Electrophilic and nucleophilic 

attack is given by 

                            ƒk-= qk (N)- qk(N-1)  

                            ƒk+= qk (N+1)- qk(N)  

where qk is the atomic charge (N-1) is the densities of the cation,   (N) is the neutral and   

(N+1) is the densities of anionic charges. 

 The Fukui function is a function defined at each point of space, but it‟s helpful to 

define a condensed Fukui function. In this case, the Fukui functions are defined as 
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condensed to an atom, by a partition scheme. The condensed forms of Fukui functions for 

an atom k in a molecule are expressed as: ƒ = (N+1)-(N), (for a nucleophilic sites), ƒ 
-
 = 

(N)-(N-1), (for an electrophilic sites). From Table, 7.7 C=0.0859, 3C=0.1244, 4C= 

0.1077, 9C=0.1258, 10C= .1165, 14C=0.0887, 15C=0.0099, 25O=0.0624, 26C=0.0989, 

30C=0.1132, 31C=0.0339, 33C=0.0872, 35C=0.0871 and 44C=0.0448 are positive 

values f(r)>0. 7C=-0.0226, 12H=-00723, 16H=-0.0776, 17H=-0.0671, 18H=-0.0738, 

19H=-0.0957, 20H=-0.0652, 21H=-0.0674, 24C=-0.1307, 27H=-0.0775, 28C=-0.1081, 

29H=0.0783, 34H=-0.0898, 36H=-0.0854, 37C=-0.101, 38H=-0.0956, 39H=-0.0935, 

41C=-0.0372, 45H=-0.0208, 46H=-0.0189 and47h=-0.0202 are some of the negative 

values ie f(r)0. 

 

7.11 Atom in molecule analysis 

 The topological analysis of atoms in the molecule gives as more information about 

the presence of strong and weak hydrogen bonds in terms of in terms of Topological 

parameters for intramolecular interactions in compound electron density (BCP), 

Laplacian of electron density (V
2 

BCP), electron kinetic energy density (GBCP), electron 

potential energy density (VBCP), total electron energy density (HBCP), Hydrogen bond 

energy (EHB) at bond critical point (BCP) [181]. The criteria contribute a basis to 

discriminate these interactions from Van der Waals interactions and have been establish 

to be sufficient for slandered and nonconventional H-bonds. Here, AIM analysis is 

accomplished to examine the intermolecular interactions with in the ANC1 compound. 

The molecular diagram of the ANC1 compound using the AIM program calculated at 
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B3LYP/6-31G (d, p) approximation was presented in Fig. 7.8. The topology of electron 

density of different intra and intermolecular interactions is counterpoint to validate the 

strength of interactions. The strength of hydrogen bond can also be characterized by 

evaluating the hydrogen bond energy (EHB). The bond interactions and their values are 

enrolled in Table 7.8. 

 

7.12 Molecular docking studies  

 Molecular docking is an efficient tool to get insight into ligand-receptor 

interactions. This is usually helpful in designing novel inhibitors possessing specific 

activities. Molecular docking calculations were performed on AutoDock-Vina software 

[78]. The 3D crystal structure was obtained from Protein Data Bank (PDB ID: 5T6N). 

The Auto Dock Tools (ADT) graphical user interface was used to add polar hydrogen. 

Atomic charges for the protein were calculated by Kollman method. Protein was cleaned 

by removing waters and co-crystallized ligands. The ligand (2E)-1-(Anthracene-9-yl) -3-

(4-ethoxyphenyl) prop-2-en-1-one (ANC1) was prepared for docking by minimizing its 

energy at B3LYP/6-31G (d,p) level of theory. Partial charges were calculated by 

Geistenger method. The active site of the enzyme was defined to include residues of the 

active site within the grid size of 40Å × 40Å × 40Å. The most popular algorithm, 

Lamarckian Genetic Algorithm (LGA) [264] available in Autodock was employed for 

docking. The docking protocol was tested by extracting co-crystallized inhibitor from the  
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Fig.7.8. Molecular graph of (2E)-1-(anthracene-9-yl) -3-(4-ethoxyphenyl) prop-2-en-

1-one 
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protein and then docking the same. The docking protocol predicted the same 

conformation as was present in the crystal structure with RMSD value well within the 

allowed range of 2Å. Amongst the docked conformations the best scored conformation 

predicted by AutoDock scoring function was visualized for ligand-enzyme interactions in 

Discover Studio Visualizer 4.0.The molecular docking binding energies and inhibition 

constants were obtained and listed in Table 7.9. The ANC1 compound taken as the ligand 

interactions with proteins are shown in Fig. 7.9 respectively. The docking of the ANC1 

compound with the protein inhibitors to forms a stable complex and it gives the better 

binding affinity (-6.81 ∆G in kcal/mol) value and bond distance is 1.8 Å. Hence it can be 

concluded that the ANC1 compound may be used for design and synthesis of a new drug 

for anti-viral However, biological tests should be carried out before support the results. 

Anticancer activity 

 Interaction of anticancer protein 4GNR shows the existence of many conventional 

bonds such as two van der waals bonds, one carbon-hydrogen bond and one π-donar 

hydrogen bond interaction with amino acid (THR A: 269, THR A: 269, TYR A: 277, THR 

A: 279) with different binding energies (-5.5, -5, -5.98, -5.17) kcal/mol, inhibition 

constants (93.22, 217.31, 41.02,  162.63) ki(µM) RMSD values are (48.225, 47.159, 

46.819, 47.159)Å.  

 Interaction of anticancer protein 4D8S shows the existence of many conventional 

bonds such as one van der waals bonds, two π -sulfur bond and two Alkyl bond 

interaction with amino acid (VAL A: 449, CYS A: 129, CYS A: 129, VAL A: 163, LEU 

A: 4120) with different binding energies (-5.23, -6.7, -5.06, -6.07, -5.9)kcal/mol, 
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inhibition constants (147.57, 12.3, 198.84, 35.58, 47.14)ki(µM) RMSD values are (5.785, 

35.313, 30.141, 45.9, 141.131) Å.  

Antiviral activity 

 Interaction of antiviral protein 5T6S shows the existence of many conventional 

bonds such as two van der waals bonds, two π-cation bond and two Carbon-Hydrogen 

bond interaction with amino acid (ASN A: 133, MET A: 151, ARG A: 141, ARG A: 141, 

ALA A: 149, ALA A: 149) with different binding energies (-4.11, -3.99, -3.75, -3.62, -

3.22, -3.02)kcal/mol, inhibition constants (964.52, 1.2(mM), 1.79(mM), 2.24(mM), 

4.35(mM), 6.06 (mM))ki(µM) RMSD values are (282.655, 268.727, 258.241, 274.112, 

257.795, 279.965)Å.  

 Interaction of antiviral protein 5T6N shows the existence of many conventional 

bonds such as two π- π stacked, two van der waals bonds, one π- p stacked bonds 

interaction with amino acid (TRP A: 234, TRP A: 234, ASP A: 104, PRO A: 103, TRP 

A: 234) with different binding energies (-5.69, -5.32, -5.18, -3.52, -3.59)kcal/mol, 

inhibition constants (67.22, 127.03, 160.76, 2.65(mM), 2.35(mM))ki(µM) RMSD values 

are (59.851, 59.328, 60.614, 100.194, 86.7)Å.  
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Fig.7.9. Molecular docking studies of (2E)-1-(anthracene-9-yl) -3-(4-ethoxyphenyl) 

prop-2-en-1-one, Proteins -4GNR, 4D8S, 5T6S, 5T6N 
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7.13 Conclusion 

 The FT-IR and FT-Raman spectra of (2E)-1-(Anthracene-9-yl) -3-(4-ethoxy 

phenyl) prop-2- en-1-one (ANC1) was recorded and the vibrational spectra have been 

investigated experimentally and theoretically by using B3LYP and 6-31G, 6-31G (d,p) 

method. Experimentally observed frequencies are in good agreement with the theoretical 

values. The stability of the molecule arising from hyper-conjugative interaction and 

charge delocalization has been analyzed using NBO analysis. The LUMO and HOMO 

energy provides information regarding ionization potential, chemical potential and other 

chemical descriptors. As seen from the MEP map of the ANC1 compound, negative 

region is mainly localized over the C=O group, anthracene ring and the maximum 

positive region is localized on the phenyl groups. Weak interaction profile shows that the 

presence of van der Waals interactions and the steric effect is present in the molecule. 

The anticancer protein 4GNR has higher binding energy, inhibition constant and RMSD 

values such as -5.98kcal/mol, 41.02(M) and 46.819 than 4D8S.  
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Table 7.1 Optimized structural parameters of (2E)-1-(anthracene-9-yl)-3-(4-ethoxyphenyl) prop-2-en-1-one by using 

B3LYP method and 6-31G, 6-31G (d,p) basis sets.  

Parameters 

Bond length (Å) 

Parameters 

Bond angle () 

Parameters 

Dihedral angle () 

B3LYP/ 

6-31G 

B3LYP/ 

6-31D(D,P) 

B3LYP/ 

6-31G 

B3LYP/ 

6-31D(D,P) 

B3LYP/6-

31G 

B3LYP/ 

6-31D(D,P) 

C1-C2 1.373 1.365 C2-C1-C6 119.798 120.447 C6-C1-C2-C3 -0.653 0.161 

C1-C6 1.426 1.426 C2-C1-H17 120.516 120.959 C6-C1-C2-H18 178.648 179.972 

C1-H17 1.085 1.100 C6-C1-H17 119.679 118.594 H17-C1-C2-C3 -179.690 -179.854 

C2-C3 1.433 1.433 C1-C2-C3 121.125 120.764 H17-C1-C2-H18 -0.389 -0.043 

C2-H18 1.086 1.101 C1-C2-H18 120.695 121.155 C2-C1-C6-C5 0.980 0.001 

C3-C4 1.449 1.429 C3-C2-H18 118.177 118.081 C2-C1-C6-H20 -178.164 179.909 

C3-C7 1.400 1.399 C2-C3-C4 119.410 118.790 H17-C1-C6-C5 -179.975 -179.984 

C4-C5 1.436 1.433 C2-C3-C7 121.245 121.701 H17-C1-C6-H20 0.881 -0.077 

C4-C8 1.421 1.399 C4-C3-C7 119.343 119.509 C1-C2-C3-C4 -1.068 -0.253 

C5-C6 1.375 1.365 C3-C4-C5 117.372 118.787 C1-C2-C3-C7 178.379 179.764 

C5-H19 1.083 1.101 C3-C4-C8 119.496 119.515 H18-C2-C3-C4 179.614 179.931 

C6-H20 1.085 1.100 C5-C4-C8 123.092 121.699 H18-C2-C3-C7 -0.939 -0.052 

C7-C10 1.401 1.399 C4-C5-C6 121.411 120.765 C2-C3-C4-C5 2.403 0.184 

C7-H16 1.087 1.101 C4-C5-H19 119.192 118.076 C2-C3-C4-C8 -179.832 -179.923 

C8-C9 1.423 1.399 C6-C5-H19 119.381 121.159 C7-C3-C4-C5 -177.054 -179.833 

C8-C24 1.503 1.540 C1-C6-C5 120.838 120.448 C7-C3-C4-C8 0.710 0.061 

C9-C10 1.450 1.429 C1-C6-H20 119.400 118.563 C2-C3-C7-C10 -178.066 -179.953 

C9-C15 1.436 1.433 C5-C6-H20 119.756 120.990 C2-C3-C7-H16 1.225 -0.021 

C10-C11 1.433 1.433 C3-C7-C10 121.868 120.976 C4-C3-C7-C10 1.381 0.064 

C11-H12 1.086 1.101 C3-C7-H16 119.073 119.499 C4-C3-C7-H16 -179.328 179.996 

C11-C13 1.372 1.365 C10-C7-H16 119.056 119.525 C3-C4-C5-C6 -2.129 -0.028 

C13-C14 1.426 1.426 C4-C8-C9 120.457 120.976 C3-C4-C5-H19 176.396 -179.980 

C13-H21 1.085 1.100 C4-C8-C24 120.270 119.499 C8-C4-C5-C6 -179.807 -179.919 

C14-C15 1.375 1.365 C9-C8-C24 119.265 119.525 C8-C4-C5-H19 -1.281 0.129 
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C14-H22 1.085 1.100 C8-C9-C10 119.150 119.510 C3-C4-C8-C9 -3.287 -0.097 

C15-H23 1.081 1.101 C8-C9-C15 123.293 121.695 C3-C4-C8-C24 175.679 179.999 

H19-C26 2.529 1.536 C10-C9-C15 117.535 118.795 C5-C4-C8-C9 174.344 179.794 

H23-O25 2.277 2.036 C7-C10-C9 119.580 119.514 C5-C4-C8-C24 -6.690 -0.111 

C24-O25 1.259 1.227 C7-C10-C11 120.998 121.704 C4-C5-C6-C1 0.465 -0.067 

C24-C26 1.475 1.540 C9-C10-C11 119.422 118.782 C4-C5-C6-H20 179.606 -179.973 

C26-H27 1.085 1.070 C10-C11-H12 118.188 118.075 H19-C5-C6-C1 -178.058 179.883 

C26-C28 1.356 1.540 C10-C11-C11 121.011 120.768 H19-C5-C6-H20 1.083 -0.023 

C28-H29 1.090 1.070 H12-C11-H12 120.800 121.158 C3-C7-C10-C9 -0.893 -0.152 

C28-C30 1.457 1.790 C11-C13-C14 119.826 120.449 C3-C7-C10-C11 179.193 179.900 

C30-C31 1.416 1.395 C11-C13-H21 120.485 120.973 H16-C7-C10-C9 179.816 179.916 

C30-C32 1.411 1.395 C14-C13-H21 119.689 118.578 H16-C7-C10-C11 -0.098 -0.032 

C31-C33 1.389 1.395 C13-C14-C11 121.048 120.442 C4-C8-C9-C10 3.761 0.009 

C31-H34 1.086 1.100 C13-C14-H22 119.317 118.580 C4-C8-C9-C15 -177.992 -179.920 

C32-C35 1.394 1.395 C15-C14-H22 119.634 120.977 C24-C8-C9-C10 -175.215 179.913 

C32-H36 1.085 1.100 C9-C15-C14 121.158 120.764 C24-C8-C9-C15 3.033 -0.016 

C33-C37 1.405 1.395 C9-C15-H23 118.799 118.073 C4-C8-C24-O25 129.436 126.861 

C33-H38 1.083 1.100 C14-C15-H23 120.017 121.163 C4-C8-C24-C26 -54.308 -0.002 

C35-C37 1.406 1.395 C8-C24-O25 121.120 91.051 C9-C8-C24-O25 -51.586 -53.045 

C35-H39 1.083 1.100 C8-C24-C26 117.575 115.550 C9-C8-C24-C26 124.670 -179.908 

C37-O40 1.384 1.430 O25-C24-C26 121.196 122.225 C8-C9-C10-C7 -1.682 0.115 

O40-C41 1.464 1.430 C33-C37-C35 119.926 119.994 H22-C14-C15-C9 -179.569 -179.937 

C41-H42 1.098 1.070 C33-C37-O40 115.735 120.003 H22-C14-C15-H23 -1.448 0.075 

C41-H43 1.098 1.070 C35-C37-O40 124.339 120.003 C8-C24-C26-C27 -0.860 -76.523 

C41-C44 1.519 1.540 C37-O40-C41 119.699 120.000 C8-C24-C26-C28 -179.254 163.478 

C44-H45 1.094 1.070 O40-C41-H42 109.268 109.471 O25-C24-C26-H27 175.393 174.490 

C44-H46 1.096 1.070 O40-C41-H43 109.305 109.471 O25-C24-C26-C28 -3.001 54.490 

C44-H47 1.094 1.070 C40-C41-C44 106.690 109.471 C24-C26-C28-H29 -1.574 4.367 
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Table 7.2 Vibrational assignments of (2E)-1-(anthracene-9-yl)-3-(4-ethoxyphenyl) 

prop-2-en-1-one using B3LYP method and 6-31G, 6-31G (d,p) basis sets 

Modes 

Observed 

wavenumbers (cm
-1

) 

Calculated 

wavenumber (cm
-1

) 
Vibrational assignments 

(% PED) 
FT-IR 

FT-

Raman 

B3LYP/ 

6-31G 

B3LYP/ 

6-31G 

(d,p) 

1  3060 3065 3062 CH(98)  

2 3050  3055 3051  CH(98) 

3   3045 3043  CH(98) 

4   3038 3036  CH(98) 

5   3032 3029  CH(97) 

6   3025 3022  CH(98) 

7   3017 3015  CH(99) 

8   3010 3007  CH(98) 

9 3000  3002 2999  CH(98) 

10   2986 2982  CH(97) 

11   2978 2975  CH(98) 

12   2971 2966  CH(99) 

13   2960 2957  CH(98) 

14   2948 2945  CH(98) 

15   2940 2936  CH(98) 

16   2928 2925 ass CH3 (96) 

17   2920 2918 ass CH3 (96) 

18   2910 2907 ss CH3 (96) 

19   2898 2896 ass CH2 (98) 

20   2889 2887 ss CH2 (98) 

21  1580 1585 1581 CO(69),CC(20), CH(10) 

22   1571 1566 CC(68), CH(22) 

23  1565 1560 1557 CC(68), CH(22) 

24   1549 1545 CC(72), CO(12),CH(10) 

25   1531 1528 CC(70), CH(23) 
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26  1515 1518 1516 CC(72), CH(20) 

27   1489 1487 CC(72), CH(22) 

28   1471 1469 CH(68), CC(22) 

29 1443  1445 1442 CH(69), CC(22), SCICH2(21) 

30 1313 1435 1440 1438 CH(68), SCICH2(21) 

31   1433 1431 SCICH2(83) 

32 1424  1429 1425 CC(70), CH(13) 

33   1420 1417 OPB CH3 (69), SCICH2(13) 

34  1408 1415 1410 IPB CH3 (74) 

35   1406 1401 CH(69), CC(14) 

36   1392 1390 CH(69), CC(14) 

37 1387  1388 1385 CC(72),CH(16), 

38   1366 1362 CC(74),CH(12) 

39 1356 1355 1358 1355 SB CH3 (71), rockCH2(10) 

40   1340 1337 CH(68), CC(18) 

41  1325 1327 1325 CH(72), CC(14) 

42 1313  1315 1312 rockCH2(68), SB CH3 (13) 

43  1294 1289 1288 CC(67), CO(13) , CH(10) 

44   1273 1270 CH(67), CC(18),  CO(10) 

45 1257 1259 1260 1258 CC(69), CH(16) 

46   1225 1221 CC(68), CH(18) 

47 1174 1216 1179 1175 CH(68), CC(16) 

48   1160 1158 CH(68), CC(15) 

49  1173 1145 1141 CC(68), CH(12) 

50   1131 1129 OPRCH3 (76), CH2 (13) 

51 1116  1120 1118 CO(60), CH(18) 

52  1109 1091 1089 CC(66), CH(16) 

53   1078 1075 CH(68), CC(18) 

54   1060 1059 CC(68),CH(18) 

55 1041  1043 1040 CH(65), CC(20) 

56   1040 1036 CH(66), CC(18) 
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57  1033 1033 1032 CH(65), CC(21) 

58   1030 1027 CC(66),CH(18) 

59   1024 1020 ipr CH3 (74), rockCH2(12) 

60 1012 1013 1015 1012 CC(66), CH(18) 

61   1007 1001 CO(62), CH(13) 

62 985  989 986 CC(63), CH(16) 

63   980 979 CC(63), CH(18) 

64 970 970 973 970 CC(66), CO(18), CH(10) 

65   958 953 CC(68), CO(20) 

66   943 941 CC(68), CH(18) 

67   939 935 CC(66), CH(16) 

68   934 930 CH(58) 

69   930 928 CC(66), CH(13) 

70   926 923 CH(58) 

71 918  924 918 CH(59) 

72   905 903 CC(67), CO(14) 

73 890  896 892 CH(59) 

74  880 885 881 CH(60) 

75   870 867 CH(60) 

76 846  849 845 CH(62) 

77   825 823 CC(60), CH(16) 

78 816  818 815 CC(70), CO(12) 

79   810 809 CH(69) 

80   806 804 CC(61), CO(12) 

81 798 800 802 799 CH(67) 

82   788 785 CH(68) 

83   784 779 ring(58) 

84   775 771 CH(66) 

85 765  770 765 ring(58) 

86   758 752 wagCH2(65) 

87   745 741 CH(68) 
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88 734 732 735 733 CH(68) 

89   734 729 CO(57) 

90   728 722 CC(66) 

91   718 715 CH(67) 

92   707 703 CC(59) 

93 696  697 695 CC(60) 

94   682 681 ring(52) 

95 669  673 670 CO(58) 

96   661 657 CC(52) 

97 643  648 645 ring(62) 

98   636 632 ring(63) 

99 623  628 625 ring(63) 

100   615 613 ring(63) 

101 599 600 600 597 ring(62) 

102   575 571 CO(58) 

103 557 557 559 555 CO(53) 

104 530  535 521 CC(52) 

105   520 519 CC(53) 

106   500 497 ring(52) 

107   474 470 CC(59) 

108 456 450 455 451 ring(50) 

109   439 436 ring(57) 

110 436  431 427 ring(51) 

111   420 418 ring(58) 

112  400 406 401 ring(57) 

113   388 385 ring(57) 

114   360 361 ring(52) 

115   338 334 CC(58) 

116   304 301 ring(58) 

117  280 285 282 CC(51) 

118   275 271 Butterfly(55) 
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119   260 258 CC(50) 

120   241 239 CC(51) 

121   228 226 CC(58) 

122   202 199 CH3(68) 

123  190 194 192 Butterfly(55) 

124   163 160 ring(51) 

125   150 149 CH2(66) 

126  120 125 121 ring(52) 

127   120 117 ring(51) 

128   105 103 ring(53) 

129   98 95 ring(51) 

130  82 82 80 ring(52) 

131   65 62 ring(52) 

132   45 40 ring(51) 

133   34 29 ring(51) 

134   20 17 ring(50) 

135   15 10 ring(50) 

-stretching, νsym-sym stretching, νasym-asym stretching, δ-in-plane bending, γ-out-of-

plane bending, -scissoring, -wagging, -rocking, η-twisting. 
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Table 7.3 Mulliken atomic charges for (2E)-1-(anthracene-9-yl)-3-(4-ethoxyphenyl) 

prop-2-en-1-one by B3LYP/ 6-31G, 6-31G (d,p) level of theory 

Atom 

Numbering 

Charge 
Atom 

Numbering 

Charge 

B3LYP/ 

6-31 G 

B3LYP/ 

6-31 G (d,p) 

B3LYP/ 

6-31 G 

B3LYP/ 

6-31 G (d,p) 

C1 -0.13 -0.10 O25 -0.45 -0.49 

C2 -0.15 -0.12 C26 -0.14 -0.16 

C3 0.06 0.11 H27 0.14 0.09 

C4 0.05 0.08 C28 -0.13 -0.08 

C5 -0.15 -0.14 H29 0.17 0.12 

C6 -0.13 -0.10 C30 0.09 0.13 

C7 -0.22 -0.20 C31 -0.17 -0.13 

C8 -0.04 -0.05 C32 -0.15 -0.13 

C9 0.05 0.08 C33 -0.13 -0.12 

C10 0.06 0.11 H34 0.14 0.10 

C11 -0.15 -0.12 C35 -0.14 -0.13 

H12 0.13 0.08 H36 0.14 0.09 

C13 -0.13 -0.09 C37 0.30 0.36 

C14 -0.13 -0.10 H38 0.15 0.10 

C15 -0.13 -0.12 H39 0.14 0.09 

H16 0.13 0.08 O40 -0.56 -0.52 

H17 0.13 0.09 C41 -0.02 0.05 

H18 0.13 0.09 H42 0.15 0.11 

H19 0.15 0.10 H43 0.15 0.11 

H20 0.13 0.09 C44 -0.41 -0.34 

H21 0.13 0.09 H45 0.16 0.13 

H22 0.13 0.09 H46 0.14 0.11 

H23 0.17 0.12 H47 0.16 0.13 

C24 0.22 0.32    
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Table 7.4 Second order perturbation theory analysis of Fock matrix in NBO basis 

corresponding to intra molecular bands of (2E)-1-(anthracene-9-yl)-3-(4-

ethoxyphenyl) prop-2-en-1-one 

Donor Acceptor 
E(2)(kcal/mol) E(J)-E(i) (a.u) F(ij) (a.u) 

BMP BMP BMP 

 (2) O25 *(2) C8-C9 2.8 0.68 0.043 

 (2) O25 *(1) C8-C24 8.82 1.08 0.088 

 (2) O25 *(1) C14-C15 0.58 1.42 0.026 

 (2) O25 *( 2) C14-C15 1.02 0.71 0.025 

 (2) O25 *(1) C24-C26 19.57 1.06 0.13 

 (2) O25 *(1) C26-H27 0.57 1.19 0.023 

 (2) O40 *(1) C33-C 37 3.02 1.4 0.058 

 (2) O40 *(1) C 35-C 37 8.4 1.4 0.097 

 (2) O40 *(2) C 35-C 37 1.16 0.72 0.028 

 (2) O40 *(1) C41-H 42 7.65 1.31 0.09 

 (2) O40 *(1) C41-H 43 1.49 1.31 0.04 

 (2) O40 *(1) C41-C 44 0.92 1.17 0.029 

 (2) O40 *(1) C33-C37 3.8 1.51 0.068 

 (2) O40 *(2) C35-C37 8.35 0.83 0.081 

 (2) O40 *(1) C41-H43 5.56 1.42 0.08 

 (2) O40 *(1) C41-C44 1.03 1.28 0.033 

  (1) C1-C2 *(1) C6-H20 2.28 1.66 0.055 

  (2) C3-C4 *(2) C8-C9 44.72 0.45 0.129 

  (2) C1-C2 *(2) C3-C4 24.47 0.49 0.107 

  (1) C2-H18 *(1) C3-C4 5.13 1.51 0.079 

  (2) C3-C4 *(1) C2-C3 4.11 1.68 0.074 

  (2) C4-C5 *(1) C6-H20 3.18 1.59 0.064 

  (2) C30-C32 *(1) C26-C28 1.2 0.92 0.032 

  (2) C30C32 *(2) C 35-C 37 37.8 0.49 0.122 

a E(2) means energy of hyperconjugative interactions (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. 



249 

Table 7.5 NBO analysis of bonding and antibonding orbit of (2E)-1-(anthracene-9-

yl)-3-(4-ethoxyphenyl) prop-2-en-1-one  

Band (A-B) ED/Energy (a.u.) ED % ED % NBO S(%) P(%) 

 C1-C2 1.98066 49.84 50.16 0.7060 SP
(1.73)

 36.64 63.36 

        0.7082  SP
(1.71)

 36.96 63.04 

 C2-C3 1.97394 48.47 51.53 0.6962  SP
(1.97)

 33.65 66.35 

        0.7179 SP 
(2.02)

 33.1 66.9 

 C4-C5 1.97022 51.74 48.26 0.7193 SP
(2.04)

 32.9 67.1 

        0.6947 SP
(2.11)

 32.15 67.85 

 C7-C10 1.97451 48.7 51.3 0.6978 SP
(1.82)

 35.4 64.6 

        0.7163 SP
(1.9)

 34.51 65.49 

 C8-C24 1.97312 51.47 48.53 0.7174SP
(2.66)

 27.31 72.69 

        0.6966 SP
(2.16)

 31.63 68.37 

 C9-C15 1.97195 51.85 48.15 0.7201 SP 
(2.04)

 32.91 67.09 

        0.6939 SP 
(2.03)

 32.98 67.02 

 C13-C14 1.97925 50.16 49.84 0.7083 SP
(1.94)

 34.04 65.96 

        0.7060 SP
(1.97)

 33.69 66.31 

 C24-O25 1.99274 34.52 65.48 0.5875 SP
(2.38)

 29.56 70.44 

        0.8092 SP
(1.68)

 37.29 62.71 

 C28-C30 1.98055 50.6 49.4 0.7113  SP
(2.53)

 28.32 71.68 

        0.7029  SP
(3.21)

 23.78 76.22 

 C35-C37 1.97967 50.28 49.72 0.7091 SP
 (1.87)

 34.79 65.21 

        0.7051 SP
(1.66)

 37.56 62.44 

 C37-O40 1.99005 33.04 66.96 0.5748 SP 
(3.14)

 24.36 75.64 

        0.8183 SP 
(2.33)

 30.03 69.97 

 O40-C41 1.98638 30.64 30.64 0.8329 SP
 (2.32)

 30.11 69.89 

        0.5535 SP 
(4)

 20.02 79.98 

 C41-C44 1.98962 50.54 49.46 0.7109 SP
(2.55)

 29.13 71.87 

        0.7033 SP
(2.9)

 25.67 74.33 
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Table 7.6  HOMO-LUMO energies for (2E)-1-(Anthracene-9-yl)-3-(4-ethoxyphenyl) 

prop-2-en-1-one using B3LYP/6-31G (d,p) method 

Energy 

(eV) 

Energy 

gap  

(eV) 

Ionisation 

potential 

(I) 

Electron 

affinity 

(A) 

Global 

hardness 

() 

Electron 

negativity 

() 

Global 

softness 

() 

Chemical 

potensial 

() 

Global 

Electroplicity 

() 

5.2966 
3.1197 0.19465 0.08 0.11465 0.1373 8.7222 -0.1373 0.0822 

2.1769 

5.8787 
4.3785 0.21604 0.05513 0.16091 0.1356 6.2146 -0.1356 0.05713 

1.5002 

6.4559 
6.1495 0.23725 0.01126 0.22599 0.1242 4.4249 -0.1242 0.03413 

0.3064 

 

Table 7.7 Fukui function (fi+, fi-, ∆f) for (2E)-1-(anthracene-9-yl)-3-(4-

ethoxyphenyl) prop-2-en-1-one 

Atoms 
Natural atomic charges Fukui functions(eV) Electro 

-philicity 

Nucleo 

-philicity qN qN+1 qN+1 F0 F+ F- 

C1 -0.207 -0.129 -0.112 -0.094 0.077 -0.008 0.086 -0.086 

C2 -0.163 -0.168 -0.125 -0.038 -0.005 -0.021 0.017 -0.17 

C3 -0.035 0.101 0.078 -0.113 0.136 0.011 0.124 -0.124 

C4 -0.127 -0.049 0.011 -0.138 0.078 -0.030 0.108 -0.108 

C5 -0.094 -0.025 -0.041 -0.053 0.069 0.008 0.061 -0.061 

C6 -0.267 -0.217 -0.171 -0.097 0.050 -0.023 0.073 -0.073 

C7 -0.188 -0.256 -0.166 -0.022 -0.067 -0.045 -0.023 0.023 

C8 -0.103 -0.090 -0.095 -0.007 0.013 0.003 0.010 -0.01 

C9 -0.073 0.030 0.076 -0.149 0.103 -0.023 0.126 -0.126 

C10 -0.039 0.088 0.068 -0.106 0.127 0.010 0.117 -0.117 

C11 -0.170 -0.167 -0.129 -0.041 0.003 -0.019 0.022 -0.022 

H12 0.208 0.091 0.179 0.028 -0.116 -0.044 -0.072 0.072 

C13 -0.206 -0.135 -0.117 -0.089 0.070 -0.009 0.080 -0.08 

C14 -0.237 -0.166 -0.130 -0.107 0.071 -0.018 0.089 -0.089 

C15 -0.088 -0.082 -0.075 -0.013 0.007 -0.003 0.010 -0.01 

H16 0.218 0.085 0.196 0.022 -0.133 -0.056 -0.078 0.078 

H17 0.197 0.078 0.183 0.014 -0.120 -0.053 -0.067 0.067 

H18 0.210 0.088 0.184 0.026 -0.122 -0.048 -0.074 0.074 

H19 0.255 0.141 0.179 0.077 -0.115 -0.019 -0.096 0.096 

H20 0.197 0.084 0.180 0.017 -0.113 -0.048 -0.065 0.065 

H21 0.198 0.081 0.181 0.017 -0.118 -0.050 -0.067 0.067 
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H22 0.197 0.084 0.182 0.015 -0.113 -0.049 -0.064 0.064 

H23 0.237 0.154 0.190 0.047 -0.083 -0.018 -0.065 0.065 

C24 0.423 0.252 0.332 0.091 -0.171 -0.040 -0.131 0.131 

O25 -0.481 -0.499 -0.338 -0.143 -0.018 -0.080 0.062 -0.062 

C26 -0.334 -0.232 -0.238 -0.096 0.102 0.003 0.099 -0.099 

H27 0.241 0.103 0.224 0.017 -0.138 -0.061 -0.077 0.077 

C28 -0.024 -0.197 -0.066 0.043 -0.173 -0.065 -0.108 0.108 

H29 0.232 0.100 0.207 0.025 -0.131 -0.053 -0.078 0.078 

C30 -0.057 0.064 0.047 -0.105 0.122 0.009 0.113 -0.113 

C31 -0.214 -0.187 -0.174 -0.040 0.027 -0.006 0.034 -0.034 

C32 -0.216 -0.188 -0.177 -0.039 0.028 -0.006 0.033 -0.033 

C33 -0.201 -0.121 -0.107 -0.094 0.080 -0.007 0.087 -0.087 

H34 0.238 0.136 0.160 0.078 -0.102 -0.012 -0.090 0.09 

C35 -0.202 -0.122 -0.107 -0.095 0.080 -0.007 0.087 -0.085 

H36 0.224 0.126 0.150 0.074 -0.097 -0.012 -0.085 0.085 

C37 0.361 0.249 0.272 0.090 -0.112 -0.011 -0.101 0.101 

H38 0.236 0.110 0.170 0.066 -0.125 -0.030 -0.096 0.096 

H39 0.230 0.107 0.166 0.064 -0.123 -0.030 -0.093 0.093 

O40 -0.766 -0.585 -0.560 -0.206 0.181 -0.012 0.193 -0.193 

C41 0.032 0.010 -0.020 0.052 -0.023 0.015 -0.037 0.037 

H42 0.151 0.121 0.134 0.017 -0.030 -0.006 -0.023 0.023 

H43 0.154 0.125 0.133 0.021 -0.029 -0.004 -0.025 0.025 

C44 -0.452 -0.409 -0.406 -0.046 0.044 -0.001 0.045 -0.045 

H45 0.176 0.146 0.164 0.012 -0.030 -0.009 -0.021 0.021 

H46 0.153 0.122 0.147 0.007 -0.031 -0.012 -0.019 0.019 

H47 0.173 0.145 0.160 0.013 -0.028 -0.008 -0.020 0.02 

 

Table 7.8 Topological parameters for intramolecular interactions in compound 

electron density (BCP), Laplacian of electron density (V
2 

BCP), electron kinetic 

energy density (GBCP), electron potential energy density (VBCP), total electron energy 

density (HBCP), Hydrogen bond energy (EHB) at bond critical point(BCP) for (2E)-1-

(anthracene-9-yl)-3-(4-ethoxyphenyl) prop-2-en-1-one 

 

Interactions BCP 
2
BCP GBCP VBCP HBCP EHB 

H23….C26 

H19….O25 

0.0154 

0.0127 

0.0726 

0.0455 

0.0159 

0.0102 

-0.0136 

-0.0089 

-0.0023 

0.0012 

-0.0068 

-0.0049 



252 

Table 7.9 Binding affinity for docking in (2E)-1-(anthracene-9-yl)-3-(4-ethoxyphenyl) prop-2-en-1-one 

Drug Protein 
Type of 

activity 

Binding 

affinity 

(kcal/mol) 

Etimated 

inhibition 

constant Ki 

(µM) 

Bonded 

residues 
Nature of bond 

Bond 

distance 

(Å) 

RMSD 

(2
E

)-
1
-(

A
n
th

ra
ce

n
e-

9
-Y

l)
-3

-(
4

-e
th

o
x
y
p
h
en

y
l)

 p
ro

p
-2

-e
n
-1

-o
n
e 

4NGR Anticancer 

-5.98 41.02 TYR A: 277 
Carbon-

Hydrogen bond 
2.71 46.819 

-5.5 93.22 THR A:269 van der waals 2.15 48.225 

-5.17 162.63 TYR A: 279 
Pi-donor 

hydrogen bond 
3.24 47.206 

-5 217.31 THR A:269 van der waals 4.01 47.159 

-4.43 561.81 TYR A:272 -p stacked 4.16 66.425 

-4.2 834.57 TYR A:272 -p stacked 4.49 31.124 

-4.08 1.03 (mM) ALA A: 278 Pi-alkyl 4.1 66.658 

4D8S Anticancer 

-6.7 12.3 CYS A: 129 Pi-Sulfur 3.65 35.313 

-6.07 35.68 VAL A: 163 Alkyl 4.75 45.9 

-5.9 47.14 LEU A: 4120 Alkyl 4.55 14.131 

-5.81 55.33 CYS A: 447 Pi-alkyl 4.23 46.29 

-5.23 147.57 VAL A: 449 van der waals 5.45 5.785 

-5.15 167.05 VAL A:419 Alkyl 4.8 24.661 

-5.06 196.84 CYS A: 129 Pi-Sulfur 6.54 30.141 

-4.3 701.04 ALA A: 98 Pi-alkyl 4.94 7.466 

5T6S Antiviral 
-4.11 964.52 ASN A: 133 van der waals 2.71 282.655 

-3.99 1.2 (mM) MET A: 151 van der waals 3.02 268.727 
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-3.75 1.79 (mM) ARG Al 141 Pi-cation 3.46 258.241 

-3.62 2.24 (mM) ARG A: 141 Pi-cation 3.94 274.112 

-3.36 3.47 (mM) ALA A: 135 van der waals 4.02 282.169 

-3.22 4.35 (mM) ALA A: 149 
Carbon-

Hydrogen bond 
4.36 257.795 

-3.02 6.06 (mM) ALA A: 149 
Carbon-

Hydrogen bond 
4.86 279.965 

5T6N Antiviral 

-5.69 67.22 TRP A: 234 p-p stacked 3.74 59.851 

-5.32 127.03 TRP A: 234 p-p stacked 3.82 59.328 

-5.18 160.76 ASP A: 104 van der waals 3.24 60.614 

-3.59 2.35  (mM) TRP A: 234 -p stacked 3.52 86.7 

-3.52 2.65 (mM) PRO A: 103 van der waals 4.36 100.194 
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CHAPTER – 8 

 

Vibrational studies, Reduced Density Gradient and 

molecular docking studies of (2E)- 1-(anthracene-9-yl) -3-

(biphenyl-4-yl) prop-2-en-1-one 

 

8.1 Introduction 

 Anthracene is a polycyclic aromatic hydrocarbon (PAH), consisting of three fused 

benzene rings. It is a component of coal tar and is used in the production of red dye 

alizarin and other dyes. It is converted into anthraquinone, a precursor to dyes. It is 

colourless but exhibits a blue (400-500 nm peak) florescence under ultraviolet radiation. 

Anthracene derivatives have been extensively investigated in many fields such as, 

material chemistry, thermochromic chemistry and orgonic light emitting devices. It is 

used in optical, electronic and magnetic switches. In biological systems, anthracene 

skeletal compounds are useful for probing DNA cleavage. In medical field its derivatives 

act as a good anti-cancerous drug and they are carcinogenic to many living beings. It has 

a biological activity against L210 in vitro tumor cells [265]. Psedourea is anthracene-

based drugs tested in clinical trials [266] and it is very effective against specific skin 

aliments [267]. The planer, linear, three-ring system of the anthracene nucleus has 

potential for overlapping with the DNA base pairs [268]. It absorbs moderately in the 

near UV region and gives florescence quantum yields that are useful to monitor ligand to 

DNA by spectroscopic methods [269]. Binding studies of small molecules with 
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deoxyribonucleic acid (DNA) [270] and the investigations are going on the binding and 

interactions between small molecules and biomolecules, especially with DNA [271] are 

in progress. This will helpful for preventing and curing diseases [272]. Anthracene, the 

first material producing electroluminescence and along with its derivatives has still been 

attracting attention from the view point of its application and the basic science [273]. 

    Based on the literature survey, we have found that quantum chemical calculations, FT-

IR, FT-Raman spectroscopic studies, Topological analysis, Reduced density gradient 

(RDG) analysis and docking studies of (2E)-1-(anthracene -9-yl)-3-(biphenyl-4-yl)prop-

2-en-1-one (ANC2) have not been reported. Quantum chemical computational methods 

have proved to be an essential tool for interpreting and predicting the vibrational spectra. 

In addition, an attempt has been made to interpret the vibrational spectra of ANC2 

molecule, by applying density functional theory calculations based on Becke-3-Lee-

Yang-Parr (B3LYP) with 6-31G and 6-31G (d,p) basis sets. Furthermore, the HOMO-

LUMO and NBO analysis of ANC2 have been studied by B3LYP level with 6-31G (d,p) 

basis set implemented in the Gaussian 09 program suite [36]. The Reduced Density 

Gradient (RDG) analysis has been carried out to investigate the presence of Hydrogen 

bond, steric effect and Van der Waals interaction of the ANC2 molecule. Molecular 

docking studies have been carried out to evaluate the biological potential of the ANC2 

molecule. 
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8.2 Experimental details 

  (2E)-1-(anthracene -9-yl)-3-(biphenyl-4-yl)prop-2-en-1-one (ANC2) was 

synthesized as per the reported procedure. The FT-IR spectrum of the ANC2 molecule 

was recorded in the frequency region 4000-450 cm
-1 

at a resolution of on 1 cm
-1 

Perkin 

Elmer spectrometer equipped with an MCT detector, a KBr pellet technique and global 

source. The spectrum of FT-Raman of the ANC2 molecule has been recorded using the 

1064nm line of an Nd-YAG laser as excitation wavelength in the region of 4000-0 cm
-1 

BRUKER model interferometer. The reported wavenumbers are expected to be accurate 

within ± 1 resolution with 200 mW of power at the sample in both techniques.  

 

8.3 Computational details 

 The entire calculations were performed using Gaussian 09W [36] program 

package. Subsequently, the vibrations in association with the molecule were derived 

along with their IR intensity and Raman activity. By DFT calculations, the B3LYP/6-31G 

and HF/6-31G basis set can be used to predict the geometrical parameters and the 

vibrational assignments. The potential energy distributions (PEDs) are done with the help 

of (VEDA) [274] program and it is viewed by GaussView [78] program. The 

polarizability, hyper polarizability and dipole moments of ANC2 molecule have been 

calculated by the same method. The charge transfer within the molecule is explained by 

the HOMO-LUMO analysis. The global hardness (), global softness (), 

electronegativity (), and chemical potential () have been calculated using the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). 
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The NBO analysis was performed at the B3LYP/6-31G level by means of the NBO 3.1 

program within the Gaussian 09 W package [36] at DFT level in order to understand 

various second order interactions between the another subsystem, which is a measure of 

the intra molecular delocalization or hyper- conjugation. Reduced density gradient 

(RDG) analysis are calculated with the use of Multiwfn program [76] and plotted by 

visual molecule dynamics program (VMD) [77] Autodock 4.2 software [78] is used for 

molecular docking. The three-dimensional crystal structure of DNA was obtained from 

the Protein data bank PDB ID. Using Discovery studio visualize software, the ligand-

protein interaction was visualized. 

 

8.4 Result and discussion 

8.4.1 Molecular geometrical parameter 

 The optimized molecular structure of the ANC2 molecule was depicted in Fig.8.1. 

The experimental and calculated molecular geometrical parameters such as bond lengths, 

bond angles and dihedral angles are determined and presented in Table 8.1.  

 The C-C bond length of the anthracene ring falls in the range 1.335 to 1.501 Å 

[275]. Chandran et al [240] reported the bond length of anthracene are C7-C3, C2-C3, 

C2-C1, C1-C6, C4-C3, C8–C9, C9–C15, C9–C10, C14–C15, C14–C13, H23–C15, H22–

C14 are 1.3995 Å, 1.4322 Å, 1.3719 Å, 1.4231 Å, 1.4475 Å, 1.4344 Å, 1.4325 Å, 1.4488 

Å, 1.3781 Å, 1.4229 Å, 1.0798 Å, 1.0855 Å which are in good agreement with the ANC2 

molecule has 1.4/1.388 Å, 1.432/1.434 Å, 1.373/1.351 Å, 1.426/1.427 Å and 1.449/1.427 

Å, 1.424/1.403 Å, 1.436/1.439 Å, 1.45/1.428 Å, 1.375/ 1.353Å, 1.426/1.428 Å, 
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1.081/1.069 Å, 1.085/1.073 Å for HF/ B3LYP methods. For the ANC2 molecule, C26-

C28=1.335Å and C8-C24=1.501Å is the lower and higher bond length due to the 

presence of the neighboring C=O group. The C=O bond length (1.1988Å) given by DFT 

calculation agree with the reported literature values [276] and C=O has 1.258/1.227 Å 

obtained for the ANC2 molecule. The value of C1-H17, C6-H20, C13-H2, C14-H22, 

C33-H38, C35-H39, C41-H44, C42-H46, C43-H48, C45-H49, C47-H50 all the C-H bond 

has the bond length 1.085 for HFand1.073Å for B3LYP method.  

 The bond angle of anthracene for the ANC2 cmolecule C9-C8-C24, C9-C8-C4, 

C8-C9-C10, C15-C9-C10, C9-15-C14, C15-C14-C13 are 119.316°/119.275°, 

120.78°/120.471°, 119.173°/119.113°, 117.664°/117.511°, 121.077°/121.157°, 

120.994°/121.07°  which are in agreement with  Zilberg et al [277] observed as 123.0°, 

119.8°, 119.3°, 117.0°, 121.3°, 121.3° respectively. C3-C7-C10=121.683° / 121.893°, C7-

C3-C4 = 119.366°/119.335°, C2-C3-C4=119.273°/119.434°, C1-C2-C3 = 121.083° / 

121.12°, C2-C1-C6 = 119.93°/119.783° is the bond angle of anthracene for the ANC2 

molecule is close to Chandran et al [240] observed as 121.5°, 119.3°, 119.3°, 120.9° and 

120.1° for (E)-4-((anthracen-9-ylmethylene)amino)-N-carbamimidoyl benzene 

sulfonamide. The phenyl ring is tilted from prop -2-en-1-one which is concluded from the 

torsion angles C26-C28-C30-C31=178.77°/179.629° and C26-C28-C30-C32 = -1.262°/-

0.306°. The two phenyl rings are tilted as C33-C37-C40-C41= -136.507°/-144.455° and 

C33-C37-C40-C42 = 43.463°/35.49°. The comparative analysis of parameters associated 

with the structure was attained using DFT structural parameters are in good agreement 

with each other. 
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Fig.8.1 Optimized molecular structure of (2E)- 1-(anthracene-9-yl) -3-(biphenyl-4-

yl) prop-2-en-1-one 
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Fig. 8.2 Observed FT-IR and simulated spectra of (2E)- 1-(anthracene-9-yl) -3-

(biphenyl-4-yl) prop-2-en-1-one 
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Fig.8.3 Observed FT-Raman and simulated spectra of (2E)-1-(anthracene-9-yl)-3-

(biphenyl-4-yl) prop-2-en-1-one 
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8.4.2 Vibrational assignments 

 The detailed vibrational assignments of observed and calculated frequencies, 

normal mode descriptions have been reported in Table 8.2. The comparison between 

theoretical and experimental FT-IR and FT Raman of the ANC2 molecule are given in 

Figs. 8.2 and 8.3, respectively. The ANC2 molecule consists of 50 atoms with 144 

normal modes of vibrations. It is convenient to discuss the vibrational spectral regions for 

the basis set HF/6-31G and B3LYP/6-31G as described below. 

C-H vibrations 

 Aromatic compounds are commonly exhibit multiple week bonds in the region 

3100 - 3000 cm
-1 

[59] due to C-H stretching vibration. The C-H in-plane bending 

vibrations are observed in the region 1300-1000 cm
-1 

[59]. The C-H out -of -plane 

bending vibrations occurs in the region of 1000-700 cm
-1

[59].  

 In the present investigation, the band identified at 3051, 3029, 2919, 2851 cm
-1 

and 

3059 cm
-1 

are observed in FT-IR and FT-Raman spectrum respectively are assigned to C-

H stretching vibration. The computed values by HF/6-31G method are assigned in the 

range of 3060-2850 cm
-1

 and by B3LYP/6-31G are 3066-2854 cm
-1

 respectively. Pavithra 

et al [239] observed the C-H stretching vibration at 3186, 3166, 3158, 3117, 3113, 3111, 

3104, 3102 and 3085 cm
-1

 for IR spectrum for 2-[(Anthracene-9-ylmethylene)amino]-2-

methylpropane-1,3-diol. The C-H stretching modes are assigned by Renjith et al [278] at 

3088, 3081, 3069, 3048, 3045, 3041 cm
-1

 by theoretically and these bands are observed 

experimentally, at 3074 cm
-1

 for IR spectrum, 3075, 3062 cm
-1

 for Raman spectrum. 
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Mary et al [279] observes the CH stretching modes at 3024 cm
-1

 in the Raman spectrum 

and observed theoretically at 3077, 3022 cm
-1

. 

 The C-H in-plane bending vibrations are observed at 1224, 1206, 1187, 1150 cm
-1

 

for FT-IR and 1228, 1188, 1152 cm
-1

 for FT-Raman spectra for the ANC2 molecule. 

Kumar et al [280] assigned the in-plane C-H vibrations at 1439, 1250, 1215 and  

1153 cm
-1

. The C-H in-plane bending modes are appear near the band 1322, 1303, 1262, 

1202, 1194, 1172, 1154, 1054 and 1032 cm
-1 

by Pavithra et al [239]. Vatsal et al [281] 

observed the in-plane bending vibration at 1224, 1159, 1032, 1003 cm
-1

. In this work, the 

computed values for CH vibrations by HF/6-31G method predicted in the range of 

1675-1130 cm
-1 

 and for B3LYP/6-31G the range is 1635-1090 cm
-1

. 

 The C-H out -of -plane bending vibrations of our ANC2 molecule are observed at 

1020, 1004, 971, 964, 824 cm
-1 

for FT-IR spectrum and 998, 962, 883, 850, 834 cm
-1 

for 

FT-Raman spectrum. The computed values by HF/6-31G method are predicted in the 

range of 1075-820 cm
-1 

and for B3LYP/6-31G 1079-825 cm
-1 

respectively. Kumar et al 

[280] observed C-H out -of -plane bending vibrations at 960, 884 cm
-1

 in the IR spectrum 

and in the range 973-748 cm
-1

 theoretically. Alasalvar et al [241] assigned the C-H out-

of-plane bending modes are observed at 905, 841, 727 cm
-1 

and 924, 919, 863, 864, 841, 

817,813 cm
-1 

for FT-IR and FT-Raman spectrum. Pavithra et al [239] observed the C-H 

out-of-plane bending modes at 994, 989, 980, 975, 882, 864, 839, 770 cm
-1

. Vatsal et al 

[281] assigned the out-of plane bending vibration at 927, 945 and 740 cm
-1

. Mary et al 

[279] reported the out-of-plane C-H vibrations at 990, 978, 875 cm
-1

 in the IR spectrum, 

991, 877 cm
-1

 in the Raman spectrum and at 983, 981, 877, 869 cm
-1

 theoretically 
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observed.  Renjith et al [278] observed the γCH modes at 971, 960, 930, 846, 835, 827, 

825, 811 cm-1 (IR), at 966, 930, 811 cm
-1

 (Raman) and theoretically these modes are 

assigned at 983, 958, 956, 826, 823, 811 cm
-1

 

C-C vibrations 

 The C-C stretching vibration usually occurs in the region 1626-1285 cm
-1 

[282].  

Mary et al [279] observed the C-C bands for bis[(E)-Anthranyl-9-acrylic]anhydride 

theoretically at 1604, 1598 cm
-1

 and 1609, 1608 cm
-1

 in the IR and Raman spectrum. 

Alasalvar et al [241] observed at 1580, 1591 cm
-1

 and 1596 cm
-1

 in the IR and Raman 

spectrum and calculated values for N-(12-amino-9, 10- dihydro-9,10-ethanoanthracen-

11-yl)-4-methylbenzenesulfonamide at 1589, 1582, 1577, 1567, 1562 and 1522 cm
-1

. The 

FT-IR spectra are observed at 1771, 1446, 1154, 1132 cm
-1

 by Vatsal et al [281]. In the 

present study, the frequencies observed in the FT-IR spectrum at 1618, 1601, 1485, 1447, 

1408, 1386, 1350, 1288, 1264, 1117 cm
-1 

and 1602, 1485, 1413, 1359, 1282, 1255 cm
-1 

for FT-Raman are assigned to C-C stretching vibrations. The computed values by HF/6-

31G method are observed at 1662, 1657, 1643, 1624, 1618, 1602, 1567, 1486, 1471, 

1415, 1407, 1392,1385,1360,1351, 1304, 1285, 1280, 1262, 1253, 1136, 1123, 1115 cm
-1

 

and for B3LYP/6-31G the wave numbers are1666, 1662, 1648, 1627, 1622, 1609, 1575, 

1492, 1475, 1420, 1414,1395, 1389,1364, 1356, 1309,1289, 1285, 1266, 1260,1174, 

1140 cm
-1

. 

 The observed C-C-C out of plane bending vibrations for the ANC2 molecule 

reported at 503 cm
-1

 in IR and 500, 175, 75,68 cm
-1 

in Raman spectrum. It is calculated 

by HF/6-31G method at 383, 365, 321, 269, 245, 223, 209, 193, 186, 179, 174, 160, 75, 
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70, 67, 20, 12 cm
-1

 and for B3LYP/6-31G are 387, 368, 325, 270, 248, 225, 210, 195, 

188, 181, 176, 164, 77, 73, 70, 24, 10 cm
-1

 respectively.   

C-O vibration 

 The C-O stretching vibrations occur in the region 1260-1000 cm
-1 

[239]. In our 

present work, the C=O stretching vibrations are assigned at 730 cm
-1 

near 1650-1400 cm
-1 

in FT-Raman spectrum. According to literature [283], the C=O vibration is occurred at 

the lower region by the inflation of other vibrations. In this work, the calculated C=O 

stretching vibrations are 1675, 1624 cm
-1 

and 1679, 1627 cm
-1

. Vatsal et al [281] 

observed C-O band experimental and theoretically at 1702 and 1675 cm
-1

. 1665,  

1607 cm
-1

 are C-O stretching modes observed theoretically and experimentally observed 

at 1674, 1609 cm
-1

 (IR) and 1671, 1609 cm
-1

 (Raman) by Renjith et al [278]. C=O 

stretching vibrations reported by Joseph et al [285] at 1669, 1600 cm
-1

 in the IR spectrum 

for 1-(4-methoxyphenyl)-4-methylanthraquinone. 

Ring modes 

  The ring modes are usually appears in IR and weak or absent in Raman spectrum 

For the ANC2 compound, in IR spectra, the in- plane bending ring modes occurs at 724 

and 666 cm
-1

 and out-of-plane bending ring mode occurs at 789, 764, 550, 523 and 454 

cm
-1

. The ring modes are calculated by HF/6-31G method at 943, 921, 899, 893, 855, 

819, 812, 725, 714, 706, 690, 681, 665, 602 cm
-1

 and by B3LYP/6-31G method are 945, 

925, 903, 896, 859, 823, 815, 717, 710, 708, 692, 683, 668, 605 cm
-1

. The ring modes are 

calculated by HF/6-31G method at 795, 790, 785, 780, 765, 598, 575, 551, 536, 525, 441, 

453, 425, 300, 103 and 799, 794, 788, 783, 767, 601, 578, 555, 540, 529, 445, 458, 428, 
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304, 128 cm
-1 

by B3LYP/6-31G method. The observed values at 523, 503, 454 and 705, 

600 cm
-1 

in FT-IR and Raman spectrum are assigned to ring in-plane bending vibrations. 

Joseph et al [285] observed the Raman Spectra at 234 and 383 cm
-1

 by theoretically and 

experimentally at 230 and 385 cm
-1

.  

 

8.5 Mulliken atomic charges 

 The Mulliken atomic charges calculation [286] has an important role in the 

application of quantum mechanical calculation to molecular system. Atomic charges are 

very important because they affect its dipole moment, molecular polarizability, electronic 

structure and more properties of molecular systems. Mulliken atomic charges are 

calculated by the HF, B3LYP/6-31G methods are presented in Table 8.3 and calculated 

atomic charges of the graph is shown in Fig.8.4. It is worthy to mention that the Mulliken 

atomic charges of C24 (=0.22/0.43) atom occupies the highest positive value and high 

acidic presentation and O25 (=-0.44/-0.56), C26 (=-0.44/-0.27) has the negative value 

and has electro negativity. H12=0.13/0.21, H19=0.15/0.23, H20=0.13/0.29, 

H23=0.17/0.25 are some positive values of the ANC2 molecule. Atoms like C1, C3, C10, 

H27, C30, H29, C45, H48 having both positive and negative charges. Distribution of 

positive and negative charges is vital to increasing or decreasing bond length between the 

atoms. 

 

8.6 Frontier molecular orbitals 

 The analysis of the wave function indicates that the electron absorption 

corresponds to a transition from the ground to the first excited state and is mainly 
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described by one electron excitation from HOMO to LUMO. Both HOMO and LUMO 

are the main orbital taking part in chemical reaction. The HOMO energy characterizes the 

capability of electron giving; LUMO characterizes the capability of electron accepting 

[287]. The frontier orbital gap helps to characterize the chemical reactivity, optical 

polarizability and chemical hardness-softness of a molecule [209]. The aromatic orbital 

components of the frontier molecular orbitals are calculated by using B3LYP/6-31G 

levels of density functional theory shown in Fig.8.5.   

 The chemical hardness and softness of a molecule indicates the chemical stability 

of it. From the HOMO-LUMO energy gap, one can find whether the molecule is hard or 

soft. If the molecule having large energy gap it shows it is hard and having a small energy 

gap it is soft. Soft molecules have more polarizable than the hard one. The energy gap 

(eV), Ionization potential (I), Electron affinity (A), Global hardness (), Electron 

negativity (), Global softness (), Chemical potential (µ), Global Electrophilic index () 

of the ANC2 molecule has been calculated and tabulated in Table 8.4. For the ANC2 

molecule, EHOMO = -5.3595 eV, ELUMO = -0.9812 eV, Ionization potential (I) =5.3595 eV, 

Electron affinity (A) = 0.9812 eV, Global hardness () = 2.1892 eV, Softness () = 

0.4568 eV, Chemical potential () = 3.1703 eV, Electrophilic index () = 2.2955 eV. It is 

seen that the chemical potential of the ANC2 molecule are negative and it means that the 

compound is stable. 
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Fig. 8.4 Mulliken atomic charges for (2E)- 1-(anthracene-9-yl) -3-(biphenyl-4-yl) 

prop-2-en-one 
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Fig.8.5 Patterns of the principle highest occupied and lowest unoccupied molecular 

orbital of (2E)-1-(anthracene-9-yl)-3-(biphenyl-4-yl) prop-2-en-1-one 
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8.7 Natural bond orbital analysis 

 Natural bond orbital analysis gives information about the interaction in both filled 

and virtual orbital spaces that could enhance the analysis of inter and intramolecular 

interactions. NBO calculations of ANC2 molecule are performed using NBO 3.1 program 

[288] as implemented in the Gaussian 09 package Delocalization of the electron density 

between occupied Lewis type (bond (or) lone pair) NBO orbitals and formally 

unoccupied (antibond (or) Rydberg) non- Lewis NBO orbitals corresponding to a 

stabilizing donor- acceptor interaction. The energy of this interaction can be estimated by 

the second order perturbation theory. Table 8.5, lists the calculated second order 

interaction energies E
(2) 

between the donor-acceptor orbitals in the ANC2 molecules. The 

important interaction energies are 1.43, 2.68, 7.23, 0.03, 0.52 kcal/mol for the title 

molecule. These values are identified at LP (2) donor NBOs and their corresponding 

acceptors NBOs are BD*(1) C4-C8, BD*(2) C8-C9, BD*(1) C8-C24, BD*(2) C14-C15, 

B D * ( 1 ) C 2 4 - C 2 5 ,  B D * ( 1 ) C 2 4 - C 2 6 ,  B D * ( 1 ) C 2 6 - C 2 7 ,  r e s p e c t i v e l y .   

 In Table 8.6,  (C26-C28) orbital with 1.98666 electrons has 50.97% C26 

character in a sp
2.6 

hybrid and has 49.03 % C28 character in a SP
1.76

 hybrid. For  (C33-

C37), the sp
1.83

 hybrid on C33 has 49.78% p character and the sp
1.71 

hybrid on C37 has 

50.22% p character for the ANC2 molecule. For  (C30-C32) orbital with 1.97886 

electrons has 50.23 % C30 character in a sp
1.63 

hybrid and 49.77 % C32 character in a 

sp
1.85

 hybrid. For  (C30-C31) orbital with 1.96978 electrons has 50.17% C30 character 

in a sp
1.8 

hybrid and 49.83 % C31 character in a sp
1.83

 hybrid. The coefficients 0.7140, 
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0.7002, 0.7055, 0.7087, 0.7087, 0.7055, 0.7094, 0.7048 are called polarization coefficient 

of the ANC2 molecule. The size of these coefficients shows the importance of the two 

hybrids in the formation of the bond. In our ANC2 molecule, the carbon has large 

percentage of NBO and gives the large polarization coefficient because it has higher 

electronegativity. It is noted that the maximum occupancies 1.98096, 1.97624, 1.97111, 

1.98668, 1.97842, 1.97886, 1.96978, 1.97799. These values are found at BD(C1-C2), 

BD(C1-C6), BD(C8-C24),  BD(C26-C28), BD(C30-C31), BD(C30-C32), BD(C31-C33), 

BD(C33-C37) orbital respectively. 

 

8.8 Molecular electrostatic potential surface analysis 

 

 The molecular electrostatic potential (MEP) have been used for interpreting and 

predicting the reactive behavior of wide variety of chemical and nucleophilic reaction 

processes and hydrogen bonding interactions and in biological recognition process [289].  

 The plot of MEP surface of the ANC2 molecule calculated by DFT/B3LYP 

method is shown in Fig.8.6. It shows the computationally derived electrostatic potential 

and electrostatic point charges on its individual atoms. Different values of the 

electrostatic potential are represented by different colour. Red represents the regions of 

the most negative electrostatic potential and blue represents the regions of most positive 

electrostatic potential. Potential increases in the order of red < orange < yellow < green < 

blue. The colour grading of resulting surface simultaneously displays molecular size, 

shape and electrostatic potential value which are very useful in research of molecular 

structure with its physiochemical property relationship [290]. For the ANC2 molecule, it  
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Fig.8.6 Molecular electrostatic potential surfaces of (2E)-1-(anthracene-9-yl)-3-

(biphenyl-4-yl) prop-2-en-1-one 
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Fig.8.7 Plots of the RDG versus λ(2)ρ of (2E)- 1-(anthracene-9-yl)-3-(biphenyl-4-yl) 

prop-2-en-1-one 
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is easily represents that the regions having the most positive potential are the hydrogen 

atoms and the regions having the negative potential are over the electronegative atom ie 

oxygen atom. The most negative sites are near C=O group, the region having the most 

negative potential over the oxygen atom O25. The negative potential value is -7.02710
-2

 

indicate the strongest electrophilic attack. A most positive region localized around the 

hydrogen atoms. These sites give information about the region from where the compound 

can have intermolecular interactions. 

 

8.9 Reduced density gradient analysis 

 The reduced density gradient can be used to reveal the intermolecular, 

intramolecular and covalent interactions in real space based on the electron density. The 

spikes can be classified to three types as (i) large, negative values indicative of attractive 

interactions, such as dipole - dipole or H-bonding. (ii) Large and positive sign indicating 

nonbonding interaction, such as strong repulsion or steric effect in the ring and (iii) 

values near zero indicating very weak interactions, such as van der Waals interaction.  

Johnson et al [126] derived the methodology for reduced density gradient (RDG) from 

electron density as a dimensionless quantity and it was the first gradient found in the 

literature 

𝑅𝐷𝐺 =  (𝑟)  =
1

2(3)
1
3

∆(𝑟)

(𝑟)
4
3

 

 The plot (r) against 2 sign will help to understand the nature and strength of the 

interactions. The sign of 2, the second largest value of hessian matrix of electron density, 
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is used to find the nature of an interaction. If 2 0, for non-bonded and if 2 0 for 

bonded. The RDG iso-surface of the ANC2 molecule was drawn with isosurface value of 

0.5 as illustrated in Fig.8.7. The software utilized for plotting RDG surface is Multiwfn 

software and it was plotted by VMD program. The red color represents for steric effect, 

blue indicates stronger attraction and non-covalent or Van der Waals interaction 

represents by green color. A strong Van der Waals interaction took place between the 

carbon (C5, C24) and oxygen (O25) molecule and strong interaction between the 

hydrogen molecules in the anthracene ring.  

 

8.10 Fukui function  

 Fukui indices are, in short, reactivity indices they give us information concerning 

that atoms during a molecule have a large tendency to either loose or accept an electron, 

which we tend to chemist interpret as that are alot of susceptible to endure a nucleophilic 

or an electrophilic sites, respectively. The Fukui function is defined using finite 

differences of the electron density as [263].  

  𝑓= ( (r)/  (𝑁) )r     

where (r) is that the electronic density. N is the number of electrons and r is that the 

external potential exerted by the enzyme. Fukui Function (FF) is one of the wide useful 

local density functional descriptors to model chemical reactivity and selectivity. The 

Fukui Function may be a local reactivity descriptor that indicates the number of electron 

is modified. Therefore, it indicates the propensity of the electronic density to perform at a 
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given position upon accepting or donating electrons [291]. Also, it is possible to define 

the corresponding condensed or atomic Fukui Functions on the jth atom site as,  

  𝑓j 
+ 

= q(𝑁+1) –q𝑗(𝑁) 

                    𝑓j 
−
 = q(𝑁) – q𝑗(𝑁−1)                

                    𝑓j 
0 
= 1/2[q(𝑁+1) – q𝑗(𝑁−1)]        

wherever 𝑓 +,𝑓 −, 𝑓0
  are nucleophilic, electrophilic and free radical on the reference 

molecule, respectively. In these equations, qj is that the atomic charge (evaluated from 

Mulliken population, electrostatic derived charge, etc.) at the jth atomic site is the neutral 

(N), anionic (N+1) or (N-1) chemical species. Morell et al [292] have recently planned a 

dual descriptor (∆𝑓, which is defined as the difference between the nucleophilic and 

electrophilic Fukui function and is given by the equation,  

  ∆𝑓(r) = [𝑓+(r) −𝑓−(r)] 

∆f(r)>0, then the site is favored for a nucleophilic site, whereas if ∆f(r)<0, r then the site 

could also be favored for an electrophilic site. According to dual descriptor ∆f give a 

transparent distinction between nucleophilic and electrophilic attack at a particular site 

with their sign. That is they provide positive value prone for electrophilic sites. From 

Table 8.7, some of the nucleophilic sites for the ANC2 molecule are C5, H23, C8, H19 

and C15 are positive values i.e f(r) > 0 among them, the carbon in the anthracene ring is 

the highest positive value, C5 (has 0.0666) Similarly, the electrophilic sites are C28, C4, 

H29, C26 and H27 are some of negative values i.e f(r) < 0 and C28 has high negative 

value of -0.0425.  



277 

8.11 Atoms in molecules 

 According to the topological analysis of atoms in the molecule gives us more 

information about the presence of strong and weak hydrogen bonds in terms of 

Topological parameters for intramolecular interactions in compound electron density 

(BCP), Laplacian of electron density (V
2

BCP), electron kinetic energy density (GBCP), 

electron potential energy density (VBCP), total electron energy density (HBCP), Hydrogen 

bond energy (EHB) at bond critical point (BCP) [181].  

 AIM analysis was performed using Multiwfn package to contemplate the 

noncovalent interactions of the ANC2 molecule. According to the topological theory of 

AIM, the two neighbouring atoms are chemically bonded or those atoms have weak 

interactions that appear in the Bond Critical Point (BCP). The strong, medium, weak H-

bonds and their covalent, partially covalent and electrostatic nature can be denoted by 

(V2 BCP < 0 and HBCP < 0), (V2 BCP > 0 and HBCP < 0) and (V2 BCP > 0 and HBCP 

> 0) [233]. The topology analysis of the ANC2 molecule was carried out to (3,-1) bond 

critical points. The paths generated are pictured in Fig. 8.8. BCP and HBCP are Laplacian 

of electron density and total electron density at bond critical point respectively. From the 

Table 8.8, it can be seen that the all interaction of hydrogen bond for the ANC2 molecule 

having positive values of Laplacian of electron density ∇2ρ(r) > 0 and V(r) < 0, shows 

that they are intermediate closed-shell type hydrogen bond interactions. The strength of 

hydrogen bond can be also characterized by evaluating the hydrogen bonding energy 

(EHB). The negative value of EHB of hydrogen bonds designate the conformation of the 

hydrogen bonds is thermodynamically favoured 
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Fig.8.8 Molecular graph of (2E)-1-(anthracene-9-yl)-3-(biphenyl-4-yl)  

prop-2-en-1-one 
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8.12 Molecular docking studies 

 Molecular docking is an efficient tool to get an insight into ligand receptor 

interactions. The ANC2 compound can be used for treating ubiquinol, cancer and tumer.  

To explore the biological activity, molecular docking calculations were performed on 

AutoDock-Vina software [78] which makes use of the Lamarckian Genetic Algorithm 

(LGA) [293] required in the LGA, all water molecules were removed and the polar 

hydrogen atoms were added followed by the calculation of Gasteiger charges. The ligand 

was prepared for docking by minimizing its energy at B3LYP/6-31G level of theory. The  

ANC2 molecule (ligand) was docked into the active site of the protein 1SQB, 1NTM, 

2B7F and 1JH5 associated with ubiquinol, anticancer and antitumor activity. Torsion and 

rotatable bonds were defined. The active site of the enzyme was defined to include 

residues of the active site within the grid size of 60 Å ×60 Å×60 Å. The docking protocol 

was tested by removing co-crystallized inhibitor from the protein and then docking it at 

the same site. To evaluate the quality of docking results, the common way is to calculate 

the Root Mean Square Deviation (RMSD) between the docked pose and the known 

crystal structure confirmation. RMSD values up to 2 Å are considered reliable for the 

docking protein [220]. Amongst the docked conformations, the best scored conformation 

predicted by AutoDock scoring function was visualized for ligand-enzyme interactions in 

Discover Studio Visualizer 4.0 and pymol software. Surface view of the proteins with 

docked ligand embedded in the active site is shown in Fig.8.9. The binding energy 

(kcal/mol), inhibition constants (nm/μm), intermolecular energy (kcal/mol) and bonded 

residues were calculated and the results were tabulated in Table 8.9. 
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Antitumor 

 Interaction of antitumor protein 1JH5 shows the existence of many conventional 

bonds such as four van der waals bonds, one conventional hydrogen bond and one π-π 

stacked bond interaction with amino acid (LEU A: 361, ALA A: 364, ARG A: 398, ALA 

A: 263, CYS A: 313, TRP A: 395) with different binding energies (-4.99, -4.64, -4.29, -

4.06, -3.95, -3.86)kcal/mol, inhibition constants (218.12, 394.65(M), 717.09(M), 

1.06(mM), 1.26(mM), -3.85(mM)) and RMSD values are (65.462, 71.011, 72.27, 78.998, 

85.889, 76.484)Å.  

Anticancer 

 The anticancer protein 2B7F interact with ligand shows the existence of many 

conventional bonds such as three van der waals bonds and one conventional hydrogen 

bond interaction with amino acid (VAL A:2, PRO A: 11, ILE A: 13, ILE A: 3) with 

different binding energies (-9.41, -9.09, -5.23, -9.1)kcal/mol, inhibition constants 

(127.16(nm), 218.81(nm), 147.58(M)) and RMSD values are (126.598, 123.132, 

139.504, 123.757)Å. 

Ubiquinol   

 The interaction of ubiquinol protein 1SQB shows the existence of many 

conventional bonds such as three van der waals bonds, one conventional hydrogen bond 

and one π-π stacked bond interaction with amino acid (TRP A: 262, LEU A:365, THR A: 

91, CYS A: 313, TRP A: 395 ) with different binding energies (-7.19, -6.47, -6.28, -5.32, 

-6.17) kcal/mol, inhibition constants (5.61, 18.15, 25.08, 125.13, 30.17) M and RMSD 
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values are (147.926, 121.518, 149.195, 140.387, 150.448)Å.  The ubiquinol protein 

1NTM interact with ligand shows the existence of many conventional bonds such as five 

van der waals bonds, one π- Sulfur bond and one π-π stacked bond interaction with amino 

acid (LEU A:70, LEU A:70, LEU A:70,ALA A:66, TYR A: 22, TYR A:65, MET A:67) 

with different binding energies (-7.78, -7.6, -7.23, -7.19, -7.17, -7.47, -5.99)kcal/mol, 

inhibition constants (1.99, 2.7, 5.02, 5.33, 5.58, 40.57, 3.34) M) and RMSD values are 

(151.809, 151.435, 167.519. 151.242, 150.142, 135.719, 150.611)Å.   

 

 

 

 

 

  



282 

 

 

 

Fog.8.9 Ligand (2E)-1-(anthracene-9-yl) -3-(biphenyl-4-yl) prop-2-en-1-one, Protein 

– 1JHF, 2B7F, 1SQX, 1NTM 
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8.13 Conclusion 

 Structure of the ANC2 molecule was investigated using high-level quantum 

chemistry calculation.  The optimized geometrical parameters are theoretically 

determined and compared with the experimental results. Vibrational frequencies 

including Infrared intensities and Raman intensities were derived from the computed 

Raman scattering activities, corresponding vibrational spectra interpreted with the aid of 

normal coordinate analysis based on scaled ab initio and density functional force field, 

atomic charges were analysed using HF/B3LYP with 6-31G method. It was found that 

the optimized molecular structures  and vibrational frequencies have shown a good 

agreement with the experimental results and the chosen  calculation level is powerful 

approach for understanding the molecular structure and vibrational spectra of (2E)-1-

(anthracene-9-yl)-3-(biphenyl-4-yl) prop-2-en-one (ANC2). The MEP map shows that 

the negative potential sites are on oxygen atom as well as the positive potential sites are 

around the hydrogen atoms. This gives information about the region from where the 

compound can have intramolecular interactions. The NBO analysis is more compatible 

with the molecular structure of the ANC2 molecule and it is a very useful method for 

molecular modelling. The HOMO and LUMO analysis are used to determine the charge 

transfer within the molecule and the calculated HOMO and LUMO energies show the 

chemical activity of the molecule i.e. the energy gap E is 4.3783eV. The colour on the 

RDG isosurface indicates that the green regions represent weak attractive interactions 

(λ2≈0) such as Van der Waals interaction; strong attractions like Hydrogen bond were 

represented by blue color. The red color represents steric repulsion. Molecular docking 
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analysis reveals that the ANC2 molecule can act as a good inhibitor against the 1SQB, 

1NTM, 2B7F and 1JH5 and has maximum binding energy for 2B7F (-9.41kcal/mol) and 

henc it is suitable ligand for docking studies.  
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Table 8.1  Optimized structural parameters of (2E)-1-(anthracene-9-yl)-3-(biphenyl-4-yl)prop-2-en-1-one using 

HF/6-31G and B3LYP/6-31G method 

Para 

meters 

Bond length(Å) 

Para meters 

Bond Angle () 

Para meters 

     Dihedral Angle () 

HF/ 

6-31G 

B3LYP/ 

6-31G 

HF/ 

6-31G 

B3LYP/ 

6-31G 

HF/ 

6-31G 

B3LYP/ 

6-31G 

C1-C2 1.373 1.351  C2-C1-C6 119.930 119.783  C6-C1-C2-C3 -0.407 -0.696 

C1-C6 1.426 1.427  C2-C1-H17 120.652 120.527  C6-C1-C2-H18 179.256 178.602 

C1-H17 1.085 1.073  C6-C1-H17 119.416 119.683  H17-C1-C2-C3 -179.824 -179.709 

 C2-C3 1.432 1.434  C1-C2-C3 121.083 121.120  H17-C1-C2-H18 -0.161 -0.410 

 C2-H18 1.086 1.074  C1-C2-H18 120.714 120.696  C2-C1-C6-C5 0.610 1.011 

C3-C4 1.449 1.427  C3-C2-H18 118.202 118.181  C2-C1-C6-H20 -178.779 -178.109 

 C3-C7 1.400 1.388  C2-C3-C4 119.273 119.434  H17-C1-C6-C5 -179.965 -179.968 

 C4-C5 1.436 1.438  C2-C3-C7 121.360 121.228  H17-C1-C6-H20 0.646 0.912 

 C4-C8 1.421 1.403  C4-C3-C7 119.366 119.335  C1-C2-C3-C4 -0.654 -1.096 

 C5-C6 1.376 1.353  C3-C4-C5 117.631 117.351  C1-C2-C3-C7 179.155 178.328 

 C5-H19 1.083 1.071  C3-C4-C8 119.422 119.486  H18-C2-C3-C4 179.675 179.588 

 C6-H20 1.085 1.073  C5-C4-C8 122.929 123.122  H18-C2-C3-C7 -0.517 -0.988 

 C7-C10 1.401 1.388  C4-C5-C6 121.219 121.414  C2-C3-C4-C5 1.473 2.511 

 C7-H16 1.087 1.075  C4-C5-C9 119.360 119.243  C2-C3-C4-C8 179.985 -179.780 

 C8-C9 1.424 1.403  C6-C5-H19 119.413 119.325  C7-C3-C4-C5 -178.340 -176.924 

 C8-C24 1.501 1.501  C1-C6-C5 120.846 120.848  C7-C3-C4-C8 0.173 0.786 

 C9-C10 1.450 1.428 C1-C6-H20  119.186 119.400  C2-C3-C7-C10 -178.937 -178.015 

C9-C15  1.436 1.439  C5-C6-H20 119.965 119.747  C2-C3-C7-H16 0.739 1.256 

 C10-C11 1.433 1.434  C3-C7-C10 121.683 121.893  C4-C3-C7-C10 0.872 1.409 

 C11-H12 1.086 1.074  C3-C7-H16 119.164 119.060  C4-C3-C7-H16 -179.452 -179.320 
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 C11-C13 1.372 1.351  C10-C7-H16 119.152 119.043  C3-C4-C5-C6 -1.301 -2.250 

 C13-C14 1.426 1.428  C4-C8-C9 120.781 120.471  C3-C4-C5-H19 177.641 176.178 

 C13-H21 1.085 1.073  C4-C8-C24 119.897 120.244  C8-C4-C5-C6 -179.758 -179.870 

 C14-C15 1.375 1.353  C9-C8-C24 119.319 119.275  C8-C4-C5-H19 -0.816 -1.442 

 C14-H22 1.085 1.073  C8-C9-C10 119.173 119.113  C3-C4-C8-C9 -1.779 -3.435 

 C15-H23 1.081 1.069  C8-C9-C15 123.150 123.353  C3-C4-C8-C24 177.578 175.377 

 H19-C26 2.522 2.649  C10-C9-C15 117.664 117.511  C5-C4-C8-C9 176.651 174.136 

 H23-O25 2.267 2.460  C7-C10-C9 119.537 119.589  C5-C4-C8-C24 -3.992 -7.052 

 C24-O25 1.258 1.227  C7-C10-C11 121.156 120.964  C4-C5-C6-C1 0.271 0.519 

 C24-C26 1.478 1.476  C9-C10-C11 119.307 119.448  C4-C5-C6-H20 179.656 179.635 

 C26-H27 1.085 1.071  C10-C11-H12 118.203 118.188  H19-C5-C6-C1 -178.670 -177.908 

 C26-C28 1.355 1.335  C10-C11-C13 121.007 121.007  H19-C5-C6-H20 0.714 1.209 

 C28-H29 1.090 1.076  H12-C11C13 120.790 120.806  C3-C7-C10-C9 -0.320 -0.950 

 C28-C30 1.459 1.467  C11-C13-C14 119.950 119.808  C3-C7-C10-C11 179.799 179.144 

 C30-C31 1.412 1.394  C11-C13-H21 120.631 120.495  H16-C7-C10-C9 -179.996 179.779 

 C30-C32 1.413 1.397  C14-C13-H21 119.419 119.697  H16-C7-C10-C11 0.123 -0.127 

 C31-C33 1.393 1.385  C13-C14-C15 120.994 121.070 C4-C8-C9-C10  2.322 3.879 

 C42-H46 1.085 1.073  H29-C28-C31 115.566 116.082  C10-C9-C15-C14 0.189 -0.003 

 C43-C47 1.400 1.387  C28-C30-C31 118.729 118.889  C10-C9-C15-H23 -178.248 -178.147 

 C43-H48 1.086 1.073  C28-C30-C32 123.404 123.499  C7-C10-C11-H12 -0.127 -0.027 

 C45-C47 1.400 1.387  C31-C30-C32 117.867 117.612  C7-C10-C11-C13 179.866 -179.985 

 C45-H49 1.086 1.073  C30-C31-C33 121.270 121.357  C9-C10-C11-H12 179.991 -179.932 
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Table 8.2 Vibrational assignments of (2E)-1-(anthracene-9-yl) -3-(biphenyl-4-yl) prop-

2-en-1-one performed by HF/6-31G and B3LYP/ 6-31G method  

Modes 

Observed 

wavenumbers            

(cm
-1

) 

Calculated 

wavenumbers (cm
-1

) Vibrational Assignments 

(% PED) 

FT-IR 
FT-

Raman 
HF/6-31G 

B3LYP/ 

6-31G 

1  3059 3060 3066  CH(98) 

2 3051   3050 3058  CH(98) 

3    3035 3041  CH(98) 

4 3029   3027 3030  CH(97) 

5    3006 3013  CH(98) 

6    2984 2986  CH(98) 

7    2966 2969  CH(97) 

8    2945 2950  CH(98) 

9    2939 2944  CH(97) 

10    2925 2931  CH(98) 

11 2919   2919 2926  CH(98) 

12    2919 2923  CH(97) 

13    2904 2914  CH(98) 

14    2899 2907  CH(97) 

15    2893 2899  CH(98) 

16    2889 289  CH(98) 

17    2874 2886  CH(97) 

18    2863 2871  CH(98) 

19    2856 2862  CH(98) 

20 2851   2850 2854  CH(98) 

21    1675 1679 CO(58), CC(27),CH(12) 

22    1662 1666  CC( 68), CH( 28) 

23    1657 1662  CC(69), CH(29) 

24    1643 1648  CC(68), CH(25) 

25 1634   1630 1635 CH(68), CC(24) 

26    1624 1627 CC(65), CO(20) 

27 1618   1618 1622 CC(66), CH( 22) 

28    1609 1614 CH(67), CC( 25) 
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29 1601 1602 1602 1609  CC(67), CH(24) 

30    1588 1592  CH(65), CC(23) 

31    1567 1575  CC(67), CH(22) 

32 1556 1559 1558 1562  CH(71), CC(23) 

33 1520   1521 1524  CH( 70), CC(24) 

34    1517 1520  CH(68), CC(23) 

35    1501 1507  CH(70),  CC(23) 

36    1493 1499  CH(71),  CC( 22) 

37 1485 1485 1486 1492  CC( 70), CH(20) 

38    1471 1475  CC(71), CH(23) 

39 1447 1448 1450 1453   CH(70), CC(23) 

40    1431 1436   CH(66), CC( 21) 

41    1422 1426   CH(68), CC(20) 

42  1413 1415 1420   CC(70), CH( 23) 

43 1408   1407 1414   CC(70), CH(22) 

44    1392 1395 CC( 82) 

45 1386   1385 1389 CC(71), CH(12) 

46  1359 1360 1364 CC( 70), CH(14) 

47 1350   1351 1350 CC(80) 

48    1304 1309 CC( 80) 

49 1288   1285 1289 CC(75), CH(12) 

50  1282 1280 1285 CC(73), CH(11) 

51 1264   1262 1266 CC(80) , CH( 10) 

52  1255 1253 1260 CC( 82) 

53    1240 1244 CH(72), CC(12) 

54 1224 1228 1225 1228 CH(70), CC(14) 

55    1214 1217 CH(71), CC(14) 

56 1206   1205 1210 CH( 83) 

57 1187 1188 1180 1186 CH(83) 

58    1171 1174 CC(71), CH(13) 

59 1150 1152 1150 1155 CH(82) 

60    1142 1146 CH(80) 

61    1136 1140 CC(70), CO(14) 

62    1130 1135 CH( 78) 

63    1123 1125 CC(68), CH(13) 
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64 1117   1115 1120 CC(67), CH(13) 

65    1086 1090 CH( 77) 

66    1075 1079 CH(77) 

67    1059 1062 CH(78) 

68    1043 1046 CH(80) 

69    1037 1040 CH(70) 

70 1020   1022 1026 CH(68) 

71    1015 1017 CH(68) 

72 1004   1007 1011 CH(68) 

73  998 995 998 CH(68) 

74 971   971 975 CH(67) 

75 964 962 965 968 CH(67) 

76    943 945 Ring(63) 

77    921 925 Ring(68) 

78    899 903 Ring(65) 

79    893 896 Ring(66) 

80    889 890 Ring breathy(63) 

81  883 885 888 CH(67) 

82    873 878 CH(67) 

83  862 860 864 CC(58), CH(27) 

84    858 861 CH(69) 

85    855 859 Ring(65) 

86  850 851 855 CH(65) 

87    844 849 CH(65) 

88  834 836 840 CH(65) 

89    833 835 CH(58), CC(23) 

90    830 832 CH(60) 

91 824   827 830 CH(65) 

92    820 825 CH(64) 

93    819 823 Ring(65) 

94    812 815 Ring(66) 

95  800 803 807 CC(60), CH(21) 

96    795 799 Ring(66) 

97 789   790 794 Ring(65) 

98    785 788 Ring(65) 
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99    780 783 Ring(66) 

100    771 775 CC(65) 

101 764   765 767 Ring(65) 

102  730 731 735 CO(67) 

103 724   725 717 Ring(66) 

104    714 710 Ring(65) 

105  705 706 708 Ring(64) 

106    700 704  CC(64) 

107    690 692 Ring(65) 

108    681 683 Ring(65) 

109 666   665 668 Ring(68) 

110  600 602 605 Ring(64) 

111    598 601 Ring(65) 

112 596   596 598 CC(68) 

113    575 578 Ring(65) 

114 550   551 555 Ring(66) 

115    536 540 Ring(64) 

116 523   525 529 Ring(60) 

117 503 500 500 506 CCC(64) 

118    441 458 Ring(65) 

119 454   453 445 Ring(66) 

120    425 428 Ring(64) 

121    383 387 CCC (65) 

122    365 368 CCC (64) 

123    321 325 CCC (64) 

124    300 304 Ring(64) 

125    269 270 CCC (64) 

126    245 248 CCC (65) 

127    223 225 CCC (60) 

128    209 210 CCC (58) 

129    193 195 CCC (59) 

130    186 188 CCC (60) 

131    179 181 CCC (61) 

132  175 174 176 CCC (60) 

133    160 164 CCC (61) 
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134    141 145 CHC (58) 

135    125 128 Ring(58) 

136    103 106 CC (58) 

137    88 91 CC (58) 

138  75 75 77 CCC (60) 

139    70 73 CCC (61) 

140  68 67 70 CCC (54) 

141    47 51 CCC (58) 

142    31 33 CCC (58) 

143    20 24 CCC (54) 

144   12 10 CCC (54) 

-stretching, νsym-sym stretching, νasym-asym stretching, δ-in-plane bending, γ-out-of-

plane bending, -scissoring, -wagging, -rocking, η-twisting. 

 

Table 8.3 Mulliken atomic charges for (2E)-1-(anthracene-9-yl)-3-(biphenyl-4-yl) 

prop-2-en-1-one at HF/6-31G and B3LYP/6-31G basis set 

Atom 

Numbering 

Charge 
Atom 

Numbering 

Charge 

HF/6-31G 
B3LYP/ 

6-31G 
HF/6-31G 

B3LYP/ 

6-31G 

C1 -0.13 0.21 C26 -0.44 -0.27 

C2 -0.15 -0.14 H27 -0.14 0.21 

C3 0.06 -0.08 C28 0.15 -0.09 

C4 0.05 -0.07 H29 -0.13 0.24 

C5 -0.15 -0.14 C30 0.17 -0.05 

C6 -0.13 -0.21 C31 0.10 -0.21 

C7 -0.22 -0.17 C32 -0.18 -0.18 

C8 -0.04 -0.08 C33 -0.14 -0.20 

C9 0.05 -0.07 H34 -0.15 0.22 

C10 0.06 -0.08 C35 0.14 -0.20 

C11 -0.15 -0.15 H36 -0.15 0.22 

H12 0.13 0.21 C37 0.14 -0.02 

C13 -0.13 -0.21 H38 0.04 0.22 

C14 -0.13 -0.21 H39 0.14 0.22 

C15 -0.13 -0.12 C40 0.14 -0.03 

H16 0.14 0.22 C41 0.03 -0.19 

H17 0.13 0.20 C42 -0.14 -0.19 

H18 0.13 0.21 C43 -0.14 -0.20 

H19 0.15 0.23 H44 -0.13 0.21 

H20 0.13 0.20 C45 0.13 -0.20 
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H21 0.13 0.20 H46 -0.13 0.21 

H22 0.13 0.20 C47 0.13 -0.19 

H23 0.17 0.25 H48 -0.11 0.20 

C24 0.22 0.43 H49 0.13 0.20 

O25 -0.44 -0.56 H50 0.13 0.20 

 

Table 8.4 HOMO-LUMO energies for (2E)-1-(anthracene-9-yl)-3-(biphenyl-4-yl) 

prop-2-en-1-one at B3LYP/6-31G basis set. 

Molecular 

properties 

Energy 

(eV) 

Energy 

gap  

(eV) 

Ionisation 

potential 

(I) 

Electron 

affinity(A) 

Global 

hardness 

() 

Global 

softness 

() 

Chemical 

potential 

() 

Global 

Electroplicity 

() 

EHOMO -5.3595 
4.3783 5.3595 0.9812 2.1892 0.4568 -3.1703 2.2955 

ELUMO -0.9812 

EHOMO-1  -6.0398 
4.3971 6.0398 1.6427 2.1985 0.4548 -3.8413 3.3558 

ELUMO-1 -1.6427 

EHOMO-2 -6.5522 
5.9957 6.5522 0.5565 2.9978 0.3336 -3.5544 2.1072 

ELUMO-2 -0.5565 

 

Table 8.5 Second order perturbation theory analysis of Fock matrix in NBO basis 

corresponding to intra molecular bands of (2E)- 1-(anthracene-9-yl)-3-(biphenyl-4-

yl) prop-2-en-1-one.  

Donor Acceptor 
E(2) 

a 
(kcal/mol) E(j)-E(i)

b
 (a.u) F(ij) 

c
  (a.u) 

BMP BMP BMP 

LP(2)O 25 BD*(1)C4-C8 1.43 0.88 0.032 

LP(2)O 25 BD*(2)C8-C9 2.68 0.33 0.029 

LP(2)O 25 BD*(1)C8-C24 7.23 0.63 0.061 

LP(2)O 25 BD*(2)C14-C15 1.03 0.34 0.017 

LP(2)O 25 BD*(1)C24-C26 17.40 0.62 0.094 

LP(2)O 25 BD*(1)C26-C27 0.52 0.72 0.018 

BD(2)C1-C2 BD*(2)C3-C4 14.50 0.29 0.063 

BD(2)C11-C13 BD*(2)C7-C10 17.10 0.29 0.066 

BD(2)C14-C15 BD*(2)C1-C13 17.40 0.29 0.064 

BD(2)C24-O25 BD*(2)C8-C9 9.89 0.47 0.066 

BD(2)C24-O25 BD*(2)C26-C28 4.05 0.35 0.34 

BD(2)C35-C37 BD*(2)C30-C32 21.78 0.27 0.069 

BD(2)C43-C47 BD*(2)C40-C41 20.59 0.28 0.068 

BD(2)C1-C4 BD*(2)C3-C11 20.73 0.28 0.068 

a E(2) means energy of hyperconjugative interactions (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 NBO analysis of bonding and antibonding orbit for (2E)-1-(anthracene-9-

yl)-3-(biphenyl-4-yl) prop-2-en-1-one. 

Band (A-

B) 

ED/Energy 

(a.u.) 
EDA % EDB % NBO S(%) P(%) 

C1-C2 1.98096 49.85% 50.15% 0.7060(sp
1.72

) 36.74 63.26 

    

0.7082(sp
1.71

) 36.93 63.07 

C1-C6 1.97624 50.02 49.7 0.7073(sp
1.93

) 34.11 65.89 

    

0.7069(sp
1.94

) 33.97 66.03 

C1-H17 1.98195 62.3 37.7 0.7893(sp
2.43

) 29.16 70.84 

    

0.6140(s
1
) 100 0 

C2-C3 1.97295 48.53 51.47 0.6967(sp
1.95

) 33.85 66.15 

    

0.7174(sp
2.03

) 33.02 66.98 

C1-H18 1.98096 62.22 37.78 0.7888(sp
2.24

) 29.22 70.78 

    

0.6146 (s
1
) 100 0 

C3-C4 1.95954 49.56 50.44 0.7040(sp
2.09

) 32.33 67.67 

    

0.7102(sp
2.04

) 32.92 67.08 

C3-C7 1.97423 51.36 48.64 0.7166(sp
1.89

) 34.6 65.4 

 

   

0.6974(sp
1.82

) 35.4 64.6  

C4-C5 1.96898 51.55 48.45 0.7180(sp
2.05

) 32.8 67.2 

    

0.6961(sp
2.06)

 32.71 67.29 

C4-C8 1.96222 50.28 49.72 0.7091(sp
1.92

) 34.26 65.74 

    

0.7051(sp
1.8

) 35.78 64.22 

C6-H20 1.98187 62.25 37.75 0.789(sp
2.42

) 29.25 70.75 

    

0.644 (s
1
) 100 

 C7-C10 1.97442 48.72 51.28 0.698(sp
1.82

) 35.48 64.52 

    

0.7161(sp
1.9

) 34.43 34.43 

C8-C24 1.97111 51.56 48.44 0.7180(sp
2.67

) 27.28 72.72 

    

0.6960(sp
2.09

) 32.33 67.67 

C9-C10 1.96241 50.28 49.72 0.7091(sp
2.04

) 32.89 67.11 

    

0.7051(sp
2.09

) 32.41 67.59 

C9-C15 1.97094 51.75 48.25 0.7193(sp
2.04

) 32.86 67.14 

    

0.6947(sp
2.01

) 33.2 66.8 

C11-C13 1.9809 50.17 49.83 0.7083(sp
1.70

) 36.98 63.02 

    

0.7059(sp
1.72

) 36.71 63.29 

C13-C14 1.9783 50.11 49.89 0.7079(sp
1.93

) 34.14 65.86 

    

0.7063(sp
1.96

) 33.83 66.17 
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C13-H21 1.98237 62.26 37.74 0.7891(sp
2.43

) 29.16 70.84 

    

0.6143(s) (s
1
) 100 

 C24-O25 1.9929 34.44 65.56 0.5868(SP
2.42

) 29.25 70.75 

    

0.8097(S
1.75

) 36.33 63.67 

C24-O25 1.93228 36.64 63.36 0.6053(SP
98.16

) 1.01 98.99 

    

0.7960(SP
30

) 3.23 96.77 

C24-C26 1.97785 49.76 50.24 0.7054(SP
1.67

) 37.45 62.55 

    

0.7088(SP
2.82

) 26.16 73.84 

C26-H27 1.96057 63.77 36.23 0.7986(SP
.92

) 34.2 65.8 

    

0.6019(SP
1
) 100 

 C26-C28 1.98668 50.97 49.03 0.7140(SP
2.6

) 27.76 72.24 

    

0.7002(SP
1.76

) 36.19 63.81 

C30-C31 1.97842 50.32 49.68 0.7094(sp
1.61

) 38.37 61.63 

    

0.7048(sp
1.86

) 34.98 65.02 

C30-C32 1.97886 50.23 49.77 0.7087(sp
1.63

) 38.06 61.94 

    

0.7055(sp
1.83

) 35.07 64.93 

31-C33 1.96978 50.17 49.83 0.7083(sp
1.8

) 35.69 64.31 

    

0.7059(sp
1.85

) 35.12 64.88 

C33-C37 1.97799 49.78 50.22 0.7055(sp
1.83

) 35.33 64.67 

    

0.7087(sp
1.71

) 36.88 63.12 

 

 

Table 8.7 Topological parameters for intramolecular interactions in compound 

electron density (BCP), Laplacian of electron density (V
2 

BCP), electron kinetic 

energy density (GBCP), electron potential energy density (VBCP), total electron energy 

density (HBCP), Hydrogen bond energy (EHB) at bond critical point(BCP)  

Interactions BCP 
2
BCP GBCP VBCP HBCP EHB 

H19….C26 

H28….O25 

0.0155 

0.0127 

0.07289 

0.04566 

0.01597 

0.0102 

-0.0137 

-0.009 

-0.0022 

0.0012 

-0.0068 

-0.0045 
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Table 8.8 Fukui function (fi+, fi-, ∆f) for (2E)-1-(anthracene-9-yl) -3-(biphenyl-4-yl) 

prop-2-en-1-one 

Atoms 
Neutral 

(N) 
Cation (N-1) 

Anion 

(N+1) 
fk

+
 fk

-
 fk°  

C1 -0.132 -0.129 -0.112 0.0194 -0.0025 0.0085 0.0219 

C2 -0.150 -0.168 -0.125 0.0248 0.0179 0.0213 0.0069 

C3 0.088 0.101 0.078 -0.0095 -0.0133 -0.0114 0.0038 

C4 0.003 -0.049 0.011 0.0081 0.0514 0.0297 -0.0433 

C5 -0.066 -0.025 -0.041 0.0251 -0.0409 -0.0079 0.0660 

C6 -0.196 -0.217 -0.171 0.0253 0.0211 0.0232 0.0042 

C7 -0.227 -0.256 -0.166 0.0610 0.0285 0.0448 0.0326 

C8 -0.116 -0.090 -0.095 0.0209 -0.0267 -0.0029 0.0476 

C9 0.057 0.030 0.076 0.0189 0.0269 0.0229 -0.0080 

C10 0.079 0.088 0.068 -0.0115 -0.0086 -0.0100 -0.0029 

C11 -0.155 -0.167 -0.129 0.0258 0.0117 0.0188 0.0140 

H12 0.126 0.091 0.179 0.0530 0.0348 0.0439 0.0181 

C13 -0.133 -0.135 -0.117 0.0157 0.0025 0.0091 0.0132 

C14 -0.154 -0.166 -0.130 0.0233 0.0127 0.0180 0.0107 

C15 -0.093 -0.082 -0.075 0.0178 -0.0110 0.0034 0.0288 

H16 0.129 0.085 0.196 0.0672 0.0438 0.0555 0.0234 

H17 0.121 0.078 0.183 0.0617 0.0433 0.0525 0.0184 

H18 0.129 0.088 0.184 0.0545 0.0409 0.0477 0.0136 

H19 0.137 0.141 0.180 0.0427 -0.0042 0.0192 0.0468 

H20 0.122 0.085 0.181 0.0586 0.0370 0.0478 0.0216 

H21 0.121 0.081 0.181 0.0603 0.0401 0.0502 0.0202 

H22 0.120 0.083 0.182 0.0614 0.0368 0.0491 0.0246 

H23 0.145 0.154 0.190 0.0453 -0.0087 0.0183 0.0539 

C24 0.290 0.252 0.332 0.0422 0.0379 0.0401 0.0042 

O25 -0.368 -0.499 -0.339 0.0290 0.1310 0.0800 -0.1020 

C26 -0.206 -0.231 -0.238 -0.0315 0.0250 -0.0032 -0.0565 

H27 0.203 0.103 0.225 0.0214 0.0998 0.0606 -0.0784 

C28 -0.111 -0.198 -0.066 0.0443 0.0868 0.0656 -0.0425 
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H29 0.179 0.100 0.206 0.0262 0.0792 0.0527 -0.0530 

C30 0.052 0.061 0.045 -0.0066 -0.0095 -0.0080 0.0029 

C31 -0.167 -0.176 -0.165 0.0019 0.0096 0.0057 -0.0078 

C32 -0.169 -0.178 -0.168 0.0014 0.0088 0.0051 -0.0075 

C33 -0.140 -0.150 -0.135 0.0053 0.0098 0.0076 -0.0044 

H34 0.152 0.135 0.156 0.0038 0.0173 0.0106 -0.0135 

C35 -0.139 -0.149 -0.134 0.0053 0.0098 0.0076 -0.0046 

H36 0.141 0.125 0.146 0.0055 0.0154 0.0104 -0.0099 

C37 0.015 0.017 0.013 -0.0023 -0.0019 -0.0021 -0.0005 

H38 0.149 0.113 0.169 0.0194 0.0365 0.0280 -0.0171 

H39 0.147 0.111 0.167 0.0199 0.0362 0.0281 -0.0163 

C40 0.015 0.011 0.018 0.0031 0.0040 0.0035 -0.0009 

C41 -0.145 -0.146 -0.145 0.0005 0.0010 0.0007 -0.0004 

C42 -0.145 -0.146 -0.144 0.0006 0.0010 0.0008 -0.0004 

C43 -0.130 -0.132 -0.128 0.0017 0.0024 0.0021 -0.0007 

H44 0.138 0.139 0.133 -0.0049 -0.0007 -0.0028 -0.0042 

C45 -0.130 -0.132 -0.128 0.0017 0.0024 0.0021 -0.0007 

H46 0.138 0.134 0.141 0.0032 0.0042 0.0037 -0.0010 

C47 -0.121 -0.124 -0.118 0.0024 0.0037 0.0031 -0.0012 

H48 0.132 0.115 0.142 0.0098 0.0169 0.0133 -0.0070 

H49 0.132 0.113 0.145 0.0128 0.0187 0.0157 -0.0059 

H50 0.130 0.110 0.144 0.0140 0.0207 0.0173 -0.0067 
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Table 8.9 Binding energy and inhibition constant of ligand (2E)-1-(anthracene-9-yl) -3-(biphenyl-4-yl) prop-2-en-1-

one with protein 

Drug Protein 
Type of 

activity 

Binding 

affinity 

(kcal/mol) 

Etimated 

inhibition 

constant 

Ki(µM) 

Bonded 

residues 
Nature of bond 

Bond 

distance 

(Å) 

RMSD 

(2
E

)-
 1

-(
a

n
th

ra
ce

n
e
-9

-y
l)

 -
3
-(

b
ip

h
en

y
l-

4
-y

l)
 p

ro
p

-2
-e

n
-o

n
e
 

1JH5 Antitumor 

-4.99 218.12 LEU A: 361 van der waals 2.43 65.462 

-4.64 394.65 ALA A: 364 van der waals 2.82 71.011 

-4.29 717.09 ARG A: 398 van der waals 3.01 72.27 

-4.06 1.06 (mM) ALA A: 263 van der waals 3.24 78.998 

-3.95 1.26 (mM) TRP A: 395 π-π stacked 4.67 86.889 

-3.86 1.47 (mM) CYS A: 313 
Conventional 

hydrogen bond 
5.46 76.484 

2B7F Anticancer 

-9.41 127.16 (nm) VAL A:2 van der waals 1.91 126.598 

-9.1 212.7 (nm) ILE A: 3 
Conventional 

hydrogen bond 
2.23 123.757 

-9.09 218.81 (nm) PRO A: 11 van der waals 2.55 123.132 

-5.23 147.58 ILE A: 13 van der waals 5.27 139.504 

1SQB Ubiqinol 

-7.16 5.61 TRP A: 262 van der waals 3.12 147.926 

-6.47 18.15 LEU A:365 van der waals 3.64 121.518 

-6.28 25.08 THR A: 91 van der waals 3.85 149.195 

-6.17 30.17 TRP A: 395 π-π stacked 4.67 150.448 

-5.32 125.13 CYS A: 313 
Conventional 

hydrogen bond 
5.46 140.387 
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1NTM Ubiquinol 

-7.78 1.99 LEU A: 70 van der waals 2.21 151.809 

-7.6 2.7 LEU A: 70 van der waals 2.34 151.435 

-7.47 3.34 TYR A: 65 π-π  T-shaped 2.6 150.611 

-7.23 5.02 LEU A: 70 van der waals 2.82 167.519 

-7.19 5.33 ALA A: 66 van der waals 3.01 151.242 

-7.17 5.58 TYR A: 22 van der waals 3.35 150.142 

-5.99 40.57 MET A:67 π- Sulfur 5.2 135.719 

 



Conclusion



299 

Summary of Conclusions 
 

 In the present work, FT-IR and FT-Raman spectra of polyatomic molecules have 

been observed experimentally.Theoretical calculations were performed based on the 

quantum mechanical approach by DFT (HF/B3LYP) calculations using different basis 

sets with 6-31G and 6-31G(d,p). The molecular geometry of investigated molecules have 

been provided with computed bond lengths, bond angles and dihedral angles and also 

calculated vibrational wavenumbers.The theoretically calculated spectra have good 

agreement with experimentally observed spectra. Natural bond orbital analysis reflects 

the charge transfer within the molecule that provides a good understanding of bond 

strength, aromatic character of ring and hyperconjugation interactions. Frontier molecular 

orbital, Molecular Electrostatic potential and Fukui function calculations provide the 

most appropriate atomic sites for the electrophilic and nucleophilic nature. 

 The analysis of Mulliken atomic charge indicates the charge distribution within 

the molecule. The results presented in this work, illustrate the vibrational spectroscopy in 

conjucation with quantum chemical calculations carried out for the polyatomic 

molecules. The topological analysis at bond critical point have been carried out by 

Quantum theory of atoms in molecules (QTAIM) and found that the natures of hydrogen 

bond present in molecules are moderate. The noncovalent interactions were identified 

from the molecular geometry and electron localization function. The molecular docking 

studies were predicting the favourable orientation of the ligand and protein to investigate 

the pharmaceutical properties.  
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a b s t r a c t 

The FT-IR and FT-Raman spectra of 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2- 

yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5 H )-one were recorded and analyzed. The funda- 

mental vibrational wavenumbers, intensities of vibrational bands and the optimized geometrical pa- 

rameters of the compound were evaluated using DFT (B3LYP) method with 6–31 G, 6–31G(d,p) basis 

sets.Stability of the molecule arising from hyper conjugative interactions, charge delocalization has been 

analysed using natural bond orbital (NBO) analysis. Information about the size, shape, charge density dis- 

tribution and site of chemical reactivity of the molecule has been obtained by mapping electron density 

isosurface with molecular electrostatic potential (MEP) surface. The calculated HOMO-LUMO energies also 

show that the charge transfer occurs within the molecule. The global reactivity parameters which are ob- 

tained by frontier molecular orbital disclose that the molecule might be bioactive. To explain the chemi- 

cal selectivity or the reactivity site in the molecule, the electron density-based local reactivity descriptors 

such as Fukui functions were calculated. The reduced density gradient of the title molecule was investi- 

gated by the interaction of the molecule. Molecular docking studies were also described. This study may 

also provide a further investigation of thiazole derivatives for pharmacological importance. 

© 2020 Elsevier B.V. All rights reserved. 

1. Introduction 

Thiazole is used in the manufacturing of synthetic drugs, fungi- 

cides and dyes. The derivatives of thiazole like phenylthiazolyl, 

isothiazole are found to have a potent local anaesthetic, anti- 

inflammatory, analgesic and antipyretic activities [1-3] . Similarly, 

aminothiazoles are used to treat bacterial infections, inflamma- 

tions, tumours [4-7] and play a vital role in insulin release [8-10] . 

Thiazole appears commonly in structures of various natural prod- 

ucts and biologically active compounds, like thiamine (vitamin-B) 

and antibiotic drugs such as penicillin, micrococcin which have 

revolutionized the therapy of bacterial diseases [11] . Phenyl and 

substituted phenyl-thiazoles are also common structures of a wide 

range of biologically active natural products [12] . Recently it has 

been found that phenyl-thiazole ring system provides a tem- 

∗ Corresponding author. 

E-mail address: laksharumugam13@gmail.com (A. Lakshmi). 

plate for the design and synthesis of antiviral agents which in- 

hibit the flaviviruses by targeting their E-protein [13] . Dyes are 

also prepared by employing thiazoles, especially isothiazole orange, 

containing thiazole moiety in the form of benzothiazole which 

has the binding capability with nucleic acids and other uses in 

biosensors and imaging [14-16] . Thiazoles used in material sci- 

ence due to its applications in liquid crystals, sensors and molec- 

ular switches. As far as the pharmacological applications of 1,3- 

thiazoles are concerned, these scaffolds are antiviral [17] , antifun- 

gal, antibacterial [18] , anticancer [19] , antitubercular [20] and anti- 

inflammatory [21] . Thiazoles are compounds which are used as 

antihyperglycemic compounds [22] . For this property, they have 

many applications in pharmacy and medicine industries [23] . 

In the present work, the vibrational spectral investigations of 

the title compound aided by density functional computations were 

described to elucidate the correlation between the molecular struc- 

ture and biological activity, bonding features, electron delocaliza- 

tion and the intramolecular charge transfer interactions. The ener- 

https://doi.org/10.1016/j.molstruc.2020.129070 

0022-2860/© 2020 Elsevier B.V. All rights reserved. 
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gies, degrees of hybridization, population of the lone pairs of oxy- 

gen, energies of their interaction with the antibonding orbital of 

the rings and the electron density distributions and E(2) energies 

have been calculated by Natural Bond Orbital (NBO) analysis using 

Density Functional Theory (DFT) method to predict clear evidence 

of stabilization originating from the hyper-conjugation of various 

intra-molecular interactions.Reduced density gradient (RDG) anal- 

yses were carried out to investigate H-bond, steric effect and Van 

der Waals interaction are presented in the molecule. To evaluate 

the biological potential of the title compound molecular docking 

studies are reported here. 

2. Experimental details 

5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4- 

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

4(5 H )-one was synthesized as per the reported procedure [24-26] . 

The Fourier transform infrared spectrum of the title compound 

was recorded at room temperature within the interval at 40 0 0–

450 cm 

−1 in a resolution of ±1 cm 

−1 using an MCT detector 

with Perkin Elmer FT-IR spectrometer equipped for the Mid-IR 

range, and KBr pellets were utilized in the spectral measurements. 

The FT-Raman spectrum of the title compound was recorded on 

a BRUKER RFS-66 V model equipped with FRA-106 FT-Raman 

accessories within the interval at 40 0 0–0 cm 

−1 using the 1064 nm 

line of an Nd: YAG laser device for excitation operated at 200 mW 

power. 

3. Computational details 

All calculations presented in this study were performed by us- 

ing Gaussian 09 software [27] and Gauss view [28] . Several stud- 

ies have been carried out regarding the calculations of vibrational 

spectra using B3LYP methods with the basis set 6–31 G and 6–

31 G (d,p). RDG was calculated with the use of Multiwfn program 

[29] and plotted by visual molecule dynamics program (VMD) [30] . 

The reactivity descriptors, such as electrophilicity ( ω), global hard- 

ness ( η), the chemical potential ( μ), ionization potential ( I ) and 

electron affinity ( A ) were determined from the energies of the 

frontier molecular orbital. The NBO and Mulliken population anal- 

ysis is also reported for the local minima of the molecules. Molec- 

ular docking studies were made on Autodock 4.2 software [31] and 

the result of docking was analyzed using Pymol [32] and Discovery 

studio [33] visualization software. 

4. Results and discussions 

4.1. Optimized molecular geometrical parameters 

The optimized molecular structure and the geometrical param- 

eters of the title compound are shown in Fig. 1 and Table S1 

(Supplementary material), respectively, by using the B3LYP method 

with 6–31 G, 6–31G(d,p) basis sets. The title compound contains 

32 C 

–C bonds, 30 C 

–H bonds, 5 C 

–N bonds, 2 C-S bonds and single 

N 

–N, C 

–O and C 

–Cl bonds. 

The DFT calculated bond length of the C 

–C bond of the ben- 

zene rings are found at 1.419–1.388 Ǻ [34] . For our title compound, 

the C 

–C bond length for phenyl ring are C4-C5 = 1.4082/1.4042 

Ǻ, C4-C6 = 1.4121/1.4082 Ǻ, C5-C7 = 1.3979/1.3933 Ǻ, C6- 

C9 = 1.3932/1.3882 Ǻ, C7-C11 = 1.392/1.393 Ǻ, C9-C11 = 1.3963/ 

1.3979 Ǻ for the above basis sets which was very close to exper- 

imental value [34] . The bond lengths of thiazole ring for the ti- 

tle compound are C42 = N43 = 1.30/1.30 Ǻ, C40-N43 = 1.41/1.40 

Ǻ respectively. These C 

–N bond lengths were found to be 

shorter than the average value for a C 

–N single bond 1.47 Ǻ, 

but longer than a C = N double bond 1.22 Ǻ [35] , suggest- 

ing that some multiple bond character is presented. The bond 

lengths of both the phenyl rings and regular hexagon falls be- 

tween the normal values for a single (1.54 Å) and a dou- 

ble (1.33 Å) bond [36] . For the title compound, bond lengths 

are C5-H8 = 1.0844/1.0851 Ǻ, C6-H10 = 1.0835/1.0843 Ǻ, C7- 

H12 = 1.0829/1.084 Ǻ, C9-H13 = 1.0829/1.0841 Ǻ. The reported 

values for C-S bond length are in the range 1.7675–1.8641 Ǻ [37] . 

For the title compound, the C-S bond length for C39-S41 = 1.86/1.79 

Ǻ, C42-S41 = 1.84/1.78 Ǻ, which are in agreement with literature 

[38] . C40-C39-S41 = 108.92/108.73 °, S41-C39-C45 = 118.14/118.67 °, 
N25-C42-N43 = 122.95/122.14 ° which shows the interaction be- 

tween the C = S and the neighbouring groups. Similarly at 

C40 position of the thiazole ring, the angles C39-C40-O44 is in- 

creased by 4.72/4.83 ° and the angle N43-C40-C39 is reduced 

by 6.54/7.30 ° from 120 ° which shows the interaction between 

the neighbouring atoms. From Table S1 (Supplementary material), 

comparative analysis of the parameters such as bond length and 

bond angles was observed using DFT are in good agreement with 

each other. 

4.2. Vibrational assignments 

The title compound is constituted by 67 atoms and hence 

has 195 normal modes of vibration. The observed and calculated 

wavenumbers and potential energy distributions are discussed be- 

low. The fundamental modes of vibration were carried out and are 

depicted in Table S2(Supplementary material). The comparison be- 

tween theoretical and experimental FT-IR and FT-Raman spectra 

are given in Figs. 2 and 3 , respectively. 

4.2.1. C –H vibrations 

C 

–H stretching vibrations usually observed in a heteroaromatic 

compound in the frequency range 3200–2850 cm 

−1 [ 39, 40 ]. The 

in-plane bending vibrations appear in the range of 130 0–10 0 0 

cm 

−1 [41] and the out-of-plane bending occurs in the region 10 0 0–

750 cm 

−1 [41] . Murugavel et al. [42] reported that the C 

–H stretch- 

ing vibrations at 2993, 3024 and 3061 cm 

−1 in FT-IR and calculated 

at 2944, 3022 and 3065 cm 

−1 . Al-Alshaikh et al. [43] observed the 

C 

–H stretching vibrations at 3079, 3042 cm 

−1 theoretically and ex- 

perimentally at 3060 cm 

−1 in FT-IR and 3068 cm 

−1 in FT-Raman 

spectrum. Minitha et al. [44] reported the C 

–H stretching vibra- 

tions at 3195, 3157, 3106 3057 cm 

−1 in the FT-IR and at 3153, 3100, 

3047 cm 

−1 in the FT-Raman spectrum. For the title compound, the 

C 

–H stretching vibrations observed experimentally at 2870 cm 

−1 

in FT-IR, 3102 cm 

−1 in FT-Raman and theoretically at 3135, 3129, 

3120, 3104, 3095, 3074, 3056, 2986, 2873 cm 

−1 by B3LYP/6–31 G 

and 3133, 3125, 3117 3100, 3093, 3070, 3055, 2986, 2871 cm 

−1 

by B3LYP/6–31 G (d,p) methods. Murugavel et al. [42] reported 

that the in-plane bending vibration occurs at 1028 and 1282 cm 

−1 . 

Resmi et al. [45] reported that the in-plane C 

–H bands are as- 

signed at 1262, 1140, 1116, 1029 cm 

−1 and at 1250, 1103 cm 

−1 

in FT- IR, 1250, 1136, 1105 cm 

−1 in FT-Raman, 1249, 1139, 1101, 

1028 cm 

−1 by theoretically. Al-Alshaikh et al. [43] observed the 

in-plane bending at 1063, 1013 cm 

−1 in IR and 1285, 1161, 1139, 

10 6 6 cm 

−1 in the Raman spectrum. Minitha et al. [44] reported 

the C 

–H in-plane bending vibration occurs at 1514, 1425, 1287 

cm 

−1 in IR spectrum,1569, 1501, 1417, 1284 cm 

−1 in Raman spec- 

trum and 1586, 1573, 1497, 1418,1281 cm 

−1 observed by theoreti- 

cally. In the present study, 1267, 1248 cm 

−1 and 1462, 1390, 1300, 

1250 cm 

−1 are assigned to C 

–H in-plane bending mode at FT-IR 

and FT-Raman spectrum, respectively and 1473, 1466,1456, 1391, 

1360,1329, 1304, 1294, 1256,1235 cm 

−1 by B3LYP/6–31 G and 1473, 

1463, 1450, 1388, 1355, 1325, 1301, 1290, 1249, 1231 cm 

−1 theoret- 

ically by B3LYP/6–31G(d,p) basis sets. C 

–H out-of-plane bending vi- 

brations are observed at 756, 826, 899 and 984 cm 

−1 by Murugavel 
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Fig. 1. Optimized molecular structure of 5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl] −1,3-thiazol-4(5H)-one. 

et al. [42] . Resmi et al. [45] reported that the out-of-plane C 

–H de- 

formations are assigned at 938, 904, 745 cm 

−1 FT-IR and 731 cm 

−1 

in FT-Raman spectrum. Al-Alshaikh et al. [43] observed the out-of- 

plane bending vibrations are assigned at 907, 825 cm 

−1 in the IR 

spectrum and 905, 827 cm 

−1 in the Raman spectrum. Minitha et al. 

[44] reported the C 

–H out-of-plane bending vibration assigned at 

964, 936, 881, 749 cm 

−1 in the IR spectrum, 989, 942, 744 cm 

−1 

in Raman spectrum and 993, 931, 890, 731 cm 

−1 obtained by the- 

oretically. For the title compound, the C 

–H out-of-plane bending 

vibrations occur at 908, 827 cm 

−1 in FT-IR and 910, 895, 810, 790 

cm 

−1 in FT-Raman spectrum and 955, 928, 912, 906,880, 856, 835, 

816, 804 cm 

−1 by B3LYP/6–31 G, 953, 924, 909, 875, 850, 830, 812, 

800 cm 

−1 theoretically observed by B3LYP/6–31 G (d,p) basis sets. 

4.2.2. CH 3 vibrations 

In general, the methyl group C 

–H stretching vibrations occur 

in the region 2975–3840 cm 

−1 [ 46, 47 ]. Normally, CH 3 group de- 

formations are found in between 1450 and 1400 cm 

−1 [48] . For 

the present study, the asymmetric stretching vibration occurs at 

3023, and 2959 in FT-IR spectrum, 3040 in FT-Raman spectrum 

and computed values are 3053, 3045, 3031, 3016, 3003, 2996, 

2975, 2964, 2930, 2910, 2904, 2896 cm 

−1 by B3LYP/6–31 G and 

3049, 3041, 3032, 3025, 3012, 2999, 2991, 2972, 2960, 2928, 2906, 

2900, 2891 cm 

−1 by B3LYP/6–31 G (d,p). The symmetric stretch- 

ing modes calculated for the title molecule at 2945, 2930, 2910, 

2904, 2896 cm 

−1 by B3LYP/6–31 G and 2941, 2928, 2906, 2900, 

2891 cm 

−1 by B3LYP/6–31 G (d,p) and 2904 cm 

−1 observed in 

FT-Raman spectrum. In this study, the CH 3 in-plane bending vi- 

brations are assigned at 1416 cm 

−1 in FT-IR spectrum. The com- 

puted wavenumbers are predicted by δipb = 1419, 1412, 1406, 

1402 cm 

−1, δopb = 1445, 1440, 1435, 1426 cm 

−1 , δsb = 1365, 

136 6 cm 

−1 , δipr = 874, 86 6, 851, 849 cm 

−1 by B3LYP/6–31 G 

and δipb = 1415, 1409, 1404, 1399 cm 

−1 , δopb = 1441, 1438, 

1430, 1422 cm 

−1 δsb = 1363, 1360 cm 

−1 δipr = 869, 861, 848, 845 

cm 

−1 by B3LYP/6–31 G (d,p) methods. In this present work, the 

CH 3 out-of-plane bending vibrations are assigned at 1010 cm 

−1 

in FTIR spectrum. The theoretically predicted values by B3LYP/6–

31 G γ opr = 1041, 1026, 1014, 1004 cm 

−1 by B3LYP/6–31 G and 

1038, 1024, 1010, 999 cm 

−1 by B3LYP/6–31 G (d,p) methods. 

4.2.3. CH 2 vibrations 

The CH 2 symmetric stretching vibrations are generally noticed 

in the vicinity of 290 0–280 0 cm 

−1 and asymmetric stretch will 

appear at 30 0 0–280 0 cm 

−1 [ 49, 50 ]. Mary et al. [51] reported the 

stretching modes of CH 2 are assigned at 2971, 2925 cm 

−1 by theo- 

retically and at 2974, 2921 cm 

−1 in the IR spectrum and the defor- 

mation modes of the CH 2 group are assigned at 1430, 1197, 1132 

cm 

−1 theoretically and at 1434, 1191 cm 

−1 in the IR spectrum. 

Beegum et al. [52] reported that the CH 2 stretching vibrations are 

assigned at 2926, 1465, 1340 cm 

−1 in the IR spectrum, 2958, 2930, 

1335 cm 

−1 in the Raman spectrum and 2956, 2922, 1467, 1338, 
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Fig. 2. Observed FT-IR and simulated spectra of 5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl] −1,3-thiazol- 

4(5H)-one. 

1203, 947 cm 

−1 theoretically obtained. Al-Alshaikh et al. [43] as- 

signed the CH 2 stretching modes at 2965, 2921 cm 

−1 in the FT- IR 

spectrum, 2999, 2965, 2944, 2918 cm 

−1 in FT-Raman spectrum and 

the deformation modes of the CH 2 groups are assigned at 14 4 4, 

1415, 1366, 1294, 1269, 1252 cm 

−1 in the FT-IR spectrum, 14 4 4, 

1415, 1370 1351, 1270 cm 

−1 in FT-Raman spectrum and at 1441, 

1418 cm 

−1 for scissoring, 1362, 1355 cm 

−1 for wagging, 1296, 1267 

cm 

−1 for twisting, 1254, 1132 cm 

−1 for rocking modes. For the title 

compound, the CH 2 stretching modes are observed at νass = 3036 

cm 

−1 , νss = 2945 cm 

−1 , σ sci = 1398 cm 

−1 , ρrock = 1206 cm 

−1 , τ= 

1095 cm 

−1 , δwagg. = 935 cm 

−1 by B3LYP/6–31 G, νass = 3032 cm 

−1 , 

νss = 2941 cm 

−1 , σ sci = 1395 cm 

−1 , ρrock = 1203 cm 

−1 , τ = 1091 

cm 

−1 , δwagg. = 931 cm 

−1 by B3LYP/6–31 G (d,p) methods respec- 

tively. 

4.2.4. C –O vibrations 

The stretching mode of C 

–O is expected in the range of 1850–

1550 cm 

−1 [53] . The in-plane and out-of-plane bending modes of 

C 

–O were reported in the ranges 725 ±95 cm 

−1 and 595 ±120 cm 

−1 

[53] . The calculated C 

–O stretching vibrational modes was obtained 

theoretically at 1788 cm 

−1 , 1782 cm 

−1 and 1694 cm 

−1 at FT-IR 

and 1689 cm 

−1 in FT-Raman by Ellakiya et al. [54] . Parveen et al. 

[55] observed the bands at 1657 cm 

−1 in the IR spectrum, 1662 

cm 

−1 in the Raman spectrum and the in-plane and out-of-plane 

bending modes of C 

–O are assigned at 606, 569 cm 

−1 theoreti- 

cally. In the present work, C 

–O stretching vibrations observed at 

1689 cm 

−1 , in-plane bending at 944 cm 

−1 and out-of-plane bend- 

ing at 753 cm 

−1 in FT-IR spectrum and observed theoretically at 

ν = 1896, δ = 94 8, γ = 755, 74 8 cm 

−1 by B3LYP/6–31 G, ν = 1890, 

δ = 945, γ = 751, 745 cm 

−1 by B3LYP/6–31 G (d,p) basis sets. 

4.2.5. C –Cl vibrations 

The vibration between halogen atom attached to aromatic car- 

bon is recognized around wave numbers 1285–485 cm 

−1 [56] . 

Generally, C 

–Cl absorption found in the vicinity 750–700 cm 

−1 

[57] and C 

–Cl deformation bending around 460–175 cm 

−1 [58] . 

For Beegam et al. [52] , the C 

–Cl stretching mode is observed 

at 673 cm 

−1 in the Raman spectrum and theoretically at 671 
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Fig. 3. Observed FT-Raman and simulated spectra of 5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl] −1,3- 

thiazol-4(5H)-one. 

cm 

−1 .Viji et al. [59] observed the C 

–Cl stretching vibrations ex- 

perimentally at 414 cm 

−1 and calculated at ν= 416, 415 cm 

−1 ob- 

served theoretically. Sebastian et al. [34] observed this mode at 764 

cm 

−1 in the IR spectrum and 760 cm 

−1 theoretically. For the C 

–Cl 

stretching mode, Resmi et al. [45] are assigned at 876, 644, 581 

cm 

−1 in Raman spectrum and 877, 646, 588 cm 

−1 theoretically. 

For the title compound, the C 

–Cl stretching mode is observed the- 

oretically at ν= 690 cm 

−1 , δ= 453 cm 

−1 , γ = 266, 160, 93 cm 

−1 by 

B3LYP/6–31 G and at ν= 685 cm 

−1 , δ= 449 cm 

−1 , γ = 262, 155, 88 

cm 

−1 by B3LYP/6–31 G (d,p). 

4.2.6. C –C vibrations 

The C 

–C stretching vibrations usually occur at 1625–1465 cm 

−1 

[60] . Murugavel et al. [42] reported that the wavenumbers 1613, 

1553, 1302, 1207, 1082 and 1036 cm 

−1 are recognized as C 

–C 

stretching modes. Resmi et al. [45] reported that the C 

–C stretching 

vibrations are observed at 1570, 1545, 1284 cm 

−1 in the IR spec- 

trum and at 1571 cm 

−1 in the Raman spectrum and theoretically 

observed at 1278, 1264 and 1571 cm 

−1 . For the title compound, the 

band observed in FT-IR spectrum at 1600, 1545, 1225, 1196, 1181, 

1117, 1011 cm 

−1 and FT-Raman spectrum at 1600, 1545, 1501, 1210, 

1160, 1110 cm 

−1 . The computed values at 1601, 1584, 1573, 1549, 

1525, 1507, 1234, 1223, 1201, 1192, 1124 1104 cm 

−1 by B3LYP/6–

31 G and 1603, 1581, 1569, 1545, 1519, 1504, 1227, 1222, 1195, 1147, 

1119, 1100 cm 

−1 by B3LYP/6–31 G (d,p). Murugavel et al. [42] re- 

ported that and C 

–C in-plane deformation was found at 429, 514, 

580, 627, 652 cm 

−1 which is in accord with the experimental data 

at 428, 442, 459, 476, 515, 552, 575 and 627 cm 

−1 . For the title 

compound, the C 

–C in-plane bending occurs at 409 cm 

−1 in FT-IR 

spectrum, 835, 640, 410 cm 

−1 in FT-Raman spectrum and the com- 

puted values are 840, 836, 668, 644, 439, 424, 414, 396 cm 

−1 by 

B3LYP/6–31 G and 837, 833, 6 6 6, 640, 438, 421, 410, 390 cm 

−1 by 

B3LYP/6–31 G (d,p) methods. 

4.2.7. Ring vibration 

The thiazole and phenyl ring in-plane bending vibrations are 

theoretically calculated at 520, 469, 437, 426, 418, 402, 354, 

317,304 cm 

−1 in B3LYP/6–31 G (d,p) and 515, 463, 433, 421, 415 

399, 352, 312, 302 cm 

−1 in B3LYP/6–311 G observed by Viji et al. 

[61] . In the present work, the in-plane bending vibrations of thia- 
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zole ring are theoretically observed at 780, 767, 630, 621, 610, 605, 

525, 515, 503, 490, 470, 376, 370, 335, 320, 83, 71, 60, 52, 45, 41, 

36 cm 

−1 in B3LYP/6–31 G, 777, 763, 625, 616, 607, 602, 523, 512, 

500, 4 87, 46 8, 374, 36 8, 333, 318, 80, 68, 57, 49, 40, 38, 32 cm 

−1 in 

by B3LYP/6–31 G (d,p) methods. The observed values at 608, 501 

cm 

−1 in FT-IR spectrum and 600, 510, 375, 42 cm 

−1 in FT-Raman 

spectrum. The out-of-plane bending vibrations observed at 720, 

556 cm 

−1 in FT-IR spectrum, 28 cm 

−1 in FT-Raman spectrum and 

computed values are 736, 725,584, 560 551, 405 399, 385,364,306, 

182, 173, 145 cm 

−1 in B3LYP/6–31 G, 732, 720, 581, 555, 544, 400, 

394, 382, 361, 304, 179, 171, 142 cm 

−1 in by B3LYP/6–31 G (d,p) 

methods. 

4.2.8. N 

–N vibrations 

N 

–N stretching mode occurs at 1417–1372 cm 

−1 [62] . The 

N 

–N stretching mode is reported at 1120 cm 

−1 in the IR spec- 

trum and 1130 cm 

−1 theoretically assigned by Parveen et al. [55] . 

In the present work, 981, 980 cm 

−1 observed by FT-IR and FT- 

Raman spectrum and 986, 982 cm 

−1 obtained by theoretically by 

B3LYP/6–31 G, 6–31 G (d,p) methods. 

4.2.9. C-S vibrations 

This vibration cannot be identified easily as it results in weak 

infrared bands, which is susceptible to coupling effects and is also 

of variable intensity. In general, the C-S stretching vibration was re- 

ported in 750–600 cm 

−1 [63] . In the present work, the C-S stretch- 

ing vibration assigned at 854 cm 

−1 in the IR spectrum, 860,786 

cm 

−1 and 854,785 cm 

−1 obtained theoretically by B3LYP/6–31 G, 

6–31 G (d,p) methods. Aswathy et al. [64] observed the band at 

728 cm 

−1 in the IR spectrum, 729 cm 

−1 in the Raman spectrum 

and 728 cm 

−1 theoretically is assigned as the C-S stretching mode. 

4.2.10. C –N vibrations 

According to literature, the C 

–N stretching modes are expected 

in the region 110 0–130 0 cm 

−1 [65-67] . Murugavel et al. [42] re- 

ported that the C 

–N stretching peaks appeared at 1188, 1222, 

1229, 1440 and 1503 cm 

−1 . Kuruvilla et al. [68] observed the C 

–N 

stretching vibrations theoretically at 1537 and 966 cm 

−1 and ex- 

perimentally observed at 1395 cm 

−1 in the FT-IR spectrum. The 

C 

–N vibration observed at 1612 cm 

−1 in the FT-Raman spectrum 

by Alphonsa et al. [69] . For our title molecule, the C 

–N stretch- 

ing mode in the FT-IR spectrum exhibited at 1491, 1332 cm 

−1 . The 

calculated wavenumbers predicted at ν = 1530, 1493, 1485, 1336, 

847 cm 

−1 , γ = 593 in B3LYP/6–31 G, ν = 1528, 1490, 1481, 1333, 

840 cm 

−1 , γ = 590cm 

−1 in by B3LYP/6–31 G (d,p) methods are 

assigned for C 

–N stretching vibrations. 

4.3. Mulliken population analysis 

The natural population analysis of the title compound obtained 

by Mulliken [70] population analysis with B3LYP level using 6–31 G 

and 6–31 G (d,p) basis sets. Mulliken atomic charge calculation has 

an important role in the application of quantum chemical calcu- 

lation to the molecular system because of atomic charge effect, 

dipole moment, molecular polarizability, electronic structure and 

a lot of properties of molecule systems. The calculated Mulliken 

charge values are listed in Table S3 (Supplementary material). The 

charge changes with basis set due to polarization. 

In the title compound, the Mulliken atomic charge of 8 car- 

bon atoms,30 hydrogen atoms and one sulphur atom exhibit a 

strong positive region and 22 carbon atoms, 3 nitrogen and one 

oxygen atoms are as a negative region. In the present structure, 

the carbon atoms have both positive and negative charges so 

they were highly influenced by their substituent atoms [71] . For 

our title molecule, C40 was highly positive (C40 = 4.489/0.361) 

because that atom was attached with the two electronegative 

oxygen and nitrogen atoms and these two electronegative atoms 

withdrawing an electron charges from the carbon atom and 

become negative. The nitrogen atom N25 was more negative 

than other nitrogen which is due to the influence of surrounding 

hydrogen atoms is N24 = −0.324/ −0.198, N25 = −0.458/ −0.531 and 

N43 = −0.465/ −0.278.All the hydrogen atoms in the title molecule 

have a positive charge and among the atoms, H35, H55, H56, 

H63, H66 were highly positive. The eight positive carbon atoms 

C1 = 0.215/0.184, C2 = 0.119/0.032, C4 = 0.112/0.113, C14 = 0.126/0.16, 

C21 = 0.14/ 0.126, C40 = 0.489/0.361, C46 = 0.102/0.036, C53 = 0.13/ 

0.116. The carbon present in the negative region depends upon 

the neighbouring atoms and the carbon-negative range are given 

as C5 = −0.127/ −0.155, C6 = −0.097/ −0.126, C7 = −0.086/ −0.112, 

C9 = −0.9/ −0.121, C11 = −0.085/ −0.26, C15 = −0.145/ −0.174, 

C30 = −0.332/ −0.417, C31 = −0.332/ −0.418 respectively. Atoms 

Cl27 and C42 have both positive and negative charges. Distribution 

of positive and negative charges is vital to increase or decreasing 

bond length between the atoms. 

4.4. Molecular electrostatic potential (MEP) surface 

For investigating chemical reactivity of the molecule, molecular 

electrostatic potential (MEP) surface is plotted over the optimized 

electronic structure of the title molecule using density functional 

B3LYP method with 6–31 G (d,p) basis set is shown in Fig. 4 . The 

MEP generated in the molecule by the charge distribution is very 

helpful in understanding the reactive sites for the nucleophilic and 

electrophilic region in hydrogen bonding interactions. The colour 

scheme for the MEP surface is the red, electron-rich, partially 

negative charge; blue, slightly electron-deficient, partially positive 

charge; light blue, slightly electron-deficient region; yellow slightly 

electron-rich region respectively. The colour order of the MEP of 

the title compound originates with red colour ( −7.132 × 10 −2 a.u) 

and terminated with dark blue colour (7.132 × 10 −2 a.u) which 

shows the separate values of the electrostatic potential at the ex- 

terior of the molecule.The MEP total density of the title molecule 

clearly shows the presence of more electron density around the 

carbonyl group is characterized by red colour. The predominance of 

the green region in the MESP surfaces corresponds to a potential 

halfway between the two extremes red and blue colour. As seen 

from the 2D diagram of MEP of the title molecule, more reactive 

sites are close to ketone ( C = O ) group which is present in thiazole 

group, the region having the most negative potential over oxygen 

atom O44 and the positive potential regions are most of the hydro- 

gen atoms and it represents the possible site of the nucleophilic 

sites. 

4.5. Molecular orbital studies 

The most widely used theory by chemists is the molecular or- 

bital (MO) theory. Ionization Potential (I), electron affinity (A), elec- 

tronegativity ( χ ), electrophilic index ( ω), hardness ( η) and chem- 

ical potential (μ) must be put into a MO framework. The orbital 

energies of the Frontier orbital are given by Fig. 5 . The FMO en- 

ergy parameters and global reactivity descriptors at B3LYP/6–31 G 

(d,p) method are tabulated in Table 1 . We focus on the HOMO and 

LUMO energies to determine interesting molecular/atomic proper- 

ties and chemical quantities. 

ThesofenessofthemoleculeS = 

1 

2 η

Thehardnessofthemolecule = 

I + A 

2 

Electrophilicindex (ω) orGlobalreactivity = 

μ2 

2 η
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Fig. 4. Molecular electrostatic potential surfaces of5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl] −1,3-thiazol- 

4(5H)-one. 

Fig. 5. Patterns of the principle highest occupied and lowest unoccupied molecular orbital of5-(4-Propan-2-yl)benzylidene) −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 1 

HOMO-LUMO energies for 5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl] −1,3-thiazol-4(5H)-one by B3LYP/6–

31(d,p) basis set. 

Molecular 

properties Energy (eV) 

Energy 

gap (eV) 

Ionisation 

potential (I) 

Electron 

affinity (A) 

Global 

hardness( η) 

Electron 

negativity ( χ ) 

Global 

softness ( σ ) 

Chemical 

potential ( μ) 

Global 

Electrophilicity ( ω) 

E HOMO 5.7579 3.5250 5.7579 2.2329 1.7625 3.995 0.5674 −3.9954 4.5286 

E LUMO 2.2329 

E HOMO-1 6.1868 4.5231 6.1868 1.6637 2.2616 3.9252 0.4422 −3.9253 3.4064 

E LUMO-1 1.6637 

E HOMO-2 6.5852 5.8124 6.5852 0.7725 2.9064 3.6789 0.3441 −3.6788 2.3282 

E LUMO-2 0.7725 

Table 2 

Second order perturbation theory analysis of Fock matrix in NBO basis corresponding to intra molecu- 

lar bands of 5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1- 

yl] −1,3-thiazol-4(5H)-one. 

Donor Acceptor E(2)(kcal/mol)BMP E(J)-E(i) (a.u)BMP F (ij) (a.u)BMP 

LP (1) N 24 BD 

∗(1) C2 - N 25 4.81 0.82 0.056 

LP (1) N 25 BD 

∗(2) C1 - N 24 26.81 0.24 0.072 

LP (1) N 25 BD 

∗(1) C 2 - C 14 1.04 0.65 0.024 

LP (1) N 25 BD 

∗(1) C 2 - H 55 4.15 0.65 0.049 

LP (1) N 25 BD 

∗(1) S 41 - C 42 6.94 0.75 0.068 

LP (1) N 25 BD 

∗(1) C 42 - N 43 13.01 0.68 0.088 

LP (1)Cl 27 BD 

∗(1) C 7 - C 11 1.21 1.48 0.038 

LP (1)Cl 27 BD 

∗(1) C 9 - C 11 1.21 1.48 0.038 

LP (2)Cl 27 BD 

∗(1) C 7 - C 11 3.88 0.87 0.052 

LP (2)Cl 27 BD 

∗(1) C 9 - C 11 3.85 0.87 0.052 

LP (3)Cl 27 BD 

∗(2) C 7 - C 11 12.37 0.32 0.061 

LP (1) S 41 BD 

∗(1) N 25 - C 42 0.61 0.92 0.021 

LP (1) S 41 BD 

∗(1) C 39 - C 40 7.94 0.99 0.08 

LP (1) S 41 BD 

∗(1) C 40 - O 44 0.78 1.04 0.026 

LP (1) S 41 BD 

∗(1) C 42 - N 43 8.55 0.94 0.08 

LP (2) S 41 BD 

∗(2) C 39 - C 45 64.42 0.2 0.111 

LP (2) S 41 BD 

∗(1) S 41 - C 42 0.56 0.76 0.022 

LP (2) S 41 BD 

∗(2) C 42 - N 43 100.22 0.21 0.133 

LP (1) N 43 BD 

∗(1) N 25 - C 42 1.76 0.75 0.033 

LP (1) N 43 BD 

∗(1) C 39 - C 40 5.99 0.81 0.062 

LP (1) N 43 BD 

∗(1) C 39 - C 45 0.71 0.69 0.02 

LP (1) N 43 BD 

∗(1) C 40 - O 44 1.54 0.87 0.033 

LP (1) N 43 BD 

∗(1) S 41 - C 42 5.63 0.84 0.062 

LP (1) O 44 BD 

∗(1) C 39 - C 40 3.04 1.13 0.053 

LP (1) O 44 BD 

∗(1) C 40 - N 43 2.31 1.1 0.046 

LP (2) O 44 BD 

∗(1) C 39 - C 40 18.59 0.69 0.102 

LP (2) O 44 BD 

∗(1) C 40 - N 43 22.99 0.65 0.111 

aE(2) means energy of hyperconjugative interactions (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. 

where η is the chemical potential the electronegativity and hard- 

ness are used to make predictions about chemical behaviour and 

these are used to explain aromaticity in organic compounds [72] . 

A hard molecule has a large and a soft molecule has a small 

HOMO-LUMO gap. Like the same, soft molecule will be more re- 

active than the hard one. Based on a fully optimized ground state 

structure, the DFT/B3LYP/6–31 G calculation predicts one intense 

electronic transition from the ground to the first excited state 

and is mainly described by one electron excitation from the high- 

est occupied molecular orbital (HOMO) to the lowest unoccupied 

molecular orbital (LUMO). The less value of �E confirms that the 

molecule is more polarized and has bioactivity [ 73, 74 ]. Computed 

E HOMO , E LUMO and �E by DFT estimates that 401 molecular or- 

bital with 139 occupied and remaining unoccupied for the title 

compound. Orbital 139 is identified as highest occupied HOMO or- 

bital and 140 as lowest unoccupied LUMO orbital with energies 

5.7579 eV and 2.2329 eV respectively. The HOMO-LUMO energy 

gap �E is 3.525 eV, Ionization potential (I) = 5.758 eV, Electron 

affinity (A) = 2.233 eV, Global hardness ( η) = 1.763 eV, Softness 

( η) = 0.567 eV, Chemical potential ( μ) = −3.995 eV, Electrophilic- 

ity index ( ω) = 4.529 eV. The values for chemical potential and 

electrophilicity index are small that indicates the reactive nature 

of the title compound which confirms the bioactivity of the title 

molecule by the positive value of chemical softness. 

4.6. Natural bond orbital analysis 

In quantum chemistry, a natural bond orbital (NBO) is a com- 

puted bonding orbital with maximum electron density. Natural 

bond orbital is used in computational chemistry to calculate bond 

orbital, donor-acceptor interactions and the distribution of electron 

density between atoms. The natural bond orbital (NBO) calcula- 

tions were performed using NBO 3.1 program [75] as implemented 

in the Gaussian 09 package at the DFT/B3LYP level with 6–31 G 

(d,p) basis set in order to understand various second-order inter- 

actions and it provides an efficient method for studying interesting 

features of molecular structure and also provides a convenient ba- 

sis for investigation charge transfer or conjugative interaction in 

the molecular system. The second-order Fock matrix was carried 

out to evaluate the donor-accepter interactions in the NBO analy- 

sis [76] . For each donor (i) and accepter (j) the stabilization energy 

(E2) associated with the delocalization i → j is determined as 

E ( 2 ) = �E i j = q i 

(
F i, j 

)
(
E j − E i 

)
2 

where q i is the donor orbital occupancy, E i ,E j are diagonal el- 

ements (orbital energies) and F (i,j) is the off-diagonal NBO Fock 

matrix element. All the interactions of the title compound were 

tabulated in Table 2 . The important hyper-conjugative interac- 
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tions are C42-N43 from S41 of LP(2)S41 → σ ∗(C42-N43), C39- 

N45 from S41 of LP(2) S41 → σ ∗(C39-N45), C1-N24 from N25 

of LP(1)N25 → σ ∗(C1-N24), C40-N43 from O44 of LP(2) O44 → 

σ ∗(C40-N43), C39–40 from O44 of LP(2) O44 → σ ∗(C39-C40), C39- 

C40 from O44 of LP(2) O44 → σ ∗(C39-C40), C42-N43 from N25 of 

LP(N25) → σ ∗(C42-N43) with stabilization energies, 100.22, 64.42, 

26.81, 22.99, 18.59, 13.01 kJ/mol. 

The perturbation energies of significant donor-acceptor interac- 

tions are presented in Table 3 . The larger E(2) value the intensive 

is the interaction between electron donors ( σ and π )and electron 

acceptors( σ ∗ and π ∗). In Table 3 , σ (C40-O44) orbital with 1.99418 

a.u energy has 36.24% C40 character in SP (2.02) hybrid and has 

63.76% O44 character in SP (1.74) hybrid. The idealized SP (1.74) hy- 

brid has 66.86%, 63.51% p-character and 33.16%, 36.46% s-character. 

The two coefficients 0.6020 and 0.7985 are called polarization co- 

efficients. σC11-Cl27 orbital with 1.98945 a.u energy has 45.41% 

C11 character in SP (3.42) hybrid and has 54.59% Cl27 character in 

SP (5.04) hybrid. The idealized SP (5.04) hybrid has 77.38%, 83.45% 

p-character and 22.62%, 16.55% s-character. The two coefficients 

0.6739 and 0.7389 are called polarization coefficients. The oxygen 

(O44) has a larger percentage of this NBO, 63.76% and gives the 

larger polarization coefficient 0.6777 because it has a higher elec- 

tronegativity. Similarly, the carbon (C48) has a larger percentage 

of this NBO, 62.63% and gives the larger polarization coefficient 

0.6113. The carbon and nitrogen have a lesser percentage of NBO 

and give a lesser polarization coefficient. The carbon (C40) has a 

lower percentage of this NBO, 36.24% and gives the lesser polar- 

ization coefficient 0.6020. 

Table 3 

NBO analysis of bonding and antibonding orbit of 5-(4-Propan-2-yl)benzylidene) −2-[3-(4- 

chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl] −1,3-thiazol-4(5H)-one. 

Band (A-B) ED/Energy (a.u.) ED% ED% NBO S(%) P(%) 

BD (1) C 1 - C 4 1.9716 50.07 49.93 0.7076 SP (1.72) 36.83 63.17 

−0.63785 0.7066 SP (2.42) 29.21 70.79 

BD (1) C 1 - N 24 1.98458 41.16 58.84 0.6416 SP (2.53) 28.3 71.7 

−0.8076 0.7671 SP (2.53) 35.15 64.85 

BD (1) C 1 - C 26 1.97344 47.4 52.6 0.6884 SP (1.87) 34.83 65.17 

−0.71293 0.7253 SP (2.48) 28.73 71.27 

BD (1) C 2 - C 14 1.96717 52.32 47.68 0.7233 SP (2.08) 32.46 67.54 

−0.62256 0.6905 SP (2.5) 28.53 71.47 

BD (1) C 2 - N 25 1.97706 39.6 60.4 0.6293 SP (2.92) 25.51 74.49 

−0.79968 0.7772 SP (1.85) 35.07 64.93 

BD (1) C 2 - C 26 1.96518 50.3 49.7 0.7092 SP (2.03) 33.04 66.96 

−0.71183 0.7050 SP (2.48) 28.73 71.27 

BD (1) C 2 - H 55 1.89411 63.49 36.51 0.7968 SP (9.94) 9.14 90.86 

−0.45971 0.6042 S (1) 100 

BD (1) C 4 - C 5 1.97386 51.06 48.94 0.7146 SP (1.8) 35.68 64.32 

−0.71778 0.6996 SP (1.87) 34.85 65.15 

BD (1) C 4 - C 6 1.97513 51.33 48.67 0.7146 SP (1.85) 35.11 64.89 

−0.71245 0.6977 SP (1.86) 34.98 65.02 

BD (1) C 5 - C 7 1.96991 50.02 49.98 0.7072 SP (1.81) 35.55 64.45 

−0.71264 0.7070 SP (1.8) 35.76 64.24 

BD (1) C 6 - C 9 1.97082 49.7 50.3 0.7050 SP (1.86) 34.99 65.01 

−0.70774 0.7092 SP (1.79) 35.82 64.18 

BD (1) C 7 - C 11 1.98087 49.11 50.89 0.7008 SP (1.88) 34.78 65.22 

−0.73664 0.71334 SP (1.59) 38.64 61.36 

BD (1) C 9 - C11 1.98117 48.98 51.02 0.6999 SP (1.89) 34.66 65.34 

−0.73613 0.7142 SP (1.58) 38.74 6.26 

BD (1) C 11 -Cl 27 1.98945 45.41 54.59 0.6739 SP (3.42) 22.62 77.38 

−0.72439 0.7389 SP (5.04) 16.55 83.45 

BD (1) C 14 - C 15 1.97179 51.33 48.67 0.7165 SP (1.78) 36.02 63.98 

−0.70373 0.6976 SP (1.88) 34.77 65.23 

BD (1) C 14 - C 16 1.97342 51.24 48.76 0.7158 SP (1.83) 35.37 64.63 

−0.70241 0.6983 SP (1.88) 34.71 65.29 

BD (1) C 15 - C 17 1.97468 50.24 49.76 0.7088 SP (1.78) 35.97 64.03 

−0.69235 0.7054 SP (1.83) 35.36 64.64 

BD (1) C 21 - C 29 1.97443 49.85 50.15 0.7060 SP (2.34) 29.96 70.04 

−0.60045 0.7082 SP (2.34) 29.98 70.02 

BD (1) N 24 - N 25 1.97516 44.85 55.15 0.6697 S (3.87) 20.53 79.47 

−0.78565 0.7456 SP (2.67) 27.25 72.75 

BD (1) N 25 - C 42 1.98191 59.48 40.52 0.7713 SP (1.67) 37.41 62.59 

−0.84614 0.6365 S (2.05) 32.8 67.2 

BD (1) C 31 - H 35 1.98711 61.78 38.22 0.7860 SP (2.93) 25.45 74.55 

−0.5137 0.6182 S (1) 100 

BD (1) C 39 - C 40 1.97996 54.86 45.14 0.7407 SP (2.03) 33.04 66.96 

−0.73079 0.6719 SP (1.84) 35.18 64.82 

BD (1) C 39 - S 41 1.9775 53.45 46.55 0.7311 SP (1.98) 33.55 66.45 

−1.04732 0.6823 SP (2.03) 33.03 66.97 

BD (1) C 39 - C 45 1.97473 54.08 45.92 0.7354 SP (2.00) 33.34 66.66 

−0.66995 0.6777 SP (2.10) 32.25 67.75 

BD (1) C 40 - N 43 1.98023 41.39 58.61 0.6433 SP (2.21) 31.13 68.87 

−0.78333 0.7656 SP (2.28) 30.46 69.54 

BD (1) C 40 - O 44 1.99418 36.24 63.76 0.6020 SP (2.02) 33.14 66.86 

−1.01591 0.7985 SP (1.74) 36.46 63.51 

BD (1) S 41 - C 42 1.9822 47.49 52.5 0.6891 SP (2.07) 32.57 67.43 

−1.06292 0.7247 SP (1.77) 36.15 63.85 

( continued on next page ) 
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Table 3 ( continued ) 

Band (A-B) ED/Energy (a.u.) ED% ED% NBO S(%) P(%) 

BD (1) C 42 - N 43 1.9797 44.91 55.09 0. 6702 SP (2.07) 30.79 69.21 

−0.80862 0.7422 SP (2.26) 30.71 69.29 

BD (1) C 45 - C 46 1.98017 49.8 50.2 0.7057 SP (1.88) 34.72 65.28 

−0.64355 0. 7085 SP (2.53) 28.3 71.7 

BD (1) C 46 - C 47 1.96938 51.35 48.65 0.7166 SP (1.81) 35.57 64.43 

−0.70742 0. 6975 SP (1.87) 34.86 65.14 

BD (1) C 46 - C 48 1.9671 51.25 48.75 0.7169 SP (1.77) 36.12 63.88 

−0.71003 0. 6982 SP (1.87) 34.86 65.14 

BD (1) C 47 - C 49 1.97519 50.04 49.96 0.7074 SP (1.81) 35.65 64.35 

−0.69378 0. 7069 SP (1.87) 34.79 65.21 

BD (1) C 48 - C 51 1.97445 50.17 49.83 0.7083 SP (1.79) 35.79 64.21 

−0.69711 0. 7059 SP (1.85) 35.08 64.92 

BD (1) C 48 - H 52 1.98197 62.63 37.37 0.7914 SP (2.41) 29.34 70.66 

−0.52131 0. 6113 S (1) 100 

BD (1) C 49 - C 53 1.97437 49.41 50.59 0.7029 SP (1.88) 34.75 65.25 

−0.69549 0. 7113 SP (1.89) 34.6 65.4 

BD (1) C 51 - C 53 1.97499 49.43 50.57 0.7031 SP (1.84) 35.2 64.8 

−0.69798 0. 7111 SP (1.89) 34.6 65.4 

BD (1) C 53 - C 58 1.97214 50.82 49.18 0.7129 SP (2.25) 30.81 69.19 

−0.59158 0. 7013 SP (2.96) 25.23 74.77 

BD (1) C 58 - C 60 1.98234 50.65 49.35 0.7117 SP (2.94) 25.38 74.62 

−0.57515 0. 7025 SP (2.79) 26.35 73.65 

BD (1) C 58 - C 64 1.98097 50.69 49.31 0.7120 SP (2.94) 25.39 74.61 

−0.57507 0. 7022 SP (2.8) 26.34 73.66 

BD (1) C 60 - H 61 1.98862 61.54 38.46 0.7845 SP (3.11) 24.34 75.66 

−0.50495 0. 6201 S (1) 100 

BD (1) C 60 - H 63 1.99042 62.22 37.78 0.7888 SP (3.07) 24.56 75.44 

−0.5011 0. 6147 S (1) 100 

BD(1)C39-S41 1.9775 53.45 46.55 0.7311 SP (1.98) 33.55 66.45 

−1.04732 0. 6201 S (2.03) 33.03 66.97 

Fig. 6. Plots of the RDG versus λ(2) ρ of5-(4-Propan-2-yl)benzylidene) −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 4 

Fukui function (fi+ , fi-, �f) for 5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan- 

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

Atoms 

Natural atomic charges Fukui functions(eV) Electro- 

philicity 

Nucleo- 

philicity 
qN qN-1 qN + 1 F + F- F0 

C 1 0.184 0.160 0.237 −0.077 0.024 −0.039 −0.102 0.102 

C 2 0.032 0.037 0.010 0.026 −0.005 0.013 0.031 −0.031 

H 3 0.163 0.138 0.245 −0.107 0.025 −0.053 −0.131 −0.131 

C 4 0.113 0.115 0.113 0.001 −0.001 0.001 0.003 −0.003 

C 5 −0.155 −0.163 −0.142 −0.021 0.007 −0.010 −0.028 0.028 

C 6 −0.126 −0.132 −0.111 −0.022 0.006 −0.011 −0.028 0.028 

C 7 −0.112 −0.114 −0.104 −0.011 0.003 −0.005 −0.013 0.013 

H 8 0.149 0.140 0.160 −0.019 0.008 −0.010 −0.028 0.028 

C 9 −0.121 −0.125 −0.114 −0.011 0.004 −0.006 −0.015 0.015 

H 10 0.173 0.171 0.196 −0.025 0.002 −0.012 −0.027 0.027 

C 11 −0.260 −0.263 −0.256 −0.008 0.003 −0.004 −0.011 0.011 

H 12 0.157 0.137 0.191 −0.054 0.020 −0.027 −0.074 −0.074 

H 13 0.159 0.142 0.194 −0.053 0.018 −0.026 −0.070 0.070 

C 14 0.160 0.143 0.157 −0.014 0.016 −0.007 −0.031 0.031 

C 15 −0.174 −0.176 −0.160 −0.016 0.003 −0.008 −0.019 0.019 

C 16 −0.140 −0.137 −0.126 −0.012 −0.003 −0.006 −0.008 0.008 

C 17 −0.175 −0.182 −0.160 −0.022 0.007 −0.011 −0.029 0.029 

H 18 0.131 0.116 0.150 −0.034 0.015 −0.017 −0.049 0.049 

C 19 −0.190 −0.200 −0.176 −0.025 0.010 −0.012 −0.035 0.035 

H 20 0.135 0.196 0.160 0.036 −0.060 0.018 0.096 −0.096 

C 21 0.126 0.127 0.128 −0.001 −0.001 0.000 0.000 0.000 

H 22 0.130 0.107 0.168 −0.061 0.024 −0.031 −0.085 0.085 

H 23 0.133 0.132 0.168 −0.035 0.001 −0.018 −0.036 0.036 

N 24 −0.198 −0.193 −0.163 −0.031 −0.005 −0.015 −0.025 0.025 

N 25 −0.531 −0.511 −0.474 −0.036 −0.020 −0.018 −0.016 0.016 

C 26 −0.424 −0.410 −0.477 0.066 −0.014 0.033 0.080 −0.080 

Cl 27 0.117 0.076 0.197 −0.121 0.041 −0.060 −0.162 0.162 

H 28 0.182 0.158 0.240 −0.082 0.023 −0.041 −0.105 0.105 

C 29 −0.208 −0.203 −0.222 0.019 −0.005 0.009 0.024 −0.024 

C 30 −0.417 −0.417 −0.419 0.001 0.000 0.001 0.001 −0.001 

C 31 −0.418 −0.417 −0.419 0.002 −0.001 0.001 0.003 −0.003 

H 32 0.139 0.126 0.163 −0.037 0.013 −0.019 −0.051 0.051 

H 33 0.143 0.141 0.147 −0.005 0.002 −0.003 −0.007 0.007 

H 34 0.141 0.131 0.162 −0.031 0.011 −0.016 −0.042 0.042 

H 35 0.147 0.155 0.149 0.006 −0.008 0.003 0.014 −0.014 

H 36 0.139 0.124 0.163 −0.040 0.016 −0.020 −0.055 0.055 

H 37 0.140 0.134 0.160 −0.027 0.006 −0.013 −0.033 0.033 

H 38 0.194 0.188 0.217 −0.029 0.007 −0.015 −0.036 0.036 

C 39 −0.287 −0.325 −0.309 −0.016 0.037 −0.008 −0.053 0.053 

C 40 0.361 0.328 0.376 −0.048 0.033 −0.024 −0.082 0.082 

S 41 0.488 0.386 0.521 −0.135 0.102 −0.067 −0.236 0.236 

C 42 −0.013 −0.064 −0.015 −0.049 0.051 −0.025 −0.100 0.100 

N 43 −0.278 −0.355 −0.265 −0.089 0.077 −0.045 −0.166 0.166 

O 44 −0.404 −0.546 −0.372 −0.174 0.142 −0.087 −0.316 0.316 

C 45 −0.043 −0.147 −0.009 −0.138 0.104 −0.069 −0.242 0.242 

C 46 0.036 0.079 0.026 0.052 −0.042 0.026 0.095 −0.095 

C 47 −0.115 −0.114 −0.115 0.001 −0.002 0.001 0.003 −0.003 

C 48 −0.138 −0.142 −0.135 −0.007 0.005 −0.004 −0.012 0.012 

C 49 −0.147 −0.159 −0.140 −0.018 0.012 −0.009 −0.030 0.030 

H 50 0.139 0.114 0.146 −0.032 0.024 −0.016 −0.056 0.056 

C 51 −0.151 −0.162 −0.145 −0.017 0.011 −0.009 −0.029 0.029 

H 52 0.137 0.114 0.141 −0.027 0.023 −0.013 −0.049 0.049 

C 53 0.116 0.118 0.116 0.002 −0.001 0.001 0.003 −0.003 

H 54 0.135 0.097 0.152 −0.055 0.038 −0.027 −0.092 0.092 

H 55 0.224 0.221 0.294 −0.072 0.003 −0.036 −0.075 0.075 

H 56 0.174 0.091 0.197 −0.106 0.084 −0.053 −0.190 0.190 

H 57 0.131 0.095 0.148 −0.053 0.036 −0.027 −0.089 0.089 

C 58 −0.178 −0.171 −0.182 0.010 −0.007 0.005 0.017 −0.017 

H 59 0.144 0.119 0.157 −0.038 0.025 −0.019 −0.063 0.063 

C 60 −0.406 −0.402 −0.408 0.006 −0.004 0.003 0.010 −0.010 

H 61 0.136 0.128 0.140 −0.012 0.008 −0.006 −0.020 0.020 

H 62 0.131 0.106 0.145 −0.040 0.026 −0.020 −0.065 0.065 

H 63 0.153 0.155 0.151 0.004 −0.002 0.002 0.006 −0.006 

C 64 −0.402 −0.398 −0.404 0.006 −0.004 0.003 0.011 −0.011 

H 65 0.134 0.127 0.138 −0.011 0.007 −0.005 −0.018 0.018 

H 66 0.152 0.154 0.150 0.004 −0.002 0.002 0.006 −0.006 

H 67 0.132 0.106 0.146 −0.040 0.026 −0.020 −0.067 0.067 
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Table 5 

Binding affinity for docking in 5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl] −1,3-thiazol-4(5 H )-one. 

Drug Protein Type of activity 

Binding affin- 

ity(kcal/mol) 

Etimated inhibition 

constant Ki(μM) 

Bonded 

residues Nature of bond 

Bond distance 

( ̊A) RMSD 

5-(4-Propan-2- 

yl)benzylidene) −2- 

[3-(4- 

chlorophenyl) −5[4- 

(propan-2-yl)phenyl- 

4,5-dihydro-1H- 

pyrazol-1-yl] −1,3- 

thiazol-4(5H)-one 

4QXM Antitubercular −9.03 239.32 (Nm) MET A:98 van der waals 3.12 45.171 

−7.24 4.95 (M) ILE A:47 van der waals 4.06 32.143 

−7.23 5.06(M) TYR A:158 van der waals 4.46 51.17 

−7.03 7.05 (M) ILE A:36 Alkyl 3.01 30.178 

−6.73 11.75(M) THR A:196 Conventional 

hydrogen bond 

2.8 39.7 

5T6N Antiviral −7.63 2.57 GLN A:210 Conventional 

hydrogen bond 

3.49 46.93 

−6.23 27.26 TRP A:234 π - π stacked 3.15 48.102 

−5.71 65.29 GLN A:210 Conventional 

hydrogen bond 

1.92 61.645 

−5.67 69.34 TRP A:234 π - π stacked 3.13 49.815 

−5.37 115.39 TRP A:234 π - π stacked 3.15 82.058 

4YJ3 Anticancer −6.47 18.02 GLN A:358 van der waals 2.21 

262.039 

−6.18 29.66 PRO A:364 van der waals 2.62 

229.467 

−6.14 31.72 THR A:365 van der waals 2.81 

269.206 

−6.12 32.56 GLY A:365 Pi-donor 

hydrogen bond 

2.94 

267.117 

−6.02 38.85 VAL A:26 Pi-alkyl 3.01 

258.416 

3S9Y Anticancer −7.63 2.57 GLN A:210 Conventional 

hydrogen bond 

3.49 46.93 

−6.23 27.26 TRP A:234 π - π stacked 3.15 48.102 

−5.71 65.29 GLN A:210 Conventional 

hydrogen bond 

1.92 61.645 

−5.67 69.34 TRP A:234 π - π stacked 3.13 49.815 

−5.37 115.39 TRP A:234 π - π stacked 3.15 82.058 

4I5O Anticancer −7.52 3.07 ALA A:247 Conventional 

hydrogen bond 

1.91 

123.143 

−7.09 6.37 LEU A:248 Conventional 

hydrogen bond 

1.92 

123.075 

−7.06 6.64 TYR A:357 π - π stacked 3.01 

114.455 

−7.03 7.01 TYR A:357 π - π stacked 3.21 

113.872 

−6.38 21.08 GLY A:246 van der waals 3.83 

122.866 

4.7. Fukui function 

In computational chemistry, the Fukui function describes the 

electron density when some electrons are added or removed from 

it. It is a local density functional descriptor, which helps in predict- 

ing the chemical reactivity and selectivity. The Fukui function helps 

one to predict the most reactive sites for electrophilic and nucle- 

ophilic sites within a molecule [ 77, 78 ]. The condensed or atomic 

Fukui functions on the rth atomic site for an electrophilic f −
r , 

nucleophilic f + r and free radical f0r on the reference molecule can 

be defined as 

f + 
k 

= qk ( N + 1 ) − qk ( N ) , 
f −
k 

= qk ( N ) − qk ( N − 1 ) 
f 0 
k 

= 

1 
2 { qk ( N + 1 ) − qk ( N − 1 ) } 

In these equations, q r is the atomic charge (evaluated from Mul- 

liken population analysis, electrostatic derived charge, etc.) at the 

rth atomic site in the neutral (N), anionic ( N + 1), cationic (N-1) 

chemical species [79] . Dual descriptor ( �f (r)) combines the two 

Fukui functions f + r and f − r as 

� f ( r ) = [ f + ( r ) − f − ( r ) ] 

The dual descriptors �f(r) distinguishes between the nucle- 

ophilic and electrophilic attack at a particular site with their sign. 

If �f(r) > 0, the site is favoured for a nucleophilic site, whereas 

if �f(r) < 0, the site may be favoured for electrophilic sites. From 

Table 4 , according to the condition for dual descriptor, important 

some nucleophilic sites for the title compound are Cl27, N43, H56, 

S41, C45, O44 are positive values i.e. �f(r) > 0. Similarly some 

electrophilic sites are C64, C2, C26, C46, H20 are negative values 

i.e. �f(r) < 0. Among these nucleophilic and electrophilic sites, C46 

and H20 have higher negative and positive charge values and O44, 

C45 are found in thiazole and phenyl group respectively of the title 

compound. 

4.8. Reduced density gradient (RDG) 

The reduced density gradient (RDG) can be used to reveal the 

intermolecular, intramolecular and even covalent interactions in 

real space based on the electron density and their derivatives as 

developed by Johnson et al. [80] .It is defined as 

RDG ( r ) = 

1 

2 

(
3 π r 2 

)1 

/ 2 

| ∇ρ( r ) | 
ρ( r ) 4 / 3 

In order to explore the features associated with small reduced 

gradients, we examined plots of RDG versus sign ( λ2 (r) ρ(r)). The 

λ2 sign was utilized to distinguish the bonded (( λ2 < 0) interactions 

from nonbonding ( λ2 > 0) interactions. The plot of the RDG versus 

the electron density ρ increased by the sign of λ2 and visualiza- 

tion to a whole wide range of interactions types. The RDG spikes 

are found in the low gradient region and have low density and de- 

picted in Fig. 6 . According to the 2d graph, the strong interactive 

interaction indicates in blue colour which represents the interac- 
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Fig. 7. Ligand 5-(4-Propan-2-yl)benzylidene) −2-[3-(4-chlorophenyl) −5[4-(propan-2-yl)phenyl-4,5-dihydro-1H-pyrazol-1-yl] −1,3-thiazol-4(5H)-one - Protein – 4YJ3. 

tion between H-bond, C 

–Cl bonds, weak interaction represents in 

green colours such as van der Waals interaction and steric repul- 

sion in red colour. The reduced density gradient, RDG is −0.010 

a.u. 

4.9. Molecular docking 

Molecular docking is a powerful computational tool that pre- 

dicts the preferred binding orientation, affinity and protein tar- 

gets. Title compound can be used for treating microbacterial dis- 

eases and cancer. To explore the biological activity of the title 

molecule, molecular docking simulations have been performed us- 

ing AutoDock/Vina software [81] . The title compound (ligand) was 

docked into the active site of the protein 4QXM, 5T6N, 4YJ3, 3S9Y 

and 4I50 associated with antitubercular, antiviral and anticancer 

activity. The 3D crystal structure of the protein was obtained from 

the protein data bank. Initially, the co-crystalline ligands co-factors 

and water molecules were removed from protein. using Auto Dock 

Tools (ADT) graphical user interface. Subsequently, polar hydro- 

gen was attached and atomic charges were computed by Koll- 

man and Gasteiger method. The active site of protein was de- 

fined with 60 Å x 60 Å x 60 Å grid size and the Lamarckian 

Genetic Algorithm (LGA) was used to carry out the process. The 

molecular docking binding energies (kcal/mol), intermolecular en- 

ergy (kcal/mol) and inhibition constants (μm) were obtained and 

are tabulated in Table 5 . Binding energy gives a measure of the 

affinity of ligand-protein complex whereas the intermolecular en- 

ergy indicates the energy between non-bounded atoms. Interac- 

tion of antitubercular protein shows three van der waals and one 

conventional hydrogen bond was found in 4QXM interacting with 

amino acids (3.12 Å; MET A:98, 4.06 Å; ILE A:47, 4.46 Å; TYR A:158, 

2.8 Å; THR A:196) with different binding energy ( −9.03, −7.24, 

−7.23, −6.73 kcal/mol), inhibition constant (239.32 nm, 4.95 mm, 

5.06 mm, 11.75 mm) and RMSD values are (45.171, 32.143, 51.17, 

39.7) ̊A. Interaction of antiviral protein shows two conventional 

hydrogen bonds, three pi-pi stacked bonds were found in 5T6N 

interacting with amino acids (3.49 Å; GLN A-210, 1.92 Å; GLN 

A:210, 3.15 Å; TRP A:234, 3.13 Å; TRP A:234, 3.15 Å TRP A:234) 

with different binding energies ( −7.63, −5.71, −6.23, −5.67, −5.37) 

kcal/mol, inhibition constant (2.57, 65.29, 27.26, 69.34, 115.39 μm) 

and RMSD values are (46.93, 61.645, 4 8.102, 4 9.815, 82.058) Å. In- 

teraction of anticancerous protein shows existence of three van 

der waals interactions and Pi-donor hydrogen bond were found 

in 4YJ3interacting with amino acids (2.21 Å; GLN A:358, 2.62 Å; 

PRO A:364, 2.81 Å; THR A:365, 2.94 Å; GLY A:365) with differ- 

ent binding energies ( −6.47, −6.18, −6.14, −6.12) kcal/mol, inhi- 

bition constant (18.02, 29.66, 31.72, 32.56) μm) and RMSD val- 

ues are (262.039, 229.467, 269.206, 267.117) Å. Interaction of an- 
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ticancerous protein shows three conventional hydrogen bonds and 

a van der waals bond were found in 3S9Y interacting with amino 

acids (3.01 Å;ASP A:160, 3.03 Å; LYS A:158, 2.61 Å; ASP A:160; 

2.93 Å; MET A:1) with different binding energies ( −7.71, −7, −6.51, 

−7.79) kcal/mol, inhibition constant (2.24, 7.4, 16.78, 1.94) μm and 

RMSD values are (17.797, 56.79, 23.213, 39.362) ̊A. Two conven- 

tional hydrogen bonds, two pi-pi stacked interactions and a van 

der waals bond were found in another anticancerous protein 4I50 

with amino acids (1.91 Å; ALA A:247, 1.92 Å; LEU A: 248, 3.01 Å; 

T YR A:357, 3.21 Å; T YR A:357, 3.83; GLY A:246) with different 

binding energies ( −7.52, −7.09, −7.06, −7.03, −6.38) kcal/mol, in- 

hibition constant (3.07, 6.37, 6.64, 7.01, 21.08) μm and RMSD values 

are (123.143, 123.075, 114.455, 113.872, 122.855) Å. The docked lig- 

and interactions with amino acids of the receptor and the ligand 

at the active sites of the receptor are stated in Fig. 7 and Table 5 . 

These docked preliminary results suggest that the title compound 

might exhibit the inhibitory activity against protein inhibitors. 

5. Conclusion 

The optimized geometries and vibrational wavenumbers of the 

title compound have been determined using DFT/B3LYP/6–31 G 

and 6–31 G (d,p) basis sets. In HOMO and LUMO, the lower en- 

ergy gaps i.e. 3.525 eV, depict the presence of biological activity 

of the title compound. From the MEP analysis, it is evident that 

the electrophilic regions are oxygen atoms and nucleophilic regions 

are mainly over hydrogen atoms. Stability of the molecule aris- 

ing from hyper conjugative interaction and charge delocalization 

has been analysed using natural bond orbital analysis. The electron 

density between atoms revealed two relatively strong intramolec- 

ular noncovalent interactions. The molecular docking results refer 

that the compound might be an inhibitory activity against anti- 

cancerous and antiviral agents. The anticancerous protein 4YJ3 is 

having higher binding energy, inhibition constant and RMSD val- 

ues such as −6.47 kcal/mol. 18.02 μM and 262.039 than 3S9Y, 

4I5O.Thus the title compound may be observed as an efficient an- 

titubercular, anticancerous and antiviral drug. 
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Abstract 

Spectroscopic and structural investigations of 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-

(propan-2-yl)-4, 5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one are presented by using 

experimental (FT-IR and FT-Raman) spectra and theoretical (Density functional theory) calculations. 

The optimized geometrical assignments were made on the basis of potential energy distribution. The 

molecular electrostatic potential map was used to detect the electrophilic and nucleophilic sites in the 

molecule. The directly calculated ionization potential (I), electron affinity (A), electronegativity (), 

electrophilic index (), hardness () and chemical potential (µ) are all correlated from HOMO-

LUMO energies with their molecular properties. The reduced density gradient of the title molecule 

was investigated by the interaction of molecule. Molecular docking studies were also described.  

Keywords:DFT, Thiazole, Reduced Density Gradient and Docking. 

1. Introduction 

Thiazoleis a heterocyclic compound that contains both sulphur and nitrogen and a large family of 

derivatives. Thiazole itself is a pale yellow liquid with a pyridine-like odor and they have extensive 

applications in agriculture and medicinal chemistry [1, 2]. Varieties of biologically active molecules 

accommodate the thiazole and its derivatives, aminothiazoles [3]. They are used as important 

fragments in different drugs related to anti-tuberculosis, anti-inflammatory, [4, 5, 6], anti-allergic 

[7], anti-hypertensive [8], schizophrenia [9], anti-bacterial, HIV infections [4, 10] and human 
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lymphatic filarial parasites [11]. Various thiazole derivatives are used as fungicides and herbicides 

and have numerous applications in agricultural field [12]. Hydantoin derivatives, in particular 

phenytoin, are important antiepileptic drugs.  

    In the present work, optimized molecular structure of the title compound is investigated. The 

vibrational spectroscopic investigations combined with DFT (Density functional theory)calculations 

are employed to provide comprehensive vibrational spectral assignments of the title compound. The 

molecular properties like dipole moment, polarizability, hyper polarizability and molecular 

electrostatic potential surface have been calculated to get a better understanding the properties of the 

title molecule.The non-covalent interactions like hydrogen bonding and Van der Waals interaction 

were identified from the molecular geometry and electron localization function. These interactions in 

molecules have been studied by using reduced density gradient (RDG) and graphed by 

Multiwfn.Molecular docking is a computer-assisted drug design (CADD) method used to predict the 

favourable orientation of a ligand (viz. drug) to a target (viz. receptor) when bound to each other to 

form a stable complex.  

2. Experimental details 

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

1,3-thiazol-4(5H)-one was synthesized as per the reported procedure [13-15]. The Fourier Transform 

infrared (FT-IR) spectrum of the title compound was recorded using Perkin Elmer Spectrometer 

fitted with a KBr beam splitter around 4000-450 cm
-1

. The Bruker RFS 27 FT-Raman spectrometer 

in the region 4000-0 cm
-1

 using a 1064 nm Nd:YAG laser source was used to reported the FT-

Raman spectrum. Both the spectral measurements were performed at the Sophisticated Analytical 

Instrumentation Facility (SAIF), IIT, Madras, India.  

3. Computational details 

    All calculations of the title compound were carried out using Gaussian 09 program [16] was 

performed with Becke’s three-parameter hybrid model and therefore the Lee-Yang-Parr correlation 

was a useful functional (B3LYP) in DFT [17, 18] technique. The electronic structure of the molecule 

has to be proven with the density functional theory. The visual representations for fundamental 

modes are also checked by the Gauss view program [19]. Electron density map and reduced density 
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gradient (RDG) were calculated with the use of Multiwfn program [20] and plotted by visual 

molecule dynamics program (VMD) [21]. The reactivity descriptors, such as electrophilicity (ω), 

global hardness (η), the chemical potential (µ), ionization potential (I) and electron affinity (A) were 

determined from the energies of frontier molecular orbitals. The molecular docking calculation was 

performed by the AutoDock 4.0.1 software [22], which was also applied to detect the docking input 

files and analyze the docking result. Using Discovery studio visualize software, one of the best 

active site was visualized for ligand-protein interaction. 

4.0 Results and discussions 

4.1 Optimized molecular geometrical parameters  

    The geometrical structure and parameters of 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-

(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one are depicted in Figure 1 and Table 

1 by using B3LYP/6-31G and B3LYP/6-31G (d,p) methods. 

 

Figure 1: Optimized molecular structure of 5-(4-Propan-2-yl)benzylidene)-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 1: Optimized structural parameters of 5-(4-Butoxybenzylidene)-2-[3-(4-

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

obtained by B3LYP/6-31G and B3LYP/6-31G (d,p) basis sets. 

Parameters 

Bond length    (Å) 

Parameters 

Bond angle(°) 

      
Parameters 

Dihedral angle(°) 

B3LYP/6-
31G 

B3LYP/6-
31G(D,P) 

B3LYP/6-
31G 

B3LYP/6-
31G(d,p) 

B3LYP/6-
31G 

B3LYP/6-
31G(D,P) 

C1-C4 1.4604 1.4628 C4-C1-N24 121.7147 121.788 
N24-C1-C4-

C5 179.171 178.663 

C1-N24 1.3062 1.294 C4-C1-C26 125.171 125.091 
N24-C1-C4-

C6 -0.574 -1.023 

C1-C26 1.5223 1.5184 
N24-C1-
C26 113.104 113.11 

C26-C1-C4-
C5 0.425 -0.056 

C1-C14 1.5184 1.5174 
C14-C2-
N25 112.3446 112.421 

C26-C1-C4-
C6 -179.319 -179.743 

C2-N25 1.5078 1.4931 
C14-C2-
C26 115.1468 114.938 

C4-C1-N24-
N25 -179.833 179.898 

C2-C26 1.5576 1.5519 
C14-C2-
N25 109.2771 109.088 

C26-C1-
N24-N25 -0.948 -1.241 

C2-H55 1.0919 1.0919 
N25-C2-
C26 100.1893 100.201 

C4-C1-N26-
C2 -174.604 -174.939 

H3-C26 1.0937 1.0932 
N25-C2-
H55 107.2673 107.668 

C4-C1-C26-
H3 -54.509 -54.804 

C4-C5 1.4082 1.4042 
C26-C2-
H55 121.7147 121.788 

C4-C1-C26-
H28 65.533 65.160 

C4-C6 1.4121 1.4083 C1-C4-C5 125.171 125.091 
N24-C1-
C26-C2 6.557 6.245 

C5-C7 1.3979 1.3933 C1-C4-C6 113.104 113.11 
N24-C1-
C26-H3 126.652 126.379 

C5-C8 1.0844 1.0852 C5-C4-C6 112.3446 112.421 
N24-C1-
C26-H28 -113.306 -113.657 

C6-C9 1.3932 1.3882 C4-C5-C7 115.1468 114.9386 
N25-C2-
C14-C15 68.304 64.354 
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C6-H10 1.0835 1.0843 C4-C5-H8 109.2771 109.088 
N25-C2-
C14-C16 -111.460 -115.788 

C7-C11 1.392 1.3929 C7-C5-H8 100.1893 100.201 
C26-C2-
C14-C15 -45.540 -49.422 

C7-H12 1.0829 1.084 C4-C6-C9 107.2673 107.668 
C26-C2-
C14-C16 134.697 130.437 

C9-C11 1.3963 1.3978 C4-C6-H10 121.7147 121.788 
H55-C2-
C14-C15 -172.766 -176.292 

C9-H13 1.083 1.0842 C9-C6-H10 125.171 125.091 
H55-C2-
C14-C16 7.471 3.566 

C11-Cl27 1.8237 1.7554 C5-C7-C11 113.104 113.11 
C14-C2-
N25-N24 -113.650 -114.317 

C14-C15 1.4058 1.4019 C5-C7-H12 112.3446 112.421 
C14-C2-
N25-C42 69.525 71.318 

C14-C16 1.4006 1.3959 
C11-C7-
H12 115.1468 114.938 

C26-C2-
N25-N24 9.079 8.210 

C15-C17 1.3957 1.3917 C6-C9-C11 109.2771 109.088 
C26-C2-
N25-C42 -167.745 -166.155 

C15-H18 1.0867 1.0872 C6-C9-H13 100.1893 100.201 
H55-C2-
N25-N24 126.247 125.504 

C16-C19 1.3982 1.3951 
C11-C9-
H13 107.2673 107.668 

H55-C2-
N25-C42 -50.578 -48.861 

C16-H20 1.0849 1.0859 C7-C11-C9 121.7147 121.788 
C14-C2-
C26-C1 112.154 112.861 

C17-C21 1.4076 1.4037 
C7-C11-
Cl27 125.171 125.091 

C14-C2-
C26-C3 -8.727 -7.907 

C17-C22 1.086 1.0865 
C9-C11-
Cl27 113.104 113.11 

C14-C2-
C26-H28 -128.840 -128.348 

C19-C21 1.4035 1.399 
C2-C14-
C15 112.3446 112.421 

N25-C2-
C26-C1 -8.582 -7.874 

C19-H23 1.0862 1.087 
C2-C14-
C16 115.1468 114.939 

N25-C2-
C26-C3 -129.463 -128.642 
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C21-C29 1.5261 1.5226 
C15-C14-
C16 109.2771 109.088 

N25-C2-
C26-H28 110.424 110.917 

N24-N25 1.3915 1.37 
C14-C15-
C17 100.1893 100.201 

H55-C2-
C26-C1 -122.075 -121.822 

N25-C42 1.3483 1.3513 
C14-C15-
H18 107.2673 107.668 

H55-C2-
C26-C3 117.044 117.409 

C26-H28 1.0969 1.096 
C17-C15-
H18 121.7147 121.788 

H55-C2-
C26-H28 -3.069 -3.032 

C29-C30 1.5465 1.5402 
C14-C16-
C19 125.171 125.091 

C1-C4-C5-
C7 -179.695 -179.612 

C29-C30 1.546 1.5402 
C14-C16-
H20 113.104 113.11 

C1-C4-C5-
H8 0.260 0.318 

C29-H38 1.0993 1.0978 
C19-C16-
H20 112.3446 112.421 

C6-C4-C5-
C7 0.054 0.082 

C30-H32 1.0965 1.0953 
C15-C17-
C21 115.1468 114.938 

C6-C4-C5-
C8 -179.991 -179.988 

C30-H33 1.0953 1.094 
C15-C17-
H22 109.2771 109.088 

C1-C4-C6-
C9 179.712 179.627 

C30-H34 1.0968 1.0955 
C21-C17-
H22 100.1893 100.201 

C1-C4-C6-
H10 -0.241 -0.339 

C31-H35 1.0956 1.0944 
C16-C19-
C21 107.2673 107.668 

C5-C4-C6-
C9 -0.037 -0.066 

C31-H36 1.0966 1.0954 
C16-C19-
H23 121.7147 121.788 

C5-C4-C6-
H10 -179.990 179.968 

C31-H37 1.0968 1.0956 
C21-C19-
H23 125.171 125.091 

C4-C5-C7-
C11 -0.039 -0.047 

C39-C40 1.493 1.5081 
C17-C21-
C19 113.104 113.11 

C4-C5-C7-
H12 179.976 179.971 

C39-S41 1.8656 1.794 
C17-C21-
C29 112.3446 112.421 

H8-C5-C7-
C11 -179.994 -179.978 

C39-C45 1.3602 1.3596 
C19-C21-
C29 115.1468 114.939 

H8-C5-C7-
H12 0.020 0.040 
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C40-N43 1.4066 1.3966 
C1-N24-
N25 109.2771 109.088 

C4-C6-C9-
C11 0.006 0.015 

C40-O44 1.2485 1.2232 
C2-N25-
N24 100.1893 100.201 

C4-C6-C9-
H13 -179.979 -179.983 

S41-C42 1.8391 1.776 
C2-N25-
C42 107.2673 107.668 

H10-C6-C9-
C11 179.958 179.981 

C42-N43 1.3043 1.2987 
N24-N25-
C42 121.7147 121.788 

H10-C6-C9-
H13 -0.027 -0.018 

C45-C46 1.4585 1.4571 C1-C26-C2 125.171 125.091 
C5-C7-C11-

C9 0.006 -0.006 

C45-C56 1.0902 1.0904 C1-C26-H3 113.104 113.11 
C5-C7-C11-

Cl27 -179.973 -179.967 

C46-C47 1.416 1.4105 
C1-C26-
H28 112.3446 112.421 

H12-C7-
C11-C9 179.992 179.977 

C46-C48 1.4198 1.4156 C2-C26-H3 115.1468 114.939 
H12-C7-
C11-Cl27 0.013 0.016 

C47-C49 1.3931 1.3906 
C2-C26-
H28 109.2771 109.088 

C6-C9-C11-
C7 0.010 0.021 

C47-H50 1.0867 1.0872 
H3-C26-
H28 100.1893 100.201 

C6-C9-C11-
Cl27 179.989 179.982 

C48-C51 1.3882 1.3839 
C21-C29-
C30 107.2673 107.668 

H13-C9-
C11-C7 179.995 -179.980 

C48-H52 1.0817 1.082 
C21-C29-
C31 121.7147 121.788 

H13-C9-
C11-Cl27 -0.026 -0.019 

C49-C53 1.4036 1.4017 
C21-C29-
H38 125.171 125.091 

C2-C14-
C15-C17 179.751 179.385 

C49-H57 1.0828 1.0831 
C30-C29-
C31 113.104 113.11 

C2-C14-
C15-H18 -0.979 -1.326 

C51-C53 1.4054 1.4049 
C30-C29-
H38 112.3446 112.421 

C16-C14-
C15-C17 -0.483 -0.476 

C51-H54 1.0837 1.0851 
C31-C29-
H38 115.1468 114.939 

C16-C14-
C15-H18 178.787 178.813 
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C53-O58 1.3842 1.3595 
C29-C30-
H32 109.2771 109.088 

C2-C14-
C15-C19 -179.424 -179.063 

O58-C59 1.4618 1.4285 
C29-C30-
H33 100.1893 100.201 

C2-C14-
C16-H20 2.293 2.184 

C59-H60 1.0988 1.0996 
C29-C30-
H34 107.267 107.668 

C15-C14-
C16-C19 0.806 0.799 

C59-H61 1.0988 1.0996 
C40-C39-
C45 113.104 113.11 

C15-C14-
C16-H20 -177.477 -177.954 

C59-C62 1.5233 1.5217 
S41-C39-
C45 118.135 118.670 

C14-C15-
C17-C21 -0.126 -0.137 

C62-H63 1.0976 1.0969 
C39-C40-
N43 113.471 112.705 

C14-C15-
C17-H22 179.731 179.737 

C62-H64 1.0976 1.0969 
C39-C40-
O44 124.813 124.954 

H18-C15-
C17-C21 -179.403 -179.432 

C62-C65 1.5402 1.5336 
N43-C40-
O44 121.716 122.339 

H18-C15-
C17-H22 0.454 0.442 

C65-H66 1.1 1.0984 
C39-S41-
C42 86.313 87.757 

C14-C16-
C19-C21 -0.532 -0.522 

C65-H67 1.1 1.0984 
N25-C42-
S41 119.688 119.294 

C14-C16-
C19-H23 -179.815 -179.889 

C65-C68 1.5369 1.5315 
N25-C42-
N43 122.861 122.033 

H20-C16-
C19-C21 177.745 178.228 

C68-H69 1.0969 1.0956 
S41-C42-
N43 117.447 118.672 

H20-C16-
C19-H23 -1.538 -1.139 

C68-H70 1.0958 1.0945 
C40-N43-
C42 113.818 112.104 

C15-C17-
C21-C19 0.407 0.421 

C68-H71 1.0969 1.0956 
S41-C39-
C45 118.135 118.670 

C15-C17-
C21-C29 179.921 -179.872 

 

For the title compound, the C-C bond length for pyrazole ring of C1-C26, C2-C26 are 

1.5223/1.5184, 1.5576/1.5519 Ǻ, for thiazole ring for C39-C40 is 1.493/1.5081 Ǻ for the 

B3LYP/6-31G and B3LYP/6-31G (d,p) methods and these values are in between the single and 

double bond (1.54 Ǻ and 1.33 Ǻ) [23]. In the present work, the C-O bond length are observed at 
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C40-O44=1.2485/1.2232 Å, C53-O58 = 1.3842 / 1.3595Å, O58-C59=1.4618/1.4285Å which are 

in good agreement with the reported values for a similar derivatives (1.3871 Ǻ and 1.3653 Ǻ) [24]. 

The C-N bond length for the title compound are C1-N24, C2-N25, N25-C42, C40-N43, C42-N43 

are 1.3062/1.294 Å, 1.5078/1.4931 Å, 1.3483/1.3513 Å, 1.4066/1.3966 Å, 1.3043/1.2987 Å which 

are in agreement with the literature [25].  The C-S bond length for the title compoundare 

1.8656/1.794 Å for C39-S41 and for S41-C42 is 1.8656/1.794 Å, 1.8391 /1.776 Å and is similar 

toKuruvilla et.al [26] observed the C-S value at C5-S9= 1.748 Å and C8-S9=1.733 Å theoretically 

and experimentally at 1.8642, 1.862 Å. In the case of C-H bond lengths, (DFT/XRD) it is observed 

that aromatic C-H bonds measure 1.10/1.09 Å, which is equal to the experimental value. For the 

title compound, the bond lengths for C2-H55, C6-H10, C9-H13,C31-H35, C47-H50, C65-H66, 

C68-H70, C68-H71 are 1.0919/1.0919, 1.0835/1.0843, 1.083/1.0842, 1.0956/1.0944, 

1.0867/1.0872, 1.1/1.0984, 1.0958/1.0945 and 1.0969/1.0956 Å observed. It was also very 

confined to experimental value [27]. The N-N bond lengths (DFT/XRD) are reported in the range 

1.3409-1.3886Ǻ [28] and in the present case (BPT1), the N-N bond length is found at 1.3915/1.37 

Ǻ for N24-N25. The thiazole ring is tilted from the phenyl ring as is evident from the torsion 

angles C45-C39-C40-N43=179.99/179.97˚, S41-C39-C40-H43 = -0.1457/-0.2921˚, C40-C39-S41-

C42= 0.3713/ 0.414˚ and C45-C39-S41-C42= -179.74/-179.81˚. 

    For the title compound, the interactions between the thiazole and pyrazole groups are C40-C39-

C45 = 132.917/132.571, S41-C39-C45 = 118.135/118.669, C39-C40-N43 = 113.471 /112.705, 

C39-C40-O44 = 124.813 / 124.954, N43-C40-O44 = 121.716/ 122.339, C39-S41-C42 = 

86.313/87.757, N25-C42-S41= 119.688/119.294, N25-C42-N43 = 122.861 / 122.033, S41-C42-

N43 = 117.447/118.672, C40-N43-C42 = 113.818 / 112.104 respectively.  

4.2 Vibrational assignments 

The title compound is consist of 71 atoms and has 207 fundamental modes of vibrations. The 

observed and simulated FT-IR and FT-Raman spectra of 5-(4-Butoxybenzylidene)-2-[3-(4-

chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one at B3LYP 

level using 6-31G and 6-31G(d,p) basis sets are shown in Figures 2 and 3. The elaborated vibrational 

assignments of the title compound along with the calculated IR and Raman frequencies and normal 

mode descriptions are given in Table 2. 



 
http://annalsofrscb.ro 

 
Annals of R.S.C.B., ISSN:1583-6258, Vol. 25, Issue 5, 2021, Pages. 1587 - 1628 
Received 15 April 2021; Accepted 05 May 2021. 
 

 

1596 
 

 

Figure 2:Observed FT-IR and simulated spectra of 5-(4-Butoxybenzylidene)-2-[3-(4-

chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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Figure 3:Observed FT-Raman and simulated spectra of 5-(4-Butoxybenzylidene)-2-[3-(4-

chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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Table 2:Vibrational assignments of 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-

(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one one by B3LYP/6-31G 

and B3LYP/6-31G (d,p) basis sets. 

 

Modes 

Observed 
wavenumbers (cm-1) 

Calculated 
wavenumbers(cm-1) 

 

Vibrational assignments  

FT-IR FT-Raman B3LYP/6-
31G 

B3LYP/6-
31G(d,p) 

1   3150 3156 3152 CH(98) 

2     3125 3123 CH(98) 

3    3110 3107 CH(98) 

4     3099 3095 CH(98) 

5    3094 3088 CH(98) 

6  3075 3078 3074 CH(98) 

7    3058 3055 CH(98) 

8    3045 3043 CH(98) 

9     3038 3034 CH(98) 

10     3033 3029 CH(98) 

11     3026 3021 CH(98) 

12     3016 3011 CH(98) 

13   3002 3010 3003 CH(98) 

14    3001 2995 assCH3(96) 

15     2986 2983 assCH3(97) 

16     2976 2971 assCH3(97) 

17     2970 2966 assCH2(95) 

18     2964 2959 assCH3(96) 

19     2950 2947 assCH3(97) 

20     2936 2935 CH(98) 
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21 2922   2930 2926 assCH3(98) 

22     2922 2919 assCH2(96) 

23  2910 2915 2912 ssCH2 (96) 

24     2910 2906 assCH2 (97) 

25     2896 2893 ssCH2 (96) 

26     2888 2884 ssCH3(97) 

27     2882 2878 ssCH3 (96) 

28     2872 2869 assCH2 (97) 

29 2856   2860 2854 ssCH3 (96) 

30     2846 2843 CH(98) 

31     2841 2835 ssCH2 (96) 

32     2830 2822 ssCH2 (96) 

33 1679 1680 1683 1680 CO(72), CC(20) 

34    1644 1641 CC(70), CH(18) 

35     1625 1623 CC(71), CH(20) 

36    1613 1604 CC(70), CH(22) 

37 1591   

1596 1590 CC(68), CN(12), 

CH(10) 

38   

1579 1572 CN(65), CC(14), 

CH(10) 

39     1563 1559 CC(64), CH(14), CC(11) 

40     

1538 1533 CC(60), CCl(18), 

CN(10) 

41 1541   

1533 1529 CN(65), CC(15), 

CH(12) 

42     

1525 1517 CN(65), CC(16), 

CH(12) 

43 1506 1510 1512 1508 CH(64), CC(18)  
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44     1499 1493 CH(64), CC(20) 

45 1485 1485 1490 1486 CH(65), CC(18) 

46     1481 1475 opb CH3 (72) 

47     1477 1470 opb CH3(75) 

48     1472 1466 opb CH3(73) 

49     1455 1451 ipb CH3(73) 

50    1442 1436 ipb CH3(72) 

51     1437 1430 ipb CH3(72) 

52    1429 1422 sci CH2(80) 

53   1415 1423 1415 sci CH2(80) 

54     1420 1408 CH(65), CC(21) 

55    1414 1403 CH(66), CC(22) 

56   1400 1408 1399 sci CH2(80) 

57 1394   1402 1395 sci CH2(81) 

58    1388 1383 sb CH3(75)

59    1385 1379 sb CH3(75)

60     1376 1370 sb CH3(74)

61    1370 1362 CN(64) 

62   1350 1356 1351 CN(65), CH(14) 

63    1346 1342 CO(67) 

64 1329   1335 1330 CH(67) 

65     1327 1323 CH(68) 

66  1310 1318 1312 CH(66), CC(14) 

67    1308 1302 CH(66), CC(15) 

68   1295 1301 1297 CO(66), CH(12) 

69   1280 1285 1281 CH(66), CC(12)  
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70     

1278 1275 CH(66), CC(12), 

CN(10) 

71     

1266 1263 CH(64), CN(18), 

CC(10) 

72 1254  1250 

1260 1254 CO(65),  CH(17), 

Ccl(10) 

73     

1248 1244 CH(66), CC(12), 

CN(10) 

74 1230   

1236 1231 CC(63), CH(16), 

CN(12) 

75  1215 1221 1217 CC(65), CH(18) 

76     1214 1207 rockCH2(70), CH(12) 

77  1200 1210 1200 rockCH2(70), CH(12) 

78     1195 1191 CC(65), CH(14) 

79     1186 1182 CC(66), CH(15) 

80 1173   1179 1175 rockCH2(70) 

81     1165 1163 rockCH2(69) 

82     1162 1158 CC(68) 

83     1145 1143 CC(68) 

84     1140 1136 CC(68) 

85     1131 1127 CC(66) 

86 1118   1125 1120 CC(66) 

87     1118 1113 CH2(75) 

88     1110 1105 CH2(75) 

89     1102 1097 CH(60) 

90     1093 1088 CH(60) 

91     1080 1075 CC(65), CH(13) 

92     1056 1051 CH2(75) 
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93     1044 1040 CH2(74) 

94     1032 1028 opr CH3(62), CC(10) 

95     1021 1017 opr CH3(63), CC(10) 

96     1013 1009 CC(74), CO(16) 

97 1002   1003 1000 opr CH3(64) 

98     992 989 CC(66), CH(15) 

99     984 980 CO(66), CH(14) 

100     965 963 CO(65), CH(12) 

101     960 956 CH(58), ring(26) 

102 948 950 953 948 CH(58), ring(26) 

103     935 933 CH(58), ring(25) 

104     932 929 CH(58), ring(21) 

105     

925 921 CC(72), CO(15), 

CH(10) 

106     924 916 CC(63), CH(18) 

107 909 910 914 910 CC(64), CH(20) 

108     889 885 CH(58), ring(18) 

109     883 879 NN(65), CH(18) 

110     867 865 CH(55), CC(18) 

111     845 842 CC(18), wagg CH2(12) 

112    840 834 CH(62), ring(18) 

113 827   833 829 CH(58), CC(21) 

114     823 820 CH(58), CC(20) 

115     817 812 wagg CH2(58), CC(20) 

116   800 805 802 wagg CH2(58), CC(21) 

117     800 795 CH(56), CC(18) 
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118     796 790 CH(55), CC(17) 

119     792 786 CC(63), CH(18) 

120     785 780 wagg CH2(57) 

121     779 773 CH(58), ring(18) 

122     775 769 wagg CH2(58), CC(20) 

123     768 765 ipr CH3(68)

124     760 756 ipr CH3(68) 

125 747   741 748 ipr CH3(68) 

126     738 731 CS(74), CH(20) 

127   720 726 720 CN(64), CC(16) 

128     715 711 CCipr CH3(19) 

129     706 700 CH(58), ring(16) 

130     697 694 CS(75), CH(20) 

131     690 688 CC(60), ipr(17) 

132     685 679 CO(58) 

133     670 666 CC(68) 

134     664 659 CC(68) 

135     658 655 CC(68) 

136     653 648 ring(56) 

137     646 643 ring(56) 

138     640 638 ring(56) 

139     635 631 CC(66) 

140     630 626 CO(51), ring(17) 

141     625 620 CO(50), ring(17) 

142     616 612 CC(58) 

143     608 603 CC(59) 
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144 597   602 598 CCl(68), ring(25) 

145     590 586 CC(58) 

146    588 580 ring(52) 

147     575 573 CC(58) 

148     565 561 CC(58) 

149 551   553 550 ring(52) 

150     545 541 ring(53) 

151     539 535 CC(59) 

152     531 523 ring(52) 

153     522 518 ring(50) 

154     510 506 CC(58) 

155 503 502 503 500 CC(58) 

156     487 481 ring(54) 

157     477 472 CC(59) 

158     480 466 CC(59) 

159 457   463 460 ring(55) 

160 438   445 440 CCl(60), ring(15) 

161     427 422 ring(52) 

162 411   417 410 ring(54) 

163     407 401 ring(50) 

164                  392 389 ring(52) 

165     381 375 ring(52) 

166     371 366 CC(53) 

167     360 354 CC(54) 

168   345 349 345 CC(54) 

169     337 332 CC(54) 
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170     330 325 CC(55) 

171     319 314 CC(54) 

172     303 299 CC(53) 

173     296 293 CC(55) 

174     291 286 CC(54) 

175     280 275 CCl(55) 

176     273 268 CC(50) 

177     262 259 CC(54) 

178     246 242 CC(50) 

179     230 221 CH3(55) 

180     218 212 CH3(54) 

181     210 206 CH3(54) 

182     197 191 CC(55) 

183     189 185 CC(55) 

184     176 173 CC(55) 

185     166 162 ring(58) 

186   150 158 151 CC(55) 

187    146 142 ring(55) 

188   135 141 136 CC(56) 

189    135 128 ring(56) 

190   120 126 120 CC(56) 

191    112 102 ring(53) 

192   92 95 89 ring(54) 

193     86 79 ring(53) 

194     80 74 ring(54) 

195     75 69 ring(53) 
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196     66 57 ring(51) 

197     60 49 ring(58) 

198     52 46 ring(58) 

199     48 43 ring(58) 

200   35 41 35 ring(54) 

201     37 30 ring(53) 

202     30 24 ring(54) 

203     25 22 ring(54) 

204     23 20 ring(53) 

205     17 16 ring(54) 

206     12 10 ring(54) 

207     7 6 ring(54) 

 

-stretching, νsym-sym stretching, νasym-asym stretching, δ-in-plane bending, γ-out-of-plane 

bending, -scissoring, -wagging, -rocking, τ-twisting. 

4.2.1 C-H vibrations 

The substituted aromatic structures show the presence of C-H stretching vibration in the region 3100-

3000 cm
-1

 which is the characteristic region for the identification of C-H stretching vibrational modes 

[29-31]. 

Soleymani et al [32] observed the C-H vibrations at 3112, 3113 3071, 2978 cm
-1 

theoretically and 

3050, 3128 cm
-1 

experimentally. Saruadevi et al [33] reported the C-H stretching modes are observed 

at 3096 cm
-1

 in the IR spectrum and at 3097, 3063, 3038 cm
-1

 in the Raman spectrum experimentally 

and at 3098, 3075, 3072, 3066, 3055, 3044 cm
-1

 theoretically. Renjith et al [34] reported the C-H 

stretching vibrations at 3097, 3086, 3081, 3057, 3055 cm
-1

 in the IR spectrum and 3077, 3064 cm
-1

 in 

the Raman spectrum. C-H stretching are found at 3090, 3062, 2964, 2940 cm
-1 

in FT-Raman and at 

2934, 2771 cm
-1

 in FT-IR by Kuruvilla et.al. [26]. Kuruvilla et.al. [27] observed the C-H vibrations 

experimentally at 3050, 2900 cm
-1

 in FT-IR spectrum and 3042, 2976, 2891, 2850 cm
-1

 in FT- Raman 
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spectrum. For our title molecule, the C-H stretching vibrations observed at 3150, 3075, 3002 cm
-1

 for 

FT-Raman spectrum, 3156,3125, 3110, 3099, 3094, 3078, 3058, 3045, 3038, 3033, 3026, 3016, 3010, 

2936, 2846 cm
-1

 and 3152, 3123, 3107, 3095, 3088, 3074, 3055, 3043, 3034, 3029, 3021, 3011, 3003, 

2935,2843 cm
-1

 are calculated by B3LYP method with 6-31G and 6-31G(d,p) basis sets. 

Jeyasheela et al [35] observed the C-H in-plane bending vibrations at 1179, 1059 cm
-1

 in Raman 

spectrum and at 1167, 1086, 1046 cm
-1

 in IR spectrum and computed bands appeared at 1318, 1170, 

1094, 1059 cm
-1

.Tamilelakkiya et al [36] observed the C-H stretching mode at 1543, 1440 cm
-1 

in IR 

spectrumand 1540, 1477 cm
-1 

in Raman spectrum and was calculated in the range of 1511-1445 cm
-1

. 

Saraudevi et al [33] reported the C-H bands theoretically at 1277, 1248, 1170, 1140, 1108, 1102, 1042 

cm
-1

 and experimentally observed at 1250, 1114, 1044 cm
-1

 in IR spectrum and 1279, 1246, 1168, 

1038 cm
-1

 in Raman spectrum. In our title molecule, the C-H in-plane bending vibrations occurs at 

1506, 1485, 1329 and 1510, 1485, 1310, 1280 cm
-1

observed in FT-IR and FT-Raman spectrum and 

calculated theoretically at 1512, 1499, 1490, 1420, 1414, 1335, 1327, 1308,1285, 1278, 1266, 1248 

and 1508, 1493, 1486, 1475, 1408, 1403, 1330, 1323, 1302, 1281, 1275, 1263, 1244 cm
-1

 for the same 

basis set.  

Saraudevi et al [33] observed the CH out-of-plane bending vibrations theoretically at 930, 897, 895, 

858, 818, 811, 731 cm
-1

 and experimentally at 931, 896, 855, 816 for IR, 788, 729 cm
-1

 for Raman 

spectrum. In the present work, the C-H out-of-plane bending vibrations occurs at 948, 827and 950 for 

FT-IR and FT-Raman spectrum and calculated theoretically at 960, 953, 935, 932, 889, 840,833, 

823,796, 779, 706 and 956, 948, 933, 929, 885, 865, 834, 829, 820, 795, 790, 773,700 by B3LYP/6-

31G and B3LYP/6-31G(d,p) respectively. 

4.2.2 CH3 vibrations 

    The CH3 modes are occurs in the region 2900-3050 cm
-1 

[37]. Asymmetric and symmetric 

stretching modes of a methyl group attached to the benzene ring are usually downshifted because of 

electronic effects and are expected near 2925 and 2865 cm
-1

 for asymmetric and symmetric stretching 

vibrations[38].  

The asymmetric stretching modes of the methyl group are calculated at 3047, 3039, 3022, 3003 cm
-1

 

by Paniker et al [39]. For the title compound, asymmetric stretching vibrations observed at 2922 cm
-1
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for IR spectrum, theoretically observed at 3001, 2986, 2976, 2964, 2950, 2930 cm
-1

 and 2995, 2983, 

2971, 2959, 2947, 2926 cm
-1

by B3LYP/6-31G and B3LYP/6-31G(d,p) respectively. 

The symmetric modes are observed at 3038, 2946 cm
-1

 in the IR spectrum and theoretically observed 

at 2948, 2943 cm
-1

 by Paniker et al [39]. Saraudevi et al [33] reported the CH3 stretching mode at 

3027, 2970, 2908 cm
-1

 and experimentally observed at 3002, 2972, 2970 cm
-1

. Parveen et.al [24] 

observed the CH3 stretching modes are assigned at 3002, 2980, 2958, 2914 cm
-1

 in the IR spectrum, 

2960, 2938 cm
-1

 in the Raman spectrum and theoretically occurs in the range 3032-2906 cm
-

1
.Murugavel et al [40] theoretically the C-H stretching modes of methyl group at 3056, 3022, 2984, 

2964, 2944, 2917 and 2911 cm
-1

 is the experimental values 3024 and 2943 cm
-1

. Alphonsa et al [41] 

reported CH3 stretching mode for FT-IR spectrum at 2983, 2924 cm
-1

 and for FT-Raman at 2983, 

2944, 2923 cm
-1

 and asymmetric and symmetric stretching vibrations observed at 3059, 3053 cm
-1

 for 

FT-IR, Raman spectrum and theoretically at 3012 cm
-1

.For the title compound, symmetric stretching 

vibrations observed at 2856 cm
-1

 for IR spectrum, theoretically observed at 2888, 2882, 2860 cm
-1

  and 

2884, 2878, 2854 cm
-1

by B3LYP/6-31G and B3LYP/6-31G(d,p) respectively. 

In this work, the CH3 in-plane bending vibrations theoretically observed at opb = 1481, 1477, 1472 

cm
-1

, ipb= 1455, 1442, 1437 cm
-1

, sb = 1388, 1385, 1376 cm
-1

, ipr = 768, 760, 741 cm
-1

, CH3 =230, 

218, 210 cm
-1

 by B3LYP/6-31G method and opb = 1475, 1470, 1466 cm
-1

, ipb= 1436, 1430, 1422 cm
-

1
, sb =1383, 1379, 1370 cm

-1
, ipb= 765, 756, 748 cm

-1
, CH3 = 221, 212, 206 cm

-1
 by B3LYP/6-

31G(d,p) method. For the title compound, the out-of-plane bending vibration occurs at 1002 cm
-1

for 

FT-IR spectrum. The theoretically predicted values by B3LYP/6-31G opr =1032, 1021, 1003 cm
-1 

by 

B3LYP/6-31G and 1028, 1017, 1000 cm
-1

 by B3LYP/6-31G (d,p) methods.  

4.2.3 CH2 group 

    The stretching vibrations of the CH2 group and deformation modes of CH2 group (scissoring, 

wagging, twisting and rocking modes) appears in the regions 3000 ± 20, 2900 ± 25, 1450 ± 30, 1330 ± 

35, 1245 ± 45, 780 ± 55 cm
-1

 respectively  [37, 42,30].  

Parveen et.al [24] observed the CH2 stretching modes at 2923 cm
-1

 in the Raman spectrum and at 

2926, 2966 cm
-1 

theoretically. The deformation modes of CH2 are assigned at 1439, 1295, 1220, 1148 

cm
-1 

 in the IR spectrum, 1146 cm
-1  

in the Raman spectrum. Murugavel et al [40] the CH2 stretching 
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vibrations are calculated at 2991 cm
-1

 (asymmetric) and 2944 cm
-1

 (symmetric). Asymmetric bending 

of is found at 1275 cm
-1

 which is consistent with the DFT value of 1274 cm
-1

. Minithra et al [43] 

observed CH2 asymmetric and symmetric stretching at 2982, 2932 cm
-1

 and 2905, 2893 cm
-1

 and 

assigned at 2978, 2930, 2885 cm
-1

 in the IR spectrum and at 2971, 2935, 2898 cm
-1

 in the Raman 

spectrum. For the title compound, the asymmetric CH2 stretching calculated at 2970, 2922, 2910, 2872 

by B3LYP/6-31G method and 2933, 2919, 2906, 2869 by B3LYP/6-31G(d,p) method. The symmetric 

CH2 stretching observed at 2910 in FT-Raman spectrum and the computed values are 2915, 2896, 

2841, 2830 by B3LYP/6-31G method and 2912, 2893, 2835, 2822 by B3LYP/6-31G(d,p) method. For 

the title compound, CH2 scissoring band observed at 1394, rocking at 1173 in the IR spectrum and 

scissoring at 1415, 1400, rocking at 1200, wagging at 800 in the Raman spectrum. For the title 

compound, the CH2 stretching modes are observed at sci = 1429, 1423, 1408, 1402 cm
-1

, rock = 1214, 

1210, 1179, 1165 cm
-1

, = 1118, 1110, 1056, 1044 cm
-1

, wagg. = 817, 805, 785, 775 cm
-1 

by B3LYP/6-

31G, sci = 1422, 1415, 1399, 1395 cm
-1

, rock = 1207, 1200, 1175, 1163 cm
-1

, = 1113, 1105, 1051, 

1040 cm
-1

, wagg. = 812, 802, 780, 769 cm
-1

 by B3LYP/6-31G (d,p) methods respectively. 

4.2.4 C-O vibrations  

    The C-O stretching vibrations [44, 37] are expected in the region 1715-1600 cm
-1

. The in-plane 

deformation of C-O found in the region 625 ± 70 cm
-1

and out-of-plane bending is in the range 540 ± 

80 cm
-1

[37]. 

Lucose et al [45] observedC-O stretching vibrations at 1632 cm
-1

 in IR spectrum and theoretically at 

1636 cm
-1

 (DFT). In-plane bending at 569 cm
-1

 in IR and 555 cm
-1

 in DFT is assigned as this mode 

and out-of-plane bending at 673, 676 cm
-1

 in the IR spectrum.  

    The C=O stretching vibration appears both in the FT-IR and FT-Raman spectra due to intra 

molecular charge transfer from donor atom to acceptor atom through  and  bonds conjugated path, 

which can induce large variation in dipole and molecular polarizability of the molecule  and hence 

high activity in both spectra [37].  Renjith etal [34] observed the C-O modes at 1625 at IR and 1614, 

1626 cm
-1 

at Ramanspectrum. The C-O stretching modes are reported at 1786, 1603, 1027 cm
-1

 and at 

1726, 1629 cm
-1

 in the FT-IR, Raman spectrum and 1184, 1083, 1010, 974, 696 cm
-1

 assigned 

theoretically by Sakthivel et al [46]. Benzon et al [47] reported the C-O stretching mode at 1212 cm
-1
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(IR), 1228 cm
-1

 (Raman) and at 1229 cm
-1

 theoretically. For the title molecule, C-O stretching 

vibrations observed at 1679, 1254 cm
-1

 in IR spectrum and 1680, 1295 cm
-1

 in Raman spectrum. The 

reported values for C-O = 1683, 1301, 1260 cm
-1

, CO = 1346, 984, 965 cm
-1

, CO= 685, 630, 620 

cm
-1 

by B3LYP/6-31G method, C-O = 1680, 1297, 1254 cm
-1

, CO = 1342, 980, 963 cm
-1

, CO= 

679, 626, 620 cm
-1

 by B3LYP/6-31G (d,p) methods respectively. 

4.2.5 C-C vibrations  

   C-C stretching vibrations occur in the range of 1625-1465 cm
-1

 [48]. The in-plane and out-of plane 

bending modes of C-C were reported at 725± 95 and 595 ± 120 cm
-1

 [49]. 

The C-C band observed by Kuruvilla et al [26] at 1579, 1531, 1439, 1380, 1123 for FT-Raman and for 

FT-IR bands at 1428, 1235, 1002 cm
-1

.Soleymani et.al [32] observed C-C band at 1625, 1590, 1575, 

1540, 1470, 1465, 1430, 1380, 1280 cm
-1

. Tamil elakkiya et al [36] observed the C-C band at 1313, 

1039 cm
-1 

and calculated at 1600, 1625, 1319, 1054 cm
-1

. In the present work, the C-C vibrations 

observed at 1591, 1230, 1118, 909 in IR spectrum, 1215, 910 in Raman spectrum. The reported values 

at 1644, 1625, 1613, 1596, 1538, 1236, 1221, 1195, 1186, 1162, 1145, 1140, 1131, 1125, 1080, 1013, 

992, 925,924, 914, 845 cm
-1 

by B3LYP/6-31G method, 1641, 1623, 1604, 1590, 1533, 1231, 1217, 

1191, 1182, 1158, 1143, 1136, 1127, 1120, 1075, 1009, 989, 921, 916, 910, 842 cm
-1

 by B3LYP/6-

31G (d,p) methods respectively. The C-C in-plane bending observed at 503 and 502, 345 in IR and 

Raman spectrum and the reported values are 792, 715, 690, 616, 608, 590, 575, 565, 539, 510, 503, 

477, 480, 360, 349 cm
-1 

by B3LYP/6-31G method,786, 711, 688, 612, 603, 586, 573, 561, 535, 506, 

500, 472, 466, 354, 345 cm
-1

 by B3LYP/6-31G (d,p) methods. The C-C out-of-plane bending vibration 

assigned at 150, 135, 120 in Raman spectrum and the calculated values are at 330, 319, 303, 296, 291, 

273, 262, 246, 197, 189, 176, 158, 141, 126 cm
-1 

by B3LYP/6-31G method, 325, 314, 299, 293, 286, 

275, 268, 242, 191, 185, 173, 151,136, 120 cm
-1

 by B3LYP/6-31G (d,p) methods.      

4.2.6 C-N vibrations 

 The CN stretching modes are expected in the region 1400-1200 cm
-1

 

Sandhyarani et al [50] reported the C-N stretching mode at 1319 cm
-1

. Benzon et al [47] reported 

at 1247, 129, 938 cm
-1

 theoretically, 1268, 11135, 926 cm
-1

 in the Raman spectrum and 924 cm
-1

 in the 

IR spectrum. The C-N stretching modes were reported at 1268, 1220, 1151cm
-1

 theoretically by Malek 
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et.al [51]. Al-Alshaikh et.al.[52] observed C-N stretching mode at 1329, 1092, 997 cm
-1

 in the IR 

spectrum, 1328 cm
-1

 in the Raman spectrum and theoretically at 1479, 1472, 1331, 1097, 998 cm
-1

 . 

Bhagyasree et al [53] reported C-N stretching modes at 1247 and 1236 cm
-1

 and Mary et al [14] 

reported the C-N stretching modes at 1233, 1209 cm
-1

 by theoretically and 1238 cm
-1 

by Raman 

spectrum. shanaparveen et al [28] assigned the C-N stretching mode at 1579 cm
-1

 and IR spectrum at 

1553 cm
-1

 . In the present work, C-N stretching vibrations observed at 1541 and 1350, 720 in IR and 

Raman spectrum. The predicted values at 1579, 1533, 1525, 1370, 1356, 726 and 1572, 1529, 1517, 

1362, 1351, 720 cm
-1

 by B3LYP/6-31G and 6-31G(d,p) methods. 

4.2.7 N-N vibrations 

    N-N stretching mode occurs at 1417-1372 cm
-1

[54].The υN-N has been reported at 1151 cm
-1

 by 

Crane et al [55], 1121 cm
-1

by Bezerra et al [56] and 1130 cm
-1

 El-behery and El-Twigry [57] and 1083 

cm
-1

 theoretically by Sundaragensan et al [58]. Binil et al [59] reported the N-N stretching mode at 

1138 cm
-1

 in IR, 1139 cm
-1

 in Raman and 1136 cm
-1

 theoretically. For Murugavel et al [40], N-N 

stretching vibrations allocated at 1083, 1119 cm
-1

 by DFT technique and experimentslly at 1082 cm
-1

 

in FTIR spectrum. For the title molecule, N-N stretching mode is calculated at 883 and 879 cm
-1

 by 

B3LYP/6-31G and 6-31G(d,p) methods respectively.      

4.2.8 C-S vibrations  

    This vibration cannot be identified easily as it results in weak infrared bands, which is susceptible to 

coupling effects and is also of variable intensity. In general, the C-S stretching vibration was reported 

in 750-600 cm
-1

 [60].  

Benzon et al [27] reported value this mode at 1515 cm
-1

 in the IR spectrum, 1520 cm
-1

 in the Raman 

spectrum, 1517 cm
-1

 theoretically. The C-S stretching mode observed for Sarau et al [23] are assigned 

at 759, 660 cm
-1

 theoretically and experimentally observed at 756, 665 cm
-1

 and 756, 658 cm
-1

in the 

IR and Raman spectrum. Kuruvilla etal [33] observed these vibrations at 822,608 cm
-1

 and 

theoretically at 714 cm
-1

. The C-S stretching modes were observed by Coates [53] in the range 710-

687cm
-1

 while Kwiastkowski et al [61] reported the vibration at 839 and 608 cm
-1

. The C-S stretching 

vibrations are reported at 783, 632 cm
-1

 and 633 cm
-1

 IR, Raman spectrum and 785, 635 cm
-1

 

theoretically found by El-Azab et al [62]. The C-S stretching vibrations are reported at 770 cm
-1

 in the 
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IR spectrum, and at 770, 636 cm
-1

 theoretically assigned by ShaheenFatma et al [48]. In the present 

work, C-S vibrations calculated at 738, 697 and 731, 694 cm
-1

 by B3LYP/6-31G and 6-31G(d,p) 

methods respectively. 

4.2.9 C-Cl vibrations 

The vibrations belong to C-Cl absorption is obtained in the region between 850-550 cm
-1

 [63].  

Kuruvilla1 et al [26] observed theoretically at C-Cl vibration at 694 and 415 cm
-1

 and 

experimentally at 710-505 cm
-1

. Jayasheela et al [35] reported this band at 725 and 720 cm
-1 

4-

chlorophenyl ({[(1E)-3-(1Himidazol-1-yl)-1-phenylpropylidene]amino}oxy) methanone for 

theoretically and experimentally. For the title compound, the vibrations occurs at for C-Cl= 597,  C-

Cl=438 in FT-IR spectrum and theoretically at C-Cl=602 and 598 cm
-1

,  C-Cl=473 and 440 cm
-1

,  

C-Cl=280 and 275 cm
-1 

by B3LYP/6-31G and 6-31G(d,p) methods respectively. 

4.2.10 Ring vibration 

The thiazole ring in-plane bending vibrations are observed at 551, 457, 411 by FT-IR 

spectrum and theoretically at 588, 553, 545,531, 522, 487, 463, 427, 417, 407, 392,381, 166, 146, 112, 

52, 48 cm
-1 

by B3LYP/6-31G method and 580, 550, 541, 523, 518, 481, 460, 422, 410, 401, 389, 375, 

162, 142, 102, 49, 46, 43 cm
-1 

by B3LYP/6-31G(d,p) method. The ring out-of-plane bending observed 

at 35 in FT-Raman spectrum, theoretically at 135, 95, 86, 80, 75, 66, 41, 37,30, 25, 23, 17, 12, 7 cm
-1 

by B3LYP/6-31G method and 128, 89, 79, 74, 69, 57, 35, 30, 24, 22, 20, 16, 10, 6 cm
-1 

by B3LYP/6-

31G(d,p) method. 

4.3 Molecular electrostatic potential (MEP) surface analysis 

 Molecular electrostatic potential at a point in space around a molecule gives information about the 

net electrostatic effect produced at that point by total charge distribution (electron + proton) of the 

molecule and correlates with dipole moments, electro-negativity, partial charges and chemical 

reactivity of the molecules. It provides a visual method to understand the relative polarity of the 

molecule [64, 65]. An electron density iso-surface mapped with electrostatic potential surface depicts 

the size, shape, charge density and site of chemical reactivity of the molecules. Figure 4 illustrates the 

charge distributions of the molecule two dimensionally. As it can be seen from the figure, the different 
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values of the electrostatic potential at the surface are represented by different colours; red represents 

region of most electronegative electrostatic potential, blue represents region of the most positive 

electrostatic potential and green represents region of zero potential. Potential increases in the order red 

< orange < yellow < green < blue. Blue indicates the strongest attraction and red indicates the 

strongest repulsion. Region of negative potential are usually associated with the lone pair of 

electronegative atoms. As can be seen from the MEP map of the title molecule, more reactive sited are 

close to C=O (C40-O44) groups, the region having the most negative potential over oxygen atom O44 

and O58, then all the hydrogen atoms have positive potential.The negative potential which is 

represented by red colour corresponds to an interaction of a proton by aggregate the electron density of 

the molecule represented by red yellow shade and blue region is positive which corresponds to the 

repulsion of the proton represented by blue shades. 

 

 

 

Figure 4: Molecular electrostatic potential surfaces of 5-(4-Butoxybenzylidene)-2-[3-(4-

chlorophenyl)-5[4-(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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The strong negative region spread over the phenyl rings, nitrogen atom and oxygen atom of the 

hydroxyl group and these are possible sites of electrophilic sites. The positive electrostatic potential 

regions are fully covered all the hydrogen atoms and it represents the possible site of the nucleophilic 

sites in the MEP plot. 

4.4Frontier molecular orbital (FMO) study 

 DFT method with 6/31G(d,p) basis set is applied to compute the energy of HOMO and LUMO 

levels and the energies are shown in Table 3. The Frontier molecular orbitals (FMO) play a significant 

function in the electric and quantum chemistry [66]. The pictorial demonstration of these different 

FMOs is shown in Figure 5. The HOMO is the donor and LUMO is acceptor orbital and the energy 

difference between HOMO and LUMO have been used to investigate the global reactivity descriptors. 

The electrophilic index (), hardness () and chemical potential (µ) are known reactivity parameters. 

These parameters are considered as highly successful descriptors for biological activity.Moreover, 

electronegativity (),electron affinity (A), ionization potential (I) are also determined using the 

energies of frontier molecular orbitals and these reactivity parameters used in understanding the site 

selectivity and the reactivity. The compounds that possess positive electron affinity are known as 

electron acceptors and might participate in charge transfer reactions. The electron donation strength 

for any donor compound can be measured using ionisation potential is the energy which need to take 

off an electron from the HOMO. Electronegativity is known as one for the most important chemical 

properties which defined as power of species to attract electrons towards itself. The large EHOMO- 

ELUMO differences define a hard species, which means compound is more stable and less reactive. 

While, small EHOMO- ELUMO gap defines a soft species is less stable and more reactive. The calculated 

energy of HOMO is -5.3304 eV and LUMO is -1.9783 eV and the energy gap for the title compound is 

3.3521 eV and is a hard one. Ionization potential (I) =5.3304 eV, Electron affinity (A) = 1.9783 eV, 

Global hardness () = 1.6761 eV, Softness () = 0.5966 eV, Chemical potential () = -3.6544 eV, 

Electrophilicity index () = 3.9838 eV. The values for chemical potential and electrophilicity index 

are small that indicates the reactive nature of the title compound which confirms the bioactivity of the 

title molecule by the positive value of chemical softness.  
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ELUMO= -5.3304 eV                                        ELUMO1 = -

5.9862 eV                                      ELUMO2= -6.4777eV 

 

 

 

E=3.3557eV E = 4.5911eV E = 5.8023eV 

 

 

 

 

 

EHOMO = -1.9783 eV                                     EHOMO1 = -1.3951 eV                                   EHOMO2 = -0.6754 eV 
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Figure 5:Patterns of the principle highest occupied and lowest unoccupied molecular orbital 

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

yl]-1,3-thiazol-4(5H)-one 

Table 3 HOMO-LUMO energies for 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-

(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one by B3LYP/6-31G (d,p) 

basis set 

Molecu

lar 

properti

es 

 

Energ

y (eV) 

Energ

y gap  

(eV) 

Ionisati

on 

potentia

l(I) 

Electron 

affinity  

(A) 

Global 

hardness

n  () 

Global 

softness    

() 

Chemica

l 

potensia

l   ( ) 

Global 

Electroplici

ty() 

EHOMO 

-

5.3304 

3.3521 5.3304 1.9783 1.6761 0.5966 -3.6544 3.9838 ELUMO 

-

1.9783 

EHOMO-1  

-

5.9862 

4.5911 5.9862 1.3951 2.2955 0.4356 -3.6907 2.9669 ELUMO-1 

-

1.3951 

EHOMO-2 

-

6.4777 

5.8023 6.4777 0.6754 2.9012 0.3447 -3.5765 2.2045 ELUMO-2 

-

0.6754 

 

4.5 Reduced density gradient   

    RDG is a pictorial visualization of various kinds of non-covalent interactions directly in the real 

space using Multiwfn and plotted by visual molecular dynamics (VMD) program [20,21]. 

Noncovalent interactions are very weak when compared with covalent bonds and hence play a vital 

role in nature. To understand the nature of inter molecular interaction of the title compound, RDG 

analyses were carried out and the resultant graphs are shown in Figure 6.  
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According to this graph, the green regions represent weak attractive interactions (λ2≈0) such as Van 

der Waals interaction; strong attractions like H-bond, C-Cl bonds are represented by blue colour. The 

red colour represents steric repulsion appears in the inside of phenyl rings, pyrazole, and 4-

Butoxybenzylidene while van der waals interactions took place near 4(propan-2-yl) and over hydrogen 

atoms. The negative values of λ(2)ρ indicates strong attractive interactions, while the positive values 

mean the repulsive interactions.  

 

 

 

 

 

Figure 6:Plots of the RDG versus λ(2)ρ of 5-(4-Propan-2-yl)benzylidene)-2-[3-(4-

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

 

4.6 Molecular docking   

    Molecular docking is a computer-assisted drug design (CADD) method used to predict the 

favourable orientation of a ligand (drug) to a target (receptor) when bound to each other to form a 
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stable complex. By understanding the favoured orientation can be used to find out the strength of 

binding affinity between ligand and target site, e.g. by docking score [67]. Moreover, docking study 

can be used to find out type of interactions between ligand and receptor like hydrogen bonding and 

hydrophobic interactions.  Hence, molecular docking can be considered as first-line technique for a 

pharmaceutical lead discovery [68].Molecular docking studies were carried out to understand the 

binding profile of thiazole derivatives and to support the in vitro anticancerous activity. Automated 

docking was used to determine the orientation of inhibitors bound in the active site of Tubulin(PDB 

ID=4YJ2), which the protein has anti-cacerous activity. Protein 4YZJ has antiviral and 1OQE, 4YJE 

has anti tumer activity. A Lamarckian genetic algorithm method, implemented in the program 

AutoDockVina software was employed. The ligand used for docking was the optimized structure at 

B3LYP/6-31G (d, P). The files were prepared in a pdb format. The protein structure file (PDB ID: 

4YZJ) taken from RCSB Protein Data Bank (PDB) was prepared for docking by removal of water 

molecules, adding polar hydrogens and Kollman charges to the structure file. In silico prediction of 

amino acids involved in the active site of protein responsible for binding with the ligands are obtained 

from the co-crystallized endogenous ligand from the PDB file. The ligand was docked in the 

functional sites of the selected protein and minimum docking energy value was examined. Docked 

conformation which had the lowest binding energy was chosen to scrutinize the molecule mode of 

binding. The molecular docking binding energies and inhibition constants were also obtained and 

listed in Table 4 The title compound taken as the ligand interactions with proteins are shown in Figure 

7. 



 
http://annalsofrscb.ro 

 
Annals of R.S.C.B., ISSN:1583-6258, Vol. 25, Issue 5, 2021, Pages. 1587 - 1628 
Received 15 April 2021; Accepted 05 May 2021. 
 

 

1619 
 

 

Figure 7:Ligand - 5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-(propan-2-yl)-4,5-

dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one,  Proteins – 1JH5,1OQE, 4YJ2 and 4JZJ 

Table 4:Binding affinity for docking in5-(4-Butoxybenzylidene)-2-[3-(4-chlorophenyl)-5[4-

(propan-2-yl)-4,5-dihydro-1H-pyrazol-1-yl]-1,3-thiazol-4(5H)-one 
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6 
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1OQ

E 

Antitumer 

-4.19 845.86 ILE A-15 Alkyl 4.17 

78.41

4 

-3.97 1.23(mM) GLU A-41 

Conventional 

hydrogen bond 4.32 

81.10

6 

-3.8 1.64 (mM) ASN A-42 

Conventional 

hydrogen bond 4.55 

82.08

3 

 

 

4YJ2 

 

 

Anticance
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-4.7 358.4 LEU A-397 Alkyl 3.72 

80.98

3 

-4.6 426.72 

PRO A-

175 Alkyl 3.82 

121.0

29 

-4.21 817.23 

PRO A-

173 -alkyl 4.24 

111.2

28 

-4.57 447.01 

PRO A-

184 -alkyl 4.39 

87.28

3 

-4.53 482.07 GLN A-176 

Carbon hydrogen 

bond 4.55 

94.62

7 
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MET A-

438 

Conventional 

hydrogen bond 3.64 

49.94
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-5.42 106.79 

MET A-
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hydrogen bond 3.8 
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-5.32 126.67 TYR A-486 

carbon hydrogen 

bond 3.89 

48.81

2 
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hydrogen bond 4.02 

33.73

2 

-4.95 234.91 

MET A-
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Antiviral 

-5.17 163.56 

PHE A: 

107 van der waals 3.85 

36.10
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-4.95 236.07 TRP A: 47 van der waals 4.65 

36.42
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107 4 

-4.23 790.86 

TRP A: 

106 - Stacked 5.05 

38.12

3 

-4.2 838.87 LEU A: 45 - Stacked 5.08 

32.47

1 

 

4.6.1 Anti-tumer activity 

Interaction of antitumor protein 1OQE shows the existence of many conventional bonds 

such as three conventional hydrogen bonds and two alkyl bond interaction with amino acid (ASN A: 

42, GLU A: 41, ASN A: 42, PRO A: 15, ILE A: 15) with different binding energies (-4.7, -3.97, -

3.8, -4.33, -4.19)kcal/mol, inhibition constants (360.43, 1.23 (mM), 1.54 (mM), 667.85, 

845.86)ki(µM) RMSD values are (87.206, 81.106, 82.083, 71.635, 78.414)Å. Interaction of 

antitumor protein 4YJE shows the existence of many conventional bonds such as five conventional 

hydrogen bond interaction with amino acid (MET A: 438, MET A: 438, TYR A: 486, MET A: 438, 

MET A: 438) with different binding energies (-5.42, -5.32, -5.2, -4.95, -4.45)kcal/mol, inhibition 

constants (106.41, 126.67, 155.59, 234.91, 544.29)ki(µM) RMSD values are (49.944, 48.812, 

33.732, 25.064, 25.158)Å.  

4.6.2 Anticancer activity 

Interaction of anticancerous protein 4YJ2 shows the existence of many conventional bonds such as 

one Alkyl bonds, two -alkyl bond and one carbon hydrogen bond interaction with amino acid (LEU 

A: 397, PRO A: 175, PRO A: 173, PRO A: 184, GLN A: 176) with different binding energies (-4.7, 

-4.6, -4.21, -4.57, -4.53)kcal/mol, inhibition constants (358.4, 426.72, 817.23, 447.01, 

482.07)ki(µM) RMSD values are (80.983, 121.029, 111.228, 87.283, 94.627)Å.  

4.6.3 Antiviral activity 

Interaction of antiviral protein 4JZJ shows the existence of many conventional bonds such as three 

van der waals bonds and two - stackedbond interaction with amino acid (PHE A: 107, TRP A: 47, 

PHE A: 107, TRP A: 105, LEU A: 45) with different binding energies (-5.17, -4.95, -4.49, -4.23, -
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4.2)kcal/mol, inhibition constants (163.56, 236.07, 514.73, 790.86, 838.87)ki(µM) RMSD values are 

(36.106, 36.427, 30.374, 38.123, 32.471)Å.  

5. Conclusion 

     Structures of the title compounds were investigated using high-level quantum chemistry 

calculation. The optimized geometrical parameters and vibrational frequency assignment of the 

fundamental modes of title compounds have been obtained from DFT/B3LYP/6-31G and 

DFT/B3LYP/6-31G(d, p) level of calculation. The HOMO and LUMO analysis are used to 

determine the charge transfer within the molecule and the calculated HOMO and LUMO energies 

show the chemical activity of the molecule. The energy gap of the title molecule is E= 3.3557eV.  

From the molecular electrostatic potential plot, it is evident that the negative charge covers the 

carbonyl group and the positive region is over the remaining groups and the more electronegativity 

in the carbonyl group makes it the most reactive part of the molecule. Weak interaction profile 

shows that the presence of Van der Waals interactions and steric effect are present in the molecule. 

Molecular docking analysis reveals that the title molecule can act as a good inhibitor against the 

proteins 1JH5, 1OQE, 4YJ2 and 4JZJ. 
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Abstract 

    The FT-IR and FT-Raman spectra were recorded and analyzed for (4Z)-4-(4-Methylbenzylidene)-2-
phenyl-1,3-oxazol-5(4H)-one molecule. Quantum chemical calculations of the equilibrium geometry and 
the theoretical vibrational wavenumber were carried out using DFT method (B3LYP) with 6-31G (d,p) 
basis set. The frontier molecular orbital analysis is used to determine the charge transfer within the 
molecule. The stability of the molecule arising from hyper-conjugative interaction and charge 
delocalization has been analyzed using natural bonding orbital analysis. Molecular docking studies were 
also carried out.  
 
 

Keywords: Vibrational spectra, MEP and Molecular Docking. 

1. Introduction  

    The biological study of heterocyclic compounds has been interesting field for a long time [1] and 
oxazole is one such moiety which has gained attention in recent times due to its increasing importance in 
the field of medicinal chemistry. Oxazole derivatives play a pivotal role in delineating the biological 
activities like antimicrobial [2], anticancer [3], antitubercular [4] anti-inflammatory [5], antidiabetic [6], 
antiobesity [7] and antioxidant [8]. Oxazole derivatives play a pivotal role in delineating the biological 
activities. The aim of this work was to investigate the title molecule by spectroscopic characterization by 
computational studies. The vibrational spectroscopic investigations combined with DFT calculations are 
employed to provide comprehensive vibrational spectral assignments. The natural bond orbital, NBO, 
analysis has been carried out to elucidate information regarding the intra molecular charge transfer within 
the molecule. The electrophilic and nucleophilic sites are reported with the help of MEP surface. The 
study of frontier molecular orbitals, HOMO and LUMO has been used to represent how the charge takes 
place in the molecule and global reactive descriptors are studied. Molecular docking is a powerful tool for 
predicting the binding affinity of a ligand with the protein and used for structure –based drug designing.      

 

2. Experimental details 

    Fourier transform infrared (FT-IR) spectrum of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-
5(4H)-one was recorded employing the Perkin Elmer spectrometer fitted with a KBr beam splitter around 
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4000-400 cm-1. Bruker RFS 27 FT-Raman spectrometer was used to report the FT-Raman spectrum in the 
region 4000-0 cm-1 using a 1064 nm Nd: YAG laser source. Both the spectral measurements were 
performed at the Sophisticated Analytical Instrumentation Facility (SAIF), IIT, Chennai, India.  

3. Computational details 

All calculations presented in this study were performed with the Gaussian 09W program [9] and Gauss 
view [10]. By DFT calculations, B3LYP functional combined with 6-31G and 6-31G (d,p) basis sets to 
predict the molecular structure and vibrational wave numbers. The natural bonding orbital calculations 
were performed using the NBO program as implemented in Gaussian 09 Package. The molecular docking 
calculations were performed with the Autodock Tools version 1.5.6 software package [11] and the 
docking results were analyzed using Pymol [12] and Discovery studio [13] visualization software. The 
three dimensional crystal structure of DNA was obtained from the Protein data bank PBD ID. 

 

4. Results and discussions 

4.1 Molecular geometry 

    The optimized geometrical structure and parameters of the title compound obtained using DFT at 
B3LYP/6-31G and B3LYP/6-31G (d,p) level are shown in Figure 1 and Table 1 respectively. The title 
compound contains 17 C-C bonds, 12 C-H bonds, 3 C-O bonds and 2 C-N bonds. 

     

Table 1. Optimized Structural Parameters of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 

Parameter
s 

Bond Length  
Parameters 

Bond angle  
Parameters 

Dihedral angle 
B3LY
P/6-
31G 

B3LYP/
6-

31G(d,
p) 

B3LYP/6-
31G 

B3LYP/6-
31G(d,p) 

B3LYP/6-
31G 

B3LYP/6-
31G(d,p) 

C1-C2 1.3965 1.3932 C2-C1-C6 120.1941 120.1864 C6-C1-C2-C3 -0.0001 0.0015 
C1-C6 1.4003 1.396 C2-C1-H7 119.7215 119.7025 C6-C1-C2-H8 180.0005 -179.999 

C1-H7 1.0849 1.0857 C5-C1-H7 120.0845 120.1111 H7-C1-C2-C3 
-

179.9999 -179.999 
C2-C3 1.4071 1.4034 C1-C2-C3 119.7765 119.8103 H7-C1-C2-H8 0.0007 -0.0001 
C2-H8 1.0834 1.0841 C1-C2-H8 120.837 120.6321 C2-C1-C6-C5 0.0002 -0.0017 
C3-C4 1.4088 1.405 C2-C3-H8 119.3865 119.5577 C2-C1-C6-H11 180.0003 179.9971 
C3-C12 1.4529 1.4608 C2-C3-C4 119.9757 119.9049 H7-C1-C6-C5 180 179.9992 
C4-C5 1.394 1.3903 C2-C3-C12 120.7341 120.887 H7-C1-C6-H11 0.0001 -0.002 
C4-H9 1.084 1.0845 C4-C3-C12 119.2902 119.2081 C1-C2-C3-C4 0.0002 -0.0002 
C5-C6 1.4026 1.3986 C3-C4-C5 119.8256 119.8754 C1-C2-C3-C12 179.9995 -179.998 

C5-H10 1.085 1.0857 C3-C4-H9 118.9188 118.8525 H8-C2-C3-C4 
-

180.0004 -180 
C6-H11 1.0854 1.086 C5-C4-H9 121.2556 121.272 H8-C2-C3-C12 -0.0011 0.0031 
C12-N13 1.3003 1.2894 C4-C5-C6 120.1699 120.1597 C2-C3-C4-C5 -0.0003 -0.0008 
C12-O14 1.4204 1.3833 C4-C5-H10 119.7888 119.7752 C2-C3-C4-H9 179.9995 -180 

N13-C15 1.4354 1.416 C6-C5-H10 120.0413 120.0651 C12-C3-C4-C5 
-

179.9996 179.9965 
O14-C16 1.4316 1.4015 C1-C6-C5 120.0582 120.0633 C12-C3-C4-H9 0.0002 -0.0023 
C15-C16 1.4987 1.5023 C1-C6-H11 119.9885 119.9712 C2-C3-C12-N13 180.0027 -179.974 

NOVYI MIR Research Journal

Volume 6, Issue 3, 2021

ISSN No: 0130-7673

Page No: 116



C15-C18 1.3172 1.3152 C5-C6-H11
C16-O17 1.2189 1.1976 C3-C12-N13
C18-C19 1.3737 1.3692 C3-C12-O14
C19-C20 1.4361 1.4327 N13-C12
C19-C21 1.436 1.4333 C12-N13

C20-C22 1.3857 1.3823 C12-O14
C20-H23 1.0841 1.0845 N13-C15
C21-C24 1.3858 1.3814 N13-C15
C21-H25 1.0841 1.0846 C16-C15

C22-C26 1.4122 1.4079 O14-C16
C22-H27 1.0863 1.087 O14-C16

C24-C26 1.4122 1.4089 C15-C16

C24-H28 1.0863 1.0871 C15-C18
C26-C29 1.5093 1.5069 C18-C19

C29-H30 1.0952 1.0938 C18-C19

C29-H31 1.0995 1.098 C20-C19

C29-H32 1.0952 1.0944 C19-C20

 

Figure 1. Optimized Structural Parameters of 

The bond length C1-C2, C1-C6, C2
1.3965 / 1.3932, 1.4003 / 1.396, 1.4071 / 1.4034,  1.4026 / 1.3986, 1.4987 / 1.5023, 1.4361 / 1.4327, 

H11 119.9532 119.9656 C2-C3-C12-O14
N13 127.9771 126.7808 C4-C3-C12-N13
O14 117.0539 116.6691 C4-C3-C12-O14

C12-O14 114.969 116.5501 C3-C4-C5-C6 
N13-C15 106.6147 105.3947 C3-C4-C5-H10 

O14-C16 106.1513 106.2689 H9-C4-C5-C6 
C15-C16 108.106 107.9065 H9-C4-C5-H10 
C15-C18 126.3724 127.5269 C4-C5-C6-C1 
C15-C18 125.5216 124.5665 C4-C5-C6-H11 

C16-C15 104.1591 103.8798 H10-C5-C6-C1 
C16-O17 122.5165 122.6714 H10-C5-C6-H11

C16-O17 133.3244 133.4487 C3-C12-N13-C15

C18-C19 171.1948 179.9605 
O14-C12-N13-
C15 

C19-C20 121.2321 121.2464 C3-C12-O14-C16

C19-C21 121.236 121.2185 
N13-C12-O14-
C16 

C19-C21 117.5283 117.5336 
C12-N13-C15-
C16 

C20-C22 120.5149 120.4589 
C12-N13-C15-
C18 

arameters of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1, 3-

C6, C2-C3, C5-C6, C15-C16, C19-C20, C19-C21, C22-
1.3965 / 1.3932, 1.4003 / 1.396, 1.4071 / 1.4034,  1.4026 / 1.3986, 1.4987 / 1.5023, 1.4361 / 1.4327, 

O14 0.0004 0.0307 
N13 0.002 0.0284 
O14 179.9997 -179.967 

0.0003 0.0006 
 180.001 -179.998 

-
179.9995 179.9994 

 0.0012 0.0007 
-0.0003 0.0006 

 179.9996 -179.998 

 
-

180.0009 179.9993 
H11 -0.0011 0.0005 

C15 
-

180.0066 -179.986 

-0.0044 0.009 
C16 180.0039 179.9899 

0.002 -0.0056 

0.005 -0.0086 

179.9974 -179.992 

 
-oxazol-5(4H)-one 

-C26, C24-C26 are 
1.3965 / 1.3932, 1.4003 / 1.396, 1.4071 / 1.4034,  1.4026 / 1.3986, 1.4987 / 1.5023, 1.4361 / 1.4327, 
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1.436 / 1.4333, 1.4122 / 1.4089 which are high due to the presence of benzene ring and also are good 
agreement with Benzon et al [14] that C22-C24,C21-C23 are 1.4988 and 1.4923 Å. For the title molecule, 
C18-C19, C20-C22, C21-C24 has bond length as 1.3737/1.3692, 1.3857/1.3823, 1.3858/1.3814 are good 
agreement with the reported value [15]. 

    The C–H bond length lies between 1.08 and 1.09 Å for the phenyl ring. Here for the title compound, 
C1-H7, C2-H8, C4-H9,  C5-H10, C6-H11, C20-H23, C21-H25, C22-H27, C24-H28, C29-H30, C29-H31, 
C29-H32 are 1.0849/1.0857, 1.0834/1.0841, 1.084/1.0845, 1.085/1.0857, 1.0854/1.086, 1.0841/1.0845, 
1.0841/1.0846, 1.0863/1.087, 1.0863/1.0871, 1.0952/1.0938, 1.0995/1.098, 1.0952/1.0944 are very close 
to the reported value. The C-O bond length of the title molecule of C12-O14, C16-O14, C16-O17 are 
1.4204/1.3899, 1.4316/1.4015, 1.2189/1.1976 which are in close agreement with reported values C3–O11 
= 1.3959 Å and C12–O11 = 1.4565 Å [16].  

    The C-N bond distance for the title molecule, C12-N13, N13=C15 has 1.3003/1.2894, 1.4354/1.416 
Å was found to be much shorter than the average value for a C-N single bond (1.47Å) but significantly 
longer than a C=N double bond (1.22Å) [17], suggesting that some multiple bond character is presented. 
Haress et al [16] assigned the C-N bond length of C24-N5 =1.2951/1.2933 Å and C7-N4 = 1.2947/1.2923 
Å which are close to our title molecule.  Purkayastha and Chattopadhyay [18] reported N14-C13, N14-
C19 bond lengths as 1.3270 Å, 1.400 Å which are close related to our title compound. 

    For the title compound, the bond angle for C2-C1-C6, C1-C2-C3 is 120.19/120.18, 119.77/119.81 
which is in good agreement with the reported values (120.4 and 120) and C3-C4-C5, C1-C6-C5 has 
119.83/119.87, 120.05/120.06 are close to Benzon et al [14] observed at 120.7 and 118.1. For the 
title molecule, N13-C15-C16 = 108.11/107.91, N13-C15-C18 = 126.37/127.53, C16-C15-C18 = 
126.52/124.56 which is due to the interaction between the oxazole and the benzene ring. It is clearly 
seen that the dihedral angles C4-C3-C12-O14, C2-C3-C12-N13 are 180 and C2-C3-C12-O14, C4-C3-
C12-N13 are 0. This indicates that the benzene ring and the oxazole ring moieties of the title compound 
is planner.  

 

4.2 Vibrational analysis 

   The title compound is constituted by 32 atoms and has 90 normal modes of vibrations. Among 90 
fundamental modes of vibrations are classified into 36 stretching and the remaining is divided into in-
plane and out-of-plane bending vibrations. The observed and simulated FT-IR and FT-Raman spectra of 
the title compound at DFT-B3LYP level using 6-31G and 6-31G (d,p) basis sets are shown in Figures 2 
and 3. The elaborated vibrational assignments of the title compound along with the calculated IR and 
Raman frequencies and normal mode descriptions are given in Table 2.  

 
Table 2. Vibrational assignments of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 

 
Modes Observed 

wavenumbers 
(cm-1) 

Calculated 
wavenumbers (cm-1) 

 
Vibrational assignments 

FT-IR FT-
Raman 

B3LYP/6-
31G 

B3LYP/
6-31G 
(d,p) 

1    3095 3095 3091 CH (98) 
2    3010 3015 3010 CH (99) 
3  3001   3006 3001 CH (98) 
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4    2991 2989 CH (98) 
5   2940 2945 2941 CH (99) 
6  2900   2910 2905 CH (98) 
7      2896 2891 CH (98) 
8    2870 2866 CH (99) 
9  2802   2802 2800 CH (98) 
10     2796 2791 ass CH3 (97) 
11    2785 2790 2786 ass CH3 (97) 
12    2788 2780 ss CH3 (97) 

13  1680 1682 1685 1680 CO(78), CC (16) 
14  1602 1605 1607 1603 CC(84), CO (12) 
15  1580   1576 1573 CC (78), CH (17) 
16    1545 1549 1542 CN (76), CC (19) 
17  1510   1520 1514 CC (76), CH (18) 
18    1502 1504 1500 CC (76), CH (18) 
19      1491 1487 CC (78), CH (16) 
20  1455 1460 1464 1458 CH (69), CC (22) 
21      1453 1447 CH (68), CC (20) 
22      1435 1431 opbCH3 (88) 
23    1420 1426 1422 ipbCH3 (86) 
24  1411   1420 1412 CH (68), CC (19) 
25    1386 1391 1385 CH (70), CC (21) 
26  1374   1380 1374 sbCH3 (86) 
27     1351 1340 CC (75), CH (21) 
28    1337 1332 CO (69), CH (13), CC (10) 
29  1300 1304 1309 1304 CH (72), CO (13) 
30    1295 1300 1296 CH (69), CC (13) 
31  1250 1251 1254 1250 CC (76), CH (18) 
32    1190 1196 1192 CC (68), CH (12) 
33  1183   1183 1180 CC (70), CH (12), CC (10) 
34      1170 1167 CH (78) 
35  1135   1140 1134 CH (75) 
36  1100 1102 1115 1101 CH (73) 
37  1056   1064 1057 CH (75) 
38      1028 1025 CN (66), CC (13), CO (10) 
39    1007 1011 1009 CO (67), CC (12), CH (10) 
40      1004 1000 CH (68) 
41    991 993 990 opr CH3 (70) 
42  980   982 978 CC (72), CH (14) 
43    968 970 967 Ring breathing (75) 
44      954 950 ring (69) 
45      933 931  CH (64) 
46  911   915 912 ipr CH3 (69), CH (10) 
47  902   906 902 ring (70) 
48  888  890 886  CH (65) 
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49    875 879 877  CH (65) 
50  861   863 860  CH (65) 
51    836 841 838  CH (66) 
52      830 824 CO (72), ring (16) 
53  812   815 812 ring (66) 
54      805 802  CH (67) 
55      801 795  CH (67) 
56    785 790 786  CH (67) 
57      765 763 ring (70) 
58  733   738 735  CH (68) 
59      722 718  CH (68) 
60  693 694 700 695 ring (72) 
61      648 643  CH (68) 
62      631 627 ring (63),  CC (14) 
63      615 612  CC (66), ring (15) 
64    602 606 600 ring (68) 
65      590 587 ring (68) 
66  563   571 565 CC (60), CO (18) 
67      560 554 ring (66) 
68    527 535 530 ring (65) 
69  503   506 501 ring (65) 
70      491 488 ring (62) 
71      470 467 ring (62) 
72      431 428 ring (66) 
73  402   408 401 ring (63) 
74     376 373 ring (62) 
75      353 348 CC (68) 
76      312 309  CC (62) 
77      290 285 CCH3 (64) 
78    224 228 225 CC (66) 
79      211 208 CC (66) 
80      195 189 ring (68) 
81      170 166  CC (61) 
82      128 123 ring (60) 
83    101 110 102 ring (65) 
84      89 85 ring (65) 
85    65 72 67 CC (66) 
86     61 56 ring (60) 
87      47 40 CC (58) 
88      38 31 CH3 (67) 
89      29 25  CC (62) 
90      13 10  CC (60) 
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Figure 2 Observed FT-IR and simulated spectra of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 
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Figure. 3 Observed FT-Raman and Simulated Spectra of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-
1, 3-oxazol-5(4H)-one 
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4.2.1 CH3 vibrations   

    The stretching vibrations of CH3 are expected in the range 3050-2850 cm-1 for asymmetric and 
symmetric vibrations [19, 20]. The deformed modes of methyl group are expected in the range of 1485-
1355 cm-1. The methyl rocking wavenumbers are expected in the range 110095 cm-1 and 1080 80 cm-1 
[19]. 

    Benzon et al [21] assigned the asymmetric CH3 stretching vibrations at 3023, 2997, 2961 cm-1 in IR 
spectrum, 3037, 3016, 2992, 2967 cm-1 in Raman spectrum and for symmetric CH3 stretching vibrations 
at 2934, 2916 cm-1  theoretically and 2924 cm-1  for IR spectrum, 2928, 2903 cm-1  at Raman spectrum. 
Parveen et al [22] observed the CH3 vibrations at 2980 cm-1 and 2978 cm-1 in the IR and Raman spectrum 
and theoretically observed at 3011,  2988, 2925 cm-1. Benzon et al [14] asymmetric CH3 groups are 
theoretically obtained at 3063, 2996 cm-1 and experimentally observed at 3063 cm-1  in IR spectrum, 2998 
cm-1  in Raman spectrum. For our title compound, the assCH3 stretching vibrations occurs 2785 cm-1 in 
FT-Raman spectrum and theoretically observed at 2796, 2790 cm-1 and 2791, 2786 cm-1 for B3LYP/6-
31G and B3LYP/6-31G (d,p) basis sets. The symmetric stretching vibrations observed at 2788 cm-1 and 
2780 cm-1 for the same basis sets.    

    Benzon et al [14] observed the CH3 deformation modes at 1458, 1455 1450, 1435 cm-1 by 
theoretically and 1442, 1446 in FT-IR, FT-Raman spectrum. Parveen et al [22] observed the deformed 
methyl group at 1355 cm-1 at IR and theoretically at 1449, 1434, 1358 cm-1. Benzon et al [21] observed 
the CH3 modes at 1468 cm-1 (IR), 1470, 1435 cm-1 (Raman) and calculated at 1464, 1458, 1455, 1435 cm-

1. In the present work, the CH3 in-plane bending vibrations are assigned at 1374, 911 cm-1 and 1420, 991 
cm-1 in FT-IR and FT-Raman spectrum. The computed wavenumbers are predicted by B3LYP/6-31G 
method at opb = 1435 cm-1, ipb = 1426 cm-1, sb = 1380 cm-1, opr = 993 cm-1, ipr = 915 cm-1 and for 
B3LYP/6-31G (d,p) method at opb = 1431cm-1 , ipb = 1422 cm-1, sb = 1374 cm-1, opr = 990 cm-1, 
ipr = 913 cm-1. In this study, the out-of-plane twisting vibration is observed at 38/31 cm-1 for the above 
basis sets. 

4.2.2 C-H stretching 

    The C-H stretching vibrations occur at 3120-3000 cm-1 [19].The C-H in-plane and out-of-plane 
bending occurs at 1315-995 cm-1 and 1000-700 cm-1 [19].  

    Parveen et al [22] observed the C-H stretching vibrations at 3088, 3038 cm-1 in IR spectrum and 
3102, 3072, 3035 cm-1 in Raman spectrum. Haress et al [16] reported the C-H stretching at 2921, 2917, 
2915 cm-1. Renjith et al [23] observed the CH stretching vibration at 3081 cm-1 and 3077, 3064 cm-1 in IR 
and Raman spectrum, observed theoretically in the range of 3097-3057 cm-1. For the title molecule, the 
CH stretching vibrations observed at 3001, 2900, 2802 cm-1 in FT-IR spectrum, 3095, 3010, 2940 cm-1 in 
FT-Raman spectrum and theoretically at 3095, 3015, 3006, 2991, 2945, 2910, 2896, 2870, 2802 cm-1 by 
B3LYP/6-31G and 3091, 3010, 3001, 2989, 2941, 2905, 2891, 2866, 2800 cm-1 by B3LYP/6-31G (d,p) 
methods. 

     The C-H in-plane bending for IR spectrum observed at 1294, 1145, 1115, 1035 cm-1 and 1288, 1148 
cm-1 for FT-Raman spectrum for Parveen et al [22]. Haress et al [16] observed the in-plane bending for 2-
(Adamantan-1-yl)-5-(4-nitrophenyl)-1,3,4-oxadiazole at 1349, 1299, 1085 cm-1 theoretically. Renjith et al 
[23] observed the in-plane bending at 1272, 1202, 1077 cm-1 in IR spectrum and 1266, 1197, 1174, 1150 
cm-1 in Raman spectrum. In the present work, the in-plane bending vibrations observed at 1455, 1411, 
1300, 1135, 1100, 1056 cm-1 in FT-IR spectrum and 1460, 1386, 1304, 1295, 1102 cm-1 in FT-Raman 
spectrum and theoretically obtained at 1464, 1453, 1420, 1391, 1309, 1300, 1170, 1140, 1115, 1064, 1004 
cm-1 by B3LYP/6-31G and 1458, 1447, 1412, 1385, 1304, 1296, 1167, 1134, 1101, 1057, 1000 cm-1 by 
B3LYP/6-31G (d,p) methods. 
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    The out-of-plane bending by Parveen et al [22] assigned at 947, 922, 820, 808 cm-1 for IR spectrum 
and 820, 920 cm-1 for Raman spectrum. Haress et al [16] reported the out-of-plane bending at 943, 845, 
821 cm-1 theoretically. Renjith et al [23] observed the out-of-plane bending for IR spectrum at 1272, 
1202, 1077 and Raman spectrum at 1266, 1197, 1174, 1150. In the present work, the out-of-plane 
bending vibrations occurs at 888, 861, 733 cm-1 in FT-IR spectrum, 875, 836, 785 cm-1 in FT-Raman 
spectrum and 933, 890, 879, 863, 841, 805, 801, 790, 738, 722, 648 cm-1 by B3LYP/6-31G and 931, 886, 
877, 860, 838, 802, 795, 786, 735, 718, 643 cm-1 by B3LYP/6-31G (d,p) methods. 

4.2.3 C-O vibrations 

    The C-O band is expected in the region 1220 ± 40 cm-1 [20, 24, 25]. Benzon et al [21] reported the 
stretching of C-O appears at 1212 cm-1 in the IR spectrum, 1228 cm-1 in Raman spectrum and the 
calculated value is 1229 cm-1. Ulahannan et al [26] reported that the stretching of C-O at 1215 cm-1 in IR 
and theoretically at 1208 cm-1. Varghese et al [27] reported the C-O stretching at 1255 cm-1 in both IR and 
Raman spectra. Sagdinc et al [28] reported the C-O vibration at 1680, 1725, 1717 cm-1 for IR spectrum, at 
1723 cm-1 Raman spectrum and at 1726 cm-1 observed theoretically. Veenakumar et al [29] assigned the 
C-O stretching vibrations at 1214, 1050 and 1396, 1208, 1050 in IR and Raman spectrum. For the title 
compound, the C-O stretching vibrations reported at 1680 and 1682 in FT-IR and FT-Raman spectrum. 
Theoretically at 1685, 1337 and 1680, 1332 in B3LYP/6-31G and B3LYP/6-31G (d,p) methods. The in-
plane bending vibrations occurs at 1007 in FT-Raman spectrum, 1011, 830 and 1009, 824 in B3LYP/6-
31G and B3LYP/6-31G (d,p) methods. 

4.2.4 C-C vibrations 

    The C-C stretching is expected around 1600 ± 50 cm-1 [30]. Benzon et al [21] is observed at 1653 
cm-1, 1647 cm-1 in IR, Raman spectrum and assigned theoretically at 1630 cm-1. Felfoldi et al [31] 
reported the C-C stretching vibrations at 1625 cm-1 theoretically. For the title molecule, C-C vibrations 
observed at 1602, 1580, 1510, 1251, 1183, 980 in FT-IR spectrum, 1605, 1502, 1304, 1251, 1190 in FT-
Raman spectrum and theoretically at 1607, 1576, 1520, 1504, 1491, 1351, 1254, 1196, 1183, 982 and 
1603, 1573, 1514, 1500, 1487, 1340, 1250, 1192, 1180, 978 B3LYP/6-31G and B3LYP/6-31G (d,p) 
methods. The in-plane bending vibrations observed at 563 and 224,65 in FT-IR and FT-Raman spectrum 
and 571, 353, 228, 211 and 565, 348, 225, 208 in the B3LYP/6-31G and B3LYP/6-31G (d,p) methods. 
The out-of-plane bending vibrations observed at 648, 312, 170, 29, 13 and 612, 309, 166, 25, 10 at 
B3LYP/6-31G and B3LYP/6-31G (d,p) methods.   

4.2.5 C-N vibrations 

    Normally C-N stretching vibrations of aromatic rings are observed in the region at 1330-1260 cm-1 
due to stretching of the phenyl carbon-nitrogen bond [20].  

    Parveen et al [22] assigned the C-N stretching modes at 1211, 1208 cm-1 in the IR, Raman and at 
1270, 1209 cm-1 theoretically. Bhagyasree et al [32] reported C-N stretching modes at 1247 and 1236 cm-

1 and Mary et al [33] reported the C-N stretching modes at 1238 cm-1 in Raman spectrum and 
theoretically at 1233, 1209 cm-1. Sandhyarani et al [34] reported the C-N stretching at 1318 cm-1 and 
Benzon et al [21] C-N is assigned at 1247, 1183, 1131, 1122 cm-1 theoretically and experimentally 
observed at 1247, 1181, 1140, 1120 cm-1 in Raman spectrum, 1153 in IR spectrum. Veenakumar et al [29] 
reported the C-N stretching mode at 1609, 1132 for IR spectrum and 1605, 1520, 1288, 1170, 1009, 971 
at FT-Raman spectrum, and observed theoretically in the range of 1607-969. Hareeas et al [16] observed 
the C-N stretching at 1535, 1520 cm-1 and 1540, 1521 cm-1 in the IR and Raman spectra and calculated 
wavenumber at 1531, 1516 cm-1. For the title molecule, the C-N vibrations observed at 1545 in FT-
Raman spectrum and theoretically at 1549, 1028 and 1542, 1025 at B3LYP/6-31G and B3LYP/6-31G 
(d,p) methods. 
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4.2.6 Ring vibrations 

    The ring breathing mode of the 1,4-disubstituted benzenes with entirely different substituent [24] 
has been reported in the interval 780-880 cm-1. Mary et al [35] reported the ring breathing modes are 
assigned at 977, 748 cm-1 for benzene ring theoretically. For our title compound, the ring breathing modes 
are observed at 968 in FT-Raman spectrum, 970 and 967 assigned theoretically by B3LYP method with 
6-3.1G and 6-31G (d,p) basis sets.  

    For the title molecule, the in-plane bending vibrations of oxazole and benzene rings are observed at 
902, 812, 693, 503 in FT-IR spectrum and 694, 602, 527,101 in FT-Raman spectrum and theoretically 
reported at 954, 906, 815, 765, 700, 606, 590, 560, 535, 506, 431, 195, 110, 89 cm-1   in B3LYP/6-31G 
and 950, 902, 812, 763, 695, 600, 587, 554, 530, 501, 428, 189, 102, 85 cm-1   in B3LYP/6-31G (d,p) 
methods. The out-of-plane bending vibrations observed at 402 in IR spectrum and obtained theoretically 
at 631, 491, 470, 408, 376, 128, 61 cm-1 in B3LYP/6-31G, 627, 488, 467, 401, 373, 123, 56 cm-1 in 
B3LYP/6-31G (d,p) methods.  
 
4.5. Natural bond orbital analysis 

 The natural bond orbital (NBO) analysis is an effective tool for determining the chemical 
interpretation of hyper conjugative interactions and electron density transfer from filled lone pair orbital 
of one subsystem to a vacant orbital of another subsystem. The DFT calculations are used to analyze 
various second order interactions between the filled and vacant orbital’s of a system which gives a 
measure of delocalization and hyper conjugation [36]. The hyper conjugation interaction energy can be 
obtained from the second order perturbation method [37] as follows: 

   
 

2

,
2E

ij

ji
iij

EE
F

qE 
        (1) 

where qi is the donor orbital occupancy, Ei and Ej are the diagonal elements and F (i, j) is the off 
diagonal NBO Fock matrix element. The NBO analysis shows the various possible donors and acceptors 
in the molecule with their occupancy value in each position are tabulated in Table 4. The important hyper-
conjugative interactions are C12-N13 from O14 of LP(2) O41 σ*(C12-N13), C16-O17 from O14 of 
LP(2) O14 σ*(C16-O17) , O14-C16 from O17  σ*(O14-C16), C12-O14 from  N13 σ*(C12-O14), 
C15-C16 from C18 σ*(C15-C16 with stabilization energies 19.37,  16.14, 11.1, 4.66, 4.09 kJ/mol. 
 

Table 3. Second Order Perturbation Theory Analysis of Fock Matrix in NBO Basis Corresponding to Intra 
Molecular Bands of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1, 3-oxazol-5(4H)-one 

Donor Acceptor E(2)(kcal/mol) 
BMP 

E(J)-E(i) 
(a.u) 
BMP 

F(ij) (a.u) 
BMP 

LP (1) N  13 BD*(1)  C  12 - O  14 4.66 0.62 0.068 
LP (1) N  13  BD*(1) C  15 - C  16 2.71 0.82 0.06 
LP (1) N  13  BD*(1) C  15 - C  18 0.35 0.72 0.02 
LP (1) N  13  BD*(1) C  16 - O  17 0.4 0.63 0.02 
LP (1) O  14  BD*(1) C  12 - N  13 1.89 0.99 0.055 
LP (1) O  14  BD*(1) C  15 - C  16 1.58 1.04 0.051 
LP (1) O  14  BD*(1) C  16 - O  17 0.39 0.84 0.023 
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LP (2) O  14  BD*(2) C  12 - N  13 19.37 0.31 0.1 
LP (2) O  14  BD*(2) C  16 - O  17 16.14 0.29 0.089 
LP (1) O  17  BD*(1) O  14 - C  16 0.86 1.02 0.038 
LP (1) O  17  BD*(1) C  15 - C  16 1.48 1.23 0.054 
LP (2) O  17  BD*(1) O  14 - C  16 11.1 0.5 0.094 
LP (2) O  17  BD*(1) C  15 - C  16 2.95 0.71 0.059 
LP (2) O  17  BD*(2) C  19 - C  20 0.28 0.28 0.012 
LP (1) C  18  BD*(1) N  13 - C  15 0.6 0.77 0.027 
LP (1) C  18  BD*(1) C  15 - C  16 4.09 0.82 0.073 
LP (1) C  18  BD*(1) C  19 - C  20 0.34 0.93 0.023 
LP (1) C  18  BD*(2) C  19 - C  20 4 0.38 0.054 
LP (1) C  18  BD*(1) C  19 - C  21 0.35 0.93 0.023 

 
a E(2) means energy of hyperconjugative interactions (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. 

Also, the various possible transitions among these donors and acceptors are provided. The larger the E 
(2) values the more intense will be the interaction between the electron donors and electron acceptor 
groups i.e. more electron donating tendency and greater the extent of conjugation of the whole system 
tabulated on Table 5. σ (C15-C16) orbital with 0.99659 a.u. energy has 50.91% C15 character in SP(1.98) 
hybrid and has 49.08% C16 character in SP(1.44) hybrid. The idealized SP(1.44) hybrid has 66.49%, 58.95%  
p-character and 33.51%, 41.05% s-character. The two coefficients 0.7136 and 0.7006 are called 
polarization coefficients. σ (C16-O17) orbital with 0.99543 a.u energy has 40.43% C16 character in SP 
(1.99) hybrid and has 59.57% O17 character in SP (3.85) hybrid. The idealized SP (3.75) hybrid has 66.61%, 
79.37% p-character and 33.39%, 20.63% s-character. The two coefficients 0.6358 and 0.7718 are called 
polarization coefficients. The oxygen (O17) has a larger percentage of this NBO, 79.37% and gives the 
larger polarization coefficient 0.7718 because it has a higher electronegativity. Similarly, the carbon 
(C29) has a larger percentage of this NBO, 74.12% and gives the larger polarization coefficient 0.6988. 
The carbon and nitrogen have a lesser percentage of NBO and give a lesser polarization coefficient. The 
carbon (C16) has a lower percentage of NBO, 25.22% and gives the lesser polarization coefficient 
0.5514. 

Table 4. NBO Analysis of Bonding and Antibonding Orbit of (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-
oxazol-5(4H)-one 

Band (A-B) 
ED/Energy 

(a.u.) 
ED % ED % NBO S(%) P(%) 

 C 1-C 2 0.98877 49.7 50.3 0.7050 sp(1.85) 35.12 64.88 

        0.7092 sp(1.81) 35.59 64.41 

 C 1-C 6 0.99014 50.01 49.99 0.7072 SP (1.84) 35.26 64.74 

        0.7070 SP (1.84) 35.26 64.75 

 C 2-C 3 0.9825 48.22 51.78 0.6944 SP (1.88) 34.74 65.26 

        0.7178 SP (1.83) 35.17 64.83 

 C 3-C 4 0.98248 51.79 48.21 0.7196 SP (1.85) 35.13 64.87 

        0.6944 SP (1.88) 34.71 65.29 
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 C 3-C 12 0.98717 50.62 49.38 0.7115 SP (2.37) 29.67 70.33 

        0.7027 SP (1.31) 43.28 56.72 

 C 3-C 12 0.98879 50.29 49.71 0.7092 SP (1.81) 35.61 64.39 

        0.7050 SP (1.85) 35.14 64.86 

 C 4-C 5 0.98879 50.29 49.71 0.7092 SP (1.81) 35.61 64.39 

        0.705 SP (1.85) 35.14 64.86 

 C 5-C 6 0.99013 50.01 49.99 0.7072 SP (1.84) 35.24 64.76 

        0.707 SP (1.84) 35.25 64.75 

 C 12-N 13 0.99155 41.08 58.92 0.641 SP (2.13) 31.98 68.02 

        0.7676 SP (2.13) 31.91 68.09 

 C 12-O 14 0.99353 30.56 69.44 0.5528 SP (3.04) 24.77 75.23 

        0.8333 SP (2.17) 31.58 68.42 

 N 13-C 15 0.99006 58.41 41.59 0.7643 SP(2.07) 32.58 67.42 

        0.6449 SP (2.34) 29.93 70.07 

 O14-C 16 0.9935 69.59 30.41 0.8342 SP(2.38) 29.58 70.42 

        0.5514  SP (2.97) 25.22 74.78 

 C 15-C 16 0.99659 50.91 49.08 0.7136 SP (1.98) 33.51 66.49 

        0.7006 SP (1.44) 41.05 58.95 

 C 15-C 18 0.98694 54.63 45.37 0.7391 SP (1.74) 36.43 63.57 

        0.6736 SP (2.43) 29.2 70.8 

 C 16-O 17 0.99543 40.43 59.57 0.6358 SP (1.99) 33.39 66.61 

        0.7718 SP (3.85) 20.63 79.37 

 C 18-C 19 0.9882 46.62 53.38 0.5828 SP (2.19) 31.31 68.69 

        0.7306 SP (2.55) 28.16 71.84 

 C 19-C 20 0.98691 50.97 49.03 0.714 SP (1.78) 35.92 64.08 

        0.7002 SP (1.86) 35.02 64.98 

 C 19-C 21 0.9869 50.97 49.03 0.714 SP (1.78) 35.92 64.08 

        0.7002 SP (1.85) 35.03 64.97 

 C 20-C 22 0.98822 50.25 49.75 0.7098 SP (1.82) 35.49 64.51 

        0.7053 SP (1.85) 35.07 64.93 

 C 21-C 24 0.98821 50.25 49.75 0.7089 SP (1.82) 35.46 64.54 

        0.7053 SP (1.85) 35.05 64.95 

 C 22-C 26 0.98822 49.26 50.74 0.7019 SP(1.83) 35.32 64.68 

        0.7123 SP(1.87) 34.9 65.1 
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4.6. Molecular electrostatic potential functions

   Molecular electrostatic potential (MEP) is related to the electronic density which is very useful 
descriptor in understanding nuclecphilic and electrophilic sites as well as hydrogen bonding interaction
[38]. This analysis is also used to predict the bi
hydrogen bonding with its target protein. To predict the reactive sites such as electrophilic and 
nuclecphilic sites for the title molecule, MEP at the B3LYP/6
calculated. The color range of the MEP diagram of the title molecule is shown in Fig.
red color and ends with dark blue color which means different values of electrostatic potential at the 
surface of the molecule in the following decreas
and green represent the regions of most negative, most positive and zero electrostatic potential 
respectively. The negative electrostatic potential corresponds to an attraction of the proton by the 
aggregate electron density in the molecule (shades of red), while the positive electrostatic potential 
corresponds to the repulsion of the proton by the atomic nuclei (shade of blue). The negative, (red) region 
of MEP were related to electrophilic reactivit
From the MEP plot of the title molecule, it is evident that the negative charge covers the nitrogen in the 
oxazole ring and the positive region is over all the hydrogen atoms in the methylbenzyl
ring. The more electronegativity in the nitro group makes it the more reactive part in the molec
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oxazole ring and the positive region is over all the hydrogen atoms in the methylbenzyl
ring. The more electronegativity in the nitro group makes it the more reactive part in the molec

Potential Surfaces (4Z)-4-(4-Methylbenzylidene)-2-phenyl
one 

Molecular electrostatic potential (MEP) is related to the electronic density which is very useful 
descriptor in understanding nuclecphilic and electrophilic sites as well as hydrogen bonding interaction 

ological activity of a molecule as well as its ability to form 
hydrogen bonding with its target protein. To predict the reactive sites such as electrophilic and 

31G (d,p) optimized geometry was 
4 which starts with 

red color and ends with dark blue color which means different values of electrostatic potential at the 
ing order: Red > orange > yellow > blue>green, red, blue 

and green represent the regions of most negative, most positive and zero electrostatic potential 
respectively. The negative electrostatic potential corresponds to an attraction of the proton by the 
ggregate electron density in the molecule (shades of red), while the positive electrostatic potential 

corresponds to the repulsion of the proton by the atomic nuclei (shade of blue). The negative, (red) region 
y and the positive (blue) regions to nucleophilic reactivity. 

From the MEP plot of the title molecule, it is evident that the negative charge covers the nitrogen in the 
oxazole ring and the positive region is over all the hydrogen atoms in the methylbenzylidene and benzene 
ring. The more electronegativity in the nitro group makes it the more reactive part in the molecule.  
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4.10. Molecular docking 

    The molecular interactions between the lead molecule and target protein of biological interest have 
become great importance within the field of drug design. Title molecule can be used for treating cancer, 
tubercular and convulsant. To explore the biological activity of the title molecule, molecular docking 
studies were carried out. The molecular mechanism of selectivity [39] can be observed by docking 
analysis of the lead molecule with many protein targets. The title molecule was docked into the active 
sites of proteins 5FDC, 1EOU, 5H8V, 1PCV, 2RER and 1NNU associated with convulsant, cancer, 
fungal, tubercular and human lymphatic filarial parasites activity. . The molecular docking binding 
energies (kcal/mol), intermolecular energy (kcal/mol) and inhibition constants (µm) were obtained and 
are tabulated in Table 5. The proteins were downloaded from the protein data bank website. The docking 
macromolecule i.e protein was prepared by removing the water, co-factors, co-crystallized ligands and 
AutoDock tools (ADT) graphical computer program was accustomed calculate Kollman charges and 
polar hydrogens. The active site of the macromolecule was defined to incorporate residues of the active 
site within the grid size of 60Å 60Å60Å. The common method to evaluate the quality of docking result 
is to calculatethe Root Mean Square Deviation (RMSD) between the docked cause and the well known 
crystal structure conformation. RMSD values up to 2Å are considered reliable for a docking protocol 
[40]. Amongst the docked conformations of the co-crystallized ligand and scored well was visualized for 
ligand-protein interactions in Discovery Studio Visualizer 4.1 software. The docked ligand interactions 
with amino acids of the receptor and the ligand at the active sites of the receptor are stated in Fig.7 

4.10.1. Anticonvulsant 

Interaction of anticonvulsant proteins shows existence of many conventional bonds which are as 
follows: two Conventional hydrogen bond and one van der Waals bond was found in 5FDC interacting 
with amino acids (1.92 Å; TYR A: 7, 2.01 Å; HIS A:64, 3.14 Å; GLY A:63) with different binding 
energy(-7.05, -6.71, -5.99) kcal/mol, inhibition constant (6.85, 12.12, 40.43) M  and RMSD value is 
(8.468, 25.279, 13.263) Å. One conventional bond, one -donar hydrogen bond and one van der waals 
bond was found in 1EOU interacting with amino acids (2.3 Å; ASN A:11, 2.93 Å; TYR A:7, 3.5 Å; GLY 
A:63) with different binding energy(-7.23, -6.42, -6.23) kcal/mol, inhibition constant (5.02, 19.84, 27.11) 
M  and RMSD value is (9.016, 13.611, 8.945) Å. 

4.10.2 Anticancer 

Interaction of anticancer proteins shows existence of many conventional bonds which are as follows: 
three Conventional hydrogen bond and one - stacked bond was found in  5H8V interacting with amino 
acids (2.26 Å; LEU A:160, 2.18 Å; TYR A:219, 3.66 Å; ALA A;161, 3.21 Å; VAL A:194) with different 
binding energy(-7.97, -7.63, -5.3, -5.18) kcal/mol, inhibition constant (1.44, 2.53, 129.56, 158.36) M 
and RMSD value is (27.135, 26.811, 9.135, 19.745) Å.  

4.10.3. Antifungal 

Interaction of antifungal proteins shows existence of many conventional bonds which are as follows: 
two Conventional hydrogen bond, two van der Waals bond and one - stacked bond was found in 1PCV 
interacting with amino acids (1.97 Å; ARG A:44, 2.62 Å; ARG A:44, 2.74 Å; PHE A:95, 3.12 Å; MET 
A: 42, 2.12 Å; TRP A: 75) with different binding energy (-6.6, -5.97, -5.7, -5.63, -6.14 ) kcal/mol, 
inhibition constant (14.5, 42.39, 65.97, 73.29, 31.45) M and RMSD value is (35.044, 44.564, 46.382, 
46.842, 32.706) Å.  

4.10.4. Antitubercular 

Interaction of antitubercular proteins shows existence of many conventional bonds which are as 
follows: two Conventional hydrogen bond and one carbon-hydrogen bond was found in 2RER interacting 
with amino acids (1.83 Å; ARG A:82, 2.22 Å; ARG A:82, 2.35 Å; PRO A:87) with different binding 
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energy(-7.61, -7.34, -6.95) kcal/mol, inhibition constant (2.63, 4.14, 8.03) 
(49.626, 55.046, 53.908) Å. 

4.10.5. Human lymphatic filarial parasites 

Interaction of human lymphatic filarial parasites proteins shows existence of many
which are as follows: two carbon
interacting with amino acids (2.03 Å; ALA A:169, 2.01 Å; SER A:170, 2.12 Å; GLY A:104, 4.1 Å; ASN 
A;218) with different binding energy (
3.23, 11.99) M and RMSD value is (99.845, 111.129, 103.844, 108.043) Å. 

6.95) kcal/mol, inhibition constant (2.63, 4.14, 8.03) M and RMSD value is 

4.10.5. Human lymphatic filarial parasites  

Interaction of human lymphatic filarial parasites proteins shows existence of many 
which are as follows: two carbon-hydrogen bond and two van der Waals bond was found in 1NNU 
interacting with amino acids (2.03 Å; ALA A:169, 2.01 Å; SER A:170, 2.12 Å; GLY A:104, 4.1 Å; ASN 
A;218) with different binding energy (-7.67, -7.01, -7.49, -6.71) kcal/mol, inhibition constant (2.37, 7.31, 

M and RMSD value is (99.845, 111.129, 103.844, 108.043) Å.  

 

 

M and RMSD value is 

 conventional bonds 
hydrogen bond and two van der Waals bond was found in 1NNU 

interacting with amino acids (2.03 Å; ALA A:169, 2.01 Å; SER A:170, 2.12 Å; GLY A:104, 4.1 Å; ASN 
6.71) kcal/mol, inhibition constant (2.37, 7.31, 
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Figure 5. Binding site between Protein 
Methylbenzylidene)

 

Table 5. Binding affinity for docking in (4Z)

Drug Protein 
Type 

of 
activity 

Binding 
affinity  

(kcal/mol)

 
 
 
 
 
 
 
 
 
 
 

(4Z)-4-
(4-

Methyl
benzyli
dene)-

2-
phenyl
-1,3-

oxazol-

5FDC 
Antico
nvulsa

nt 

-7.05 

-6.71 
-6.25 
-5.99 

-5.78 

5H8X 
Antica
ncer 

-7.97 

-7.63 

-5.3 
-5.18 
-4.99 
-4.96 
-4.86 
-4.77 
-4.73 

1PCV 
Antifu
ngal -6.6 

 

Figure 5. Binding site between Protein – 5FDC, 5H8X, 1PCV, 2OHM, 1NNU, 1EOU, 2RER and Ligand
Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one 

 

Binding affinity for docking in (4Z)-4-(4-Methylbenzylidene)-2-phenyl-1,3-oxazol

Binding 
affinity  

(kcal/mol) 

Etimated 
inhibition 
constant 
Ki(µM) 

Bonded 
residues 

Nature of bond

 6.85 TYR A:7 
Conventional 

Hydrogen bond

 12.12 HIS A:64 
Conventional 

Hydrogen bond
 26.17 GLY A: 6 -Anion 
 40.43 GLY A: 63 Van der waals

 58.01 
PHE A: 

231  Alkyl 

 1.44 LEU A: 160 
Conventional 

Hydrogen bond

 2.53 
TYR A: 

219 
Conventional 

Hydrogen bond

 129.56 ALA A:161 
Conventional 

Hydrogen bond
 158.36 VAL A: 194 - Stacked 
 221.37 LEU A: 194 Alkyl 
 232.75 HIS A: 197 Amide-Pi Alkyl
 273.78   
 318.57   
 342.15   

 14.5 ARG A: 44 
Conventional 

Hydrogen bond

5FDC, 5H8X, 1PCV, 2OHM, 1NNU, 1EOU, 2RER and Ligand (4Z)-4-(4-

oxazol-5(4H)-one 

Nature of bond 
Bond 
distan
ce (Å) 

RMSD 

Conventional 
Hydrogen bond 1.92 8.468 
Conventional 

Hydrogen bond 2.01 25.279 
3.02 13.607 

Van der waals 3.14 13.263 

3.16 35.532 
Conventional 

Hydrogen bond 2.26 27.135 
Conventional 

Hydrogen bond 2.18 26.811 
Conventional 

Hydrogen bond 3.66 9.135 
 3.21 19.745 

2.76 14.536 
Pi Alkyl 4.37 14.701 

 19.569 
 19.938 
 20.54 

Conventional 
Hydrogen bond 1.97 35.044 
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5(4H)-
one 

 

-6.14 31.45 TRP A: 75 - Stacked 2.12 32.706 

-5.97 42.39 ARG A:44 
Conventional 

Hydrogen bond 2.62 44.564 
-5.7 65.97 PHE A:95 Van der waals 2.74 46.382 
-5.64 73.29 MET A:42 Van der waals 3.12 46.842 
-5.63 74.76 GLU A:84 -Anion 5.4 21.728 
-5.59 80.5 ALA A;86 -Alkyl 5.37 47.042 

1EOU 
Antico
nvulsa

nt 

-7.23 5.02 ASN A: 11 
Conventional 

Hydrogen bond 2.3 9.016 
-7.01 7.29 HIS A: 64 -Cation 2.93 11.272 

-6.42 19.84 TYR A: 7 
-Donar Hydrogen 

bond 3.27 13.611 
-6.23 27.11 GLY A: 63 Van der waals 3.5 8.945 
-6.03 37.84 TYR A: 5 - T-Stacked 5.02 16.602 

2RER 
Antitu
bercul

ar 

-7.61 2.63 ARG A: 82 
Conventional 

Hydrogen bond 1.83 49.626 

-7.34 4.14 ARG A: 82 
Conventional 

Hydrogen bond 2.22 55.046 
-7.2 5.27 TRP A: 63 - Stacked 2.24 53.799 

-6.95 8.03 PRO A: 87 
Carbon - Hydrogen 

Bond 2.35 53.908 
-6.65 13.4 TRP A: 65 -Sigma 4.12 53.525 

1NNU 

Huma
n 

lymph
atic 

filarial 
parasit

es 

-7.67 2.37 ALA A: 169 
Carbon - Hydrogen 

Bond 2.03 99.845 

-7.49 3.23 
GLY A: 

104 Van der waals 2.12 
103.84

4 

-7.01 7.31 
SER A: 

170 
Carbon Hydrogen 

Bond 2.01 
111.12

9 
 
 

-6.94 8.12 LYS A:240 -Cation 2.6 107.16 

-6.78 10.74 
ASP A: 

168 -Anion 3.3 
105.34

7 

-6.71 11.99 ASN A:218 Van der waals 4.1 
108.04

3 

 

5. Conclusion  

    The FT-IR and FT-Raman spectral measurements have been performed for (4Z)-4-(4-
Methylbenzylidene)-2-phenyl-1,3-oxazol-5(4H)-one. In the present work, to calculate the geometrical 
parameters of the optimized structure, quantum chemical techniques have been used. The stability of the 
molecule arising hyper-conjugative interaction and charge delocalization has been studied using NBO 
analysis. The HOMO-LUMO analysis is used to determine the charge transfer within the molecule the 
calculated HOMO-LUMO energies show the chemical reactivity of the molecule. The energy gap (E) is 
2.8969 eV. From the MEP plot, it is evident that the negative charge covers the nitrogen in the oxazole 
group and the positive region is over all the hydrogen atoms. Molecular docking studies were carried out 
for various proteins such as 5FDC, 1EOU, 5H8V, 1PCV, 2RER and 1NNU.   
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Abstract 

    The FT-IR and FT-Raman spectra of (2E)-1-(Anthracene-9-Yl)-3-(4-ethoxy phenyl) prop-2-en-

1-one (ABP) were recorded and analyzed. The vibrational wavenumbers were calculated using 

density functional theory (DFT) with B3LYP method and 6-31G, 6-31G(d,p) basis sets. The data 

obtained from wavenumber calculations are used to assign vibrational bands obtained in 

infrared and Raman spectra. The HOMO and LUMO analysis are used to determine the charge 

transfer within the molecule. A detailed molecular picture of the title compound and its 

interactions were obtained from NBO analysis. Local reactivity properties have been assessed 

using MEP surfaces. 

Keywords 

FT-IR, FT-Raman spectra, DFT, Anthracene 

1. Introduction 

    Anthracene derivatives, such as Anthraquionone, are a significant building block for the 
synthesis of dyes and pigments [1,2] pharmaceuticals[3,4], agrochemicals[5], light-emitting 
devices [6], additives of paper making [7] as well as potentially used as a significant insecticide 
since it is postulated as the chemical which gives teak its resistance to insect and fungi attacks. 
Anthracene finds applications as photoelectric material in areas of photo-induced electron 
transfer, photochemical reactions and photon absorption [8-10]. They also have been widely used 
as fluorescent sensors, electronic donor or receptors with chromospheres, triple state 
sensitization agent and polymer of energy transfer detection agent 3-D memory material [11-14]. 
Hence, anthracene and its derivatives have been the subject matter for ongoing spectroscopic and 
theoretical investigations from the viewpoint of application and basic science.  
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    The present study describes the vibrational spectral investigations of the title compound aided 
by density functional computations to elucidate the correlation between the molecular structure 
and biological activity, bonding features, electron delocalization and the intermolecular charge-
transfer interactions. The molecular species which are responsible for chemical stability and 
chemical reactivity of the molecule were also identified by natural bond orbital (NBO) analysis 
and molecular electrostatic potential (MEP) surface analysis, respectively.  

2. Experimental details 

    The infrared and Raman spectra of (2E)-1-(Anthracene-9-Yl)-3-(4-ethoxy phenyl)prop-2-en-
1-one was recorded at Sophisticated Analytical Instrumentation Facility (SAIF), Indian Institute 
of Technology, Chennai. The FT-IR spectrum of the title compound was recorded in the 
frequency region 4000-400 cm-1 at a resolution of on 1 cm-1 Perkin Elmer spectrometer 
equipped with an MCT detector, a KBr beam splitter and global source. The spectrum of FT-
Raman has been recorded using the 1064 nm line of an Nd-YAG laser as excitation wavelength 
in the region of 3500-100 cm-1 BRUKER model interferometer. The reported wavenumbers are 
expected to be accurate within ± 1 resolution with 250 mW of power at the sample in both 
techniques.  

3. Computational details 

    The quantum chemical computations have been carried out to determine the molecular 
structure, vibrational frequencies with intensities and characteristics of the molecule using 
density functional triply-parameter hybrid model DFT/B3LYP [15,16] employing 6-31G and 6-
31G(d, p) basis sets by Gaussian 09w software package [17]. The natural bonding orbital (NBO) 
calculations were performed using NBO 3.1 [18] program as implemented in Gaussian 09W [17] 
package at the 6/31G(d,p) level to understand various second-order interactions between another 
subsystem which is the measure of the intramolecular delocalization or hyper-conjugation. The 
HOMO-LUMO analysis was also investigated with the same level, to confirm the intramolecular 
charge transfer and also molecular electrostatic potential (MEP) contour map shows the various 
electrophilic region of the title molecule.  

4. Results and discussions 

4.1 Optimized molecular geometrical parameters 

    The title compound is optimized using the B3LYP method with the 6-31G and 6-31G (d,p) 
basis set. The complete geometrical optimization was accomplished by accepting the C1 point 
group symmetry. The experimental and calculated molecular geometrical parameters were given 
in Table 1 and the observed and calculated bond parameters are compatible with each other. The 
molecular structure of the title compound is shown in Fig.1. The experimental value of C-C bond 
length in the range of 1.4747-1.356 Å, which is much shorter than the typical C-C single bond 
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(1.54Å) and longer than the C=C double bond (1.34Å) [20, 21]. The title compound contains 28 
C-C bonds, 21 C-H bonds, 3 C-O bonds and a single H-O bond. For the title compound, C1-C2, 
C1-C6, C3-C4, C5-C6, C7-C10, C9-C10, C11-C13, C14-C15, C24-C26, C26-C28, C28-C30, 
C30-C32, C31-C33, C32-C35 and  C35-C37 bond length are computed as 1.3727, 1.4258, 
1.4486, 1.3754, 1.4005, 1.4497, 1.372, 1.3748,1.4747, 1.356, 1.4571, 1.411, 1.3885, 1.3942 and 
1.4055 Å for the basis set B3LYP/6-31G and for 6-31G(d,p) basis set the bond length are 
observed as 1.3685, 1.4233, 1.4451, 1.3709, 1.3977, 1.4459, 1.3678, 1.3703, 1.4814, 1.3513, 
1.4558, 1.4067, 1.3848, 1.3905 and 1.4045Å respectively. The C=O bond length (1.1988Å) 
given by DFT calculation agree with the reported literature values [27] and for the title 
compound is C24=O25= 1.2587/1.2298 Å. 

    According to the calculations for the title compound, the exocyclic angle C8-C24-O25 and 
O25-C24-C26 are reduced by 1.0° which shows the interaction between C24 and O25 (C8-C24-
O25 = 121.1°/121.06° and O25-C24-C26 = 121.19°/ 121.92°) for the B3LYP/6-31G and /6-
31G(d,p) basis sets. This departure of the exocyclic angles from 120° can be found in the crystal 
structure of the anthraquinone [28]. For the title compound, the bond angle for C33-C37-O40,  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 : Optimized structural parameters of (2E)-1-(Anthracene-9-Yl) -3- (4ethoxyphenyl)   
prop-2-en-1-one 

Fig. 1 Optimized molecular structure of (2E)-1-(Anthracene-9-Yl)-3-(4-ethoxyphenyl) 

prop-2-en-1-one 
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Paramet
er 

Bond length 
(Å) 

Parameter 

Bond angle 
(degrees) 

Parameter 

Dihedral angle 
(degrees) 

B3L
YP/6
-31G 

B3L
YP/6-
31G(
d,p) 

B3LYP/
6-31G 

B3LYP
/6-

31G(d,
p) 

B3LYP/6
-31G 

B3LYP
/6-

31G(d,
p) 

C1-C2 
1.37

3 1.365 C2-C1-C6 119.798 
120.44

7 C6-C1-C2-C3 -0.653 0.161 

C1-C6 
1.42

6 1.426 C2-C1-H17 120.516 
120.95

9 C6-C1-C2-H18 178.648 
179.97

2 

C1-H17 
1.08

5 1.100 C6-C1-H17 119.679 
118.59

4 H17-C1-C2-C3 -179.690 

-
179.85

4 

C2-C3 
1.43

3 1.433 C1-C2-C3 121.125 
120.76

4 
H17-C1-C2-
H18 -0.389 -0.043 

C2-H18 
1.08

6 1.101 C1-C2-H18 120.695 
121.15

5 C2-C1-C6-C5 0.980 0.001 

C3-C4 
1.44

9 1.429 C3-C2-H18 118.177 
118.08

1 C2-C1-C6-H20 -178.164 
179.90

9 

C3-C7 
1.40

0 1.399 C2-C3-C4 119.410 
118.79

0 H17-C1-C6-C5 -179.975 

-
179.98

4 

C4-C5 
1.43

6 1.433 C2-C3-C7 121.245 
121.70

1 
H17-C1-C6-
H20 0.881 -0.077 

C4-C8 
1.42

1 1.399 C4-C3-C7 119.343 
119.50

9 C1-C2-C3-C4 -1.068 -0.253 

C5-C6 
1.37

5 1.365 C3-C4-C5 117.372 
118.78

7 C1-C2-C3-C7 178.379 
179.76

4 

C5-C6 
1.37

5 1.365 C3-C4-C5 117.372 
118.78

7 C1-C2-C3-C7 178.379 
179.76

4 

C5-H19 
1.08

3 1.101 C3-C4-C8 119.496 
119.51

5 H18-C2-C3-C4 179.614 
179.93

1 

C6-H20 
1.08

5 1.100 C5-C4-C8 123.092 
121.69

9 H18-C2-C3-C7 -0.939 -0.052 

C7-C10 
1.40

1 1.399 C4-C5-C6 121.411 
120.76

5 C2-C3-C4-C5 2.403 0.184 

C7-H16 
1.08

7 1.101 C4-C5-H19 119.192 
118.07

6 C2-C3-C4-C8 -179.832 

-
179.92

3 
C8-C9 1.42 1.399 C6-C5-H19 119.381 121.15 C7-C3-C4-C5 -177.054 -
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3 9 179.83
3 

C8-C24 
1.50

3 1.540 C1-C6-C5 120.838 
120.44

8 C7-C3-C4-C8 0.710 0.061 

C9-C10 
1.45

0 1.429 C1-C6-H20 119.400 
118.56

3 C2-C3-C7-C10 -178.066 

-
179.95

3 

C9-C15 
1.43

6 1.433 C5-C6-H20 119.756 
120.99

0 C2-C3-C7-H16 1.225 -0.021 
C10-
C11 

1.43
3 1.433 C3-C7-C10 121.868 

120.97
6 C4-C3-C7-C10 1.381 0.064 

C11-
H12 

1.08
6 1.101 C3-C7-H16 119.073 

119.49
9 C4-C3-C7-H16 -179.328 

179.99
6 

C11-
C13 

1.37
2 1.365 

C10-C7-
H16 119.056 

119.52
5 C3-C4-C5-C6 -2.129 -0.028 

C13-
C14 

1.42
6 1.426 C4-C8-C9 120.457 

120.97
6 C3-C4-C5-H19 176.396 

-
179.98

0 

C13-
H21 

1.08
5 1.100 C4-C8-C24 120.270 

119.49
9 C8-C4-C5-C6 -179.807 

-
179.91

9 
C14-
C15 

1.37
5 1.365 C9-C8-C24 119.265 

119.52
5 C8-C4-C5-H19 -1.281 0.129 

C14-
H22 

1.08
5 1.100 C8-C9-C10 119.150 

119.51
0 C3-C4-C8-C9 -3.287 -0.097 

C15-
H23 

1.08
1 1.101 C8-C9-C15 123.293 

121.69
5 C3-C4-C8-C24 175.679 

179.99
9 

H19-
C26 

2.52
9 1.536 

C10-C9-
C15 117.535 

118.79
5 C5-C4-C8-C9 174.344 

179.79
4 

H23-
O25 

2.27
7 2.036 C7-C10-C9 119.580 

119.51
4 C5-C4-C8-C24 -6.690 -0.111 

C24-
O25 

1.25
9 1.227 

C7-C10-
C11 120.998 

121.70
4 C4-C5-C6-C1 0.465 -0.067 

C24-
C26 

1.47
5 1.540 

C9-C10-
C11 119.422 

118.78
2 C4-C5-C6-H20 179.606 

-
179.97

3 
C26-
H27 

1.08
5 1.070 

C10-C11-
H12 118.188 

118.07
5 H19-C5-C6-C1 -178.058 

179.88
3 

C26-
C28 

1.35
6 1.540 

C10-C11-
C11 121.011 

120.76
8 

H19-C5-C6-
H20 1.083 -0.023 
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C28-
H29 

1.09
0 1.070 

H12-C11-
H12 120.800 

121.15
8 C3-C7-C10-C9 -0.893 -0.152 

C28-
C30 

1.45
7 1.790 

C11-C13-
C14 119.826 

120.44
9 

C3-C7-C10-
C11 179.193 

179.90
0 

C30-
C31 

1.41
6 1.395 

C11-C13-
H21 120.485 

120.97
3 

H16-C7-C10-
C9 179.816 

179.91
6 

C30-
C32 

1.41
1 1.395 

C14-C13-
H21 119.689 

118.57
8 

H16-C7-C10-
C11 -0.098 -0.032 

C31-
C33 

1.38
9 1.395 

C13-C14-
C11 121.048 

120.44
2 C4-C8-C9-C10 3.761 0.009 

C31-
H34 

1.08
6 1.100 

C13-C14-
H22 119.317 

118.58
0 C4-C8-C9-C15 -177.992 

-
179.92

0 
C32-
C35 

1.39
4 1.395 

C15-C14-
H22 119.634 

120.97
7 

C24-C8-C9-
C10 -175.215 

179.91
3 

C32-
H36 

1.08
5 1.100 

C9-C15-
C14 121.158 

120.76
4 

C24-C8-C9-
C15 3.033 -0.016 

C33-
C37 

1.40
5 1.395 

C9-C15-
H23 118.799 

118.07
3 

C4-C8-C24-
O25 129.436 

126.86
1 

C33-
H38 

1.08
3 1.100 

C14-C15-
H23 120.017 

121.16
3 

C4-C8-C24-
C26 -54.308 -0.002 

C35-
C37 

1.40
6 1.395 

C8-C24-
O25 121.120 91.051 

C9-C8-C24-
O25 -51.586 -53.045 

C35-
H39 

1.08
3 1.100 

C8-C24-
C26 117.575 

115.55
0 

C9-C8-C24-
C26 124.670 

-
179.90

8 
C37-
O40 

1.38
4 1.430 

O25-C24-
C26 121.196 

122.22
5 C8-C9-C10-C7 -1.682 0.115 

O40-
C41 

1.46
4 1.430 

C24-C26-
H27 117.112 

109.47
1 

C8-C9-C10-
C11 178.233 

-
179.93

5 

C41-
H42 

1.09
8 1.070 

C24-C26-
C28 120.960 

109.47
1 

C15-C9-C10-
C7 179.970 

-
179.95

4 
C41-
H43 

1.09
8 1.070 

H27-C26-
C28 121.907 

109.47
1 

C15-C9-C10-
C11 -0.115 -0.004 

C41-
C44 

1.51
9 1.540 

C26-C28-
H12 115.950 

120.00
0 

C8-C9-C15-
C14 -178.256 

179.91
1 

C44-
H45 

1.09
4 1.070 

C26-C28-
C30 128.050 

120.00
0 

C8-C9-C15-
H23 3.601 -0.101 
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C44-
H46 

1.09
6 1.070 

C29-C28-
C30 116.001 

120.00
0 

C10-C9-C15-
C14 0.018 -0.019 

C44-
H47 

1.09
4 1.070 

C28-C30-
C31 118.933 

120.00
8 

C10-C9-C15-
H23 -178.125 

179.97
0 

 

C37-O40-C41, and O40-C41-C44 has 115.7°/115.9°, 119.7°/119.1° and 106.7°/107.5° is reduced 
by 4.3°, 0.3° and 3.3° due to the interaction between the C37 and O40. C35-C37-O40 is 
increased by 4.3° due to the interaction between the ethoxy group and O40. O40-C41-H42, O40-
C41-H43 (=109.3°/109.7°, 109.3°/109.7°)is reduced by 0.3°, 0.7° due to the interaction between 
H42 and O40.   

4.2 Vibrational assignments 

   The title compound has 47 atoms and 135 modes of fundamental vibrations which span the 
irreducible representation as A. The observed and simulated FT-IR and FT-Raman spectra of the 
title compound at DFT-B3LYP level using 6-31G and 6-31G (d, p) basis sets are shown in Figs. 
2 and 3. The experimental and theoretical wavenumbers along with their intensities are given in 
Table 2. The assignments of fundamental modes are based on the reported literature and Gauss 
View visualization program. The observed and calculated wavenumber and potential energy 
distribution are discussed below. 
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Fig.2 Observed FT-IR and simulated 

spectra of (2E)-1-(Anthracene-9-Yl) -3-

(4ethoxyphenyl) prop-2-en-1-one 

 

Fig.3 Observed FT-Raman and 

simulated spectra of (2E)-1-

(Anthracene-9-Yl) -3-(4ethoxyphenyl) 

prop-2-en-1-one 
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Table 2 : Vibrational assignments of-(2E)-1-(Anthracene-9-Yl) -3-  (4ethoxyphenyl) prop-2-   
en-1-one 

Mode
s 

Observed wavenumber 
            (cm-1) 

Calculated (Scaled) 
wavenumbers (cm-1) 

Vibrational  
assignment  
(%) B3LYP/ 

6-31G 
B3LYP/                
6-31G(d,p) FT-IR FT-Raman 

1   3060 3065 3062 CH(98) 
2 3050   3055 3051 CH(98) 
3     3045 3043 CH(98) 
4     3038 3036 CH(98) 
5     3032 3029 CH(97) 
6     3025 3022 CH(98) 
7     3017 3015 CH(99) 
8     3010 3007 CH(98) 
9 3000   3002 2999 CH(98) 

10   2980 2986 2982 CH(97) 
11 2973   2978 2975 CH(98) 
12     2971 2966 CH(99) 
13     2960 2957 CH(98) 
14     2948 2945 CH(98) 
15     2940 2936 CH(98) 
16     2928 2925 assCH3(96) 
17 2923   2920 2918 assCH3(96) 
18   2900 2910 2907 ssCH3(96) 
19   2890 2898 2896 assCH2(98) 
20 2885   2889 2887 ssCH2(98) 
21   1580 1585 1581 CO(69), CC(20), CH(10) 
22     1571 1566 CC(68), CH(22) 
23   1565 1560 1557 CC(68), CH(22) 

24     1549 1545 
CC(72), CO(12), 

CH(10) 
25     1531 1528 CC(70), CH(23) 
26   1515 1518 1516 CC(72), CH(20) 
27     1489 1487 CC(72), CH(22) 
28     1471 1469 CH(68), CC(22) 
29 1443   1445 1442 CH(69), CC(22) 
30 1313 1435 1440 1438 sSCICH2(21) 
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31     1433 1431 CH(68), sSCICH2(21) 
32 1424   1429 1425 sSCICH2(83) 
33     1420 1417 CC(70), CH(13) 
34   1408 1415 1410 opb CH3 (69), ssciCH2(13) 
35     1406 1401 IPB CH3 (74) 
36     1392 1390 CH(69), CC(14) 
37 1387   1388 1385 CH(69), CC(14) 
38     1366 1362 CC(72), CH(16)  
39 1356 1355 1358 1355 CC(74), CH(12)   
40     1340 1337 SB CH3 (71), rrockCH2(10) 
41   1325 1327 1325 CH(68),  CC(18) 
42 1313   1315 1312 CH(72),  CC(14) 
43   1294 1289 1288 rrockCH2(68), SB CH3 (13) 

44     1273 1270 
CC(67), CO(13) , 

CH(10) 

45 1257 1259 1260 1258 
CH(67), CC(18),  

CO(10)  
46     1225 1221 CC(69), CH(16) 
47 1174 1216 1179 1175 CC(68), CH(18) 
48     1160 1158 CH(68), CC(16) 
49   1173 1145 1141 CH(68), CC(15) 
50     1131 1129 CC(68), CH(12) 
51 1116   1120 1118 oprch3 (76), tCH2 (13) 
52   1109 1091 1089 CO(60), CH(18) 
53     1078 1075 CC(66), CH(16)  
54     1060 1059 CH(68), CC(18) 
55 1041   1043 1040 CC(68), CH(18) 
56     1040 1036 CH(65), CC(20) 
57   1033 1033 1032 CH(66), CC(18) 
58     1030 1027 CH(65), CC(21) 
59     1024 1020 CC(66), CH(18) 
60 1012 1013 1015 1012 ipr CH3 (74), rrockCH2(12) 
61     1007 1001 CC(66), CH(18) 
62 985   989 986 CO(62), CH(13)  
63     980 979 CC(63), CH(16) 
64 970 970 973 970 CC(63), CH(18) 
65     958 953 CC(66), CO(18), 
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CH(10) 
66     943 941 CC(68), CO(20)  
67     939 935 CC(68), CH(18) 
68     934 930 CC(66), CH(16) 
69     930 928 CH(58) 
70     926 923 CC(66), CH(13) 
71 918   924 918 CH(58) 
72     905 903 CH(59) 
73 890  896 892 CC(67), CO(14) 
74  880 885 881 CH(59) 
75     870 867 CH(60) 
76 846   849 845 CH(60) 
77     825 823 CH(62) 
78 816   818 815 CC(60), CH(16) 
79     810 809 CC(70), CO(12) 
80     806 804 CH(69) 
81 798 800 802 799 CC(61), CO(12) 
82     788 785 CH(67) 
83    784 779 CH(68) 
84     775 771 rin (58) 
85 765   770 765 CH(66) 
86     758 752 rin (58) 
87     745 741 wa CH2(65) 
88 734 732 735 733 CH(68) 
89     734 729 CH(68) 
90     728 722 CO(57) 
91   718 715 CC(66) 
92     707 703 CH(67) 
93 696   697 695 CC(59) 
94     682 681 CC(60) 
95 669   673 670 rin (52) 
96     661 657 CO(58) 
97 643   648 645 CC(52) 
98    636 632 rin (62) 
99 623   628 625 rin (63) 

100     615 613 rin (63) 
101 599 600 600 597 rin (63) 
102     575 571 rin (62) 
103 557 557 559 555 CO(58) 
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104 530  535 521 CO(53) 
105     520 519 CC(52) 
106     500 497 CC(53) 
107     474 470 rin (52) 
108 456 450 455 451 CC(59) 
109    439 436 rin (50) 
110 436   431 427 rin (57) 
111     420 418 rin (51) 
112   400 406 401 rin (58) 
113     388 385 rin (57) 
114     360 361 rin (57) 
115     338 334 rin (52) 
116     304 301 CC(58) 
117   280 285 282 rin (58) 
118     275 271 CC(51) 
119     260 258 Butterfly(55) 
120     241 239 CC(50) 
121     228 226 CC(51) 
122     202 199  CC(58) 
123   190 194 192 tCH3(68) 
124     163 160 Butterfly(55) 
125     150 149  rin (51) 
126   120 125 121  tCH2(66) 
127     120 117 rin (52) 
128     105 103 rin (51) 
129     98 95 rin (53) 
130   82 82 80 rin (51) 
131     65 62 rin (52) 
132     45 40 rin (52) 
133     34 29 rin (51) 
134     20 17 rin (51) 
135     13 10 rin (50) 

 

4.2.1 C-H vibrations 

   The C-H stretching vibrations of aromatic compounds are exhibit in the region 3100-2800 cm-

1[30]. The C-H in-plane bending and out-of-plane bending vibrations occur at 1300-1000 cm-1 

and 1000-700 cm-1 [30].  
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In the present work, the CH stretching vibrations, the band appeared at 3127vw, 3050 vw, 
2971 vw, 2923 vw, 2885 vw, 2851 vw cm-1 in IR spectrum and 3060s, 2990 vw, 2950 vw, 2860 
vw, 2758 vw cm-1 in Raman spectrum. The computed values by B3LYP/6-31G method are 3065, 
3055, 3045, 3038, 3032, 3025, 3017, 3010, 3002, 2986, 2978, 2971, 2960, 2948, 2940 cm-1 and 
3062, 3051, 3043, 3036, 3029, 3022, 3015, 3007, 2999, 2982, 2975, 2966, 2957, 2936, 
2918,2907,2896, 2887 cm-1 obtained by by B3LYP/6-31G(d,p) method. Alaşalvar et al [22] 
reported that the CH in-plane bending modes are found at 1466, 1458, 1377, 1264, 1181, 1169, 
1160, 1118, 1091, 1078, 1017 cm-1 for IR spectrum and 1467, 1385,  1186, 1162, 1123, 1093, 
1078 cm-1  for Raman spectrum. In the present work, the C-H in-plane bending vibrations 
reported at 1443, 1313, 1174, 1041 cm-1 in the IR spectrum and 1435, 1325, 1216, and 1033 cm-1 
in the Raman spectrum. The computed values by B3LYP/6-31G method  are predicted at 1471, 
1445, 1440, 1406, 1392, 1340, 1327, 1273, 1179, 1160, 1078, 1043, 1040 cm-1 for B3LYP/6-31G 
and 1469, 1442, 1438, 1401, 1390, 1337, 1325, 1270, 1175, 1158, 1075, 1040, 1036, 1032 cm-1 

obtained by B3LYP/6-31G(d,p) method.  The CH out-of-plane bending modes are observed at 
727, 813, 841, 846, 864, 905, 919 cm-1 for IR spectrum and 817, 841, 863, 924 for Raman 
spectrum by Alaşalvar et al [22]. In the present work, the C-H out-of-plane bending vibrations 
are assigned to 918, 890, 864, 798, 734 cm-1 in FT-IR and 880, 800, 732 cm-1 in FT-Raman. The 
computed values by B3LYP/6-31G method are 926, 924, 896, 885, 870, 849, 810, 802, 788,  
775, 745, 735, 718 cm-1 and 930, 923, 918, 892, 881, 867, 845, 809, 799, 785, 771, 741, 733,715 
cm-1 obtained by B3LYP/6-31G(d,p) method.  

4.2.2 Ring vibrations  

    The anthracene ring and phenyl ring in-plane bending vibrations were calculated at 784, 770, 
648, 636, 628, 615, 600, 439,  420,  406, 388, 304, 125, 105 cm-1 for B3LYP/6-31G and 779, 
765, 645, 632, 613, 597, 436, 418, 401, 385, 301, 121, 103 obtained by B3LYP/6-31G(d,p) 
method. The peaks were observed at 696, 643, 623, 599 for IR and 765, 600, 450, 400, 120 for 
Raman spectrum was assigned to ring in-plane bending vibrations. The ring out-of-plane bending 
vibrations were calculated at 682, 500, 455, 431, 360, 163, 120, 98, 82, 65, 45, 34, 20, 13 cm-1 

for B3LYP/6-31G and 681, 497, 451, 427, 361, 160, 117, 95, 80, 62, 40, 29, 17, 10 cm-1 obtained 
by B3LYP/6-31G (d,p) method and the Raman spectrum was observed at 82 cm-1.  

4.2.3 Carbon -Oxygen vibration      

    The C=O stretching mode is expected in the region 1750-1680 cm-1 [37, 38].The in-plane and 
out-of-plane C=O bending modes are expected in the regions 625±70 and 540 ±80 cm-1, 
respectively. In the present work, C=O stretching mode, in-plane bending and out-of-plane 
bending vibrations are observed at 1116 cm-1, 669 cm-1 and 557 cm-1 by FT-IR and at ν=1580 

cm-1 and γ=557 cm-1 by FT-Raman. Hence in the present work, the calculated CO stretching 
vibrations by B3LYP/ 6-31G method at = 1585, 1120, 1007 cm-1 , CO in-plane bending = 734, 
673, 575 cm-1,  CO out-of-plane bending = 559 cm-1 and νCO=1581, 1118, 1001 cm-1, δCO= 

729, 670, 571 cm-1, γCO = 555 cm-1 by B3LYP/6-31G (d, p).  
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4.2.4 CH3 vibrations  

   The wavenumber of the vibrational modes of methoxy group is known to be influenced by a 
many interactions such as electronic effects, intermolecular hydrogen bonding and Fermi 
resonance [40]. Electronic effect such as back donation and induction mainly caused by the 
presence of oxygen atom adjacent to CH3 group that can shift the position of CH stretching and 
bending modes [41,42]. υasCH3 absorb with a weak medium intensity (2985±25 cm-1 and 
2970±30 cm-1) and regularly seen above 3000 cm-1 In the present work, CH3 stretching vibrations 
for the title compound, the bands appeared at νass=2923vw cm-1 in FT- IR spectrum and 2900, 
2890cm-1 for FT- Raman spectrum. The computed values for νass = 2928, 2920 cm-1, νss= 2910,  
δopb=1420 cm-1,  δsb=1358, 1315 cm-1, δipb=1415 cm-1, opr=1131 cm-1, δipr=1024 cm-1  computed 
wave-numbers by B3LYP/6-31G method and  at νass=2925, 2918 δopb=1417 cm-1  , δipb=1410 cm-

1  , δsb=1355, 1312 cm-1, opr=1129 cm-1 coputed wavenumber by B3LYP/6-31G(d,p) method.  

4.2.5 CH2 vibrations 

    The main fundamental vibrations associated with each CH2 group is classified as CH2 

symmetric stretching, CH2 asymmetric stretching, CH2 rocking and scissoring modes belong to 
in-plane vibration, whereas CH2 twisting and wagging modes assigned to out-of-plane bending 
vibration. This CH2 symmetric and asymmetric stretching vibrations occur in the range 3000-
2800 cm-1 [43].    For the title compound, the methyl group, symmetric stretching is observed at 
υssCH2 =2889, 2887 cm-1 and υasCH2 = 2898, 2896 cm-1theoretically obtained by B3LYP/6-31G 
and B3LYP/6-31G(d,p) methods. Scissoring modes reported at 1313 cm-1 (IR), 1435 cm-1 
(Raman) and 1440, 433,1420 cm-1 observed theoretically for B3LYP/6-31G, 1438, 1431,1417 
cm-1 for B3LYP/6-31G(d,p). Rocking modes are observed at 1356, 1313 cm-1 for IR spectrum 
and 1355 cm-1 for Raman spectrum. Theoretically δrock observed at 1358, 1315, 1024 cm-1 by 
B3LYP/6-31G, 1355, 1312, 1188 cm-1wag= 758, 752 cm-1 by B3LYP/6-31G (d,p) methods. 
CH2 = 1131, 1129 cm-1 for the same basis set. Varasanyi et al [44] observed the CH2 scissoring 
mode at 1465, 1420 cm-1 and CH2 twisting and wagging at 1350,1150 cm-1. For methyl group, 
two asymmetric stretching modes are calculated at 2974, 2975, 2978 and 3006 cm-1, while one 
symmetric stretching vibrational frequency is observed at 2921 and 2926 cm-1 by Alasalvar et al 
[22].   

4.2.6 C-C vibration 

   The C-C stretching vibrations in aromatic rings generally appear at 1600-1400 cm-1 [45-50]. In 
the present work, the C-C stretching vibrations observed at 1424, 1387, 1257 in FT-IR and 1565, 
1515, 1294, 1259 cm-1 in FT-Raman spectrum. These C-C stretching modes are calculated at 
1571, 1560,1549, 1531, 1518, 1489, 1429, 1388, 1366, 1289, 1260, 1145 cm-1 B3LYP/6-31G 
method and 1566, 1557, 1545, 1528, 1516, 1487,1425, 1385, 1362,1288, 1258, 1221, 1141 cm-1 
by B3LYP/6-31G(d,p) method. In the present study, The C-C in-plane deformation were 
calculated at 806, 728,707, 474, 338, 228 cm-1 by B3LYP/6-31G method and 804, 722, 703,470, 
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334, 226 cm-1 by B3LYP/6-31G (d,p) method.The C-C out-of-plane deformation were calculated 
at 661, 535, 520, 285, 260, 241 cm-1 for B3LYP/6-31G and 657, 531, 519, 282, 258, 239 cm-1 for 
B3LYP/6-31G (d,p).   

4.5 Mulliken atomic charges 

    The natural population analysis of the title compound is obtained by Mulliken [54] population 
analysis with B3LYP level using 6-31G and 6-31G(d,p) basis sets. The Mulliken charge values 
are tabulated in Table 3. The calculation has an important role in the application of quantum 
chemical calculation to the molecular system because of atomic charge effect, dipole moment, 
molecular polarizability and electronic structure. The charge changes with the basis set to 
polarization. For example, the charge of C(24) and C(37) atoms has 0.22 a.u, 0.32 a.u and 0.3 
a.u, 0.36 a.u for the B3LYP /6-31G and B3LYP /6-31G (d,p) basis set are more positive, which 
are acceptor atoms The charge distribution for C(33) and C(35) atoms has -0.13 a.u, -0.12 a.u 
and -0.14 a.u, -0.13 a.u charges. The charges of O(25) and O(40) atoms have -0.45 a.u, -0.49 a.u 
and -0.56 a.u, -0.52 a.u are more negative which are donor atoms. MEP and Mulliken charge 
analysis can be used for interpreting and predicting the reactive sites of a wide variety of 
chemical systems in both nucleophilic and electrophilic reactions. 

 

Table 3 : Mulliken atomic charges for (2E)-1-(Anthracene-9-Yl)-3-  (4ethoxyphenyl)   prop-2-
en-1-one calculated at B3LYP/6-31G and B3LYP/6-31G 

Atoms B3LYP/ 
6-31G 

B3LYP/ 
6-31G(d,p) 

Atoms B3LYP/ 
6-31G 

B3LYP/ 
6-31G(d,p) 

C1 0.13 -0.10 O25 0.45 -0.49 
C2 0.15 -0.12 C26 0.14 -0.16 
C3 0.06 0.11 H27 0.14 0.09 
C4 0.05 0.08 C28 0.13 -0.08 
C5 0.15 -0.14 H29 0.17 0.12 
C6 0.13 -0.10 C30 0.09 0.13 
C7 0.22 -0.20 C31 0.17 -0.13 
C8 0.04 -0.05 C32 0.15 -0.13 
C9 0.05 0.08 C33 0.13 -0.12 
C10 0.06 0.11 H34 0.14 0.10 
C11 0.15 -0.12 C35 0.14 -0.13 
H12 0.13 0.08 H36 0.14 0.09 
C13 0.13 -0.09 C37 0.30 0.36 
C14 0.13 -0.10 H38 0.15 0.10 
C15 0.13 -0.12 H39 0.14 0.09 
H16 0.13 0.08 O40 0.56 -0.52 
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H17 0.13 0.09 C41 0.02 0.05 
H18 0.13 0.09 H42 0.15 0.11 
H19 0.15 0.10 H43 0.15 0.11 
H20 0.13 0.09 C44 0.41 -0.34 
H21 0.13 0.09 H45 0.16 0.13 
H22 0.13 0.09 H46 0.14 0.11 
H23 0.17 0.12 H47 0.16 0.13 
C24 0.22 0.32    

 

4.6 NBO analysis 

    The natural bond orbital (NBO) calculations for the title compound were performed using 
NBO 3.1 program [18] as implemented in the Gaussian 09 package at the DFT / B3LYP level 
with 6-31G (d,p) basis set. The NBO method demonstrates the bonding concept like atomic 
charge, Lewis structure, bond type, hybridization, bond order, charge transfer and resonance 
possibility. The stabilization of orbital interaction is proportional to the energy difference 
between interacting orbitals. The bonding – antibonding stabilization energies within the 
molecule are calculated, to investigate the intermolecular interactions. The bonding - antibonding 
interactions can be qualitatively described employing second-order perturbation interaction 
energy E(2)  [55-59]. This energy represents the estimate of the off-diagonal NBO Fock matrix 
elements and the Fock matrix was carried out to evaluate donor (i) and accepter (j). The 
stabilization energy E(2)  associated with delocalization i j is estimated as follows  

 

where qi is the donor orbital occupancy j and I are diagonal elements and F (i,j) is the off-
diagonal NBO Fock matrix element. 

    The occupancy of bond orbitals, atomic and hybrid contributions of different bonds of the title 
compound are presented in Table 4. The NBO analysis BD (C37-O40) orbital with 1.99005 
electrons has 33.04% C37 character in a sp1.14 hybrid and has 66.96%   O40 character in a sp2.33 
hybrid. The sp1.14 hybrid on C37 has 75.64 p-character and the sp2.33hybrid on O40 has 69.97 p-
character. For BD (C41-C44) orbital with 1.98962 electrons has 50.54% C41 character in a sp2.55 
hybrid and has 49.46% C44 character in a sp2.9hybrid. The sp2.55 hybrid on C41 has 71.87% p-
character and the sp2.9 hybrid on C44 has 74.33% p-character for the title compound. The two 
coefficients, 1.99005 and 1.98962 are called polarization coefficients. The sizes of these 
coefficients show the importance of the two hybrids in the formation of the bond. The oxygen 
has a larger percentage of this NBO, 66.96% and gives the larger polarization coefficient 0.8183 
because it has the higher electronegativity. Similarly, BD (C5-H19), BD (C1-H17), BD (C2-
H18) has a lesser percentage of NBO and give the lesser polarization coefficients as compared to 
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BD (C37-O40) bond. This shows that oxygen and carbon in the above bonding orbitals have less 
electronegativity as compared to BD (C37-O40).   

    The donor-accepter interaction can be estimated by the second-order perturbation theory. 
Table 5 lists the calculated second-order interaction energies E(2) between the donor-acceptor 
orbital of the title compound. The most important interaction energies related to the resonance in 
the anthracene ring are electron-donating from the BD (C1-C2), BD (C3-C4), LP(2) O25, LP(2) 
O25, LP(2) O40, LP(2) O40 to the anti-bonding accepter BD*(2) C3-C4, BD*(2) C8-C9, 
BD*(1) C24-C26, BD*(1) C8-C24, BD*(2) C35-C37, BD*(1) C41-H43, orbitals and their 
corresponding energies are 24.47, 44.72, 19.57, 8.82, 8.35 and 5.56 kcal/mol, respectively. These 
interactions indicate that the strongest interaction increase in the stabilization energy of electron 
delocalization occurs due to the substitution of the molecule.  

 

Table 4: NBO analysis of bonding and antibonding orbit of (2E)-1-(Anthracene-9-Yl) -3-  
(4ethoxyphenyl) prop-2-en-1-one in C1 conformer B3LYP/6-31G method. 

Band (A-B) ED/Energy 
(a.u.) ED % ED % NBO S(%) P(%) 

s C1-C2 1.98066 49.84 50.16 0.7060 SP(1.73) 36.64 63.36 
 -0.93974   0.7082  SP(1.71) 36.96 63.04 

s C2-C3 1.97394 48.47 51.53 0.6962  SP(1.97) 33.65 66.35 
 -0.87357   0.7179 SP(2.02) 33.1 66.9 

s C4-C5 1.97022 51.74 48.26 0.7193 SP(2.04) 32.9 67.1 
 -0.86633   0.6947 SP(2.11) 32.15 67.85 

s C7-C10 1.97451 48.7 51.3 0.6978 SP(1.82) 35.4 64.6 
 -0.90144   0.7163 SP(1.9) 34.51 65.49 

s C8-C24 1.97312 51.47 48.53 0.7174SP(2.66) 27.31 72.69 
 -0.80745   0.6966 SP(2.16) 31.63 68.37 

s C9-C15 1.97195 51.85 48.15 0.7201 SP (2.04) 32.91 67.09 
 -0.86421   0.6939 SP(2.03) 32.98 67.02 

s C13-C14 1.97925 50.16 49.84 0.7083 SP(1.94) 34.04 65.96 
 -0.87604   0.7060 SP(1.97) 33.69 66.31 

s C24-O25 1.99274 34.52 65.48 0.5875 SP(2.38) 29.56 70.44 
 -1.32438   0.8092 SP(1.68) 37.29 62.71 

s C28-C30 1.98055 50.6 49.4 0.7113  SP(2.53) 28.32 71.68 
 -0.6963   0.7029  SP(3.21) 23.78 76.22 

s C35-C37 1.97967 50.28 49.72 0.7091 SP (1.87) 34.79 65.21 
 -0.95682   0.7051 SP(1.66) 37.56 62.44 

s C37-O40 1.99005 33.04 66.96 0.5748 SP (3.14) 24.36 75.64 
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 -1.07088   0.8183 SP (2.33) 30.03 69.97 
s O40-C41 1.98638 30.64 30.64 0.8329 SP (2.32) 30.11 69.89 

 -1.05031   0.5535 SP (4) 20.02 79.98 
s C41-C44 1.98962 50.54 49.46 0.7109 SP(2.55) 29.13 71.87 

 -0.79316   0.7033 SP(2.9) 25.67 74.33 

s C5-H19 1.93 63.92 36.08 0.7995 
SP(2.23) 30.99 69.01 

 -0.67659   0.6006 S(1)  100 
  

Table 5: Second-order perturbation theory analysis of Fock matrix in NBO basis corresponding 
to intramolecular bands of (2E)-1-(Anthracene-9-Yl) -3-  (4ethoxyphenyl) prop-2-en-1-one at 
B3LYP/6-31G basis set.    

Donor Acceptor 
E(2)(kcal/mol) E(J)-E(i) (a.u) F(ij) (a.u) 

BMP BMP BMP 
p (2) O25 s*(2) C8-C9 2.8 0.68 0.043 
p (2) O25 s*(1) C8-C24 8.82 1.08 0.088 
p (2) O25 s*(1) C14-C15 0.58 1.42 0.026 
p (2) O25 s*( 2) C14-C15 1.02 0.71 0.025 
p (2) O25 s*(1) C24-C26 19.57 1.06 0.13 
p (2) O25 s*(1) C26-H27 0.57 1.19 0.023 
p (2) O40 s*(1) C33-C 37 3.02 1.4 0.058 
p (2) O40 s*(1) C 35-C 37 8.4 1.4 0.097 
p (2) O40 s*(2) C 35-C 37 1.16 0.72 0.028 
p (2) O40 s*(1) C41-H 42 7.65 1.31 0.09 
p (2) O40 s*(1) C41-H 43 1.49 1.31 0.04 
p (2) O40 s*(1) C41-C 44 0.92 1.17 0.029 
p (2) O40 s*(1) C33-C37 3.8 1.51 0.068 
p (2) O40 s*(2) C35-C37 8.35 0.83 0.081 
p (2) O40 s*(1) C41-H43 5.56 1.42 0.08 
p (2) O40 s*(1) C41-C44 1.03 1.28 0.033 

s(1) C1-C2 s*(1) C6-H20 2.28 1.66 0.055 
s(2) C3-C4 s*(2) C8-C9 44.72 0.45 0.129 
s(2) C1-C2 s*(2) C3-C4 24.47 0.49 0.107 

s(1) C2-H18 s*(1) C3-C4 5.13 1.51 0.079 
s(2) C3-C4 s*(1) C2-C3 4.11 1.68 0.074 
s(2) C4-C5 s*(1) C6-H20 3.18 1.59 0.064 

s(2) C30-C32 s*(1) C26-C28 1.2 0.92 0.032 
s(2) C30C32 s*(2) C 35-C 37 37.8 0.49 0.122 
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  aE(2) means the energy of hyperconjugation interactions (stabilization energy).  
   bEnergy difference between donor and acceptor i and j NBO orbitals.  
   cF(i,j) is the Fock matrix element between i and j NBO orbitals. 
 

4.7 Frontier molecule orbitals 

    The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) are called as the frontier molecule orbitals (FMOS) that have an important role in 
chemical reactions [60]. The HOMOs and LUMOs can be considered as donor and acceptor 
groups occupied, unoccupied by electrons respectively [61]. The energy values between HOMO 
and LUMO also determines the molecular electronic properties such as ionization potential (I= -
EHOMO), electron affinity (A = ELUMO), chemical hardness ( = (I-A)/2), Chemical softness ( = 
1/2(I-A)), Chemical potential (µ = -(I+A)/2), Electronegativity ( = (I+A)/2), electrophilicity 
index ( = µ2/2) chemical reactivity and chemical stability that are important parameters in a 
quantum chemistry [62-64]. To understand the bonding schemes of the title compound, the 
surfaces of FMOs are given in Fig.4 and Table 6. The energy gap, the difference between H-L, 
H-1-L-1, H-2-L-2 orbital are the parameters in determining molecular electrical transport 
properties because it is a measure of electronic conductivity and the energy gaps were calculated 
as 3.1197, 4.3785 and 6.1495eV respectively. This energy gap also indicates the colour of these 
compounds as electrons are constantly shifting between these orbitals and further dictates their 
interaction with receptor site at the cellular level. Simultaneously, it also explains that charge 
transfer interactions are occurring within the molecules. From the energy gap, one can find 
whether the molecule is hard or soft. The molecules having a large energy gap are known as hard 
and having small energy gap are known as soft. The energy gap of the title molecule is 3.12 eV. 
Hence we conclude that the title molecule belongs to hard material. The soft molecules are more 
polarizable than the hard one because they need small energy for excitation. The calculated 
values of the hardness and softness of the molecules were 0.115eV and 8.722eV. The chemical 
potential of the title compound is negative and it means that the compound is stable. 

4.8 Molecular electrostatic potential 

    The molecular electrostatic potential (MEP) has been used to predict the behaviour and 
reactivity of the molecule. It is very useful in understanding the potential sites for electrophilic 
(negative region) and nucleophilic (negative region) reactions [65] MEP is also well suited for 
analyzing process based on the “recognition” of one molecule by another, as in drug-receptor 
and enzyme-substrate interactions because it is through their potential that the two species first 
“see” each other [66]. To predict reactive sites for electrophilic and nucleophilic sites for the 

investigated molecule, MEP is calculated at the B3LYP/6-31G(d,p) optimized geometries and 
shown in Fig. 5. The colour scheme for the MEP surface is, red represents a rich region which is 
an absolute negative charge, yellow represents the slightly electron-rich region, light blue 
represents a slightly electron-deficient region, green represents the neutral region and blue 
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represents electron-deficient which is a partially positive charge. Potential increases in the order 
red  orange  yellow green  blue [67]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig.5 Molecular electrostatic potential surfaces of (2E)-1-(Anthracene-9-Yl) -3-

(4ethoxyphenyl) prop-2-en-1-one 
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molecular orbital of  (2E)-1-(Anthracene-9-Yl) -3-(4ethoxyphenyl) prop-2-en-1-

one 
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For the title compound, more reactive sites are close to the C=O group, the regions 
having the most negative potential over the oxygen atom O25 ketone group then all the hydrogen 
atoms have positive potential. The red colour is a negative potential which corresponds to the 
interaction of a proton and blue region is positive which corresponds to the repulsion of the 
proton. it is seen that negative electrostatic potential (red) is located maximum around oxygen 
atom and the hydrogen atoms attached to the ethylene group posses the bang of positive charge 
(blue). 

 

Table 6: HOMO-LUMO energies for (2E)-1-(Anthracene-9-Yl) -3-  (4ethoxyphenyl) prop-2-en-
1-one calculated at B3LYP/6-31G(d,p) 

Energy 
(eV) 

Energ
y gap  
(eV) 

Ionisatio
n 

potential 
 (I) 

Electron 
affinity 

(A) 

Global 
hardnes

s 
( h) 

Electron 
negativit

y 
( c) 

Global 
softness 

(s) 

Chemica
l 

potential  
(m ) 

Global 
Electroplici

ty 
(w) 

5.2966 3.119
7 0.19465 0.08 0.1146

5 0.1373 8.7222 -0.1373 0.0822 
2.1769 
5.8787 4.378

5 0.21604 0.05513 0.1609
1 0.1356 6.2146 -0.1356 0.05713 

1.5002 
6.4559 6.149

5 0.23725 0.01126 
0.2259

9 0.1242 4.4249 -0.1242 0.03413 
0.3064 

 

5 Conclusions 

    The FT-IR and FT-Raman spectra of (2E)-1-(Anthracene-9-Yl) -3-(4-ethoxy phenyl) prop-2-
en-1-one was recorded and the vibrational spectra have been investigated experimentally and 
theoretically by using B3LYP and 6-31G, 6-31G (d,p) methods. Experimentally observed 
frequencies are in good agreement with the theoretical values. The stability of the molecule 
arising from hyper-conjugative interaction and charge delocalization has been analyzed using 
NBO analysis. The LUMO and HOMO energy provides information regarding ionization 
potential, chemical potential and other chemical descriptors. As can be seen from the MEP map 
of the title molecule, negative region is mainly localized over the C=O group, anthracene ring 
and the maximum positive region is localized on the phenyl groups. Weak interaction profile 
shows that the presence of Van der Walls interactions and the steric effect is present in the 
molecule.  
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