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Vibrational Spectral Analysis, Electronic Transition and NBO Studies of 

Tetrazoie Derivatives Based on DFT Calculation 

 

Abstract 

Vibrational spectroscopy is an important tool for the elucidation of molecular 

structure. It also provides important information about intramolecular force acting 

between the atoms in a molecule and intermolecular forces in a condensed phase. In the 

introductory chapter, some of the very basic concepts of vibrational spectroscopy and 

its applications to polyatomic molcules are discussed. As molecular symmetry and 

group theory plays an important role in the structure and characteristics of molecules. 

The instrumentation techniques for infrared and Raman activities are outlined. The 

application of group of theory in determining the normal modes of vibrations are 

discussed. The concept of group frequency and the factors influencing the vibrational 

frequencies of polyatomic molecules are discussed. An overview of DFT and the 

different types of Basis sets are outlined. The novel organic molecule Tetrazole 

derivatives were selected to this study. The calculations behind the hyperpolarizability 

are quoted. Charge distribution among the atoms or surface of the various tetrazole 

derivatives are explained by Mulliken Atomic charges and Electrosatic Potential are 

discussed. Frontier molecular orbitals, Quantum chemical parameters and NLO 

properties are also explained. To analyse the intra-molecular delocatization along with 

the intermolecular interaction, the NBO study has been done for monomer of the 

molecules. 
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PREFACE 

Vibrational spectroscopy continues to be utilized by scientists in the elucidation 

of molecular structure in spectra-structure identification in qualitative and quantitative 

analysis.  Vibrational spectra can be utilized directly and simply as molecular finger 

prints to characterize and identify a molecule.  Recent developments in Fourier 

transform spectrometers have led to higher resolution, total wavelengths coverage, 

higher accuracy in frequency and intensity measurements.  Moreover, sophisticated 

computational methods of theoretical chemistry have also been developed by powerful 

personal computers.  This has made it possible to perform a complete vibrational 

analysis on relatively large polyatomic molecules.  

 The assignment of bands in the vibrational spectra of polyatomic molecules is 

an essential step for solving various structural and chemical problems by applying 

vibrational spectroscopy.  The philosophy of computational methods of vibrational 

spectroscopy significantly changed after the introduction of quantum chemical 

calculations.  This has opened the way for calculating the frequencies and intensities 

of spectral bands.  The results of the methods also explain the physical and chemical 

properties of substances present in the compounds.   

 In the present investigation quantum chemical calculations were carried out by 

means of the Gaussian 09W program package using B3LYP functional with the  6-

31G,6-311+G basis set.  The transformation of force field from Cartesian to symmetry 

co-ordinates, the scaling, the subsequent normal coordinate analysis, calculations of 

potential energy distribution (PED), IR and Raman intensities were also carried out 

for some organic compounds using the VEDA program.  Furthermore, studies on the 
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natural bond orbital (NBO), HOMO-LUMO energy, polarizability were carried out 

using the same level of B3LYP  basis set.  

 Based on the good quality scaled quantum mechanical (SQM) force field, 

reliable descriptions of the fundamentals were provided and unambiguous 

assignments have also been made.  The infrared and Raman spectra could also be 

predicted from the calculated intensities.  A comparison and reasonable discussions 

were also made by using the simulated and the experimental spectra.  

 Chapter One is the general introduction with a brief review of the relevant 

parts of the existing theories employed in this work to interpret the experimental 

results. The vibrations of molecules are looked at here, as these are crucial to the 

interpretation of infrared spectra. In this Chapter some idea about the information to 

be gained from infrared and Raman spectroscopy should have been gained.  

Chapter Two discusses instrumentation and sample handling techniques of 

fourier transform infrared (FT-IR) and Fourier transform Raman  

(FT-Raman) spectroscopy which are used in this work.  

The theoretical part of quantum chemical calculations, normal coordinate 

analysis and the scaling procedure employed in this workthe various basis set 

combination stored in Gaussian 09W program package are reported in Chapter Three 

 Chapter Four deals with spectroscopic signature of Pentylenetetrazole (PTZ)] 

on the basis of both experimental and theoretical IR and Raman spectra.  The normal 

coordinate analysis and subsequent scaling procedure identify the functional group’s 

wave numbers of the molecule.  The complete vibrational assignments, along with the 

observed and theoretical vibrational wave numbers are presented and interpreted in 

detail.  
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 In Chapter Five the detailed experimental and theoretical FT-IR and FT-

Raman spectra of 5-Methyl-1H-tetrazole(5MTZ). are analysed based on density 

functional theory (DFT) calculation. Detailed vibrational assignments of observed 

experimental peaks are done on the basis of PED results. The calculated Mulliken 

atomic charges at different levels are also presented. 

 Chapter Six includes the vibrational FT-IR and FT- Raman spectra of 5-

Chloro-1-phenyl-1H-tetrazole(5clptz). The completed assignments of vibrational 

normal modes associated with the molecule are made on the basis of PED results. The 

electronic properties were studied by DFT calculation with various basis set which 

helps to determine the chemical hardness, reactivity and softness.  

 Chapter Seven concerns the detailed experimental and theoretical FT-IR and 

FT-Raman spectra of 5(4 methyl phenyl)tetrazole (5MPTZ) along with NBO, HOMO-

LUMO energy gap . The molecular polarizability and Mulliken properties are also 

discussed. 

 I believe that, this research work yields a detailed knowledge about the 

molecule that will be useful in Medical and Pharmaceutical applications. The 

optimization method helps us find the free binding energy of molecules, caused by 

changes in the vibrational mode. The electron binding affinity and HOMO – LUMO 

energy gap helps to predict the molecular docking capability of the chosen organic 

compound derivatives. 
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Chapter – I 

Introduction to molecular Spectroscopy 

 

Abstract  

The general introduction and the characteristic ƒeatures oƒ the vibrations oƒ 

polyatomic molecules are discussed. The selection rules ƒor inƒrared and Raman 

spectroscopy are explained. Various types oƒ ƒorce ƒields with their merits are dealt 

with brieƒly. The group theory, normal modes oƒ vibrations... 
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Chapter – I 

Introduction to Molecular Spectroscopy 

 

1.1. INTRODUCTION 

 Molecular spectroscopy investigates and quantifies the response of molecules 

interacting to known amounts of energy (or frequency). Molecules have certain energy 

levels that can be analyzed by detecting the molecule's energy exchange through 

absorbance or emission. A transition from a lower level to a higher level with transfer of 

energy from the radiation field to the atom or molecule is called absorption (IR 

spectroscopy). A transition from a higher level to a lower level is called emission if 

energy is transferred to the radiation field or non-radiative decay if no radiation is emitted. 

Redirection of light due to its interaction with matter is called scattering, and may or may 

not occur with transfer of energy, i.e., the scattered radiation has a slightly different or the 

same wavelength (Raman spectroscopy). 

 In this introductory chapter, the basic ideas and definitions associated with 

infrared and Raman spectroscopy will be described. The vibrations of molecules will be 

looked at here, as these are crucial to the interpretation of infrared spectra. In this chapter 

some idea about the information to be gained from infrared and Raman spectroscopy 

should have been gained. The following chapter will aid in an understanding of how 

infrared and Raman spectrometers produce a spectrum. 
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1.2. INFRARED AND RAMAN SPECTROSCOPY 

 Infrared and Raman spectroscopy involve the study of the interaction of radiation 

with molecular vibrations but differs in the manner in which photon energy is transferred 

to the molecule by changing its vibrational state. IR spectroscopy measures transitions 

between molecular vibrational energy levels as a result of the absorption of mid-IR 

radiation. This interaction between light and matter is a resonance condition involving the 

electric dipole mediated transition between vibrational energy levels. Raman 

spectroscopy is a two-photon inelastic lightscattering event. Here, the incident photon is 

of much greater energy than the vibrational quantum energy, and loses part of its energy 

to the molecular vibration with the remaining energy scattered as a photon with reduced 

frequency. In the case of Raman spectroscopy, the interaction between light and matter is 

an off-resonance condition involving the Raman polarizability of the molecule. 

 Raman Spectroscopy is a routine analytical technique used extensively in 

semiconductor and pharmaceutical industry. In 1928 Sir C.V. Raman showed that the 

radiation scattered by molecules, contain photons with same frequency as the incident 

photon, but may also contain very small number of photons with changed or shifted 

frequency. The frequency-shifted light is known as Raman radiation. 

 Some of the Raman radiation is slightly lower in frequency than the incident 

radiation and is called Stokes-shifted radiation. Another portion of the Raman radiation is 

higher in frequency than the incident radiation and is called anti-Stokes radiation (Fig 

1.1). 
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Fig 1.1: Energy levels involved in Raman and Rayleigh 

scattering 
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 The exact characteristics of Raman radiation depend on the chemical composition 

of the sample and every compound has unique spectral fingerprint. Since no two 

molecules give exactly the same Raman spectrum and the intensity of the scattered light 

is related to the amount of material present, it is easy to obtain both qualitative and 

quantitative information about the sample. In Raman spectroscopy, monochromatic laser 

source excites the molecules residing in the ground vibrational and electronic state to a 

virtual state, equal to the energy of the laser. The molecules relax back to the ground 

vibrational state, i.e., giving back the same energy. This is Rayleigh scatter. The small 

portion that relaxes to an upper vibrational state, giving off less energy, is the Raman 

shift (also known as Stokes shift). Unlike quantized energy level transactions, such as 

fluorescence or phosphorescence, the Raman scatter event involves virtual excited state 

and the process is instantaneous. The energy resulting from this shift (initial laser energy 

minus energy emitted) is equal to the same vibrational energy gap that is excited in 

infrared spectroscopy. The vibrations that are strong in infrared spectrum, those involving 

strong dipole moment, are usually weak in Raman spectrum. Similarly, non-polar 

functional group vibrations that give very strong Raman bands usually result in weak 

infrared signals. 

 

1.3. SELECTION RULES 

 Both Raman spectroscopy and infrared spectroscopy provide a unique spectral 

fingerprint of a material. The patterns of the spectra are caused by molecular or lattice 

vibrations. Although the spectral features of Raman and infrared spectra can be 
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interpreted in a similar way the spectra look slightly different. The whole vibrational 

picture of a material is given by the complementary information of both Raman and 

infrared spectra. 

 Using selection rules, it can be predicted whether a molecular vibration is Raman 

or infrared active. During the interaction between a molecule and a photon the total 

angular momentum in the electronic ground state has to be conserved. As a consequence 

of this requirement only specific vibrational transitions are possible. 

1.3.1. Rule of mutual exclusion 

 In general, molecular vibrations symmetric with regard to the centre of symmetry 

are forbidden in the infrared spectrum, whereas molecular vibrations which are anti-

symmetric to the centre of symmetry are forbidden in the Raman spectrum. This is 

known as the rule of mutual exclusion. 

1.3.2. Selection rules for an infrared absorption and for Raman scattering 

 Infrared absorption can be detected if the dipole moment μ in a molecule is 

changed during the normal vibration. The intensity of an infrared absorption band IIR 

depends on the change of the dipole moment μ during this vibration: 

𝐼𝐼𝑅 ∝  
𝜕𝜇

𝜕𝑞
 

0

2

 

where q is the normal coordinate. 

 A Raman active vibration can be detected if the polarizability a in a molecule is 

changed during the normal vibration. The intensity of a Raman active band IRaman 

depends on the change of polarizability during this vibration: 
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𝐼𝑅𝑎𝑚𝑎𝑛 ∝  
𝜕𝛼

𝜕𝑞
 

0

2

 

 As a consequence of the selection rules, infrared spectroscopy provides detailed 

information about functional groups and Raman spectroscopy especially contributes to 

the characterization of the carbon backbone of organic substances or polymers. 

 

1.4. NORMAL MODES OF VIBRATION 

 The interactions of radiation with matter may be understood in terms of changes in 

molecular dipoles associated with vibrations and rotations. In order to begin with a basic 

model, a molecule can be looked upon as a system of masses joined by bonds with 

spring-like properties. Taking first the simple case of diatomic molecules, such molecules 

have three degrees of translational freedom and two degrees of rotational freedom. The 

atoms in the molecules can also move relative to one other, that is, bond lengths can vary 

or one atom can move out of its present plane. This is a description of stretching and 

bending movements that are collectively referred as vibrations. For a diatomic molecule, 

only one vibration that corresponds to the stretching and compression of the bond is 

possible. This accounts for one degree of vibrational freedom. Polyatomic molecules 

containing many (N) atoms will have 3N degrees of freedom. Looking first at the case of 

molecules containing three atoms, two groups of tri-atomic molecules may be 

distinguished, i.e. linear and non-linear. There are 3N−5 degrees of freedom for any 

linear molecule and 3N−6 for any nonlinear molecule. 
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Fig 1.2: Vibrational mode types 



8 

 Vibrations can involve either a change in bond length (stretching) or bond angle 

(bending). Some bonds can stretch in-phase (symmetrical stretching) or out-of phase 

(asymmetric stretching), as shown in Fig 1.2. If a molecule has different terminal atoms 

such as HCN, ClCN or ONCl, then the two stretching modes are no longer symmetric 

and asymmetric vibrations of similar bonds, but will have varying proportions of the 

stretching motion of each group. In other words, the amount of coupling will vary. 

 Bending vibrations also contribute to spectra. It is best to consider the molecule 

being cut by a plane through the hydrogen atoms and the carbon atom. The hydrogen can 

move in the same direction or in opposite directions in this plane, here the plane of the 

page. For more complex molecules, the analysis becomes simpler since hydrogen atoms 

may be considered in isolation because they are usually attached to more massive, and 

therefore, more rigid parts of the molecule. This results in in-plane and out-of-plane 

bending vibrations, as illustrated in Fig 1.2. 

 

1.5. INTERPRETATION OF GROUP FREQUENCIES 

 The vibrational spectrum of a molecule is considered to be a unique physical 

property and is characteristic of the molecule. As such, the infrared spectrum can be used 

as a fingerprint for identification by the comparison of the spectrum from an “unknown” 

with previously recorded reference spectra. This is the basis of computer based spectral 

searching. In the absence of a suitable reference database, it is possible to effect a basic 

interpretation of the spectrum from first principles, leading to characterization, and 

possibly even identification of an unknown sample. This first principles approach is 
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based on the fact that structural features of the molecule, whether they are the backbone 

of the molecule or the functional groups attached to the molecule, produce characteristic 

and reproducible absorptions in the spectrum. This information can indicate whether 

there is backbone to the structure and, if so, whether the backbone consists of linear or 

branched chains. Next it is possible to determine if there is unsaturation and/or aromatic 

rings in the structure. Finally, it is possible to deduce whether specific functional groups 

are present. If detected, one is also able to determine local orientation of the group and its 

local environment and/or location in the structure. 

 Infrared spectral interpretation may be applied to both organic and inorganic 

compounds, and there are many specialized texts dealing with these compounds, in 

combination and as individual specialized texts. There are too many to reference 

comprehensively which provides a bibliography of the most important reference texts [1]. 

However, the most informative general reference texts are included [2–9] with books by 

Socrates[6] and Lin-Vien [7] being recommended for general organics, and by  Nyquist 

et al., [9] for inorganics (salts and coordination compounds). 

 The following comments are made relative to the conventions used within this 

thesis. The term frequency is used for band/peak position throughout, and this is 

expressed in the commonly used units of wavenumber (cm
–1

). The average modern 

infrared instrument records spectra from an upper limit of around 4000 cm
–1

 (by 

convention) down to 400 cm
–1

 as defined by the optics of the instrument (commonly 

based on potassium bromide, KBr). For this reason, when a spectral region is quoted in 

this thesis, the higher value will be quoted first, consistent with the normal left-to-right 
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(high to low cm
–1

) representation of spectra. Also, the terms infrared band, peak and 

absorption will be used interchangeably within the thesis to refer to a characteristic 

spectral feature. Every attempt to ensure accuracy has been taken; however, there will be 

instances when individual functional groups may fall outside the quoted ranges. This is to 

be expected for several reasons: the influences of other functional groups within a 

molecule, the impact of preferred spatial orientations, and environmental effects 

(chemical and physical interactions) on the molecule. 

 The preferred format for presenting spectral data for qualitative analysis is in the 

percentage transmittance format, which has a logarithmic relationship (–log10) with 

respect to the linear concentration format (absorbance). This format, which is the natural 

output of most instruments (after background ratio), provides the best dynamic range for 

both weak and intense bands. In this case, the peak maximum is actually represented as a 

minimum, and is the point of lowest transmittance for a particular band. 

The group frequencies may be viewed quantitatively, as well as qualitatively. A 

given absorption band assigned to a functional group increases proportionately with the 

number times that functional group occurs within the molecule. From a first-order 

perspective, the idea of the quantitative aspects of the group frequencies carries through 

for most functional groups, and the overall spectrum is essentially a composite of the 

group frequencies, with band intensities in part related to the contribution of each 

functional group in the molecule.  

This assumes that thefunctional group does give rise to infrared absorption 

frequencies (most do), and it is understood that each group has its own unique 
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contribution based on its extinction coefficient (or infrared absorption cross-section). In 

reality, one can assign the observed absorption frequencies in the infrared spectrum to 

much more that just simple harmonic (or anharmonic) stretching vibrations. In practice, 

one can find that various other deformation motions (angular changes), such as bending 

and twisting about certain centres within a molecule, also have impact, and contribute to 

the overall absorption spectrum. By rationalizing the effort needed to move the atoms 

relative to each other, one can appreciate that it takes less energy to bend a bond than to 

stretch it. Consequently, one can readily accept the notion that the stretching absorptions 

of a vibrating chemical bond occur at higher frequencies (wavenumbers) than the 

corresponding bending or bond deformation vibrations, with the understanding, of course, 

that energy and frequency are proportionally related. A good example is the C-H set of 

vibrations, observed in the hydrocarbon spectra, and in virtually all organic compounds. 

Here, the simple C-H stretching vibrations for saturated aliphatic species occur between 

3000 and 2800 cm
–1

, and the corresponding simple bending vibrations nominally occur 

between 1500 and 1300 cm
–1

. Next, it can take slightly more energy to excite a molecule 

to a asymmetric than a symmetric vibration. While this might be less intuitive, it is still a 

rational concept, and therefore easy to understand and accept. Again, one can see a good 

example with the C-H stretch of an aliphatic compound (or fragment), where one can 

observe the asymmetric C-H stretch of the methyl and methylene groups (2960 and 2930 

cm
–1

, respectively) occurring at slightly higher frequency than symmetric vibrations 

(2875 and 2855 cm
–1

, respectively for methyl and methylene). For the most part, this 

simple rule holds true for most common sets of vibrations. Naturally there are always 



12 

exceptions, and a breakdown of the rationale may occur when other effects come into 

play, such as induced electronic, spatial or entropy-related effects. There are many other 

spatially related scenarios that tend to follow well-orchestrated patterns, examples being 

in-plane and out-of-plane vibrations, the differences between cis and trans spatial 

relationships, and a variety of multicentered vibrations that are defined as twisting or 

rocking modes. Many of these are exhibited with the C-H vibrations that occur in 

saturated, unsaturated and aromatic compounds. Molecular symmetry of the static or the 

dynamic (during vibration) molecule has a large impact on the spectrum, in addition to 

factors such as relative electronegativity, bond order and relative mass of the 

participating atoms. 

  



Chapter – II 

Instrumentation  Techniques 

 

Abstract 

Molecular spectroscopy is study of the absorption or emission of electromagnetic 

radiation by molecules. The experimental data that such studies provide are the 

frequencies or wavelength of radiation and the amount of radiation emitted or 

absorption by the sample. One can often understand... 
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Chapter – II 

Instrumentation Techniques 

 

2.1. INTRODUCTION 

 Molecular spectroscopy is study of the absorption or emission of electromagnetic 

radiation by molecules. The experimental data that such studies provide are the 

frequencies or wavelength of radiation and the amount of radiation emitted or absorption 

by the sample. 

 One can often understand the native of the molecular changes that are responsible 

for the emission or absorption of the radiation. In such cases, the experimental 

spectroscopic data can be used to determine quantitative values for the various molecular 

properties. In this way, as will be see, remarkably detailed and exact measurements of the 

size, shape, flexibility, and electronic arrangement of a molecule can be obtained. It will 

become apparent that spectroscopy offers one of the most powerful tools for a great 

variety of molecular structure studies. 

 Only brief mention will be made of experimental techniques used to obtain spectra 

that are discussed in this chapter. In practice furthermore, many commercial 

spectrometers operating in the various spectral regions are available with such equipment, 

spectra can be obtained and used without a detailed understanding of the behaviour of the 

components of the instrument. 

 One can also divide spectroscopy according to the instrumentation used. It 

happens that the categories obtained in this way are similar to those based on the 
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molecular energies. The instrumentation classification might be given as microwave 

spectrometer, infrared spectrometer, visible and ultraviolet spectrometer. It should also be 

mentioned that vibrational spectra can be obtained by means of Raman spectroscopy. In 

addition to the types of molecular spectroscopy listed above, there are two closely related 

types that play a comparable role in spectral study. These are nuclear magnetic resonance 

(NMR) and electron spin resonance (ESR) spectroscopy that effect of the magnets field is 

to orient certain nuclei in certain directions with respect to the direction of field. 

 

2.2. INFRARED SPECTROMETER 

 Infrared spectroscopy (IR spectroscopy) is the spectroscopy that deals with the 

infrared region of the electromagnetic spectrum, that is light with a longer wavelength 

and lower frequency than visible light. It covers a range of techniques, mostly based on 

absorption spectroscopy. As with all spectroscopic techniques, it can be used to identify 

and study chemicals. A common laboratory instrument that uses this technique is a 

Fourier transform infrared (FTIR) spectrometer. The infrared portion of the 

electromagnetic spectrum is usually divided into three regions; the near-, mid- and far- 

infrared, named for their relation to the visible spectrum. The higher-energy near- IR, 

approximately 14000 - 4000 cm
−1

 (0.8 - 2.5 μm wavelength) can excite overtone or 

harmonic vibrations. The mid-infrared, approximately 4000 - 400 cm
−1

 (2.5 - 25 μm) 

may be used to study the fundamental vibrations and associated rotational-vibrational 

structure. The far-infrared, approximately 400 - 10 cm
−1

 (25 - 1000 μm), lying adjacent 
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to the microwave region, has low energy and may be used for rotational spectroscopy. In 

this study the spectral analysis in the mid-IR region using FT-IR has been studied. 

 Fourier transform infrared spectroscopy (FT-IR) [10] is a technique which is used 

to obtain an infrared spectrum of absorption, emission, photoconductivity or Raman 

scattering of a solid, liquid or gas. An FT-IR spectrometer simultaneously collects 

spectral data in a wide spectral range. This confers a significant advantage over a 

dispersive spectrometer which measures intensity over a narrow range of wavelengths at 

a time. FT-IR has made dispersive infrared spectrometers all but obsolete (except 

sometimes in the near infrared), opening up new applications of infrared spectroscopy. 

 The term Fourier transform infrared spectroscopy originates from the fact that a 

Fourier transform (a mathematical process) is required to convert the raw data into the 

actual spectrum. Before delving into FT-spectrometry, the review the principles of a 

classical spectrometer are presented as follow. If an optical or UV spectrometer has been 

used, the principles are identical as following Fig. 2.1.  

 In Fig. 2.1 source generates light across  the spectrum of interest. A 

monochromater (in IR this can be either a salt prism or a grating with finely spaced 

etched lines) separates the source radiation into its different wavelengths. A slit selects 

the collection of wavelengths that shine through the sample at any given time. In double 

beam operation, a beam splitter separates the incident beam in two; half goes to the 

sample, and half to a reference. The sample absorbs light according to its chemical 

properties. A detector collects the radiation that passes through the sample, and in 

double-beam operation, compares its energy to that going through the reference. The  
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Fig. 2.1: Optical layout of classical spectrometer 
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Fig. 2.2: Optical diagram of FT-IR spectrometer 
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detector puts out an electrical signal, which is normally sent directly to an analog 

recorder. A link between the monochromater and the recorder allows to record energy as 

a function of frequency or wavelength, depending on how the recorder is calibrated. 

Although very accurate instruments can be designed on these principles, there are several 

important limitations. First, the monochromater/slit limits the amount of signal one can 

get at a particular resolution. To improve resolution, one must narrow the slit and 

decrease sensitivity. Second, there is no easy way to run multiple scans to build up 

signal-tonoise ratios. Finally, the instrument must be repetitively calibrated, because the 

analog connection between the monochromater position and the recording device is 

subject to misalignment and wear. 

 In FT-IR instrument one can still have a source, a sample and a detector, but 

everything else is different as shown in Fig. 2.2. Now, one can send all the source energy 

through an interferometer and onto the sample. In every scan, all source radiation gets to 

the sample. The interferometer is a fundamentally different piece of equipment than a 

monochromater. The light passes through a beamsplitter, which sends the light in two 

directions at right angles. One beam goes to a stationary mirror then back to the 

beamsplitter. The other goes to a moving mirror. The motion of the mirror makes the 

total path length variable versus that taken by the stationary-mirror beam. When the two 

meet up again at the beam splitter, they recombine, but the difference in path lengths 

creates constructive and destructuive interference: an interferogram: The recombined 

beam passes through the sample. The sample absorbs all the different wavelengths 

characteristic of its spectrum, and this subtracts specific wavelengths from the 
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interferogram. The detector now reports variation in energy versus time for all 

wavelengths simultaneously. A laser beam is superimposed to provide a reference for the 

instrument operation. Energy versus time is an odd way to record a spectrum, until one 

recognizes the relationship between time and frequency: they are reciprocals. A 

mathematical function called a Fourier transform allows to convert an intensity Vs time 

spectrum into an intensity-vs.-frequency spectrum which is given as follow. 

 The Fourier transform: 𝐴 𝑟 =  𝑋 𝑘 exp⁡ −2𝜋
𝑖𝑟𝑘

𝑁
  

 

2.3. RAMAN SPECTROMETER 

 While Raman spectroscopy has been recognized as a valuable research technique 

in the years since the phenomenon was first observed by Dr. C.V. Raman in 1928, it is 

only recently that Raman has emerged as an important analytical tool across a number of 

industries and applications. No longer designed to appeal only to highly specialized and 

trained experts, the best of today‟s Raman instruments are fully integrated and come with 

built-in system intelligence that frees the user to focus on results and not on having to 

become an expert in the technology itself. Busy analytical laboratories are now able to 

adopt due to its sensitivity, high information content, and non-destructive nature, Raman 

is now used in many applications across the fields of chemistry, biology, geology, 

pharmacology, forensics, pharmaceuticals, materials science, and failure analysis. 

Spectral libraries in excess of 16,000 compounds are now available for direct compound 

identification. 
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 In many laboratories, infrared and Raman spectroscopy are used as 

complementary techniques, because each method looks at different aspects of a given 

sample. While IR is sensitive to functional groups and to highly polar bonds, Raman is 

more sensitive to backbone structures and symmetric bonds. Both techniques provide 

twice the information about the vibrational structure than can be obtained by using either 

alone. In addition to providing unique information about a sample, Raman offers several 

additional benefits, including: 

Minimal or no sample preparation 

Sampling directly through glass containers 

Non-destructive analysis, so the same sample can be used in other analyses 

Non-intrusive analysis, permitting study of more labile sample features, 

Minimal water interference 

No interference from atmospheric CO2 or H2O 

 Raman spectrometers are based on one of two technologies: dispersive Raman and 

Fourier transform Raman. Each technique has its unique advantages and each is ideally 

suited to specific types of analysis. Fourier transform Raman spectrometer has been used 

for the spectral study and discussed as follow. 

2.3.1. FT-Raman Spectroscopy 

 In place of visible excitation lasers, an FT-Raman spectrometer (Fig. 2.3) uses a 

laser in the near infrared - usually at 1064 nm. At this wavelength fluorescence is almost 

completely absent, however because of the 1/λ4
 relationship between Raman scattering 

intensity and wavelength, the Raman signal is weak. In addition, silicon CCD detectors  
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Fig. 2.3: The schematic diagram of FT-Raman spectrometer 
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Fig. 2.4: The internal arrangement of interferometer 
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cannot be used in this region of the spectrum. FT-Raman uses sensitive, single-element, 

near-infrared detectors such as indium gallium arsenide (InGaAs) or liquid nitrogen-

cooled germanium (Ge) detectors. 

 An interferometer (Fig. 2.4) converts the Raman signal into an interferogram, 

permitting the detector to collect the entire Raman spectrum simultaneously. Since at low 

signal levels the spectral noise is predominantly detector dark noise and is independent of 

the intensity of the Raman signal, delivering the entire spectrum at once onto the detector 

greatly improves the signal to-noise ratio. Application of the Fourier transform algorithm 

to the interferogram converts the results into a conventional Raman spectrum. In addition 

to freedom from fluorescence interference, another advantage of FT-Raman spectroscopy 

is its exceptionally good x-axis (shifted wavenumber) accuracy as a result of the internal 

interferometer calibration supplied by the built-in helium-neon laser. Both of these 

attributes make FT-Raman the ideal technique for collecting spectra for reference 

libraries. 

 In this study, Bruker IFS 66V spectrometer has been used for recording the FT-IR 

spectral data. The same instrument with FRA 106 Raman module equipped with 

Nd:YAG laser source has been used for recording FT-Raman spectrum. 
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In recent years, computational quantum chemistry has been very widely used not only 

by theoretical research groups but also by experimental chemists in various fields of 

chemistry, including molecular spectroscopy and structure. The rapid developments in 

molecular simulation software packages and the presence of powerful computing 

facilities... 
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Chapter – III 

Theoretical and Computational Methods 

 

3.1. INTRODUCTION 

 In recent years, computational quantum chemistry has been very widely used not 

only by theoretical research groups but also by experimental chemists in various fields of 

chemistry, including molecular spectroscopy and structure. The rapid developments in 

molecular simulation software packages and the presence of powerful computing 

facilities have greatly aided many areas of both research and teaching and have helped 

solve many problems in science.  

 Limitations that computational tools had in the past which led to faulty 

conclusions have been overcome in recent years. Nowadays, new research problems in 

different areas of chemistry can be supported and properly guided by making use of 

available computational techniques. Moreover, quantum chemical techniques can help 

resolve issues that cannot be practically achieved due to instrumentation limits. 

Computational chemistry, especially high-level theories and calculations, can also help 

refine, and perhaps change, some of the old concepts and understanding of chemical 

phenomena. 

 Quantum-mechanical calculations in chemistry started early in the last century 

with the use of empirical and semiemperical molecular orbital approaches, such as the 

Hückel method. These methods applied a simplified Hamiltonian rather than the 
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complete molecular Hamiltonian and used parameters whose values were adjusted to fit 

the experimental data or even the results from other ab initio calculations. 

 

3.2. AB INITIO CALCULATIONS 

 Ab initio is Latin for “from the beginning”. The name implies that the 

computations in ab initio quantum mechanical methods are based on theoretical 

principles and universal physical constants without involving experimental data. Ab initio 

calculations also utilize the correct Hamiltonian to investigate the properties of the 

molecule. Some useful approximations are needed in order for the calculations not to 

consume an intensive amount of time and to be more reliable with the computer facilities 

available for use. Examples of these types of approximations are the use of the time-

independent Schrödinger equation, assuming the non-relativistic behavior of the 

wavefunctions describing the molecular system, and applying the Born- Oppenheimer 

approximation.  

 Since early in the last century, the developments in quantum mechanics evolved 

several theoretical approaches to find the approximate solutions of the Schrödinger 

equation and to calculate the chemical and physical properties for the molecules. In this 

chapter, brief highlights in simple mathematical formats will be presented to explain the 

density-functional (DFT) theories. These computational methods have been implemented 

in this research work. The following descriptions were mainly taken from Refs. [11-14]. 
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3.2.1. Hartree-Fock theory 

 The Hartree-Fock (HF) calculation is a very commonly used method of ab initio 

calculations. The Hartree-Fock method has not been used in this work except for a few 

cases. However, since it is the first step for the Møller-Plesset perturbation theory and 

other more sophisticated approaches, some discussion about the nature of HF calculations 

will be presented. The molecular time-independent Schrödinger equation is given by 

 −
ℏ2

2
 

1

𝑚𝑘
 ∇𝑘

2 + 𝑉 Ψ r , R  = EΨ r , R   

where ħ is Planck‟s constant divided by 2, mk is the mass of the particle k, is the total 

wavefunction, r  and R  represent the positions of the electrons and nuclei, respectively, V 

is the potential energy component of the Hamiltonian and is given by the Coulomb 

repulsion or interaction between the electrons and nuclei, E is the total energy of the 

system a and 

or “del squared” is the Laplacian operator and is defined by 

∇𝑘
2 =

𝜕2

𝜕𝑥𝑘
2 +

𝜕2

𝜕𝑦𝑘
2 +

𝜕2

𝜕𝑧𝑘
2 

 The exact solution of the Schrödinger equation for many-electron systems is not 

possible. Some assumptions, however, can be made in order to approximate the solutions 

for the total molecular wavefunction, . Based on the molecular orbital theory the total 

wavefunction can be represented by individual molecular orbitals (1, 2, 3,..., n) that 

are chosen to be normalized and orthogonal with respect to each other to fulfil some of 

the conditions for . The simplest wavefunction built from these molecular orbitals is a 

Hartree product: 
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𝛹 𝑟  = 𝜙1 𝑟 1 𝜙2 𝑟 2 … … 𝜙𝑛 𝑟 𝑛 

 One advantage of this method is that it breaks the many-electron systems into 

many simpler one-electron hydrogen-like problems each of which can be solved 

independently to give a single-electron wave function called an orbital and an energy 

called an orbital energy. This was the basis of the HF method which was introduced by 

Douglas Hartree in 1928 [17]. Later, more modifications were made to that approach to 

improve the outcome eigenvalues. For example, Slater- and Gaussiantype orbitals (STOs 

and GTOs) were used as mathematical functions to describe the wavefunctions in order 

to produce more reliable results. 

 An essential requirement of ψris that it much be antisymmetric with respect to 

exchange, meaning that it must change its sign when two identical particles are swapped 

within the system. The function shown in Equation does not fulfill the requirement of 

antisymmetry. The common way of having that requirement satisfied is by expressing the 

wavefunction in a form of a determinant. Switching any two electrons corresponds to 

swapping two rows of the determinant, which causes the sign to change. 

 The Hartree-Fock method is a variational calculation. Variational methods provide 

an upper bound to the ground-state energy for a specific system [16]. In other words, the 

exact wavefunction (0) becomes a lower bound to the energy calculated by another 

normalized, antisymmetric wavefunction (). 

𝐸0 𝛹0 ≤ 𝐸𝜙 𝛹𝜙  
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 The closer the trial function (0) to extract function (), the closer Ewill be to 

E0. This illustrates the importance of having a good approximation of the trial function at 

the start of the calculation. 

 In 1951 C.J. Roothaan [17] applied the variational principle to the solution from 

the Slater determinant to derive the following equation describing molecular orbital 

expansion coefficient,  

  𝐹𝜇𝜈 − 𝜀𝑖𝑆𝜇𝜈  𝑐𝑣𝑖 = 0

𝑁

𝜈=1
𝜇=1

 

This Equation can be also written in matrix form as  

FC=SC 

where is a diagonal matrix of orbital energies whose elements are the one-electron 

orbital energies, i‟s, F is the Fock matrix, and S is the overlap matrix indicating the 

overlap between the orbitals. The Fock matrix, F, accounts for the Coulomb repulsion of 

each electron with the static field of all of the other electrons. Roothaan‟s approach was 

critical because he was the first to describe the matrix algebraic equations of the HF 

procedure using a basis set representation for the molecular orbitals as shown above  

Equation. 

 The steps in a Hartree-Fock calculation start with an initial guess of the orbital 

coefficients. This function is used to calculate energy and a new set of orbital coefficients, 

which can then be used to obtain a smaller energy value with an improved set of 

coefficients. This optimization procedure continues until no more improvement can be 
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obtained within the predefined convergence criteria. This iterative procedure is said to be 

the self-consistent field (SCF). In the Hartree-Fock description, the molecular orbitals are 

the solutions of one- electron equations with each electron moving in the average field of 

all the other electrons. This accounts for the static interaction between the electrons but 

neglects the correlation between the motions of the electrons. The inadequate description 

of the electron correlation is the main deficiency of the HF theory. The methods that go 

beyond the Hartree-Fock theory in treating the electron-electron interaction more 

precisely are known as electron-correlation methods. These types of calculations begin 

with the HF calculation and then correct for correlation. Some of these methods are the 

Møller-Plesset perturbation theory (MPn, where n is the order of correction), 

configuration interaction (CI), and coupled cluster (CC) theory.  

3.2.2. Density functional theory 

 In recent years density functional theory (DFT) has become a popular choice for 

investigating the chemical properties of different types of molecules. The advantage of 

the DFT-based calculations is that they result in very satisfactory output and use less 

computational time than many other traditional quantum mechanical techniques. In 1964 

Kohn and Hohenberg [18] proposed that there exists a unique functional that determines 

the ground state energy and density exactly. However, the Kohn-Hohenberg theorem 

does not provide a specific form for this functional. This theorem was the basis of DFT 

which describes the energy of the molecule not from evaluating the total wavefunction 

but from solving for the electron density. Therefore, DFT can be classified as a method 

that is different from ab initio calculations. 
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 In simple format, DFT methods split up the total electronic energy into smaller 

term according to 

𝐸 = 𝐸𝑇 + 𝐸𝑉 + 𝐸𝐽 + 𝐸𝑋𝐶  

where 𝐸𝑇 is the kinetic energy term associated with the electron motions,  𝐸𝑉  is the 

potential energy term associated with the nucleus-electron attraction and nucleusnucleus 

repulsion, 𝐸𝐽  is the average electron-electron repulsion term, and 𝐸𝑋𝐶  is the exchange-

correlation term which includes the rest of the electron-electron repulsion. All of the four 

energy terms in above Eq, except for the nucleus-nucleus repulsion, are functions of the 

electron density, (r). The DFT method determines one function in terms of another 

function, which is basically the meaning of the word functional. The density functional 

obtains the energy for the system from its electron density. 

 The non-classical term in Eq.  is the exchange-correlation term 𝐸𝑋𝐶 . The E
XC

 term 

is approximated by integrals involving mainly the spin densities. The 𝐸𝑋𝐶  is  

𝐸𝑋𝐶 𝜌 = 𝐸𝑋 𝜌 + 𝐸𝐶 𝜌  

 In above Eqn. E
X
() is the exchange functional which corresponds to the same 

spin electron-electron interaction, while E
C
() is the correlation functional which 

corresponds to the mixed-spin electron-electron interaction. There is no exact form for 

the functional. However, there are many forms of several functionals which have been 

developed and implemented to explore the chemical properties of different molecules. 

Some functionals were developed from fundamental quantum mechanics and some were 

developed by fitting them to experimental results. These different types of approaches are 
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referred to as ab initio and semi empirical DFT methods, respectively. Examples of 

developed and commonly used functionals are B3LYP, B3P86, and PW91. These 

functionals have advantages and disadvantages when they are incorporated in the 

calculations. The B3LYP method utilizes a three-term Becke functional [19] combined 

with the Lee, Yang, Parr [20,21] exchange functional. 

 The B3LYP functional is said to be hybrid, which means it includes Hartree-Fock 

and DFT exchange term in addition to the DFT correlation terms. That is  

𝐸ℎ𝑦𝑏𝑟𝑖𝑑
𝑋𝐶 = 𝐶𝐻𝐹𝐸𝐻𝐹

𝑋𝐶 + 𝐶𝐷𝐹𝑇𝐸𝐷𝐹𝑇
𝑋𝐶  

where the confinements c‟s are constants. The B3LYP hybrid functional is currently the 

most widely used type of DFT calculation, especially for organic molecules. 

 More complicated types of density functionals are those incorporating the electron 

density and their gradients as well. Such methods are known as gradientcorrected 

methods. The gradient-corrected methods are usually hybrid. An example of gradient-

corrected functionals is PW91 (Perdew and Wang 1991) [22, 23]. The DFT method was 

found to predict the vibrational frequencies in very good agreement with experimental 

results, especially for hydrocarbons. DFT results are not as accurate for heavy elements, 

highly-charged systems, or systems sensitive to electron correlation. One technique for 

improving the efficiency of the density functionals is by minimizing the integration grid 

size of the electron density. Finer grids result in a greater number of integration points per 

unit volume of density, and thus more accurate results are obtained. 
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3.3. BASIS SETS 

 A basis set is a set of linear combinations of mathematical functions that describe 

the shapes of the orbitals in a molecule. In order to be able to perform an ab initio 

calculation, basis sets must be used. The larger the basis set, the more accurate these 

descriptions are, and the fewer the restrictions imposed on the locations of the electrons 

will be. The basis sets use linear combinations of Gaussian-type functions to form the 

orbitals. Basis sets assign a group of basis functions to each atom within a molecule to 

describe its orbitals. There is a long list of existing basis sets that can be used to perform 

ab initio calculations. The choice of basis sets is a major factor in determining the amount 

of computation time and the degree of accuracy for a specific type of calculation. 

 A minimal basis set uses the minimum number of basis functions per atom. This 

has only three Gaussian primitives per basis function (3GTOs). The size of the basis set 

can be increased by incorporating a larger number of basis functions for each atom. For 

example, instead of using one basis function to describe the 1s orbital for the hydrogen 

atom, two basis functions of different sizes are used. These types of basis sets are known 

as split-valence or sometimes as double-zeta (double-) basis sets. Examples of split- 

valence basis sets are the 3-21G and 6-31G. When three different types of basis functions 

are used to describe each atomic orbital, it is known as triplesplit- valence or triple-zeta 

(triple-) basis sets. An example of a triple-split-valence basis set is the 6-311G. The basis 

sets such as 6-31G, 6-311G are known as the Pople basis sets. Split-valence and triple-

split-valence basis sets allow the changes not only in the size of the orbitals but also in 

their shape. When an angular momentum function is added to the basis function 
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description, it gives the orbital the correct symmetry (s, p, d, etc.), and the basis set is said 

to be polarized. Polarization functions add more accuracy to ab initio result because they 

give the orbitals more flexibility to change their shape. Polarization functions are used to 

predict more accurate geometry and vibrational frequencies. Examples of polarized basis 

sets include the 6-31G(d) and 6-31(d,p). The notation 6-31G(d) implies that a set of d 

primitives has been added to each atom other than hydrogens, whereas the 6-31G(d,p) 

means that a set of d primitives has been added to each atom other than hydrogens and a 

set of p primitives has been added to the hydrogen atoms as well. Extra numbers of sets 

of polarization functions may also be added, depending on the need and the level of 

accuracy being sought. However, polarization functions are generally expensive in terms 

of the required computational time. Other types of functions used with Pople basis sets 

are diffuse functions, and they are indicated with plus signs, such as 6-31+G(d) and 6-

31++G(d) basis sets. Diffuse functions are primitives with small exponents and give a 

better description for the wavefunction far from the nucleus. They are helpful in several 

cases, such as for predicting the geometry for anions, for calculations involving 

molecules with lone pairs of electrons, for investigating the types of interactions that 

occur over long distances, and for calculations related to electronic excited states. Adding 

diffuse functions also changes the relative stabilities of different conformations within a 

molecule. The “plus” means a set of diffuse functions is added to nonhydrogen atoms. 

 The additional plus implies that another set of diffuse functions is added to 

hydrogen atoms. In terms of computational time, diffuse functions are not as expensive as 

polarization functions. 
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 Other commonly used basis sets are those developed by Dunning, Huzinaga, 

Duijneveldt and others. Two examples of widely used basis functions of the Dunning 

type are VDZ and VTZ which stand for double-zeta valence and triple-zeta valence types, 

respectively. A very commonly used basis set of this type is the cc-pVTZ. The “cc” 

means it is a correlation-consistent basis set. In other words, the basis functions are 

optimized for the best performance with correlated calculations. The letter “p” implies 

the use of polarization functions of a large angular momentum. Dunning made a major 

contribution in developing different types of correlation-consistent basis functions. It has 

been noted that these large correlation-consistent basis sets with high angular-momentum 

polarization functions greatly improve the level of accuracy of the calculations. 

 

3.4. CALCULATION OF VIBRATIONAL FREQUENCIES 

 Ab initio calculations use the harmonic oscillator approximation to compute the 

vibrational frequencies because the harmonic oscillator approach is more affordable as 

compared to other more accurate methods. Harmonic oscillator calculations are useful for 

predicting the frequencies for the fundamental vibrations. For a diatomic molecule the 

potential energy, U(r) from a Taylor series expansion truncated after the second after the 

second order is given by 

𝑈 𝑟𝐴𝐵 =
1

2
𝑘𝐴𝐵 𝑟𝐴𝐵 − 𝑟𝐴𝐵,𝑒𝑞  

2
 

where rAB is the distance between the atoms A and B, req is the equilibrium distance at 

the energy minimum and kAB is the force constant which is defined as 
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𝑘𝐴𝐵 =  𝑑
2𝑈

𝑑𝑟2
 
𝑟=𝑟𝑒𝑞

 

 To predict the rotational and vibrational frequencies for a molecule with N atoms, 

the Schrödinger equation in terms of nuclear motions: 

 −  
1

2𝑚𝑖

𝑁

𝑖

∇𝑖
2 + 𝑉 𝑞  𝛹𝑛𝑢𝑐  𝑞 = 𝐸𝛹𝑛𝑢𝑐  𝑞  

needs to be solved. Most of the parameters  have been described above. 

 The other terms are q, the nuclear coordinate (a total of 3N vibrational coordinates 

have to be considered), and nuc, the nuclear wavefunction expressed in terms of the 

nuclear coordinate. Above Eq. allows the rotational and vibrational frequencies to be 

calculated within the harmonic oscillator model. In the case of vibrational frequency 

calculations for a polyatomic molecule of N atoms,  

 −  
1

2𝑚𝑖

3𝑁

𝑖

∇𝑖
2 + 𝑉 𝑞 − 𝑞𝑒𝑞  𝐻 𝑞 − 𝑞𝑒𝑞   𝛹𝑛𝑢𝑐  𝑞 = 𝐸𝛹𝑛𝑢𝑐  𝑞  

where q represents the mass-dependent spatial coordinate vector and H is the Hessian 

matrix which is defined by  

𝐻 =  𝜕
2𝑈

𝜕𝑞2
 
𝑞=𝑞𝑒𝑞

 

 It can be seen that above Equation is 3N-dimensional, but it can be divided into 

3N one- dimensional Schrödinger equations. Each component of the vector q corresponds 

to a molecular vibration which is called a normal mode. For each normal mode, a set of 

harmonic oscillator eigenfunctions and eigenvalues are expressed in terms of square roots 
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of force constants in the Hessian matrix and in terms of atomic masses as well. This can 

be applied to structures other than the minimum conformations. In this case, one or more 

imaginary frequencies will result from the calculations. These result from negative force 

constants of normal modes indicating that the displacements of specific molecular 

vibrations lead to lowering of the energy on the potential energy surface. Since the 

harmonic oscillator vibrational frequencies are computed from the square root of the 

force constants, this gives rise to imaginary, or sometimes called negative, frequencies. 

Thus, vibrational frequency calculations can be used to examine the optimized structure 

whether it is a minimum or a saddle point. 

 In any case, the level of theory and basis set used to compute the vibrational 

frequencies must not be changed from the one used to optimize the geometry for the 

molecule. 

 

3.5. CALCULATION OF VIBRATIONAL INFRARED AND RAMAN SPECTRA 

 Infrared and Raman intensities can be calculated from ab initio calculations. The 

IR intensities are proportional to the change in dipole moments as a function of 

vibrational displacements. Ab initio methods compute several properties using mixed 

derivatives originating from the energy expansion, and the infrared intensities can be 

predicted from 

 

IR intensity ∝  
∂μ

∂q
 

2

∝  
∂2E

∂R ∂F2
 

2
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where μ is the electric dipole moment, q is, as defined above, the vibrational normal 

coordinate, R is the change in the nuclear geometry, and F is the external electric field. 

The Raman intensities based on the harmonic oscillator approximation are proportional to 

the polarizability change () with respect to the vibrational coordinate and can be given 

by 

Raman intensity ∝  
∂α

∂q
 

2

∝  
∂3E

∂R ∂F2
 

2

 

This equations show that the infrared intensity is a second-order property while the 

Raman intensity is a third-order property that requires longer time to be computed. 

Computed infrared and Raman intensities are semi-quantitative. The level of accuracy for 

intensities is not as good as for the vibrational frequencies. However, they are very 

helpful and are found to generally agree with experimental results. 

 

3.6. VIBRATIONAL HAMILTONIAN 

 The potential energy surfaces governing the conformational changes in nonrigid 

molecules can be determined from spectroscopic data in conjunction with quantum 

mechanics. Consider the time-independent vibrational Schrödinger equation: 

𝐻𝑣𝑖𝑏𝛹𝑣𝑖𝑏 = 𝐸𝑣𝑖𝑏 𝛹𝑣𝑖𝑏  

where H
Vib

 is the vibrational Hamiltonian operator, 
vib

 is the vibrational wavefunction 

and E
vib 

represents the eigenvalues associated with the vibrational Wavefunction. The 

vibrational Hamiltonian is defined by 

𝐻𝑣𝑖𝑏 = 𝑇𝑣𝑖𝑏 +𝑉𝑣𝑖𝑏  

where T
vib

 and V
vib

 are the kinetic and potential energy operators, respectively. 
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3.7 APPLICATIONS OF QUANTUM CHEMICAL CALCULATION 

3.7.1 Natural Bond Orbital Analysis 

The hyper conjugative interplay and electron density shift are effectively 

explained by The NBO analysis.  The NBO studies [24] were carried out by NBO 3.1 

program as executed in the Gaussian 09 package, which is used to understand various 

second order interplays between the filled orbitals of one sub system and empty orbitals 

of another subsystem, which is a measure of the intermolecular delocalization (or)  hyper 

conjugation.  The hyper conjugative interaction energy was derived from the second –

order perturbation approach 

𝐸(2) = ∆𝐸𝑖𝑗 = 𝑞𝑖

𝐹(𝑖𝑗)2

𝜀𝑗 − 𝜀𝑖

 

where qi is the i
th

 donor orbital occupancy, εi and εj are diagonal elements (orbital energies) 

and F (i,j)  is the off-diagonal NBO fock matrix element . 

3.7.2 Potential Energy Distribution (PED) 

 The PED has used to check whether selected set of symmetric coordinates 

provides maximum to the potential energy associated with the molecule. The vibrational 

problem was set up in term of internal and symmetry co-ordinates.  The Cartesian 

representation of the theoretical force constants has been calculated at the optimized 

geometry by assuming C1 (or) Cs point group symmetry. The symmetry of the molecule 

assumption was also enhancing in vibrational assignment.  The transformation of force 

field, subsequent normal coordinate studies and computation of the PED are a crucial for 
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determining vibrational characteristics of a molecule.  The calculation of PED can be 

done with the help of VEDA program. 

3.7.3 HOMO-LUMO Energy Gap Analysis 

       The frontier molecular orbitals (FMOS) theory is immense to explain the chemical 

stability and the reactivity of pericyclic reactions. This theory deals about filled and 

unfilled orbital in a molecule [25].hence, the highest occupied molecular orbital (HOMO) 

donate an electron and lowest unoccupied molecular orbital (LUMO) accept an electron. 

The energy gap calculation between HOMO and LUMO also crucial for understand the 

chemical reactivity, optical polarizability and chemical hardness-softness of the molecule 

[26]. 

3.7.4 Dipole moment, Hyper polarizability 

In the present work dipole moment (μ) and polarizability (α) and first static 

hyperpolarizability(β) have been calculated by Gaussian 09 software, using the finite 

field approach. According to Buckingham‟s definition [27], these quantities are given by 

𝜇 =  𝜇𝑥
2 + 𝜇𝑦

2 + 𝜇𝑧
2 

1
2 

 𝛼 =
1

3
 𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧  

𝛽𝑡𝑜𝑡 =  𝛽𝑥
2 + 𝛽𝑦

2 + 𝛽𝑧
2 

1
2 

Where, 

𝛽𝑥 =  𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧   

𝛽𝑦 =  𝛽𝑦𝑦𝑦 + 𝛽𝑦𝑧𝑧 + 𝛽𝑦𝑥𝑥   

𝛽𝑧 =  𝛽𝑧𝑧𝑧 + 𝛽𝑧𝑥𝑥 + 𝛽𝑧𝑦𝑦   
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Optimized structure, Frontire Molecular orbital, Mulliken 

Atomic Charge studies on Pentylenetetrazole (PTZ) based on 

Density functional theory 

 

Abstract 

The vibrational spectra of Pentylenetetrazole (PTZ) have been recorded in the regions 

4000−400 cm
-1

 for FT-IR and 3500−100 cm
-1

 for FT-Raman. The molecular structure, 

geometry optimization, vibrational frequencies were obtained by the density functional 

theory (DFT) using B3LYP method with 6-31G and 6-311+G  basis sets. The complete 

assignments were performed on the basis of the potential energy distribution (PED) of 

the vibrational modes, calculated and the scaled values were compared with 

experimental FT-IR and FT-Raman spectra. The HOMO and LUMO energy gap reveals 

that the energy gap reflects the chemical activity of the molecule. The dipole moment (), 

polarizability (α), anisotropy polarizability (Δα) and first hyperpolarizability (βtot) of the 

molecule have been reported. Information about the size, shape, charge density 

distribution and site of chemical reactivity of the molecule has been obtained by  

molecular electrostatic potential (MEP). 
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Chapter - IV 

Vibrational Spectra (theoretical, Experimental) and 

Optimized structure, Frontire Molecular orbital, Mulliken 

Atomic Charge studies on Pentylenetetrazole (PTZ) based on 

Density functional theory 

 

4.1 INTRODUCTION 

The biological potential molecule Pentylenetetrazole (PTZ) is a tetrazole 

derivative and inhibitor of the γ aminobutyric acid (GABAA) and its receptor 

complex[28,29]. PTZ is a convulsing agent used for inducing seizures. It can traverse the 

blood-brain barrier[30].As well as Pentylenetetrazole has been used to induce seizures in 

zebra fish larvae[31], mice[32], and male wistar rats[33]. This extensive applications of 

tetrazoles derivatives stimulated research in areas such as the reactivity of various 

tetrazolyl derivatives and the design of synthetic methodologies. In these studies, the 

molecular structure, vibrational spectra and HOMO-LUMO energy gap of 

Pentylenetetrazole (PTZ) were investigated by a concerted approach using matrix 

isolation vibrational spectroscopy and high-level DFT-based theoretical calculations. 

Regarding their studies, tetrazoles have been found to be extremely interesting and 

challenging molecules. 

 

4.2 EXPERIMENTAL DETAILS 

 The fine sample of PTZ was obtained from Lancaster Chemical Company.UK, 

with a stated purity of 99% and it was used as such without further purification.The FT-

https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_1
https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_3
https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_4
https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_5
https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_6
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Raman Spectrum of PTZ was recorded using 1064 nm line of ND: YAG laser for 

excitation wavelength in the region 3500-100 cm
-1

 on Thermo Electron Corporation 

model Nexus spectrometer equipped with FT-Raman module accessory. The FT-IR 

Spectrum of the title compound was recorded in the region 4000-400 cm
-1 

on Perking 

Elmer Spectrophotometer in KBr pellet. 

 

4.3. COMPUTATIONAL DETAILS 

 The combination of Vibration spectra with quantum chemical calculation is 

effective for understanding the fundamental mode of vibration of the compound. The 

structural characteristic, stability and energy of the compound under investigation are 

determined by DFT with the three-parameter hybrid functional (B3) for the exchange part 

and the Becke Three Lee Yong-Pare (LYP) and 6-31G ,6-311+G  basis sets with 

Gaussian 09 Program Package. The Cartesian representation of the theoretical force 

constants has been compound at the fully optimized geometry by assuming the molecule 

belongs to C1 point group symmetry. The Transformation of force field from Cartesian to 

internal local symmetry coordinates, the scaling, and the subsequent normal coordinate 

analysis (NCA) Calculation of potential energy distributions (PED) has been done on a 

PC with the VEDA program. 

 

4.4 MOLECULAR GEOMETRY  

The optimized structures of the title compounds along with numbering of atoms 

are shown in Figure 4.1. Due to the global minimum energy all the calculated vibrational 

wavenumbers using the optimized geometry were found to be positive for the title  
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Fig. 4.1. The theoretical geometry structure and atomic numbering scheme 

of Pentylenetetrazole (PTZ) 

 

. 

. 

https://www.scbt.com/p/pentylenetetrazole-54-95-5
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compounds. The bond lengths, bond angles and the optimized parameters calculated 

using the DFT method is shown in the Supplementary material (Tables 4.1).  

 An organic heterobicyclic compound that is 1H-tetrazole in which the hydrogens 

at positions 1 and 5 are replaced by a pentane-1, 5-diyl group.Further, in PTZ, the bond 

lengths of C6-C7, C7-C8, C8-C9, C9-C10, C8-C10 were found to be elongated to 1.55 Å, 

1.54 Å, 1.54 Å, 1.54 Å respectively compared to pentamethylene and tetrazole 

connection bond C5-C6 values of 1.49 Å. In this structure, C-C bond length has longer 

value and C-H bond length has shorter value (1.10 Å). The bond lengths of N3-N4, N1-

N2 were found to be elongated to 1.40 Å, 1.39 Å respectively, compared to N2-N3 values 

of 1.32 Å. Because bond order of N2-N3 is higher than N3-N4, N1-N2 bond order [34]. 

The two different basis set have good agreement with each other.  

 

4.5 FRONTIER MOLECULAR ORBITAL ANALYSIS  

 The highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) and their properties are very useful to analyze the chemical 

reaction of molecule. The HOMO and LUMO energies are directly related to the 

ionization potential and electron affinity respectively [35, 25].those is also used by the 

frontier electron density for predicting the most reactive position in pi-electron systems 

and also explains several types of reaction in conjugated system [36]. The conjugated 

molecules are characterized by a small energy gap, which is the result of a significant 

degree of intra-molecular charge transfer from the endcapping electron-donor groups to 

the efficient electron-acceptor group through pi-conjugated path [37]. The HOMO and  
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LUMO 

Fig 4.2: The atomic orbital compositions of the frontier molecular 

orbital for pentelyenetetrazole (PTZ) 

HOMO 

EHOMO= -7.5293eV 

∆E=6.870 eV 

ELUMO= -0.6585eV 

 

6-31G 6-311+G 

ELUMO= -1.0204eV 

 

EHOMO= -7.8994eV 

 

∆E=6.8790 eV 
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LUMO plots of the title compound are shown in Figs. 4.2. The energy gap (∆E) is a 

critical parameter in determining molecular electrical transport properties because it is a 

measure of electron conductivity. By using the HOMO and LUMO energy values, the 

global chemical reactivity descriptors such as hardness, chemical potential, 

electronegativity and electrophilicity index as well as local reactivity have been defined . 

Pauling introduced the concept of electronegativity as the power of an atom in a molecule 

to attract electrons to it. Hardness (η), chemical potential (µ), electrophilicity (ω) and 

electronegativity (χ) are defined using Koopman‟s theorem as η = (I -A)/2, µ = -(I + A)/2 

and χ = (I + A)/2, where I = -EHOMO and A = -ELUMO are the ionization potential and 

electron affinity of the molecule. Considering the chemical hardness, large energy gap 

denotes a hard molecule and small gap denotes a soft molecule. One can also relate the 

stability of the molecule to hardness, which means that the molecule with least energy 

gap means, it is more reactive. Parr et al. [38] have defined a descriptor to quantify the 

global electrophilic power of the molecule as electrophilicity index, ω= µ
2
/2η. The 

usefulness of this new reactivity quantity has been recently demonstrated in 

understanding the toxicity of various pollutants in terms of their reactivity and site 

selectivity [39–45]. The global parameters of compound PTZ are given in Table 4.2. 

 

4.6 MOLECULAR ELECTROSTATIC POTENTIAL (MEP) 

The molecular electrostatic potential (MEP) method is used to study the 

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

and relative reactivity towards electrophilic attack and in studies of biological recognition.  
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Fig. 4.3. The total electron density surface mapped with of  

Pentylenetetrazole (PTZ). 

 

 

. 

 

https://www.scbt.com/p/pentylenetetrazole-54-95-5
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Fig. 4.4 Bar diagram representing the Mulliken atomic charge distribution 

of Pentylenetetrazole (PTZ) 

 

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

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

polarity [46]. To predict reactive sites of electrophilic and nucleophilic attacks for the 

investigated molecule, MEP at the B3LYP level optimized geometry was calculated. The 

different values of the electrostatic potential at the MEP surface are represented by 

different colors; red, blue and green represent the regions of most negative, most positive 

and zero electrostatic potential respectively. The MEP plots of the title compound PTZ is 

shown in Fig. 4.3 and it provides a visual representation of the chemically active sites and 

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

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

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

the nuclei (shades of blue). The electrophilic attack,nucleophilic attack and zero region of 

the title compound are depicted by Fig. 4. 3. 

 

4.7 MULLIKEN ATOMIC CHARGE 

 The Mulliken atomic charge calculation has vital role in the application of 

quantum mechanics calculations to molecular system: the calculation of effective atomic 

charge plays an important role [47]. The electron distribution in PTZ is compared in two 

different quantum chemical methods and the sensitivity of the calculated charges to 

charge in the choice of methods is studies. By determining the electron population of 

each atom in the define basis function, the Mulliken charges are calculated. An estimated 
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Mulliken charges at both levels are lists in Table 4.3.The results can be represented in 

graphical form as given in Fig. 4. 4. 

 

4.8 NONLINEAR OPTICAL PROPERTIES  

Theoretical evaluation of the polarizability (a), and the first order 

hyperpolarizabilities (b) is used to the design of new compounds for nonlinear optical 

applications and to understand the interaction between electromagnetic field and matter 

[48]. The calculation of hyperpolarizability and related properties have been carried out 

at DFT level by finite field approach. 

 The dipole moment, the mean polarizability  of the title compound are calculated 

using Gaussian 09 software and are found to be 7.1416,7.3831 Debye 6-31G,6-311+G 

basis set respectively. The magnitude of the first hyperpolarizability from Gaussian 09 

output is 0.6177X10
-30

, 0.6692 X10
-30

 esu 6-31G, 6-311+G basis set respectively. 

 

4.9 VIBRATIONAL ASSIGNMENT 

 The title compound belongs to C1 symmetry, consists of 20 atoms species and get 

54 fundamental vibrations.The detailed vibration assignments of fundamental modes of 

PTZ with observed and calculated frequencies and normal modes description are reported 

in Table 4.5. The observed experimental FT-IR, FT-Raman spectra are shown in Fig 4.5 

and 4.6 respectively. The higher value of theoretical vibrations have been reduced by 

scaled factor 0.9555 for >1500 cm
-1

,0.9826 for <1500cm
-1 

in 6-31G basis set. as well as 

0.9642 for >1500 cm
-1

,0.9860 for <1500cm
-1

 in 6-311+G basis set. 



50 

B3LYP computation gives mode arising from the N-N stretching at 1129 cm
-1

 in 6-31G 

and 1119 cm
-1

 in 6-311+G basis set corresponding to the peak at 1115 cm
-1

  in IR 

spectrum. The C-N vibrations is a very critical task, since the mixing of vibrations is 

possible in this region. Silverstein et al. [49] attributed C-N stretching absorption in the 

region 1266–1382 cm
-1

  for aromatic amines. In benzamide the band observed at 1368 

cm
-1

  is assigned to the CN stretching band [50]. In 1,2,4-triazole the band observed at 

1390 and 1327 cm
-1

  are assigned to CN stretching [51]. The C-N stretching modes are 

reported in the range 1000–1400 cm
-1

 [52] and in the present case these bands are 

assigned at 1194, 1269, 1533 (6-31G) 1191,1268, 1530 (6-311+G) cm
-1

  theoretically. 

1171, 1246, 1530 cm
-1

 in IR and 1242,1531 cm
-1

 in Raman.  

 The vibrations of the CH2 group (attached with the tetrazole ring), the asymmetric 

stretch CH2, symmetric stretch CH2, scissoring vibration CH2 and wagging vibration CH2 

appear in the regions, 3000 ± 50, 2965 ± 30, 1455 ± 55 and 1350 ± 85 cm
-1

, respectively 

[53,54]. The B3LYP calculations give stretching vibration of CH2 at 3007-2885 cm
-1

 in 

6-31G basis set, 3003- 2860 cm
-1

 in 6-311+G basis set. Experimentally bands are 

observed at 2946-2821 cm
-1

 in IR and at  3005-2869 cm
-1

  in the Raman spectrum as CH2 

stretching modes. All the bands were also found well within the characteristic region and 

presented in. 
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Fig. 4.5. Comparative representation of FT-IR spectra for  

Pentylenetetrazole (PTZ) 
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Fig.4.6. Comparative representation of FT-Raman spectra for 

Pentylenetetrazole (PTZ) 
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4.10 Natural Bond Analysis 

 The Natural bond ortbital [55] analyzes is used to understand the delocalization of 

electron density and second order donor-acceptor energy. Typically, the stabilization of 

orbital interaction is high for higher energy differences between interacting orbitals. 

Effective donor and effective acceptor have this strong stabilization [56-59]. According 

to the second order perturbation approach, the stabilization energy is derived [60]. The 

energy from (donor) i  (acceptor) j is calculated as  

 E
2
=  

Where, qi is the donor orbital occupancy, i, j are diagonal elements (orbital energies) 

and F(i,j) is the off-diagonal NBO Fock matrix element. The NBO analysis gives 

valuable information about the intra and inters molecule interaction of the molecule [61]. 

            The current work summarizes second order perturbative calculation donor-

acceptor interactions based on NBO. This analysis was carried out by observing all 

possible interaction between lewis and non-lewis NBOs and calculated their stabilization 

energy (E2). Donor NBO (i), acceptor NBO (j) and stabilization energy (E2) are 

tabulated in Table 4.6 From this table, it is show that the interaction between the bonded 

N2-N3 (NBO 92) and N4-C5 antibond (NBO 95) gives the strongest stabilization, 30.11 

kcal/mol and also, lonepair N1 (NBO 34)  N4-C5 antibond (NBO 95), lonepair N1 

(NBO 34)  N2-N3 antibond (NBO 92) , bonded N4-C5 (NBO 8)  N2-N3 antibond 

(NBO 92) has the highest stabilization energy are 23.09, 21.94, 16.68kcal/mol  

Respectively.` 

2( , )
ij i

j i

F i j
E q

 
 



 
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4.11 CONCLUSION 

The present investigation thoroughly analyzed the HOMO-LUMO, and vibration 

spectra, both infrared and Raman of PTZ molecules with B3LYP method with standard 

6-31G and 6-311+G  basis sets. All the vibration bands are observed in the FT-IR and 

FT-Raman spectra of the compound are assigned to various modes of vibration and most 

of the modes have wave numbers in the expected range. The complete vibration 

assignments of wave numbers are made on the basis of potential energy distribution 

(PED).The electrostatic potential surfaces (MEP) together with complete analysis of the 

vibration spectra, both IR and Raman spectra help to identify the structure and symmetry. 

The excellent agreement of the calculated and observed vibration spectra reveals the 

advantages over the other method. Finally, calculated HOMO-LUMO energies show 

that the charge transfer occurs in the molecule, which are responsible for the bioactive 

properly of the biomedical compound PTZ. 
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Table 4.1: Geometry Optimization Parameter of Pentelyenetetrazole (PTZ) based 

on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

BondLength(Å) BondAngle(º) 

Atom 6-31G 6-311+G Atom 6-31G 6-311+G 

C6-C7 1.55 1.55 C5-N1-C10 130.49 130.37 

C7-C8 1.54 1.54 N4-C5-C6 125.87 125.85 

C8-C9 1.54 1.54 N1-C5-C6 125.56 125.56 

C9-C10 1.54 1.53 N2-N1-C10 120.94 120.97 

C5-C6 1.49 1.49 C7-C8-C9 115.96 116.05 

N1-C10 1.46 1.46 C8-C9-C10 115.2 115.20 

N3-N4 1.40 1.40 C6-C7-C8 115.07 115.10 

N1-N2 1.39 1.39 C5-C6-C7 114.17 114.14 

N1-C5 1.36 1.36 N1-C10-C9 112.95 112.91 

N4-C5 1.34 1.34 C9-C10-H20 111.04 111.04 

N2-N3 1.32 1.32 N2-N3-N4 110.61 110.69 

C6-H11 1.10 1.10 C9-C10-H19 110.56 110.41 

C7-H13 1.10 1.10 C8-C9-H18 110.16 110.23 

C7-H14 1.10 1.09 C7-C6-H12 110.12 110.04 

C8-H15 1.10 1.09 C8-C7-H14 109.77 109.81 

C8-H16 1.10 1.09 C5-C6-H11 109.73 109.77 

C9-H17 1.10 1.09 C6-C7-H14 109.21 109.26 

C9-H18 1.10 1.09 C7-C6-H11 109.13 109.24 

C10-H19 1.10 1.09 C7-C8-H15 109.13 109.12 

C6-H12 1.09 1.09 C9-C8-H15 109.06 109.06 

C10-H20 1.09 1.09 C10-C9-H18 108.94 108.97 

   N1-C10-H19 108.76 108.68 

   N2-N1-C5 108.58 108.66 

   N1-C5-N4 108.56 108.58 
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   C8-C9-H17 108.56 108.54 

   C8-C7-H13 108.31 108.30 

   C7-C8-H16 108.14 108.14 

   H19-C10-H20 108.00 107.99 

   C9-C8-H16 107.97 107.86 

   C6-C7-H13 107.59 107.58 

   C10-C9-H17 106.94 106.96 

   H11-C6-H12 106.8 106.71 

   H17-C9-H18 106.66 106.63 

   C5-C6-H12 106.62 106.55 

   H13-C7-H14 106.53 106.42 

   N3-N4-C5 106.2 106.26 

   H15-C8-H16 106.14 106.09 

   N1-N2-N3 106.04 106.02 

   N1-C10-H20 105.28 105.40 
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Table 4.2: HOMO-LUMO energy (eV) and other related properties of 

Pentelyenetetrazole (PTZ) based on B3LYP/6-31G and B3LYP/6-311+G method 

and basis set 

Parameters 
6-31G 

(eV) 

6-311+G 

(eV) 

Homo(I) -7.5293 -7.8994 

Lumo(A) -0.6585 -1.0204 

Energy gap(∆E) 6.8708 6.8790 

Electronegativity 4.0939 4.4599 

Global hardness 3.4354 3.4395 

Global softness(eV
-1

) 0.2910 0.2907 

Chemical potential -4.0939 -4.4599 

Electriphilicity 2.4393 2.8915 
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Table 4.3: Mulliken charge (charge/e) of Pentelyenetetrazole (PTZ) based on 

B3LYP/6-31G and B3LYP/6-311+G method and basis set 

Atom 
6-31G 6-311+G 

Charge/e 

N1 -0.5433 -0.2775 

N2 0.0042 0.2422 

N3 -0.0973 -0.0681 

N4 -0.3257 -0.1392 

C5 0.5090 0.1250 

C6 -0.2788 -0.5999 

C7 -0.2482 -0.3476 

C8 -0.2519 -0.5628 

C9 -0.2522 -0.2626 

C10 -0.0793 -0.6035 

H11 0.1598 0.2747 

H12 0.1825 0.2706 

H13 0.1440 0.2357 

H14 0.1471 0.2496 

H15 0.1277 0.2357 

H16 0.1427 0.2325 

H17 0.1474 0.2393 

H18 0.1539 0.2510 

H19 0.1683 0.2467 

H20 0.1901 0.2581 
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Table 4.4: Dipole moment(µ), Polarizability(α), Anisotropy polaraizability(∆α) and 

First order polarizability(βtot) of Pentelyenetetrazole (PTZ) based on B3LYP/6-31G 

and B3LYP/6-311+G method and basis set 

Parameters 6-31G 6-311+G 

µx -6.9613 -7.1981 

µy -0.8587 -0.8722 

µz 1.3437 1.3917 

αXX -73.8034 -75.6721 

αYY -59.1621 -60.6258 

αZZ -58.4211 -59.6432 

αXY -0.9227 -0.9443 

αXZ 2.2679 2.3738 

αYZ -0.0276 -0.0363 

βXXX -52.1379 -55.563 

βYYY -5.5846 -5.9735 

βZZZ 1.3902 1.8947 

βXYY -16.5269 -18.1617 

βXXY -3.4782 -3.5951 

βXXZ 5.5513 5.6818 

βXZZ -1.3562 -2.1705 

βYZZ -1.0458 -1.2285 

βYYZ 3.3821 3.5901 

βXYZ 0.3376 0.2452 

µ(debye) 7.1416 7.3831 

α(esu) -9.4417X10
-24

 -9.6664 X10
-24

 

∆α(esu) 19.0493X10
-24

 19.5343 X10
-24

 

βtot(esu) 0.6177X10
-30

 0.6692 X10
-30
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Table 4.5: Observed Frequency (cm
-1

), Theoretical Frequency (cm
-1

) and Vibrational assignment with PED(%) of 

Pentelyenetetrazole (PTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

 

S
p

e 
ci

s 

Observed 

Frequency(cm
-1

) 

Theoretical 

Frequency(cm
-1

) 
Vibrational assignment (PED % ) 

FT-IR FT-Raman 
6-31G 6-311+G 

Calc Scaled Calc Scaled 

A - 3005 3147 3007 3114 3003 ν CH (91) 

A - 2983 3125 2986 3094 2983 ν CH (94) 

A - - 3094 2956 3060 2951 ν CH (82) 

A - - 3088 2951 3054 2945 ν CH (88) 

A - - 3077 2940 3045 2936 ν CH (76)+ ν CH (15) 

A 2946 2951 3056 2920 3024 2916 ν CH (84) 

A 2929 2927 3044 2909 3013 2905 ν CH (93) 

A - 2911 3042 2907 3010 2902 ν CH (12)+ ν CH (78) 

A 2863 2869 3029 2894 3000 2893 ν CH (88) 

A 2821 - 3019 2885 2987 2860 ν CH (84)+ ν CH (11) 

A 1530 1531 1560 1533 1552 1530 ν NC (27)+ β HCH (12)+ β HCH (25) 

A - - 1541 1514 1531 1510 β HCH (59) 

A - - 1536 1509 1527 1506 β HCH (70) 
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A - - 1530 1503 1521 1500 β HCH (58) 

A 1468 1474 1527 1500 1517 1496 β HCH (68) 

A 1439 1449 1524 1477 1514 1473 β HCH (54)+ β HCH (10) 

A 1428 - 1463 1438 1456 1436 ν CC (17)+ τ HCNC (19) 

A 1378 1375 1427 1402 1420 1400 β HCC (12)+ τ HCCC (60) 

A 1370 - 1420 1395 1413 1393 β HCC (13)+ τ HCCN (14)+ τ HCCN (13)+ τ HCNC (12) 

A 1382 - 1408 1382 1402 1382 β HCC (12)+ τ HCCC (33) 

A 1355 - 1407 1382 1398 1378 β HCN (25)+ τ HCCN (21) 

A 1344 1347 1388 1364 1380 1361 β HCC (26)+ τ HCCN (30) 

A 1334 - 1344 1321 1346 1327 β HCC (44)+ τ HCNC (18) 

A 1302 1307 1310 1287 1309 1291 β HCC (14)+ β HCN (12)+ τ HCNC (13) 

A 1271 1274 1306 1283 1305 1287 β HCC (10)+ β HCC (12)+ β HCC (17)+ τ HCCN (13) 

A 1246 1241 1292 1269 1286 1268 ν NC (10)+ β HCC (12)+ τ HCCC (12) 

A 1187 - 1219 1198 1215 1198 β HCC (16) 

A 1171 - 1215 1194 1208 1191 ν NC (31) 

A 1115 - 1210 1129 1206 1119 ν NN (55) 

A 1097 1100 1138 1118 1132 1116 τ CCCC (30) 

A 1088 1092 1128 1108 1119 1103 ν CC (56) 

A 1078 1079 1064 1045 1062 1047 β NNN (66) 

A - 1028 1059 1041 1053 1038 ν CC (41)+ β CNN (11) 
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A 993 997 1038 1020 1040 1025 ν NN (24)+ β CCC (11)+ τ HCCC (10) 

A 968 - 996 979 988 974 ν CC(15) 

A 962 - 968 951 973 959 ν NN (22) 

A 894 - 925 909 926 913 ν NC (14)+ β NCN (44) 

A 864 - 911 895 912 899 β NNC (22) 

A 832 - 873 858 869 857 ν CC (14)+ β CCN (15) 

A 805 802 870 835 863 841 τ HCCC (31)+ τ NCNN (14) 

A 799 - 807 793 801 790 ν CC (51) 

A 744 - 751 738 738 728 τ NNNC (13)+ δ CNNC (53) 

A 676 679 704 692 699 689 τ NNNC (74)+ δ CNNC (12) 

A 633 635 675 663 670 661 ν NC (54) 

A 504 501 643 632 635 626 ν CC (21)+ β NNC (11)+ τ NCNN (11) 

A - - 509 500 507 500 β CCC (38)+ τ HCCC (10) 

A - 395 449 441 448 432 β CNN (19) 

A - 349 390 383 388 383 β CCC (28)+ τ CCNC (12) 

A - 273 355 309 354 319 β CCN (40) 

A - - 343 298 341 296 β CCN (12)+ β CNN (27)+ τ HCCC (10) 

A - 245 268 263 265 261 β CCN (21)+ β CCC (13)+ τ CCNC (18) 

A - 155 234 168 234 168 τ CCNC (13)+ δ CCNN (21) 

A - - 156 153 155 153 τ CCCN (65) 

A - - 101 99 100 99 τ NCNN (10)+ τ CCCN (10)+ δ CCNN (30) 
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Table 4.6: Natural Bond Orbital Calculation of Pentelyenetetrazole (PTZ) 

S.No Donor NBO (i) AcceptorNBO (j) 
E(2) 

kcal/mol 

E(j)-E(i) 

a.u. 

F(i,j) 

a.u. 

1 92 BD N2-N3 95 BD* N4-C5 30.11 0.04 0.06 

2 34 LP N1 95 BD* N4-C5 23.09 0.36 0.083 

3 34 LP N1 92 BD* N2-N3 21.94 0.32 0.076 

4 8 BD N4-C5 92 BD* N2-N3 16.68 0.3 0.066 

5 36 LP N3 88 BD* N1-N2 12.55 0.68 0.082 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter - V 

Quantum mechanics calculation and Vibrational Spectra  

FT-IR and FT-Raman (theoretical, Experimental) studies of  

5-Methyl-1H-tetrazole(5MTZ) 

 

Abstract 

The spectra of 5-Methyl-1H-tetrazole(5MTZ) have been recorded in the regions 

4000−400 cm
-1

 for FT-IR and 3500−100 cm
-1

 for FT-Raman. The geometry optimization, 

vibrational frequencies were obtained by the density functional theory (DFT) using 

B3LYP method with 6-31G and 6-311+G basis sets. The complete assignments were 

performed on the basis of the potential energy distribution (PED) of the vibrational 

modes, calculated and the scaled values were compared with experimental FT-IR and 

FT-Raman spectra. The HOMO and LUMO energy gap reveals that the energy gap 

reflects the chemical activity of the molecule. The dipole moment (), polarizability (α), 

anisotropy polarizability (Δα) and first hyperpolarizability (βtot) of the molecule have 

been reported. Information about the size, shape, charge density distribution and site of 

chemical reactivity of the molecule has been obtained by molecular electrostatic 

potential (MEP). 
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Chapter-V 

Quantum mechanics calculation and Vibrational Spectra  

FT-IR and FT-Raman (theoretical, Experimental) studies of  

5-Methyl-1H-tetrazole (5MTZ) 

 

5.1 INTRODUCTION 

 The Quantum mechanics is used as a tool to learn the molecular forces 

determining drug activity. This information can be used to infer the nature of the 

biological substances with which the drug reacts and hopefully as a guide to the synthesis 

of useful new agents[62].the complete investigation of the 5-Methyl-1H-tetrazole(5MTZ) 

has been carried by DFT method,which belongs to the quantum mechanics. 

In recent years, tetrazole and their derivatives have been extensively studied as 

they exhibit effective biological activities such as anti-inflammatory[63], antiviral[64], 

analgesic[65] , antibacterial[66] , antitubercular[67] , anticonvulsant[68] etc. the title 

molecule 5-Methyl-1H-tetrazole is one of the tetrazole derivatives which used in the 

preparation of novel antifungal agents based derived from N-iodopropargylazoles and N-

triiodoallylazoles. 5-Methyl Tetrazole also in the preparation of novel quinoline 

derivatives against mycobacterium tuberculosis. In these studies, the molecular structure, 

vibrational spectra and HOMO-LUMO energy gap of 5-Methyl-1H-tetrazole(5MTZ) 

were investigated by a concerted approach using matrix isolation vibrational 

spectroscopy and high-level DFT-based theoretical calculations. Regarding their studies, 

tetrazoles have been found to be extremely interesting and challenging molecules. 
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5.2 EXPERIMENTAL DETAILS 

The fine sample of 5-Methyl-1H-tetrazole(5MTZ) was obtained from Lancaster 

Chemical Company.UK, with a stated purity of 99% and it was used as such without 

further purification.The FT-Raman Spectrum of 5MTZ was recorded using 1064 nm line 

of ND: YAG laser for excitation wavelength in the region 3500-100 cm
-1

 on Thermo 

Electron Corporation model Nexus spectrometer equipped with FT-Raman module 

accessory. The FT-IR Spectrum of the title compound was recorded in the region 4000-

400 cm
-1 

on Perking Elmer Spectrophotometer in KBr pellet. 

 

5.3 COMPUTATIONAL DETAILS 

 The combination of Vibration spectra with quantum chemical calculation is 

effective for understanding the fundamental mode of vibration of the compound. The 

structural characteristic, stability and energy of the compound under investigation are 

determined by DFT with the three-parameter hybrid functional (B3) for the exchange part 

and the Becke Three Lee Yong-Pare (LYP) and 6-31G ,6-311+G  basis sets with 

Gaussian 09 Program Package. The Cartesian representation of the theoretical force 

constants has been compound at the fully optimized geometry by assuming the molecule 

belongs to C1 point group symmetry. The Transformation of force field from Cartesian to 

internal local symmetry coordinates, the scaling, and the subsequent normal coordinate 

analysis (NCA) Calculation of potential energy distributions (PED) has been done on a 

PC with the VEDA program. 
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5.4 GEOMETRICAL PARAMETER 

 The calculated C-N distances areN1-C7 = 1.36 Å, N4-C5=1.34 Å, this value 

indicate that the bond N4-C5 is stronger than the bond N1-C7 and these values indicate 

that  the bond distances were found to be much smaller than the average value for a 

single C-N bond (1.47 Å) [68]. The bond lengths of N3-N4, N1-N2 were found to be 

elongated to 1.40 Å, 1.39 Å respectively, compared to N2-N3 values of 1.32 Å. Because 

bond order of N2-N3 is higher than N3-N4, N1-N2 bond order [34]. table-5.1 report the 

detailed data of geometrical optimization of the isolated title molecule. Functional group 

methyl substituted in ring structure with C5  atom which made longest bond length in that 

molecule structure because C-C bond shaped a nonpolar covalent bond[69] and the hyper 

conjugation causes the interaction of the orbital of the methyl group with the π orbital of 

a ring. in methyl group ,C-H bond length1.10Å, (6-31G),1.09 Å, (6-311+G) are  good 

agreement with other literature values 1.09 Å [70]1.08 Å,1.09 Å [71]1.09 Å [72]. this 

cooperation caused to discharging electronic charge from methyl group[73].highest bond 

angle occurred at C5-N1-H6 whereas lowest bond angle occurred at N1-N2-N3. 

 

5.5 ELECTRONIC PROPERTIES 

 To explain several types of reactions and for predicting the most reactive position 

in conjugated systems, molecular orbital and their properties such as energy are used [74]. 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) are the most important orbital in a molecule. The eigen values of HOMO 

and LUMO and their energy gap reflect the biological activity of the molecule.   
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Fig 5.1. The theoretical geometry structure and atomic numbering  

scheme of 5-Methyl-1H-tetrazole (5MTZ) 

. 
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Fig 5.2: The atomic orbital compositions of the frontier molecular 

orbital for 5-Methyl-1H-tetrazole (5MTZ) 

. 

LUMO 

HOMO 

6-31G 6-311+G 

EHOMO= -7.9147eV 

∆E=6.904 eV 

ELUMO= -1.0101eV 

 

ELUMO= -1.3693eV 

 

EHOMO= -8.2913eV 

 

∆E=6.922 eV 
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A molecule having a small frontier orbital gap is more polarizable and is generally 

associated with a high chemical reactivity and low kinetic stability [75,76]. HOMO, 

which can be thought the outer orbital containing electrons, tends to give these electrons 

as an electron donor and hence the ionization potential is directly related to the energy of 

the HOMO. On the other hand LUMO can accept electrons and the LUMO energy is 

directly related to electron affinity [26]. Two important molecular orbital (MO) were 

examined for the title compound, the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) which are given in Fig.5.2. In the title 

compound, the HOMO of π nature is delocalized over the tetrazole ring. By contrast, the 

LUMO is located over the tetrazole ring and methyl group. For understanding various 

aspects of pharmacological sciences including drug design and the possible eco-

toxicological characteristics of the drug molecules, several new chemical reactivity 

descriptors have been proposed. Conceptual DFT based descriptors have helped in many 

ways to understand the structure of molecules and their reactivity by calculating the 

chemical potential, global hardness and electrophilicity. Using HOMO and LUMO 

orbital energies, the ionization energy and electron affinity can be expressed as: I = 

EHOMO, A = ELUMO.Table. 5.2 shows global reactor values of the title compound. It is seen 

that the chemical potential of the title compound is negative and it means that the 

compound is stable. They do not decompose spontaneously into the elements they are 

made up of. The hardness signifies the resistance towards the deformation of electron 

cloud of chemical systems under small perturbation encountered during chemical process. 

The principle of hardness works in Chemistry and Physics but it is not physical  
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Fig. 5.3. The total electron density surface mapped with of 5-Methyl-1H-tetrazole 

(5MTZ) 

. 
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observable. Soft systems are large and highly polarizable, while hard systems are 

relatively small and much less polarizable. 

 

5.6 MOLECULAR ELECTROSTATIC POTENTIAL (MEP)  

 MEP is related to the Electron Density and is a very useful descriptor in 

understanding sites for electrophilic and nucleophilic reactions as well as hydrogen 

bonding interactions [77,78]. The electrostatic potential V(r) is also well suited for 

analyzing processes based on the „„recognition‟‟ of one molecule by another, as in drug-

receptor, and enzyme–substrate interactions, because it is through their potentials that the 

two species first „„see‟‟ each other [79,80]. To predict reactive sites of electrophilic and 

nucleophilic attacks for the investigated molecule, MEP at the B3LYP level optimized 

geometry was calculated. The different values of the electrostatic potential at the MEP 

surface are represented by different colours 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 and yellow) regions of MEP were related to electrophilic reactivity and the 

positive (blue) regions to nucleophilic reactivity (Fig. 5.3). From the MEP it is evident 

that the negative charge covers the N atoms which  presence in tetrazole group. the 

positive region is over the H atoms. The value of the electrostatic potential is largely 

responsible for the binding of a substrate to its receptor binding sites since the receptor 

and the corresponding ligands recognize each other at their molecular surface [81,82]. 
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5.7 NLO Properties  

 Nonlinear optics deals with the interaction of applied electromagnetic fields in 

various materials to generate new electromagnetic fields, altered in wavenumber, phase, 

or other physical properties [83]. Organic molecules able to manipulate photonic signals 

efficiently are of importance in technologies such as optical communication, optical 

computing, and dynamic image processing [84,85]. In this context, the dynamic first 

hyperpolarizability of the title compound is also calculated in the present study. The first 

hyperpolarizability (b0) of this novel molecular system is calculated using DFT method, 

based on the finite field approach. In the presence of an applied electric field, the energy 

of a system is a function of the electric field. First hyperpolarizability is a third rank 

tensor that can be described by a 3 X 3X 3 matrix. The 27 components of the 3D matrix 

can be reduced to 10 components due to the Kleinman symmetry [86]. The components 

of b are defined as the coefficients in the Taylor series expansion of the energy in the 

external electric field. When the electric field is weak and homogeneous, this expansion 

become 

E=E0 - µαFα - 1/2ααβFαFβ - 1/6βαβϒFαFβFϒ + … 

where E0 is the vitality of the unperturbed atoms, Fα the field at the source µα, ααβ and 

βαβϒ are the segments of dipole moment, polarizability and the first order hyper 

polarizabilities. The aggregate static dipole moment (µ), polarizability(α), anisotropy 

polarizability (∆α) and the mean first order hyperpolarizability (βtot ) utilizing  x,y,z,  
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Fig. 5.4 Bar diagram representing the Mulliken atomic charge distribution 

of 5-Methyl-1H-tetrazole (5MTZ) 
. 
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The segments are characterized as follows ,The calculated first order hyperpolarizability 

of the title compound is 0.3199X10
-30

 esu/6-31G,0.3458 X10
-30

 esu/6-311+G. The 

calculated hyperpolarizability of the title compound is superior than that of the standard 

NLO material urea (0.13 X 10
-30

 esu) [47]. We conclude that the title compound is an 

attractive object for future studies of nonlinear optical properties.  

 

5.8 MULLIKEN ATOMIC CHARGE 

 The Mulliken atomic charge calculation has important role in the application of 

quantum mechanics calculations to molecular system: the atomic charge calculation of 

molecule plays an important role [47]. The electron distribution in 5MTZ is compared in 

two different quantum chemical methods and the sensitivity of the calculated charges to 

charge in the choice of methods is studies. By determining the electron population of 

each atom in the define basis function, the Mulliken charges are calculated. An estimated 

Mulliken charges at both levels are lists in Table 5.3.The results can be represented in 

graphical form as given in Fig 5.4.In this molecule all the hydrogen atoms have got 

positive charge.N1, N3 and N4 have negative charge. Tetrazole carbon atom has negative 

charge and methyl carbon atom has positive charge. 

 

5.9 VIBRATIONAL ASSIGNMENT 

The detailed vibrational data of the c1 point group title molecule were tabulated in 

table5.5. The higher value of theoretical vibrations have been reduced by scaled factor 

0.9555 for >1500 cm
-1

,0.9826 for <1500cm
-1

 in 6-31G basis set. as well as 0.9642 

for >1500 cm
-1

,0.9860 for <1500cm
-1

 in 6-311+G basis set. 



75 

 

 

Wavenumber (cm
-1

) 

Fig. 5.5. Comparative representation of FT-IR spectra for 5-Methyl-1H-
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Fig. 5.6. Comparative representation of FT-Raman spectra for 5-Methyl-1H-

tetrazole (5MTZ) 
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The C-H linear vibration in methyl group occurs in the range 3000 - 2900 cm
-1 

[73]. The 

methyl groups vibrational frequencies depend upon the connecting atom. For example, 

the stretching frequency of C-OCH3 is higher than that of C-CH3 [87]. The C-H vibration 

frequencies  also differ in their position. K.Parimala et al [88] assigned asymmetric C-H 

stretching frequency band  at 2943 cm
-1

,2896 cm
-1

 and,2940 cm
-1

,2900 cm
-1

 respective in 

the FT-IR and FT-Raman. Other literature values assigned to the frequency band 

stretching for CH3 molecule is 2833cm
-1

, 2875cm
-1

, 2991cm
-1

 in FT-IR 2937, 2975 cm
-1

 

in FT-Raman[73], 2967 cm
-1

, 2925 cm
-1

 in FT-IR, 2976 cm
-1

, 2930 cm
-1

 in FT-

Raman(89). In this investigation all the vibration frequencies of the methyl group are in 

accordance with literature values those found in the characteristic group frequency as 

shown in Table 5.5. The calculated values by B3LYP methods are fit with experimental 

values. 

 NH stretching is in the region 3500-3400cm
-1 

[90] and theoretically assigned at 

3490cm
-1

 and 3458cm
-1 

[91]. In this molecule,in this work,the NH band occurred at 3420 

cm
-1

 in FT-IR,3550 cm
-1 

in FT-Raman.theoretically,this band observed at 3535 cm
-1

(6-

31G),3553 cm
-1

(6-311+G). 

B3LYP computation gives mode arising from the N-N stretching at 1162 cm
-1

 in 

6-31G and 1162 cm
-1

 in 6-311+G basis set corresponding to the peak at 1113 cm
-1

  in IR 

spectrum.  

The C-N vibrations is a very critical task, since the mixing of vibrations is possible 

in this region. Silverstein et al. [92] attributed C-N stretching absorption in the region 

1266–1382 cm
-1

  for aromatic amines. In benzamide the band observed at 1368 cm
-1

  is 
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assigned to the CN stretching band [50]. In 1,2,4-triazole the band observed at 1390 and 

1327 cm
-1

  are assigned to CN stretching [93]. The C-N stretching modes are reported in 

the range 1000–1400 cm
-1

 [52] and in the present case these bands are assigned at 1008, 

1354, 1508 (6-31G) 1007,1345, 1510 (6-311+G) cm
-1

  theoretically. 1001, 1366, 1566 

cm
-1

 in IR and 1380, 1570 cm
-1

 in Raman.  

 

5.10 Natural Bond Analysis 

 The Natural bond ortbital [58] analyzes is used to understand the delocalization of 

electron density and second order donor-acceptor energy. Typically, the stabilization of 

orbital interaction is high for higher energy differences between interacting orbitals. 

Effective donor and effective acceptor have this strong stabilization [56-59]. According 

to the second order perturbation approach, the stabilization energy is derived [60]. The 

energy from (donor) i  (acceptor) j is calculated as  

 E
2
=  

where, qi is the donor orbital occupancy, i, j are diagonal elements (orbital energies) 

and F(i,j) is the off-diagonal NBO Fock matrix element. The NBO analysis gives 

valuable information about the intra and inters molecule interaction of the molecule [61]. 

            The current work summarizes second order perturbative calculation donor-

acceptor interactions based on NBO. This analysis was carried out by observing all 

possible interaction between lewis and non-lewis NBOs and calculated their stabilization 

energy (E2). Donor NBO (i), acceptor NBO (j) and stabilization energy (E2) are 

2( , )
ij i

j i

F i j
E q

 
 



 
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tabulated in Table 5.6. From this table, it is show that the interaction between the bonded 

N2-N3 (NBO 55) and N4-C5 antibond (NBO 58) gives the strongest stabilization, 27.74 

kcal/mol and also, lonepair N1 (NBO 19)  N2-N3 antibond (NBO 55), lonepair N1 

(NBO 19)  N4-C5 antibond (NBO 58) , bonded N4-C5 (NBO 8)  N2-N3 antibond 

(NBO 55) has the highest stabilization energy are 18.98, 18.32, 16.27kcal/mol  

Respectively. 

 

5.11 CONCLUSION 

 The present investigation thoroughly analyzed the HOMO-LUMO, and vibration 

spectra, both infrared and Raman of 5MTZ molecules with B3LYP method with standard 

6-31G and 6-311+G  basis sets. All the vibration bands are observed in the FT-IR and F-

Raman spectra of the compound are assigned to various modes of vibration and most of 

the modes have wave numbers in the expected range. The complete vibration 

assignments of wave numbers are made on the basis of potential energy distribution 

(PED).The electrostatic potential surfaces (MEP) together with complete analysis of the 

vibration spectra, both IR and Raman and help to identify the structure and symmetry. 

The excellent agreement of the calculated and observed vibration spectra reveals the 

advantages over the other method. Finally, calculated HOMO-LUMO energies show that 

the charge transfer occurs in the molecule, which are responsible for the bioactive 

properly of the biomedical compound 5MTZ. 
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Table 5.1: Geometry Optimization Parameter of 5-Methyl-1H-tetrazole (5MTZ) 

based on B3LYP/6-31G and B3LYP/6-311+G method and basis set 

BondLength(Å) BondAngle(º) 

Atom 6-31G 6-311+G Atom 6-31G 6-311+G 

C5-C7 1.49 1.48 C5-N1-H6 130.75 130.85 

N3-N4 1.40 1.40 N1-C5-C7 126.12 126. 10 

N1-N2 1.39 1.39 N4-C5-C7 125.90 126.01 

N1-C5 1.36 1.36 N2-N1-H6 119.91 119.60 

N4-C5 1.34 1.34 C5-C7-H8 111.56 111.62 

N2-N3 1.32 1.32 C5-C7-H9 111.54 111.57 

C7-H9 1.10 1.09 N2-N3-N4 110.77 110.54 

C7-H8 1.10 1.09 N2-N1-C5 109.35 109.55 

C7-H10 1.09 1.09 C5-C7-H10 108.65 108.81 

N1-H6 1.01 1.00 H8-C7-H10 108.47 108.30 

   H9-C7-H10 108.47 108.29 

   H8-C7-H9 108.06 108.15 

   N1-C5-N4 107.98 107.89 

   N3-N4-C5 106.36 106.49 

   N1-N2-N3 105.54 105.54 
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Table 5.2: HOMO-LUMO energy (eV) and other related properties of 5-Methyl-1H-

tetrazole (5MTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis 

set 

Parameters 
6-31G 

(eV) 

6-311+G 

(eV) 

Homo(I) -7.9147 -8.2913 

Lumo(A) -1.0101 -1.3693 

Energy gap(∆E) 6.9046 6.9220 

Electronegativity 4.4624 4.8303 

Global hardness 3.4523 3.4610 

Global softness(eV
-1

) 0.2897 0.2889 

Chemical potential -4.4624 -4.8303 

Electriphilicity 2.8840 3.3706 
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Table 5.3: Dipole moment(µ), Polarizability(α), Anisotropy polaraizability(∆α) and 

First order polarizability(βtot) of 5-Methyl-1H-tetrazole (5MTZ) based on B3LYP/6-

31G and B3LYP/6-311+G method and basis set 

Parameters 6-31G 6-311+G 

µx -4.7921 4.9639 

µy 4.0155 4.1044 

µz 0.0001 0.0003 

αXX -37.5178 -38.5207 

αYY -34.8592 -35.9312 

αZZ -34.6744 -35.4883 

αXY 0.054 0.0135 

αXZ -0.001 -0.001 

αYZ 0.0002 0.0007 

βXXX -23.2569 24.9565 

βYYY 21.6646 22.7176 

βZZZ 0.0017 0.0013 

βXYY -5.3476 5.8671 

βXXY -0.165 -0.2122 

βXXZ 0.0009 -0.0028 

βXZZ -0.6815 1.2008 

βYZZ 1.1585 1.5009 

βYYZ -0.0006 0.0004 

βXYZ -0.0007 -0.001 

µ(debye) 6.2521 6.4410 

α(esu) -5.2812X10
-24

 -5.4237 X10
-24

 

∆α(esu) 65.0411X10
-24

 66.7801 X10
-24

 

βtot(esu) 0.3199X10
-30

 0.3458X10
-30
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Table 5.4: Mulliken charge (charge/e) of 5-Methyl-1H-tetrazole (5MTZ) based on 

B3LYP/6-31G and B3LYP/6-311+G method and basis set 

Atom 
6-31G 6-311+G 

Charge/e 

N1 -0.5748 -0.4897 

N2 0.0143 0.0438 

N3 -0.0924 -0.0203 

N4 -0.3128 -0.2401 

C5 0.4934 0.4534 

H6 0.3618 0.4396 

C7 -0.4437 -0.9744 

H8 0.1759 0.2534 

H9 0.1759 0.2534 

H10 0.2023 0.2809 
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Table 5.5: Observed Frequency (cm
-1

)- Theoretical Frequency (cm
-1

) and Vibrational assignment with PED(%) of 5-

Methyl-1H-tetrazole (5MTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

 

S
p

e 
ci

s 

Observed Frequency(cm
-1

) Theoretical 

Frequency(cm
-1

) 
Vibrational assignment (PED % ) 

FT-IR FT-Raman 
6-31G 6-311+G 

Calc scaled Calc Scaled 

A 3420 3550 3700 3535 3684 3553 ν NH   (100) 

A 3146 - 3176 3035 3140 3028 ν CH(86)+ν CH(14) 

A 2955 - 3121 2982 3090 2979 ν CH(99) 

A 2923 - 3060 2923 3032 2924 ν CH(14)+ν CH(86) 

A 1566 1570 1578 1508 1566 1510 ν NC(23)+ν CC(23) 

A 1464 - 1532 1464 1526 1471 β HCH(78)+τ HCCN(21) 

A - - 1529 1461 1523 1469 β HCH(71)+τ HCCN(21) 

A 1409 1410 1469 1444 1465 1444 β HCH(97) 

A 1366 1380 1378 1354 1364 1345 ν NC(30)+ν NC(19)+β NNC(11) 

A 1269 1270 1355 1331 1350 1331 ν CC(14)+β HNN(57) 

A 1113 1105 1182 1162 1178 1162 ν NN(73) 

A 1089 1090 1106 1087 1099 1084 β HCH(20)+τ HCCN(60)+τ HCCN(10) 

A 1064 1070 1087 1068 1080 1065 ν NC(32)+ν NC(14)+β NCN(14) 
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A - - 1049 1031 1042 1027 β NNN(71) 

A 1001 - 1026 1008 1022 1007 ν NC(11)+β HCH(15)+β NNC(15) 

A 928 - 939 922 961 947 ν NN(68)+β NCN(11) 

A 723 - 888 872 897 885 ν NC(19)+β NCN(43)+β NNN(16) 

A 690 - 711 699 726 716 τ NNNC(31)+τ NNCN(58) 

A 683 - 706 694 703 694 τ HNNN(79)+τ NNNC(19) 

A - - 686 674 681 672 ν NC(10)+ν CC(52)+β NCN(11) 

A - 490 679 667 646 637 τ HNNN(15)+τ NNNC(44)+τ NNCN(19) 

A - 330 339 333 341 336 β CCN(86) 

A - 270 270 265 260 256 τ NNCN(19)+δ CNNC(65) 

A - - 96 94 83 81 τ HCCN(77)+δ CNNC(11) 
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Table 5.6: Natural Bond Orbital Calculation of 5-Methyl-1H-tetrazole (5MTZ) 

S.No Donor NBO (i) AcceptorNBO (j) 
E(2) 

kcal/mol 

E(j)-E(i) 

a.u. 

F(i,j) 

a.u. 

1 55 BD N2-N3 58 BD* N4-C5 27.74 0.04 0.04 

2 19 LP N1 55 BD* N2-N3 18.98 0.34 0.34 

3 19 LP N1 58 BD* N4-C5 18.32 0.38 0.38 

4 8 BD N4-C5 55 BD* N2-N3 16.27 0.3 0.3 

5 21 LP N3 51 BD* N1-N2 12.15 0.68 0.68 

 

 

 

 

 

 

 

 

 

 

  



Chapter – VI 

Non Linear Optical Properties, Optimized structure, Global 

reactivates and Mulliken Atomic Charge studies on 5-Chloro-

1-phenyl-1H-tetrazole  based on Density functional theory 

with vibrational assignment 

 

Abstract 

The vibrational spectra of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) have been recorded 

in the regions 4000−400 cm
-1

 for FT-IR and 3500−100 cm
-1

 for FT-Raman. The 

molecular structure, geometry optimization, vibrational frequencies were obtained by the 

density functional theory (DFT) using B3LYP method with 6-31G and 6-311+G basis 

sets. The complete assignments were performed on the basis of the potential energy 

distribution (PED) of the vibrational modes, calculated and the scaled values were 

compared with experimental FT-IR and FT-Raman spectra. The HOMO and LUMO 

energy gap reveals that the energy gap reflects the chemical activity of the molecule. The 

dipole moment (), polarizability (α), anisotropy polarizability (Δα) and first 

hyperpolarizability (βtot) of the molecule have been reported. Information about the size, 

shape, charge density distribution and site of chemical reactivity of the molecule has 

been obtained by  molecular electrostatic potential (MEP). 
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Chapter-VI 

Non Linear Optical Properties, Optimized structure, Global 

reactivates and Mulliken Atomic Charge studies on 5-Chloro-

1-phenyl-1H-tetrazole  based on Density functional theory 

with vibrational assignment 

 

6.1 INTRODUCTION 

 5-Chloro-1-phenyl-1H-tetrazoles are widely used in several disparate areas of 

research and, commercially, in a variety of drug and herbicide manufactures[94]. 

Biological activity is encountered due to the special metabolism of disubstituted 

tetrazoles and also because, in 5-substituted tetrazolyl compounds, the heterocyclic ring 

is isosteric with a carboxy group and of similar acidity[96].Some typical uses of such 

tetrazoles are in anti-inflammatory drugs[95], herbicides[97], rocket propellants[98] and 

photography and polymers[99].Due to this importance,the title molecule 5-Chloro-1-

phenyl-1H-tetrazole (5ClPTZ) was investigated by DFT method.since density functional 

theory (DFT) has recently emerged as a compromise between the desired level of 

accuracy and the demand on computational time. 

In these studies, the molecular structure, vibrational spectra and HOMO-LUMO 

energy gap of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) were investigated by a 

concerted approach using matrix isolation vibrational spectroscopy and high-level DFT-

based theoretical calculations. Regarding their studies, tetrazoles have been found to be 

extremely interesting and challenging molecules. 
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6.2 EXPERIMENTAL DETAILS 

 The fine sample of 5ClPTZ was obtained from Lancaster Chemical Company.UK, 

with a stated purity of 99% and it was used as such without further purification.The FT-

Raman Spectrum of 5ClPTZ was recorded using 1064 nm line of ND: YAG laser for 

excitation wavelength in the region 3500-100 cm
-1

 on Thermo Electron Corporation 

model Nexus spectrometer equipped with FT-Raman module accessory. The FT-IR 

Spectrum of the title compound was recorded in the region 4000-400 cm
-1 

on Perking 

Elmer Spectrophotometer in KBr pellet. 

 

6.3 COMPUTATIONAL DETAILS 

 The combination of Vibration spectra with quantum chemical calculation is 

effective for understanding the fundamental mode of vibration of the compound. The 

structural characteristic, stability and energy of the compound under investigation are 

determined by DFT with the three-parameter hybrid functional (B3) for the exchange part 

and the Becke Three Lee Yong-Pare (LYP) and 6-31G ,6-311+G  basis sets with 

Gaussian 09 Program Package. The Cartesian representation of the theoretical force 

constants has been compound at the fully optimized geometry by assuming the molecule 

belongs to C1 point group symmetry. The Transformation of force field from Cartesian to 

internal local symmetry coordinates, the scaling, and the subsequent normal coordinate 

analysis (NCA) Calculation of potential energy distributions (PED) has been done on a 

PC with the VEDA program. 
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Fig. 6.1. The theoretical geometry structure and atomic numbering scheme 

of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) 
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6.4 MOLECULAR GEOMETRY  

 The optimised geometry of 5ClPTZ with atom numbering is shown in Fig. 6.1. 

The more stable 5ClPTZ molecule  has C1 point group symmetry. The theoretical and 

experimental C−C bond lengths in the benzene ring of 5ClPTZ are in the range of 1.40 Å. 

The Alcala [100] and Derissen [101] reported that the C−C bond length of the isophthalic 

acid was in the range of 1.391−1.402 Å and well agreed with the theoretical bond length 

of the title molecule. The C−H bond lengths are calculated as 1.09-1.08 Å, 

experimentally reported as 0.930 Å. The substitution of halogen reduces the electron 

density at the ring carbon atom. The C-Cl bond length is calculated as 1.76 Å .which is 

longest bond length in the  molecule.The theoretical bond angles are in harmony with the 

experimental bond angles. In particular, the C−C−C bond angles of benzene ring in the 

title molecule is in range of 120.253−121.162 and well agreed with the experimental 

range of bond angles 116.2−124.80. The calculated C-N distance in the tetrazole ring is 

1.36 Å. Whereas 1.43 Å for C7-N1 bond. The N-N bonds are assigned at 1.40 Å. 

 

6.5 FRONTIER MOLECULAR ORBITAL ANALYSIS  

 The study of frontier molecular orbital is important that ionization potential (I), 

electron affinity (A), electrophilicity index (ω ), chemical potential (µ ), electronegativity 

( χ) and hardness (η ) to be put into a MO frame work [38]. These global descriptors η,µ 

and χ are defined as η= (I -A)/2, µ= -(I + A)/2, χ= (I + A)/2, where I and A denote the 

ionization potential and electron affinity of the compounds respectively. The ionization 

energy (I) and electron affinity (A) can be expressed through HOMO and LUMO orbital  
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6-31G 6-311+G 

Fig. 6.2 The atomic orbital compositions of the frontier molecular 

orbital for5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) 

HOMO 

LUMO 

EHOMO= -7.7852eV 

∆E=5.782eV 

ELUMO= -2.0028eV 

 

ELUMO= -1.9892eV 

 

EHOMO= -7.8532eV 

 

∆E=5.864 eV 
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Fig. 6.3 The total electron density surface mapped with of 5-Chloro-1-phenyl-

1H-tetrazole (5ClPTZ) 
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energies as I = -EHOMO and A = -ELUMO. Parr et al. [38] have defined a new 

descriptor to quantity the global electrophilic power of the compound as electrophilicity 

index (ω= µ2/2η) which defines a quantitative classification of global electrophilic nature 

of a compound. The calculated values have tabulated in table6.2. HOMO is localized 

over the entire molecule and LUMO is localized over the entire compound .the small 

value of energy gap reveals the title molecule has more reactive. 

 

6.6 MOLECULAR ELECTROSTATIC POTENTIAL (MEP) 

 Molecular electrostatic potential (MEP) is most helpful descriptor in 

understanding sites for electrophilic attack and nucleophilic reactions and for the study of 

biological recognition process [102] and to predict reactive sites of electrophilic and 

nucleophilic attacks for the title molecule, MEP at the B3LYP optimized geometry was 

calculated. Potential value increases in the order red < orange < yellow < green < blue. 

The negative (red and yellow) regions of MEP were related to electrophilic reactivity and 

the positive (blue) regions to nucleophilic reactivity. From the MEP of the title compound 

it is evident that the negative charge covers the N atoms which belongs to tetrazole 

molecule group and the positive region is over the H group in phenyl ring. 

 

6.7 MULLIKEN ATOMIC CHARGE 

 Although atomic charges in a molecule are not experimentally observable 

quantities, they are fundamental and useful tools to understand and relate properties of 

molecules to their structures. Even though Various methods are available to assigning 

charges have been proposed, Mulliken method is widely used due to its convenient. 
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Mulliken atomic charge [47,103,104] is defined based on orbitals. For each atom, all 

electronic charge contributions from orbitals centered at that atom are summed up, and 

electronic overlap clouds between two atoms are divided equally to the two atoms. 

However, they are extremely basis-function dependent: changing basis functions could 

result in a big difference for the charge on the same atom[105,106].In this study two 

different basis sets were used to find the muliiken atomic charge of title molecule. They 

are tabulated in table6.3. All the N atoms got negative charge except N2 atom. As well as 

all the C atoms got negative charge except C12 atom. Further, all the H atoms got 

positive charge and Cl atom got negative charge. 

 

6.8 NONLINEAR OPTICAL PROPERTIES  

 In the current study, the nonlinear optical (NLO) effect is considered most 

important because it provides key functions of optical modulation, optical switching, 

optical logic, and optical memory for the emerging technologies in the areas of 

telecommunications, optical interconnections, and signal processing [107]. In order to 

investigate the effects of the HF and DFT/B3LYP methods on the NLO properties of the 

studied compound, the dipole moments (µ), the polarizabilities (α), the anisotropy of the 

polarizabilities ( ∆α ), and the mean first- order hyperpolarizabilities (β) of 5ClPTZ 

were calculated using the finite-field approach and are presented in Table 6.4. 

 The dipole moment, the mean polarizability  of the title compound are calculated 

using Gaussian 09 software and are found to be 6.4941,6.4675 Debye  6-31G,6-311+G 

basis set respectively. The magnitude of the first hyperpolarizability from Gaussian 09  
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distribution of5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) 



96 
 

output is 0.9636X10
-30

, 0.9552 X10
-30

 esu 6-31G, 6-311+G basis set respectively. The β 

value calculated by the DFT/B3LYP method shows that the title compound is an 

attractive molecule for future studies of NLO properties. Based on NLO properties of 

(common values) urea; the mean first-order hyperpolarizability and polarizability values 

of the studied molecule are bigger than those of urea. 

 

6.9 VIBRATIONAL ASSIGNMENT 

The detailed vibration assignments of fundamental modes of 5ClPTZ with 

observed and calculated frequencies and normal modes description are reported in Table 

6.5. The observed experimental FT-IR, FT-Raman spectra are shown in Fig 6.5 and 6.6 

respectively. The higher value of theoretical vibrations have been reduced by scaled 

factor 0.9555 for >1500 cm
-1

,0.9826 for <1500cm
-1

 in 6-31G basis set. As well as 

0.9642 for >1500 cm
-1

,0.9860 for <1500cm
-1

 in 6-311+G basis set. 

 Typically, the C-Cl frequency band is absorbed between 850 and 550 cm
-1

 [108]. 

For the title compound the bands occured at 490 cm
-1

 in the IR spectrum are assigned as 

C-Cl stretching mode. According to the DFT theory, these bands are calculated at 

479,440 cm
-1 

(6-31G) and 465,430(6-311+G) cm
-1

. The PED value of the CCl stretching 

modes is 45 and 16%. In this case the deformation modes of C-Cl are assigned at 235  

cm
-1

 at Raman spectrum, whereas this bands have been observed at 228,218 cm
-1

 (6-

31G) ,218,212 cm
-1

(6-311+G)  in theoretically. 

 The C-H stretching vibrational modes of the title compound are expected in the 

region 3120-3000 cm
-1

[109]. This study reveals the CH stretching modes are assigned at 
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3073 cm
-1

 in the Raman spectrum, 3065 cm
-1

 in the IR spectrum and at 3096, 3091, 3081, 

3072, 3062 cm
-1

 (6-31G) and 3166, 3160, 3150, 3140, 3129 cm
-1

 (6-311+G) theoretically. 

The ring stretching vibrational modes are expected in the region 1615-1260 cm
-1

[109]. In 

the present case,the ring  modes are occured at 1691, 1339, 1116 cm
-1

 in the IR spectrum 

and 1599 cm
-1

 in the Raman spectrum. The theoretical calculation showed that mode at 

1578, 1569,1104 cm
-1

 (6-31G)  and 1616, 1606, 1291cm
-1

(6-311+G). PED contribution 

of the phenyl ring stretching modes were assigned at 29%, 44% and 62%.  

 The C-H in-plane deformation of this molecule is expected in the range  

1270-1045 cm
-1

[109]. For the title compound the phenyl C-H in-plane deformation 

CH(Phenyl) are observed at 1244, 1174 cm
-1

 in the  in the IR spectrum. The DFT 

calculation gives modes at 1209,1202 cm
-1

 (6-31G) and 1179,1171cm
-1

 (6-311+G). The 

C-H out-of-plane deformations are expected in the range [109] 980-740 cm
-1

[109]. These 

CH Phenyl modes are observed at 853 cm
-1

 in the IR spectrum, corresponding calculated 

values are 1022, 1000, 860 cm
-1

 (6-31G) and 998,980,873 cm
-1

(6-311+G). 

 DFT computational method gives mode arising from the N-N stretching at 966 , 

937 cm
-1

 in 6-31G and 957,923 cm
-1

 in 6-311+G basis set corresponding to the peak at 

975,924 cm
-1

  in IR spectrum. The C-N vibrations is a very critical task, since the mixing 

of vibrations is possible in this region. Silverstein et al. [49] attributed C-N stretching 

absorption in the region 1266–1382 cm
-1

 for aromatic amines. In benzamide the band 

observed at 1368 cm
-1

 is assigned to the CN stretching band [50]. In 1,2,4-triazole the 

band observed at 1390 and 1327 cm
-1

  are assigned to CN stretching [93].  
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Wavenumber (cm
-1

) 

Fig. 6.5. Comparative representation of FT-IR spectra for5-Chloro-1-phenyl-

1H-tetrazole (5ClPTZ) 
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Fig. 6.6. Comparative representation of FT-Raman spectra for 5-Chloro-1-

phenyl-1H-tetrazole (5ClPTZ) 

nitrobenzoicimidazole. 
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The C-N stretching modes are reported in the range 1000–1400 cm
-1

 [52] and in the 

present case these bands are assigned at 1418,1382 (6-31G) and 1387, 1347 (6-311+G) cm
-1

  

theoretically. 1431,1410 cm
-1

 in IR and 1433 cm
-1

 in Raman.  

 

6.10 NATURAL BOND ANALYSIS 

 The Natural bond ortbital [55] analyzes is used to understand the delocalization of 

electron density and second order donor-acceptor energy. Typically, the stabilization of 

orbital interaction is high for higher energy differences between interacting orbitals. 

Effective donor and effective acceptor have this strong stabilization [56-59]. According  

to the second order perturbation approach, the stabilization energy is derived [60]. The 

energy from (donor) i  (acceptor) j is calculated as  

 E
2
=  

where, qi is the donor orbital occupancy, i, j are diagonal elements (orbital energies) 

and F(i,j) is the off-diagonal NBO Fock matrix element. The NBO analysis gives 

valuable information about the intra and inters molecule interaction of the molecule [61]. 

            The current work summarizes second order perturbative calculation donor-

acceptor interactions based on NBO. This analysis was carried out by observing all 

possible interaction between lewis and non-lewis NBOs and calculated their stabilization 

energy (E2). Donor NBO (i), acceptor NBO (j) and stabilization energy (E2) are 

tabulated in Table 6.6. From this table, it is show that the interaction between the 

Antibonded N2-N3 (NBO 152) and N4-C5 antibond (NBO 155) gives the strongest 

2( , )
ij i

j i

F i j
E q

 
 



 
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stabilization, 79.87 kcal/mol and also, antibond C7-C8 (NBO 158)  C11-C12 antibond 

(NBO 168), antibond C7-C8 (NBO 158)  C9-C10 antibond (NBO 163) , lone pair N1 

(NBO 40)  N2-N3 antibond (NBO 152) has the highest stabilization energy are 72.4, 

69.1, 20.72kcal/mol  Respectively.` 

 

6.11 CONCLUSION 

 The present investigation thoroughly analyzed the HOMO-LUMO, and vibration 

spectra, both infrared and Raman of 5ClPTZ molecules with B3LYP method with 

standard 6-31G and 6-311+G  basis sets. All the vibration bands are observed in the FT-

IR and FT-Raman spectra of the compound are assigned to various modes of vibration 

and most of the modes have wave numbers in the expected range. The complete vibration 

assignments of wave numbers are made on the basis of potential energy distribution 

(PED).The electrostatic potential surfaces (MEP) together with complete analysis of the 

vibration spectra, both IR and Raman spectra help to identify the structure and symmetry. 

The excellent agreement of the calculated and observed vibration spectra reveals the 

advantages over the other method. Finally, calculated HOMO-LUMO energies show that 

the charge transfer occurs in the molecule, which are responsible for the bioactive 

properly of the biomedical compound 5ClPTZ. 
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Table 6.1: Geometry Optimization Parameter of 5-Chloro-1-phenyl-1H-tetrazole 

(5ClPTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis set 

BondLength(Å) BondAngle(º) 

Atom 6-31G 6-311+G Atom 6-31G 6-311+G 

C5-Cl6 1.76 1.76 C5-N1-C7 131.744 131.538 

N1-C7 1.43 1.43 N1-C5-Cl6 124.968 124.831 

N3-N4 1.40 1.40 N4-C5-Cl6 124.536 124.704 

C10-C11 1.40 1.40 N2-N1-C7 121.239 121.269 

C9-C10 1.40 1.40 C8-C7-C12 121.214 121.202 

N1-N2 1.40 1.40 C11-C12-H17 121.162 121.134 

C7-C8 1.40 1.40 C9-C8-H13 120.584 120.593 

C7-C12 1.40 1.40 C7-C8-H13 120.296 120.269 

C8-C9 1.40 1.40 C8-C9-C10 120.253 120.232 

C11-C12 1.40 1.40 C10-C9-H14 120.224 120.213 

N1-C5 1.36 1.36 C10-C11-H16 120.217 120.211 

N4-C5 1.33 1.32 C10-C11-C12 120.238 120.204 

N2-N3 1.32 1.32 C9-C10-C11 120.018 120.039 

C10-H15 1.09 1.08 N1-C7-C8 120.087 120.033 

C9-H14 1.08 1.08 C11-C10-H15 120.011 120.001 

C11-H16 1.08 1.08 C9-C10-H15 119.970 119.959 

C8-H13 1.08 1.08 C7-C12-H17 119.687 119.683 

C12-H17 1.08 1.08 C12-C11-H16 119.544 119.585 

   C8-C9-H14 119.519 119.551 

   C7-C12-C11 119.150 119.181 

   C7-C8-C9 119.118 119.134 

   N1-C7-C12 118.678 118.754 

   N2-N3-N4 110.949 110.785 

   N1-C5-N4 110.470 110.443 

   N2-N1-C5 107.004 107.178 

   N1-N2-N3 106.266 106.175 

   N3-N4-C5 105.311 105.419 
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Table 6.2: HOMO-LUMO energy (eV) and other related properties of 5-Chloro-1-

phenyl-1H-tetrazole (5ClPTZ) based on B3LYP/6-31G and B3LYP/6-311+G method 

and basis set 

Parameters 
6-31G 

(eV) 

6-311+G 

(eV) 

Homo(I) -7.7852 -7.8532 

Lumo(A) -2.0028 -1.9892 

Energy gap(∆E) 5.7824 5.8641 

Electronegativity 4.8940 4.9212 

Global hardness 2.8912 2.9320 

Global softness(eV
-1

) 0.3459 0.3411 

Chemical potential -4.8940 -4.9212 

Electriphilicity 4.1420 4.1299 
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Table 6.3: Mulliken charge (charge/e) of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) 

based on B3LYP/6-31G and B3LYP/6-311+G method and basis set 

Atom 
6-31G 6-311+G 

Charge/e 

N1 -0.0142 -0.1162 

N2 0.0482 0.0448 

N3 -0.0734 -0.1347 

N4 -0.0431 -0.0923 

C5 -0.2643 -0.5233 

Cl6 0.3190 0.5174 

C7 -0.5227 -0.8294 

C8 -0.1844 -0.2327 

C9 -0.3151 -0.5296 

C10 -0.0595 0.0095 

C11 -0.1920 -0.3567 

C12 0.4169 0.8746 

H13 0.2016 0.2319 

H14 0.1899 0.2097 

H15 0.1873 0.2090 

H16 0.1906 0.2103 

H17 0.2117 0.2381 
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Table 6.4: Dipole moment(µ), Polarizability(α), Anisotropy polaraizability(∆α) and 

First order polarizability(βtot) of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) based on 

B3LYP/6-31G and B3LYP/6-311+G method and basis set 

Parameters 6-31G 6-311+G 

µx -5.8148 -5.8211 

µy 2.8346 2.7621 

µz -0.5722 -0.5609 

αXX -81.805 -81.9707 

αYY -80.4211 -80.7151 

αZZ -75.0133 -74.632 

αXY 5.8718 5.6262 

αXZ -0.2512 -0.202 

αYZ 6.3594 6.4021 

βXXX -85.5234 -85.3691 

βYYY 31.8908 31.1578 

βZZZ -1.4118 -1.2158 

βXYY -13.4878 -12.2542 

βXXY 21.7629 21.499 

βXXZ -7.532 -7.3829 

βXZZ 4.4195 3.4289 

βYZZ 3.2261 3.0377 

βYYZ -7.1489 -7.2038 

βXYZ -7.499 -7.6444 

µ(debye) 6.4941 6.4675 

α(esu) -11.7038 X10
-24

 -11.7077 X10
-24

 

∆α(esu) 141.8267 X10
-24

 142.1401 X10
-24

 

βtot(esu) 0.9636 X10
-30

 0.9552 X10
-30
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Table 6.5: Observed Frequency (cm
-1

), Theoretical Frequency (cm
-1

) and 

Vibrational assignment with PED(%) of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) 

based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

 

 

S
p

e 
ci

s 

Observed 

Frequency(cm
-1

) 

Theoretical 

Frequency(cm
-1

) 
Vibrational 

Assignment  

(PED % ) 
S.No. FT-IR FT-Raman 6-31G 6-311+G 

 Calc scaled Calc Scaled 

1 A - - 3240 3096 3211 3166 ν CH(55) 

2 A - - 3235 3091 3205 3160 ν CH(44) 

3 A - - 3225 3081 3194 3150 ν CH(50) 

4 A - 3073 3215 3072 3185 3140 ν CH(72) 

5 A 3065 - 3204 3062 3173 3129 ν CH(85) 

6 A 1691 - 1651 1578 1639 1616 ν CC(29) 

7 A - 1599 1642 1569 1629 1606 ν CC(44) 

8 A - - 1552 1483 1545 1524 β HCC(36) 

9 A 1502 1503 1511 1444 1503 1482 β HCC(32) 

10 A 1431 1433 1443 1418 1439 1387 ν NC(35) 

11 A 1410 - 1406 1382 1397 1347 ν NC(44) 

12 A 1404 - 1384 1360 1376 1327 β HCC(22) 

13 A 1339 - 1363 1340 1339 1291 ν CC(62) 

14 A 1267 1269 1251 1229 1245 1200 β NCN(18) 

15 A 1244 - 1231 1209 1223 1179 β HCC(37) 

16 A 1174 - 1223 1202 1215 1171 β HCC(61) 

17 A 1164 1165 1203 1182 1203 1160 
ν NN(65)+ β 

CNN(16) 

18 A 1116 1119 1123 1104 1114 1074 ν CC(21) 

19 A 1041 - 1071 1052 1064 1026 β CCC(27) 
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20 A 1015 - 1046 1028 1047 1010 β NNN(54) 

21 A 1003 1004 1042 1024 1039 1002 β CCC(53) 

22 A - - 1040 1022 1035 998 
τ HCCC(50)+ τ 

CCCC(31) 

23 A - - 1028 1010 1021 984 ν CC(61) 

24 A - - 1018 1000 1017 980 τ HCCC(37) 

25 A 975 - 983 966 992 957 ν NN(39) 

26 A 924 - 953 937 957 923 ν NN(19) 

27 A - -- 898 882 905 873 ν NCN(41) 

28 A 853 - 876 860 877 873 τ HCCC(55)  

29 A 755 - 799 785 803 774 τ HCCC(52) 

30 A - - 718 705 718 696 τ CCCC(28) 

31 A 714 - 717 710 717 694 τ CCCC(38) 

32 A 702 - 709 697 701 676 β CCN(47) 

33 A 696 699 696 684 696 671 δ NNNC(60) 

34 A 612 614 644 633 643 620 τ CCC(46) 

35 A 570 568 569 559 571 551 β NCCC(19) 

36 A 490 - 487 479 483 465 ν ClC(45) 

37 A - - 448 440 446 430 ν ClC(16) 

38 A - - 427 420 428 413 ν CCCC(69) 

39 A - - 377 370 379 365 β NCC(13) 

40 A - 327 327 322 327 315 τ  CCCC(18) 

41 A - 235 232 228 226 218 
β ClCN(21)+ δ 

ClNNC(39) 

42 A - - 222 218 220 212 β ClCN(20) 

43 A - - 115 113 114 110 
β NCC(24)+ δ 

NCNC(37) 

44 A - - 92 90 91 88 β NNC(30) 

45 A - - 34 33 34 33 δ NNCC(86) 
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Table 6.6: Natural Bond Orbital Calculation of 5-Chloro-1-phenyl-1H-tetrazole 

(5ClPTZ) 

S.No Donor NBO (i) AcceptorNBO (j) 
E(2) 

kcal/mol 

E(j)-E(i) 

a.u. 

F(i,j) 

a.u. 

1 152 BD* N2-N3 155 BD* N4-C5 79.87 0.02 0.059 

2 158 BD* C7-C8 168 BD* C11-C12 72.4 0.01 0.062 

3 158 BD* C7-C8 163 BD* C9-C10 69.1 0.01 0.063 

4 40 LP N1 152 BD* N2-N3 20.72 0.33 0.075 

5 40 LP N1 155 BD* N4-C5 19.44 0.34 0.074 

6 8 BD N4-C5 152 BD* N2-N3 14.11 0.32 0.062 

7 45 LP Cl6 161 BD* C8-H13 14.11 0.88 0.1 

8 46 LP Cl6 161 BD* C8-H13 14.02 0.87 0.1 

9 16 BD C9-C10 158 BD* C7-C8 11.82 0.28 0.052 

10 21 BD C11-C12 158 BD* C7-C8 11.69 0.29 0.052 

11 46 LP Cl6 155 BD* N4-C5 11.25 0.33 0.057 

12 16 BD C9-C10 168 BD* C11-C12 11.1 0.3 0.051 

13 40 LP N1 158 BD* C7-C8 10.92 0.41 0.062 

14 21 BD C11-C12 163 BD* C9-C10 10.83 0.3 0.051 

15 42 LP N3 148 BD* N1-N2 10.66 0.69 0.076 

16 11 BD C7-C8 168 BD* C11-C12 10.39 0.32 0.051 

 

 

 

 

 

 

  



Chapter – VII 

Simulation of FT-IR and FT-Raman Spectra Based on 

quantum chemical Calculations, Vibrational Assignments, 

Hyperpolarizability,  and Homo-Lumo Analysis of 5(4 methyl 

phenyl)tetrazole (5MPTZ) 

 

Abstract 

The spectra of 5(4 methyl phenyl)tetrazole (5MPTZ)   have been recorded in the regions 

4000−400 cm
-1

 for FT-IR and 3500−100 cm
-1

 for FT-Raman. The geometry optimization, 

vibrational frequencies were obtained by the density functional theory (DFT) using 

B3LYP method with 6-31G and 6-311+G basis sets. The complete assignments were 

performed on the basis of the potential energy distribution (PED) of the vibrational 

modes, calculated and the scaled values were compared with experimental FT-IR and 

FT-Raman spectra. The HOMO and LUMO energy gap reveals that the energy gap 

reflects the chemical activity of the molecule. The dipole moment (), polarizability (α), 

anisotropy polarizability (Δα) and first hyperpolarizability (βtot) of the molecule have 

been reported. Information about the size, shape, charge density distribution and site of 

chemical reactivity of the molecule has been obtained by molecular electrostatic 

potential (MEP). 
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Chapter-VII 

Simulation of FT-IR and FT-Raman Spectra Based on 

quantum chemical Calculations, Vibrational Assignments, 

Hyperpolarizability,  and Homo-Lumo Analysis of 5(4 methyl 

phenyl)tetrazole (5MPTZ) 

 

7.1 INTRODUCTION 

 Tetrazole-related molecules have attracted considerable attention due to their 

biological activities. The synthesis of new members of this family of ligands is an 

important direction in the development of modern coordination chemistry [110,111]. 

Tetrazole compounds have a wide range of applications in coordination chemistry, 

medicinal chemistry and material science[112,113] . Tetrazole derivatives are used as 

antibiotics and optically active tetrazole-containing antifungal preparations of azole type 

was reported. There is always a need for new and effective antifungal and antibacterial 

agents with broad-spectrum activities. It was decided to develop this interest by 

ascertaining the molecules features essential for activity and utilizing them to develop a 

new class of potential drugs[114]. 

 The dertailed investigations of the 5(4 methyl phenyl)tetrazole (5MPTZ)  were 

carried out  with Gaussian 09 software package [115] using the Beeke-3-Lee-Yang-Parr 

(B3LYP) functional[19,20] supplemented with the standard 6-31G and 6-311+G basis set. 
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7.2 EXPERIMENTAL DETAILS 

The fine sample of 5(4 methyl phenyl)tetrazole (5MPTZ) was obtained from 

Lancaster Chemical Company.UK, with a stated purity of 99% and it was used as such 

without further purification.The FT-Raman Spectrum of 5MPTZ was recorded using 

1064 nm line of ND: YAG laser for excitation wavelength in the region 3500-100 cm
-1

 

on Thermo Electron Corporation model Nexus spectrometer equipped with FT-Raman 

module accessory. The FT-IR Spectrum of the title compound was recorded in the 

region 4000-400 cm
-1 

on Perking Elmer Spectrophotometer in KBr pellet. 

 

7.3 COMPUTATIONAL DETAILS 

 The combination of Vibration spectra with quantum chemical calculation is 

effective for understanding the fundamental mode of vibration of the compound. The 

structural characteristic, stability and energy of the compound under investigation are 

determined by DFT with the three-parameter hybrid functional (B3) for the exchange part 

and the Becke Three Lee Yong-Pare (LYP) and 6-31G ,6-311+G  basis sets with 

Gaussian 09 Program Package. The Cartesian representation of the theoretical force 

constants has been compound at the fully optimized geometry by assuming the molecule 

belongs to C1 point group symmetry. The Transformation of force field from Cartesian to 

internal local symmetry coordinates, the scaling, and the subsequent normal coordinate 

analysis (NCA) Calculation of potential energy distributions (PED) has been done on a 

PC with the VEDA program. 
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7.4 GEOMETRICAL PARAMETER 

 The molecular structure along with numbering of atoms of 5(4 methyl 

phenyl)tetrazole (5MPTZ) was as shown in the Fig 7.1 . The Global minimum energies 

of the title molecule calculated by Density Functional Theory structure optimization for 

different basis sets such as B3LYP/6-31+ G(d,p) ,B3LYP/6-31++ G(d,p) , B3LYP/6-

311+ G(d,p) and B3LYP/6-311++ G(d,p) are given in Table 7.1. Geometry optimization 

is the procedure that attempts to find the configuration of minimum energy of the 

molecule. The procedure calculates the wave function and the energy at a starting 

geometry and then proceeds to search a new geometry of a lower energy. This is repeated 

until the lowest energy geometry is found. The procedure calculates the force on each 

atom by evaluating the gradient or the first derivative of the energy with respect to atomic 

positions. Sophisticated algorithms are then used at each step to select a new geometry, 

aiming for rapid convergence to the geometry of the lowest energy. In the final, minimum 

energy geometry the force on each atom is zero. The optimized geometric parameters like 

bond length, bond angles of 5(4 methyl phenyl)tetrazole (5MPTZ) were calculated and 

given in Table 7.1 . 

 The title compound is a tetrazole ligand with a toluene substituent in position 5 

(Fig. 7.1). In the solid state structure the molecule possesses crystallographic mirror 

symmetry, with four C atoms lying on the reflecting plane, which bisects the phenyl and 

tetrazole rings[116].The C-C  bond lengths in the benzene ring obtained from B3LYP 

ranges from 1.41 to 1.40 Å and C-H bond length ranges from 1.09 to 1.08 Å. The C-N   
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Fig. 7.1. The theoretical geometry structure and atomic numbering scheme 

of 5(4 methyl phenyl)tetrazole (5MPTZ) 

. 

. 
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bond lengths in the tetrazole ring  have calculated as 1.36 and 1.35 Å. the N1-N2 and N3-

N4 bond length of the tetrazole ring has longer than the N2-N3 bond length in the same 

ring.the C-H bond lenths of the methyl group were 1.10-1.09 Å .The bond angle of the 

phenyl ring does not have equal value .it varied from 118° to 121°.All the values were 

compared with experimental values[9],those are good agreement with each other. 

 

7.5 ELECTRONIC PROPERTIES 

 When we are dealing with interacting molecular orbitals, the two that interact are 

generally The Highest energy Occupied Molecular Orbital (HOMO) of one molecule, 

The Lowest energy Unoccupied Molecular Orbital (LUMO) of the other molecule. These 

orbitals are the pair that lie closest in energy of any pair of orbitals in the two molecules, 

which allows them to interact most strongly. These orbitals are sometimes called the 

frontier orbitals, because they lie at the outermost boundaries of the electrons of the 

molecules. The energy gap between the HOMOs and LUMOs called as energy gap. It is a 

critical parameter in determining molecular electrical transport properties because it is a 

measure of electron conductivity [76]. The HOMO energy characterizes the ability of 

electron giving, the LUMO characterizes the ability of electron accepting, and the gap 

between HOMO and LUMO characterizes the molecular chemical stability [117]. 

Surfaces for the frontier orbital‟s were drawn to understand the bonding scheme of 

present compound. The features of these Molecular Orbitals can be seen in Figure 7.2. 
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Fig. 7.2: The atomic orbital compositions of the frontier molecular 

orbital for 5(4 methyl phenyl)tetrazole (5MPTZ) 

6-31G 6-311+G 

LUMO 

HOMO 

EHOMO= -6.8600eV 

∆E=5.2001eV 

ELUMO= -1.6599eV 

 

ELUMO= -2.0000eV 

 

EHOMO= -7.1484eV 

 

∆E=5.1484 eV 
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 This electronic absorption corresponds to the transition from the ground state to 

the first excited state and is mainly described by one electron excitation from HOMO to 

LUMO. While the energy of the HOMO is directly related to the ionization potential, 

LUMO energy is directly related to the electron affinity. There are lots of applications 

available for the use of HOMO and LUMO energy gap as a quantum chemical descriptor. 

It establishes correlation in various chemical and bio-chemical systems [118]. The 

HOMO–LUMO energy gap is an important value for stability index. A large HOMO–

LUMO gap implies high stability for the molecule in the sense of its lower reactivity in 

chemical reactions [119]. According to B3LYP calculation, EHOMO , ELUMO and the 

energy band gap (translation from HOMO to LUMO) of the title molecule in electron 

Volt are presented in Table 7.2 . 

 Considering the chemical hardness, large HOMO-LUMO gap represent a hard 

molecule and small HOMO-LUMO gap represent a soft molecule. From the Table 7.2, it 

is clear that the molecule under investigation is very soft since it has a small HOMO-

LUMO gap and also having a high value for softness. 

 

7.6 NLO PROPERTIES  

 The NLO activity provide the key functions for frequency shifting, optical 

modulation, optical switching and optical logic for the developing technologies in areas 

such as communication, signal processing and optical interconnections [107]. The first 

static hyperpolarizability (βtot) and its related properties (β, α and ∆α) have been 

calculated using B3LYP/6-31G and 6-311+G level based on finite field approach. In the 
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presence of an applied electric field, the energy of a system is a function of the electric 

field and the first order hyperpolarizability is a third rank tensor that can be described by 

a 3×3×3 matrix. The 27 components of the 3D matrix can be reduced to 10 components 

because of the Kleinman symmetry [86]. The matrix can be given in the lower tetrahedral 

format. It is obvious that the lower part of the 3×3×3 matrices is a tetrahedral.
 

 The values of the polarizabilities (α) and first hyperpolarizability (βtot) of the 

Gaussian 09 output are reported in atomic units (a.u.). All the calculated values then have 

been converted into electrostatic units (esu). (For α: 1a.u. = 0.1482 × 10
-24

 esu; For β: 

1a.u. = 8.639 ×10
-33

 esu). The total molecular dipole moment and first order 

hyperpolarizability are 7.0628 and 7.2331 Debye and 1.1830x10
-30

 and 1.241010
-30

 esu , 

respectively and are depicted in Table 7.4.Total dipole moment of title molecule is  

greater than that of urea and first order hyperpolarizability is very much greater than that  

of urea (µ and β of urea are 1.3732 Debye and 0.3728×10
-30

 esu) obtained by B3LYP/6-

31G and 6-311+G method. This result indicates the nonlinearity of the title molecule. 

 

7.7 MULLIKEN ATOMIC CHARGE 

 Atomic charges has been used to describe the process of electronegativety 

equalization and charge transfer in chemical reactions [120,121].Mulliken atomic charge 

calculation has an important role in the application of quantum chemical calculation to 

molecular system because atomic charges affect dipole moment ,molecular polarizability, 

electronic structure and a lot of properties of electronic systems. The Mulliken atomic 
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charges are calculated at B3LYP/6-31G and 6-311+G level by determining the electron 

population of each atom as defined by the basis function and collected in Table7. 3. 

 A Graph of Mulliken atomic charge on individual atom of 5MPTZ was drawn and 

given in Figure 7.4. It is worthy to mention that N3, N4 and C8, C9, C11and C12, C17 

atoms of the title molecule exhibit negative charge where all hydrogen atoms exhibit 

positive charges. 

 

7.8 MOLECULAR ELECTROSTATIC POTENTIAL  

 The molecular electrostatic potential is the potential that a unit positive charge 

would experience at any point surrounding the molecule due to the electron density 

distribution in the molecule. The electrostatic potential generated in space by charge 

distribution is helpful to understand the electrophilic and nucleophilic regions in the title 

molecule. Electrostatic potential maps, also known as electrostatic potential energy maps, 

or molecular electrical potential surfaces, illustrate the charge distributions of molecules 

three dimensionally. Knowledge of the charge distributions can be used to determine how 

molecules interact with one another. Molecular electrostatic potential (MEP) mapping is 

very useful in the investigation of the molecular structure with its physiochemical 

property relationships [122-125].In the electrostatic potential map, the semispherical blue 

shapes that emerge from the edges of the above electrostatic potential map are hydrogen 

atoms. 

 The molecular electrostatic potential surface (MEPS) which is a 3D plot of 

electrostatic potential mapped onto the iso electron density surface simultaneously  
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Fig. 7.3. The total electron density surface mapped with of 5(4 methyl 

phenyl)tetrazole (5MPTZ) 

 

. 
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Fig. 7.4 Bar diagram representing the Mulliken atomic charge distribution 

of 5(4 methyl phenyl)tetrazole (5MPTZ) 
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displays molecular shape, size and electrostatic potential values. The Electrostatic 

potential surface of 5MPTZ is shown in Figure 7.4. 

 The colour scheme for the MEPS surface is red - electron rich or partially negative 

charge; blue - electron deficient or partially positive charge; light blue-slightly electron 

deficient region; yellow–slightly electron rich region, respectively. Areas of low potential, 

red, are characterized by an abundance of electrons. Areas of high potential, blue are 

characterized by a relative absence of electrons. That is negative potential sites are on the 

electronegative atoms like nitrogen while the positive potential sites around the hydrogen 

and carbon atoms. Green area covers parts of the molecule where electrostatic potentials 

are nearly equal to zero. This is a region of zero potential enveloping the π systems of 

aromatic ring leaving a more electrophilic region in the plane of hydrogen atom. Nitrogen 

has a higher electronegativity value would consequently have a higher electron density 

around them. Thus the spherical region that corresponds to nitrogen atom would have a 

red portion on it. The MEPS of 5MPTZ clearly indicates the electron rich centers of 

nitrogen atom.  

 

7.9 VIBRATIONAL ASSIGNMENT 

 Vibrational spectroscopy has been shown to be effective in the identification of 

functional groups of organic compounds as well as in studies on molecular conformations 

and reaction kinetics [126] The symmetry possessed by the title molecule helps to 

determine and classify the actual number of fundamental vibrations of the system. The 

observed spectrum is explained on the basis of C1 point group symmetry. The title 
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Fig 7.5. Comparative representation of FT-IR spectra for 5(4 methyl 

phenyl)tetrazole (5MPTZ)) 
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Fig 7.6. Comparative representation of FT-Raman spectra for 5(4 methyl 

phenyl)tetrazole (5MPTZ) 
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molecule consists of 20 atoms, which undergo 36 normal modes of vibrations .The total 

number of 54 fundamental vibrations (3N-6, where N is the number of atoms ) are 

distributed as Гvib = 37 A‟ (In plane vibrations;2N-3)  17 A”(out of plane vibrations;N-3) 

All vibrations are active both in Raman and infrared absorption. The detailed vibrational 

assignment of fundamental modes of 5MPTZ along with the calculated IR and Raman 

frequencies, normal mode descriptions using PED (Potential Energy Distribution) are 

reported in Table 7.5. The calculated frequencies are usually higher than the 

corresponding experimental quantities, due to the combination of electron correlation 

effects and basis set deficiencies. 

 C–H vibrations: The presence of C-H stretching vibrations in the region 3000 – 

3200 cm
-1

 is common for heteroaromatic structure. In the present study the C-H 

stretching vibrations of the title compound are observed at 3082 and 3045 cm
-1

 in the FT-

IR spectrum and 3050cm
-1

 in the FT-Raman spectrum. The calculated wave numbers at 

3097, 3067, 3058, 3044 cm
-1

 are assigned to C-H stretching vibrations. The C-H out of 

plane bending vibrations are occurring in the region 900-667 cm
−1

 [127].In the present 

investigation the computed wave numbers at 1073,1009,1008 are assigned to C-H out of 

plane vibrations and the scaled values are in good agreement with the experimental 

values. The assignments of other in-plane and out-of-plane C-H bending vibrations are as 

shown in Table7.5. 

 Ring vibrations: There are six equivalent C-C bonds in benzene and consequently 

there will be six C-C stretching vibrations. In addition, there are several C-C-C in-plane 

and out-of-plane bending vibrations of the ring carbons. However, due to high symmetry 
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of benzene, many modes of vibrations are infrared inactive. In general, the bands around 

1400 to 1650 cm
-1

 in benzene derivatives are assigned to skeletal stretching C-C 

bands[128]. In the case of title compound the carbon stretching vibrations have been 

observed at 1613,1580,1505 cm
-1

 in the FT-IR spectrum and 1630.1595 cm
-1

 in FT-

Raman spectrum were assigned to C-C stretching vibration which show good agreement 

with scaled frequencies. The measured wavenumbers at 1603, 1558, 1533 cm
-1

 are 

assigned to C-C stretching vibrations. It is clear from the above values that the difference 

between observed and scaled frequencies is very small. In general, the C–C–C out-of-

plane and in-plane-bending vibrational wavenumber observed in FTIR spectrum and FT-

Raman spectrum shows good agreement with theoretically computed wavenumber. 

 C-N Vibrations: The mixing of several bands are possible in this region. The C-N 

stretching frequency is a rather difficult task. In the present study the band observed at 

1285,1116 cm
-1

 in FT-IR spectrum is attributed to C-N bending vibration. The 

theoretically calculated value of corresponding C-N bending vibration is predicted at 

1298,1131 cm
-1

 . B3LYP computation gives mode arising from the N-N stretching at 

1158,1147 cm
-1

  corresponding to the peak at 1187,1163 cm
-1

  in IR spectrum. 

 The methyl group CH stretching vibrational frequency band is found in 5MPTZ at 

2924, 2910 cm
-1

 respectively, in the FT-Raman, FT-IR spectrum. The CH stretching 

mode for methyl is in the zone of 3000-2800 cm
-1

 [129,130].theoretically found at 2994, 

2965, 2906 cm
-1

. 
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7.10 NATURAL BOND ANALYSIS 

 The Natural bond ortbital [55] analyzes is used to understand the delocalization of 

electron density and second order donor-acceptor energy. Typically, the stabilization of 

orbital interaction is high for higher energy differences between interacting orbitals. 

Effective donor and effective acceptor have this strong stabilization [56-59]. According 

to the second order perturbation approach, the stabilization energy is derived [60]. The 

energy from (donor) i  (acceptor) j is calculated as  

 E
2
=  

Where, qi is the donor orbital occupancy, i, j are diagonal elements (orbital energies) 

and F(i,j) is the off-diagonal NBO Fock matrix element. The NBO analysis gives 

valuable information about the intra and inters molecule interaction of the molecule [61]. 

            The current work summarizes second order perturbative calculation donor-

acceptor interactions based on NBO. This analysis was carried out by observing all 

possible interaction between lewis and non-lewis NBOs and calculated their stabilization 

energy (E2). Donor NBO (i), acceptor NBO (j) and stabilization energy (E2) are 

tabulated in Table 7.6. From this table, it is show that the interaction between the 

Antibonded C7-C12 (NBO 110) and C10-11 antibond (NBO 117) gives the strongest 

stabilization, 275.79 kcal/mol and also, antibond C7-C12 (NBO 110)  C8-C9 antibond 

(NBO 112), antibond N4-C5 (NBO 106)  C7-C12 antibond (NBO 110) , lone pair N1 

(NBO 39)  N4-C5 antibond (NBO 106) has the highest stabilization energy are 212.8, 

69.47, 50.93kcal/mol  Respectively.` 

2( , )
ij i

j i

F i j
E q

 
 



 



126 
 

7.11 CONCLUSION 

 The present investigation thoroughly analyzed the HOMO-LUMO, and vibration 

spectra, both infrared and Raman of 5MPTZ molecules with B3LYP method with 

standard 6-31G and 6-311+G basis sets. All the vibration bands are observed in the FT-

IR and FT-Raman spectra of the compound are assigned to various modes of vibration 

and most of the modes have wave numbers in the expected range. The complete vibration 

assignments of wave numbers are made on the basis of potential energy distribution 

(PED).The electrostatic potential surfaces (MEPS) together with complete analysis of the 

vibration spectra, both IR and Raman and help to identify the structure and symmetry. 

The excellent agreement of the calculated and observed vibration spectra reveals the 

advantages over the other method. Finally, calculated HOMO-LUMO energies show that 

the charge transfer occurs in the molecule, which are responsible for the bioactive 

properly of the biomedical compound 5MPTZ. 
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Table 7.1: Geometry Optimization Parameter of 5(4 methyl phenyl)tetrazole 

(5MPTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

BondLength(Å) BondAngle(º) 

Atom 6-31G 6-311+G Atom 6-31G 6-311+G 

C10-C17 1.51 1.51 C5-N1-H6 131.076 131.348 

C5-C7 1.46 1.46 N1-C5-C7 126.995 126.910 

C7-C8 1.41 1.41 N4-C5-C7 125.406 125.550 

C9-C10 1.41 1.41 C5-C7-C12 122.300 122.211 

C7-C12 1.41 1.40 C8-C9-C10 121.259 121.342 

C10-C11 1.40 1.40 C11-C10-C17 121.104 121.250 

C11-C12 1.40 1.39 C10-C11-C12 121.068 121.120 

N3-N4 1.39 1.39 C9-C8-H13 120.957 120.821 

C8-C9 1.39 1.39 C9-C10-C17 120.797 120.776 

N1-N2 1.39 1.39 C7-C12-H16 120.709 120.758 

N1-C5 1.36 1.36 C7-C12-C11 120.464 120.543 

N4-C5 1.35 1.34 C7-C8-C9 120.287 120.345 

N2-N3 1.32 1.32 N2-N1-H6 119.550 119.503 

C17-H18 1.10 1.09 C10-C11-H15 119.469 119.410 

C17-H20 1.10 1.09 C12-C11-H15 119.463 119.377 

C17-H19 1.09 1.09 C10-C9-H14 119.396 119.248 

C12-H16 1.09 1.08 C8-C9-H14 119.345 119.130 

C9-H14 1.09 1.08 C5-C7-C8 118.874 119.110 

C11-H15 1.09 1.08 C11-C12-H16 118.826 118.897 

C8-H13 1.08 1.08 C8-C7-C12 118.826 118.678 

N1-H6 1.01 1.00 C7-C8-H13 118.756 118.637 

   C9-C10-C11 118.095 117.972 

   C10-C17-H19 111.510 111.460 

   C10-C17-H20 111.392 111.377 
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   C10-C17-H18 111.099 111.138 

   N2-N3-N4 110.866 110.610 

   N2-N1-C5 109.374 109.523 

   H19-C17-H20 108.043 107.892 

   N1-C5-N4 107.599 107.584 

   H18-C17-H19 107.485 107.541 

   H18-C17-H20 107.106 107.188 

   N3-N4-C5 106.612 106.712 

   N1-N2-N3 105.549 105.614 
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Table 7.2: HOMO-LUMO energy (eV) and other related properties of 5(4 methyl 

phenyl)tetrazole (5MPTZ) based on B3LYP/6-31G and B3LYP/6-311+G method 

and basis set 

Parameters 
6-31G 

(eV) 

6-311+G 

(eV) 

Homo(I) -6.8600 -7.1484 

Lumo(A) -1.6599 -2.0000 

Energy gap(∆E) 5.2001 5.1484 

Electronegativity 4.2599 4.5742 

Global hardness 2.6000 2.5742 

Global softness(eV
-1

) 0.3846 0.3885 

Chemical potential -4.2599 -4.5742 

Electriphilicity 3.4898 4.0641 
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Table 7.3: Mulliken charge (charge/e) of 5(4 methyl phenyl)tetrazole (5MPTZ) 

based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

Atom 
6-31G 6-311+G 

Charge/e 

N1 0.6088 0.5648 

N2 0.0148 0.1788 

N3 -0.0822 -0.1907 

N4 -0.3317 -0.3710 

C5 0.4033 1.0604 

H6 0.3623 0.4352 

C7 0.1626 1.7626 

C8 -0.1369 -0.2400 

C9 -0.1635 -0.5421 

C10 0.1262 1.1972 

C11 -0.1665 -1.1517 

C12 -0.1386 -0.5323 

H13 0.1839 0.2560 

H14 0.1362 0.2139 

H15 0.1321 0.2051 

H16 0.1165 0.1870 

C17 -0.4836 -1.3766 

H18 0.1660 0.2596 

H19 0.1497 0.2312 

H20 0.1582 0.2416 
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Table 7.4: Dipole moment(µ), Polarizability(α), Anisotropy polaraizability(∆α) and 

First order polarizability(βtot) of 5(4 methyl phenyl)tetrazole (5MPTZ) based on 

B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

Parameters 6-31G 6-311+G 

µx 6.0797 6.2633 

µy 3.5941 3.6175 

µz 0.0489 0.0429 

αXX -82.6947 -84.9573 

αYY -63.8621 -65.4107 

αZZ -71.5172 -73.5735 

αXY -9.0345 -9.1645 

αXZ 0.1748 0.0651 

αYZ -0.0015 -0.0182 

βXXX 130.0165 135.7744 

βYYY 20.1929 21.203 

βZZZ 0.5809 0.4321 

βXYY 7.982 9.1765 

βXXY 17.6595 17.3876 

βXXZ 0.708 0.462 

βXZZ -6.36 -6.5217 

βYZZ -0.1262 -0.2017 

βYYZ -0.3797 -0.2368 

βXYZ -0.0077 -0.0152 

µ(debye) 7.0628 7.2331 

α(esu) -10.7583 X10
-24

 -11.0478 X10
-24

 

∆α(esu) 144.1678 X10
-24

 148.1296 X10
-24

 

βtot(esu) 1.1830 X10
-30

 1.2410 X10
-30
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Table 7.5: Observed Frequency (cm
-1

), Theoretical Frequency (cm
-1

) and 

Vibrational assignment with PED(%) of 5(4 methyl phenyl)tetrazole (5MPTZ) 

based on B3LYP/6-31G and B3LYP/6-311+G  method and basis set. 

 

S
p

e 
ci

s 

Observed 

Frequency(cm
-1

) 

Theoretical 

Frequency(cm
-1

) Vibrational assignment 

(PED % ) 
FT-IR FT-Raman 

6-31G 6-311+G 

Calc scaled Calc Scaled 

A 3407 - 3710 3524 3687 3502 ν NH(100) 

A 3082 - 3241 3097 3206 3046 ν CH(95) 

A - - 3210 3067 3176 3018 ν CH(73) 

A - 3050 3201 3058 3165 3007 ν CH(93) 

A 3045 - 3186 3044 3153 2995 ν CH(75) 

A - - 3134 2994 3097 2942 ν CH(69) 

A 2924 - 3103 2965 3069 2915 ν CH(47) 

A - 2910 3041 2906 3013 2862 ν CH(58) 

A 1613 1630 1678 1603 1656 1574 ν CC(29) 

A 1580 1595 1631 1558 1611 1530 ν CC(27) 

A 1505 - 1605 1533 1587 1508 ν CC(18) 

A 1458 - 1539 1471 1528 1452 β HNN(10)+β HCC(11) 

A - - 1536 1468 1527 1451 β HCH(28) 

A - - 1533 1464 1524 1448 β HCH(39)+τ HCCC(14) 

A - - 1477 1451 1460 1435 ν CC(17)+β HCC(10) 

A 1404 1400 1464 1438 1454 1429 β HCH(43) 

A 1377 - 1396 1372 1384 1360 β HCC(21) 

A - - 1378 1354 1365 1341 β HNN(19)+ν CC(14) 

A - 1310 1370 1346 1348 1325 β HNN(35) 

A 1285 - 1321 1298 1302 1279 ν NC(33)+ν CC(16) 
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A 1258 1250 1258 1237 1247 1225 ν CC(39)+β HCC(12) 

A - 1217 1247 1226 1237 1215 β HCC(27)+β HCC(11) 

A 
1187 1196 

1178 1158 1172 1151 

β HNN(19)+β HCC(12) + ν 

NN(23) 

A 
1163 - 

1167 1147 1159 1139 

ν CC(14)+ν CC(10)+ ν 

NN(49) 

A 1116 - 1151 1131 1141 1121 ν NC(22) 

A - 1070 1101 1082 1092 1073 τ HCCC(30)+β HCH(14) 

A 1054 - 1059 1041 1050 1032 β CCC(37) 

A - 1049 1049 1031 1041 1023 β NNN(65) 

A 1027 - 1037 1019 1027 1009 τ HCCC(34)+ν CC(10) 

A 1013 - 1030 1012 1026 1008 τ HCCC(51) 

A 992 980 1022 1004 1017 999 β NCN(26) 

A - - 984 967 982 965 τ HCCC(37) 

A - - 955 938 974 957 ν NN(64) 

A - - 918 902 923 907 β NCN(27)+β NNN(17) 

A - - 885 870 878 863 τ HCCC(51) 

A 823 - 858 843 850 835 τ CCC(44) 

A - 800 824 809 818 803 ν CC(24) 

A 744 740 768 755 737 725 τ NNCN(15)+δ CNNC(17) 

A 698 700 734 721 720 708 τ CCCC(26)+τ CCCC(26) 

A - - 696 683 687 675 τ NNNC(71) 

A - - 672 660 669 657 τ HNNN(64) 

A - 650 671 659 645 634 β CCC(30) 

A 615 - 630 619 626 615 τ CCCC(23) 

A 506 - 531 522 520 511 β CCC(31) 

A - - 467 458 465 457 τ CCCC(37) 

A - - 422 415 427 420 δ CCCC(27)+τ CCCC(26) 
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A - 360 367 361 342 336 τ CCCC(22) 

A - 350 337 331 336 330 β CCC(68) 

A - - 325 319 323 317 ν CC(31) 

A - - 213 209 207 204 δ CNNC(34) 

A - - 139 136 136 133 β CCC(49) 

A - - 83 81 80 79 τ CCCC(55) 

A - - 44 44 42 41 τ HCCC(26) 

A - - 39 39 32 31 τ CCCN(75) 

ν-Stretching;β-Bending;δ-out-of-plane bending;τ-Torsion. 

 

Table 7.6: NBO Analysis of 5(4 methyl phenyl)tetrazole (5MPTZ) 

S.No Donor NBO (i) AcceptorNBO (j) 
E(2) 

kcal/mol 

E(j)-E(i) 

a.u. 

F(i,j) 

a.u. 

1 110 BD* C7-C12 117 BD* C10-C11 275.79 0.01 0.08 

2 110 BD* C7-C12 112 BD* C8-C9 212.8 0.01 0.08 

3 106 BD* N4-C5 110 BD* C7-C12 69.47 0.04 0.073 

4 39 LP N1 106 BD* N4-C5 50.93 0.28 0.108 

5 103 BD* N2-N3 106 BD* N4-C5 37.48 0.04 0.055 

6 39 LP N1 103 BD* N2-N3 36.38 0.24 0.084 

7 12 BD C7-C12 106 BD* N4-C5 25.04 0.24 0.07 

8 8 BD N4-C5 103 BD* N2-N3 24.11 0.26 0.074 

9 19 BD C10-C11 110 BD* C7-C12 23.67 0.27 0.071 

10 14 BD C8-C9 117 BD* C10-C11 22.17 0.28 0.07 

11 14 BD C8-C9 110 BD* C7-C12 19.47 0.27 0.065 

12 12 BD C7-C12 112 BD* C8-C9 19.17 0.29 0.067 

13 12 BD C7-C12 117 BD* C10-C11 18.16 0.29 0.065 

14 19 BD C10-C11 112 BD* C8-C9 17.53 0.28 0.064 
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Summary of Conclusion 

Molecular studies play vital role in enhance the development of industrial and 

pharmaceutical field. Vibration spectroscopy is a essential tool for the determination of 

vibrational spectroscopic signature of some organic compounds. Also, Quantum 

Chemical Calculation methods are tremendous implements for the computation of a vast 

variety of properties of molecules such as ground state geometry, vibrational wave-

number calculations, simulation of Raman and IR Spectra, characterization of the 

molecular orbitals and predictions of reactivity, electronic excitations, calculation of 

NLO properties and reaction mechanism. 

The work reported in the thesis for calculations of spectroscopic profile and 

molecular properties of small organic molecules is based on the density functional theory. 

Four different organic compounds have been studied here and they were selected on the 

basis of their pharmaceutical and biological or industrial importance. 

  Chapter four deals with spectroscopic signature of Pentylenetetrazole (PTZ)] 

on the basis of both experimental and theoretical IR and Raman spectra.  The normal 

coordinate analysis and subsequent scaling procedure identify the functional group‟s 

wave numbers of the molecule.  The complete vibrational assignments, along with the 

observed and theoretical vibrational wave numbers are presented and interpreted in detail.  

 In Chapter five The detailed experimental and theoretical FT-IR and FT-Raman 

spectra of 5-Methyl-1H-tetrazole(5MTZ). are analysed based on density functional theory 

(DFT) calculation. Detailed vibrational assignments of observed experimental peaks are 
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done on the basis of PED results. The calculated Mulliken atomic charges at different 

levels are also presented. 

 Chapter Six includes the vibrational FT-IR and FT- Raman spectra of 5-Chloro-1-

phenyl-1H-tetrazole(5clptz). The completed assignments of vibrational normal modes 

associated with the molecule are made on the basis of PED results. The electronic 

properties were studied by DFT calculation with various basis set which helps to 

determine the chemical hardness, reactivity and softness.  

 Chapter seven concerns the detailed experimental and theoretical FT-IR and FT-

Raman spectra of 5(4 methyl phenyl)tetrazole (5MPTZ) along with NBO, HOMO-

LUMO energy gap . The molecular polarizability and Mulliken properties are also 

discussed. 

 The results of our analysis are consistent with the experimental observations of 

similar kind of molecules and DFT quantum chemical computations implemented in this 

work are well suited for all the selected Tetrazole derivatives. 
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Abstract 

The spectra of 5-Methyl-1H-tetrazole(5MTZ) have 

been recorded in the regions 4000−400 cm
-1

 for FT-IR and 

3500−100 cm
-1

 for FT-Raman. The geometry optimization, 

vibrational frequencies were obtained by the density 

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

and 6-311+G basis sets. The complete assignments were 

performed on the basis of the potential energy distribution 

(PED) of the vibrational modes, calculated and the scaled 

values were compared with experimental FT-IR and FT-

Raman spectra. The HOMO and LUMO energy gap reveals 

that the energy gap reflects the chemical activity of the 

molecule. The dipole moment (), polarizability (α), 

anisotropy polarizability (Δα) and first hyperpolarizability 

(βtot) of the molecule have been reported. Information about 

the size, shape, charge density distribution and site of 

chemical reactivity of the molecule has been obtained by 

molecular electrostatic potential (MEP). 

Keywords: 5-Methyl-1H-tetrazole, DFT, FT-IR,FT-Raman, 

MEP 

 

 

Introduction 

The Quantum mechanics is used as a tool 

to learn the molecular forces determining 

drug activity. This information can be used 

to infer the nature of the biological 

substances with which the drug reacts and 
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hopefully as a guide to the synthesis of 

useful new agents[1].the complete 

investigation of the 5-Methyl-1H-

tetrazole(5MTZ) has been carried by DFT 

method,which belongs to the quantum 

mechanics. 

In recent years, tetrazole and their 

derivatives have been extensively studied 

as they exhibit effective biological 

activities such as anti-inflammatory[2], 

antiviral[3], analgesic[4] , antibacterial[5] , 

antitubercular[6] , anticonvulsant[7] etc. 

the title molecule 5-Methyl-1H-tetrazole is 

one of the tetrazole derivatives which used 

in the preparation of novel antifungal 

agents based derived from N-

iodopropargylazoles and N-

triiodoallylazoles. 5-Methyl Tetrazole also 

in the preparation of novel quinoline 

derivatives against mycobacterium 

tuberculosis. In these studies, the 

molecular structure, vibrational spectra 

and HOMO-LUMO energy gap of 5-

Methyl-1H-tetrazole(5MTZ) were 

investigated by a concerted approach using 

matrix isolation vibrational spectroscopy 

and high-level DFT-based theoretical 

calculations. Regarding their studies, 

tetrazoles have been found to be extremely 

interesting and challenging molecules. 

 

Experimental Details: 

The fine sample of 5-Methyl-1H-

tetrazole(5MTZ) was obtained from 

Lancaster Chemical Company.UK, with a 

stated purity of 99% and it was used as 

such without further purification.The FT-

Raman Spectrum of PTZ was recorded 

using 1064 nm line of ND: YAG laser for 

excitation wavelength in the region 3500-

100 cm
-1

 on Thermo Electron Corporation 

model Nexus spectrometer equipped with 

FT-Raman module accessory. The FT-IR 

Spectrum of the title compound was 

recorded in the region 4000-400 cm
-1 

on 

Perking Elmer Spectrophotometer in KBr 

pellet. 

 

Computational Details: 

The combination of Vibration spectra 

with quantum chemical calculation is 

effective for understanding the 

fundamental mode of vibration of the 

compound. The structural characteristic, 

stability and energy of the compound 

under investigation are determined by DFT 

with the three-parameter hybrid functional 

(B3) for the exchange part and the Becke 

Three Lee Yong-Pare (LYP) and 6-31G ,6-

311+G  basis sets with Gaussian 09 

Program Package. The Cartesian 

representation of the theoretical force 

constants has been compound at the fully 

optimized geometry by assuming the 

molecule belongs to C1 point group 

symmetry. The Transformation of force 

field from Cartesian to internal local 

symmetry coordinates, the scaling, and the 

subsequent normal coordinate analysis 

(NCA) Calculation of potential energy 

distributions (PED) has been done on a PC 

with the VEDA program. 

 

Geometrical parameter. 

The calculated C-N distances areN1-C7 = 

1.36 Å, N4-C5=1.34 Å, this value indicate 

that the bond N4-C5 is stronger than the 

bond N1-C7 and these values indicate that  

the bond distances were found to be much 

smaller than the average value for a single 

C-N bond (1.47 Å) [7]. The bond lengths 

of N3-N4, N1-N2 were found to be 

elongated to 1.40 Å, 1.39 Å respectively, 

compared to N2-N3 values of 1.32 Å. 

Because bond order of N2-N3 is higher 

than N3-N4, N1-N2 bond order [8]. table-1 
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report the detailed data of geometrical 

optimization of the isolated title molecule. 

Functional group methyl substituted in 

ring structure with C5  atom which made 

longest bond length in that molecule 

structure because C-C bond shaped a 

nonpolar covalent bond[9] and the hyper 

conjugation causes the interaction of the 

orbital of the methyl group with the π 

orbital of a ring. in methyl group ,C-H 

bond length1.10Å, (6-31G),1.09 Å, (6-

311+G) are  good agreement with other 

literature values 1.09 Å [10]1.08 Å,1.09 Å 

[11]1.09 Å [12]. this cooperation caused to 

discharging electronic charge from methyl 

group[13].highest bond angle occurred at 

C5-N1-H6 whereas lowest bond angle 

occurred at N1-N2-N3. 

 

 Electronic properties 

To explain several types of reactions and 

for predicting the most reactive position in 

conjugated systems, molecular orbital and 

their properties such as energy are used 

[14]. The highest occupied molecular 

orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) are the most 

important orbital in a molecule. The eigen 

values of HOMO and LUMO and their 

energy gap reflect the biological activity of 

the molecule. A molecule having a small 

frontier orbital gap is more polarizable and 

is generally associated with a high 

chemical reactivity and low kinetic 

stability [15,16]. HOMO, which can be 

thought the outer orbital containing 

electrons, tends to give these electrons as 

an electron donor and hence the ionization 

potential is directly related to the energy of 

the HOMO. On the other hand LUMO can 

accept electrons and the LUMO energy is 

directly related to electron affinity [17]. 

Two important molecular orbital (MO) 

were examined for the title compound, the 

highest occupied molecular orbital 

(HOMO) and the lowest unoccupied 

molecular orbital (LUMO) which are 

given in Fig. 3. In the title compound, the 

HOMO of π nature is delocalized over the 

tetrazole ring. By contrast, the LUMO is 

located over the tetrazole ring and methyl 

group. For understanding various aspects 

of pharmacological sciences including 

drug design and the possible eco-

toxicological characteristics of the drug 

molecules, several new chemical reactivity 

descriptors have been proposed. 

Conceptual DFT based descriptors have 

helped in many ways to understand the 

structure of molecules and their reactivity 

by calculating the chemical potential, 

global hardness and electrophilicity. Using 

HOMO and LUMO orbital energies, the 

ionization energy and electron affinity can 

be expressed as: I = EHOMO, A = 

ELUMO.table shows global reactor values of 

the title compound. It is seen that the 

chemical potential of the title compound is 

negative and it means that the compound is 

stable. They do not decompose 

spontaneously into the elements they are 

made up of. The hardness signifies the 

resistance towards the deformation of 

electron cloud of chemical systems under 

small perturbation encountered during 

chemical process. The principle of 

hardness works in Chemistry and Physics 

but it is not physical observable. Soft 

systems are large and highly polarizable, 

while hard systems are relatively small and 

much less polarizable. 

 

Molecular electrostatic potential (MEP)  

MEP is related to the ED and is a very 

useful descriptor in understanding sites for 

electrophilic and nucleophilic reactions as 
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well as hydrogen bonding interactions 

[18,19]. The electrostatic potential V(r) is 

also well suited for analyzing processes 

based on the ‘‘recognition’’ of one 

molecule by another, as in drug-receptor, 

and enzyme–substrate interactions, 

because it is through their potentials that 

the two species first ‘‘see’’ each other 

[20,21]. To predict reactive sites of 

electrophilic and nucleophilic attacks for 

the investigated molecule, MEP at the 

B3LYP level optimized geometry was 

calculated. The different values of the 

electrostatic potential at the MEP surface 

are represented by different colours1 : 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 

and yellow) regions of MEP were related 

to electrophilic reactivity and the positive 

(blue) regions to nucleophilic reactivity 

(Fig. 4). From the MEP it is evident that 

the negative charge covers the N atoms 

which  presence in tetrazole group. the 

positive region is over the H atoms. The 

value of the electrostatic potential is 

largely responsible for the binding of a 

substrate to its receptor binding sites since 

the receptor and the corresponding ligands 

recognize each other at their molecular 

surface [22,23]. 

 

NLO properties  

Nonlinear optics deals with the interaction 

of applied electromagnetic fields in 

various materials to generate new 

electromagnetic fields, altered in 

wavenumber, phase, or other physical 

properties [24]. Organic molecules able to 

manipulate photonic signals efficiently are 

of importance in technologies such as 

optical communication, optical computing, 

and dynamic image processing [25,26]. In 

this context, the dynamic first 

hyperpolarizability of the title compound 

is also calculated in the present study. The 

first hyperpolarizability (b0) of this novel 

molecular system is calculated using DFT 

method, based on the finite field approach. 

In the presence of an applied electric field, 

the energy of a system is a function of the 

electric field. First hyperpolarizability is a 

third rank tensor that can be described by a 

3 X 3X 3 matrix. The 27 components of 

the 3D matrix can be reduced to 10 

components due to the Kleinman 

symmetry [27]. The components of b are 

defined as the coefficients in the Taylor 

series expansion of the energy in the 

external electric field. When the electric 

field is weak and homogeneous, this 

expansion become 

E=E0 - µαFα - 1/2ααβFαFβ - 

1/6βαβϒFαFβFϒ + … 

Where E0 is the vitality of the unperturbed 

atoms, Fα the field at the source µα, ααβ and 

βαβϒ are the segments of dipole moment, 

polarizability and the first order hyper 

polarizabilities. The aggregate static dipole 

moment (µ), polarizability(α), anisotropy 

polarizability (∆α) and the mean first first 

order hyperpolarizability (βtot ) utilizing  

x,y,z, The segments are characterized as 

follows ,The calculated first 

hyperpolarizability of the title compound 

is 0.3199X10
-30

 esu/6-31G,0.3458 X10
-30

 

esu/6-311+G. The calculated 

hyperpolarizability of the title compound 

is superior than that of the standard NLO 



 

September/October 2020 

ISSN: 0193-4120 Page No. 139-156 

May-June 2020 

ISSN: 0193-4120 Page No. 1 - 08 

 

 

143 Published by: The Mattingley Publishing Co., Inc. 

material urea (0.13 X 10
-30

 esu) [28]. We 

conclude that the title compound is an 

attractive object for future studies of 

nonlinear optical properties.  

 

Mulliken Atomic charge 

The Mulliken atomic charge 

calculation has important role in the 

application of quantum mechanics 

calculations to molecular system: the 

atomic charge calculation of molecule 

plays an important role [28]. The electron 

distribution in 5MTZ is compared in two 

different quantum chemical methods and 

the sensitivity of the calculated charges to 

charge in the choice of methods is studies. 

By determining the electron population of 

each atom in the define basis function, the 

Mulliken charges are calculated. An 

estimated Mulliken charges at both levels 

are lists in Table 3.The results can be 

represented in graphical form as given in 

Fig 7.In this molecule all the hydrogen 

atoms have got positive charge.N1, N3 and 

N4 have negative charge. Tetrazole carbon 

atom has negative charge and methyl 

carbon atom has positive charge. 

 

Vibrational Assignment 

The detailed vibrational data of the 

c1 point group title molecule were 

tabulated in table. The higher valu of 

theoretical vibrations have been reduced 

by scaled factor 0.9555 for >1500 cm-

1,0.9826 for <1500cm-1 in 6-31G basis 

set. as well as 0.9642 for >1500 cm-

1,0.9860 for <1500cm-1 in 6-311+G basis 

set. 

The C-H linear vibration in methyl 

group occurs in the range 3000 - 2900 cm
-1 

[29]. The methyl groups vibrational 

frequencies depend upon the connecting 

atom. For example, the stretching 

frequency of C-OCH3 is higher than that of 

C-CH3 [30]. The C-H vibration frequencies  

also differ in their position. K.Parimala et 

al [31] assigned asymmetric C-H 

stretching frequency band  at 2943 cm
-

1
,2896 cm

-1
 and,2940 cm

-1
,2900 cm

-1
 

respective in the FT-IR and FT-Raman. 

Other literature values assigned to the 

frequency band stretching for CH3 

molecule is 2833cm
-1

, 2875cm
-1

, 2991cm
-1

 

in FT-IR 2937, 2975 cm
-1

 in FT-

Raman[29], 2967 cm
-1

, 2925 cm
-1

 in FT-

IR, 2976 cm
-1

, 2930 cm
-1

 in FT-

Raman(32). In this investigation all the 

vibration frequencies of the methyl group 

are in accordance with literature values 

those found in the characteristic group 

frequency as shown in Table V .  The 

calculated values by B3LYP methods are 

fit with experimental values. 

  NH stretching is in the region 

3500-3400cm
-1 

[33] and theoretically 

assigned at 3490cm
-1

 and 3458cm
-1 

[34]. In 

this molecule,in this work,the NH band 

occurred at 3420 cm
-1

 in FT-IR,3550 cm
-1 

in FT-Raman.theoretically,this band 

observed at 3535 cm
-1

(6-31G),3553 cm
-

1
(6-311+G). 

B3LYP computation gives mode 

arising from the N-N stretching at 1162 

cm
-1

 in 6-31G and 1162 cm-1 in 6-311+G 

basis set corresponding to the peak at 1113 

cm-1  in IR spectrum. The C-N vibrations 

is a very critical task, since the mixing of 

vibrations is possible in this region. 

Silverstein et al. [35] attributed C-N 

stretching absorption in the region 1266–

1382 cm-1  for aromatic amines. In 

benzamide the band observed at 1368 cm-

1  is assigned to the CN stretching band 

[36]. In 1,2,4-triazole the band observed at 

1390 and 1327 cm-1  are assigned to CN 

stretching [37]. The C-N stretching modes 
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are reported in the range 1000–1400 cm-1 

[38] and in the present case these bands are 

assigned at 1008, 1354, 1508 (6-31G) 

1007,1345, 1510 (6-311+G) cm-1  

theoretically. 1001, 1366, 1566 cm-1 in IR 

and 1380, 1570 cm-1 in Raman.  

 

Natural Bond Analysis 

The Natural bond ortbital [39] analyzes 

is used to understand the delocalization 

of electron density and second order 

donor-acceptor energy. Typically, the 

stabilization of orbital interaction is 

high for higher energy differences 

between interacting orbitals. Effective 

donor and effective acceptor have this 

strong stabilization [40-43]. According 

to the second order perturbation 

approach, the stabilization energy is 

derived [44]. The energy from (donor) i 

  (acceptor)  j  is  calculated as  

E
2
=  

Where, qi is the donor orbital 

occupancy, i, j are diagonal 

elements (orbital energies) and F(i,j) is 

the off-diagonal NBO Fock matrix 

element. The NBO analysis gives 

valuable information about the intra 

and inters molecule interaction of the 

molecule [45]. 

            The current work summarizes 

second order perturbative calculation 

donor-acceptor interactions based on 

NBO. This analysis was carried out by 

observing all possible interaction 

between lewis and non-lewis NBOs 

and calculated their stabilization energy 

(E2). Donor NBO (i), acceptor NBO (j) 

and stabilization energy (E2) are 

tabulated in Table 5.7. From this table, 

it is show that the interaction between 

the bonded N2-N3 (NBO 55) and N4-

C5 antibond (NBO 58) gives the 

strongest stabilization, 27.74 kcal/mol 

and also, lonepair N1 (NBO 19)  N2-

N3 antibond (NBO 55), lonepair N1 

(NBO 19)  N4-C5 antibond (NBO 

58) , bonded N4-C5 (NBO 8)  N2-

N3 antibond (NBO 55) has the highest 

stabilization energy are 18.98, 18.32, 

16.27kcal/mol  Respectively.` 

 

Conclusion 

The present investigation 

thoroughly analyzed the HOMO-LUMO, 

and vibration spectra, both infrared and 

Raman of 5MTZ molecules with B3LYP 

method with standard 6-31G and 6-311+G  

basis sets. All the vibration bands are 

observed in the FT-IR and F-Raman 

spectra of the compound are assigned to 

various modes of vibration and most of the 

modes have wave numbers in the expected 

range. The complete vibration assignments 

of wave numbers are made on the basis of 

potential energy distribution (PED).The 

electrostatic potential surfaces (MEP) 

together with complete analysis of the 

vibration spectra, both IR and Raman and 

help to identify the structure and 

symmetry. The excellent agreement of the 

calculated and observed vibration spectra 

reveals the advantages over the other 

method. Finally, calculated HOMO-

LUMO energies show that the charge 

transfer occurs in the molecule, which are 

responsible for the bioactive properly of 

the biomedical compound 5MTZ. 
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Fig 1. The theoretical geometry structure and atomic numbering scheme of 

5-Methyl-1H-tetrazole (5MTZ). 
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Fig 2: The atomic orbital compositions of the frontier molecular orbital 

for 5-Methyl-1H-tetrazole (5MTZ). 
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Fig 3. The total electron density surface mapped with of 5-Methyl-1H-tetrazole 

(5MTZ). 

. 
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Fig 4 Bar diagram representing the Mulliken atomic charge distribution of 

5-Methyl-1H-tetrazole (5MTZ). 
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Wavenumber (cm
-1

) 

Fig 5. Comparative representation of FT-IR spectra for 5-Methyl-1H-tetrazole 

(5MTZ). 
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Fig 6. Comparative representation of FT-Raman spectra for 5-Methyl-1H-

tetrazole (5MTZ). 
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Table 1: Geometry Optimization Parameter of 5-Methyl-1H-tetrazole (5MTZ) based on 

B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

BondLength(Å) BondAngle(º) 

Atom 6-31G 6-311+G Atom 6-31G 6-311+G 

C5-C7 1.49 1.48 C5-N1-H6 130.75 130.85 

N3-N4 1.40 1.40 N1-C5-C7 126.12 126. 10 

N1-N2 1.39 1.39 N4-C5-C7 125.90 126.01 

N1-C5 1.36 1.36 N2-N1-H6 119.91 119.60 

N4-C5 1.34 1.34 C5-C7-H8 111.56 111.62 

N2-N3 1.32 1.32 C5-C7-H9 111.54 111.57 

C7-H9 1.10 1.09 N2-N3-N4 110.77 110.54 

C7-H8 1.10 1.09 N2-N1-C5 109.35 109.55 

C7-H10 1.09 1.09 C5-C7-H10 108.65 108.81 

N1-H6 1.01 1.00 H8-C7-H10 108.47 108.30 

   H9-C7-H10 108.47 108.29 

   H8-C7-H9 108.06 108.15 

   N1-C5-N4 107.98 107.89 

   N3-N4-C5 106.36 106.49 

   N1-N2-N3 105.54 105.54 

 

Table 2: HOMO-LUMO energy (eV) and other related properties of 5-Methyl-1H-

tetrazole (5MTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

Parameters 
6-31G 

(eV) 

6-311+G 

(eV) 

Homo(I) -7.9147 -8.2913 

Lumo(A) -1.0101 -1.3693 

Energy gap(∆E) 6.9046 6.9220 

Electronegativity 4.4624 4.8303 

Global hardness 3.4523 3.4610 

Global softness(eV
-1

) 0.2897 0.2889 

Chemical potential -4.4624 -4.8303 

Electriphilicity 2.8840 3.3706 
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Table 3: Dipole moment(µ), Polarizability(α), Anisotropy polaraizability(∆α) and First 

order polarizability(βtot) of 5-Methyl-1H-tetrazole (5MTZ) based on B3LYP/6-31G and 

B3LYP/6-311+G method and basis set. 

Parameters 6-31G 6-311+G 

µx -4.7921 4.9639 
µy 4.0155 4.1044 
µz 0.0001 0.0003 

αXX -37.5178 -38.5207 
αYY -34.8592 -35.9312 
αZZ -34.6744 -35.4883 
αXY 0.054 0.0135 
αXZ -0.001 -0.001 
αYZ 0.0002 0.0007 
βXXX -23.2569 24.9565 
βYYY 21.6646 22.7176 
βZZZ 0.0017 0.0013 
βXYY -5.3476 5.8671 
βXXY -0.165 -0.2122 
βXXZ 0.0009 -0.0028 
βXZZ -0.6815 1.2008 
βYZZ 1.1585 1.5009 
βYYZ -0.0006 0.0004 
βXYZ -0.0007 -0.001 

µ(debye) 6.2521 6.4410 
α(esu) -5.2812X10

-24 -5.4237 X10
-24

 

∆α(esu) 65.0411X10
-24 66.7801 X10

-24 
βtot(esu) 0.3199X10

-30 0.3458X10
-30 

 

Table 4: Mulliken charge (charge/e) of 5-Methyl-1H-tetrazole (5MTZ) based on 

B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

Atom 
6-31G 6-311+G 

Charge/e 

N1 -0.5748 -0.4897 

N2 0.0143 0.0438 

N3 -0.0924 -0.0203 

N4 -0.3128 -0.2401 

C5 0.4934 0.4534 

H6 0.3618 0.4396 

C7 -0.4437 -0.9744 

H8 0.1759 0.2534 

H9 0.1759 0.2534 

H10 0.2023 0.2809 

 



 

September/October 2020 

ISSN: 0193-4120 Page No. 139-156 

May-June 2020 

ISSN: 0193-4120 Page No. 1 - 08 

 

 

155 Published by: The Mattingley Publishing Co., Inc. 

Table 5: Observed Frequency (cm
-1

)- Theoretical Frequency (cm
-1

) and Vibrational assignment with PED(%) of 5-Methyl-1H-tetrazole 

(5MTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

S
p

e 
ci

s 

Observed 

Frequency(cm
-1

) 

Theoretical 

 Frequency(cm
-1

) 
Vibrational assignment (PED % ) 

FT-IR FT-Raman 6-31G 6-311+G 

Calc scaled Calc Scaled 

A 3420 3550 3700 3535 3684 3553 ν NH   (100) 

A 3146 - 3176 3035 3140 3028 ν CH(86)+ν CH(14) 

A 2955 - 3121 2982 3090 2979 ν CH(99) 

A 2923 - 3060 2923 3032 2924 ν CH(14)+ν CH(86) 

A 1566 1570 1578 1508 1566 1510 ν NC(23)+ν CC(23) 

A 1464 - 1532 1464 1526 1471 β HCH(78)+τ HCCN(21) 

A - - 1529 1461 1523 1469 β HCH(71)+τ HCCN(21) 

A 1409 1410 1469 1444 1465 1444 β HCH(97) 

A 1366 1380 1378 1354 1364 1345 ν NC(30)+ν NC(19)+β NNC(11) 

A 1269 1270 1355 1331 1350 1331 ν CC(14)+β HNN(57) 

A 1113 1105 1182 1162 1178 1162 ν NN(73) 

A 1089 1090 1106 1087 1099 1084 β HCH(20)+τ HCCN(60)+τ HCCN(10) 

A 1064 1070 1087 1068 1080 1065 ν NC(32)+ν NC(14)+β NCN(14) 

A - - 1049 1031 1042 1027 β NNN(71) 

A 1001 - 1026 1008 1022 1007 ν NC(11)+β HCH(15)+β NNC(15) 

A 928 - 939 922 961 947 ν NN(68)+β NCN(11) 

A 723 - 888 872 897 885 ν NC(19)+β NCN(43)+β NNN(16) 

A 690 - 711 699 726 716 τ NNNC(31)+τ NNCN(58) 

A 683 - 706 694 703 694 τ HNNN(79)+τ NNNC(19) 

A - - 686 674 681 672 ν NC(10)+ν CC(52)+β NCN(11) 

A - 490 679 667 646 637 τ HNNN(15)+τ NNNC(44)+τ NNCN(19) 
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A - 330 339 333 341 336 β CCN(86) 

A - 270 270 265 260 256 τ NNCN(19)+δ CNNC(65) 

A - - 96 94 83 81 τ HCCN(77)+δ CNNC(11) 

 

Table 6: Natural Bond Orbital Calculation of 5-Methyl-1H-tetrazole (5MTZ) 

 

S.No Donor NBO (i) 

 

AcceptorNBO (j) 

 

E(2) 

kcal/mol 

E(j)-E(i) 

a.u. 

F(i,j) 

a.u. 

1 55 BD N2-N3 58 BD* N4-C5 27.74 0.04 0.04 

2 19 LP N1 55 BD* N2-N3 18.98 0.34 0.34 

3 19 LP N1 58 BD* N4-C5 18.32 0.38 0.38 

4 8 BD N4-C5 55 BD* N2-N3 16.27 0.3 0.3 

5 21 LP N3 51 BD* N1-N2 12.15 0.68 0.68 
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Abstract 

The vibrational spectra of 5-Chloro-1-phenyl-1H-tetrazole 

(5ClPTZ) have been recorded in the regions 4000−400 cm
-1

 for FT-

IR and 3500−100 cm
-1

 for FT-Raman. The molecular structure, 

geometry optimization, vibrational frequencies were obtained by 

the density functional theory (DFT) using B3LYP method with 6-

31G and 6-311+G basis sets. The complete assignments were 

performed on the basis of the potential energy distribution (PED) 

of the vibrational modes, calculated and the scaled values were 

compared with experimental FT-IR and FT-Raman spectra. The 

HOMO and LUMO energy gap reveals that the energy gap reflects 

the chemical activity of the molecule. The dipole moment (), 

polarizability (α), anisotropy polarizability (Δα) and first 

hyperpolarizability (βtot) of the molecule have been reported. 

Information about the size, shape, charge density distribution and 

site of chemical reactivity of the molecule has been obtained by  

molecular electrostatic potential (MEP). 

Keywords: 5-Chloro-1-phenyl-1H-tetrazole,DFT, FT-IR,FT-

Raman,MEP 

 

 

 

 Introduction 

5-Chloro-1-aryl-1H-tetrazoles are widely 

used in several disparate areas of research 

and, commercially, in a variety of drug and 

herbicide manufactures[1]. Biological  

 

 

activity is encountered due to the special 

metabolism of disubstituted tetrazoles and  

also because, in 5-substituted tetrazolyl 

compounds, the heterocyclic ring is 

isosteric with a carboxy group and of 

similar acidity[3 ].Some typical uses of 
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such tetrazoles are in anti-inflammatory 

drugs[2], herbicides[4], rocket 

propellants[5] and photography and 

polymers[6].Due to this importance,the title 

molecule 5-Chloro-1-phenyl-1H-tetrazole 

(5ClPTZ) was investigated by DFT 

method.since density functional theory 

(DFT) has recently emerged as a 

compromise between the desired level of 

accuracy and the demand on computational 

time. 

In these studies, the molecular 

structure, vibrational spectra and HOMO-

LUMO energy gap of Pentylenetetrazole 

(PTZ) were investigated by a concerted 

approach using matrix isolation vibrational 

spectroscopy and high-level DFT-based 

theoretical calculations. Regarding their 

studies, tetrazoles have been found to be 

extremely interesting and challenging 

molecules. 

 

Experimental Details: 

The fine sample of 5ClPTZ was 

obtained from Lancaster Chemical 

Company.UK, with a stated purity of 99% 

and it was used as such without further 

purification.The FT-Raman Spectrum of 

5ClPTZ was recorded using 1064 nm line 

of ND: YAG laser for excitation 

wavelength in the region 3500-100 cm
-1

 on 

Thermo Electron Corporation model Nexus 

spectrometer equipped with FT-Raman 

module accessory. The FT-IR Spectrum of 

the title compound was recorded in the 

region 4000-400 cm
-1 

on Perking Elmer 

Spectrophotometer in KBr pellet. 

 

3. Computational Details: 

The combination of Vibration spectra with 

quantum chemical calculation is effective 

for understanding the fundamental mode of 

vibration of the compound. The structural 

characteristic, stability and energy of the 

compound under investigation are 

determined by DFT with the three-

parameter hybrid functional (B3) for the 

exchange part and the Becke Three Lee 

Yong-Pare (LYP) and 6-31G ,6-311+G  

basis sets with Gaussian 09 Program 

Package. The Cartesian representation of 

the theoretical force constants has been 

compound at the fully optimized geometry 

by assuming the molecule belongs to C1 

point group symmetry. The Transformation 

of force field from Cartesian to internal 

local symmetry coordinates, the scaling, 

and the subsequent normal coordinate 

analysis (NCA) Calculation of potential 

energy distributions (PED) has been done 

on a PC with the VEDA program. 

 

 Molecular geometry  

The optimised geometry of 5ClPTZ with 

atom numbering is shown in Fig. 3. The 

more stable 5ClTZ molecule  has C1 point 

group symmetry. The theoretical and 

experimental C−C bond lengths in the 

benzene ring of 5ClPTZ are in the range of 

1.40 Å. The Alcala [7] and Derissen [8] 

reported that the C−C bond length of the 

isophthalic acid was in the range of 

1.391−1.402 Å and well agreed with the 

theoretical bond length of the title 

molecule. The C−H bond lengths are 

calculated as 1.09-1.08 Å, experimentally 

reported as 0.930 Å. The substitution of 

halogen reduces the electron density at the 

ring carbon atom. The C-Cl bond length is 

calculated as 1.76 Å .which is longest bond 

length in the  molecule.The theoretical bond 

angles are in harmony with the 

experimental bond angles. In particular, the 

C−C−C bond angles of benzene ring in the 

title molecule is in range of 

120.253−121.162 and well agreed with the 
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experimental range of bond angles 

116.2−124.80. the calculated C-N distance 

in the tetrazole ring is 1.36 Å.where as 1.43 

Å for C7-N1 bond.N-N bonds are assigned 

at 1.40 Å. 

 

Frontier molecular orbital analysis  

 The study of frontier molecular orbital is 

important that ionization potential (I), 

electron affinity (A), electrophilicity index 

(ω ), chemical potential (µ ), 

electronegativity ( χ) and hardness (η ) to be 

put into a MO frame work [9]. These global 

descriptors η,µ and χ are defined as η= (I -

A)/2, µ= -(I + A)/2, χ= (I + A)/2, where I 

and A denote the ionization potential and 

electron affinity of the compounds 

respectively. The ionization energy (I) and 

electron affinity (A) can be expressed 

through HOMO and LUMO orbital 

energies as I = -EHOMO and A = -

ELUMO. Parr et al. [9] have defined a new 

descriptor to quantity the global 

electrophilic power of the compound as 

electrophilicity index ( ω= µ2/2η .) which 

defines a quantitative classification of 

global electrophilic nature of a compound. 

The calculated values have tabulated in 

table. HOMO is localized over the entire 

molecule and LUMO is localized over the 

entire compound .the small value of energy 

gap reveals the title molecule has more 

reactive. 

 

Molecular Electrostatic Potential (MEP): 

Molecular electrostatic potential (MEP) is 

most helpful descriptor in understanding 

sites for electrophilic attack and 

nucleophilic reactions and for the study of 

biological recognition process [10] and to 

predict reactive sites of electrophilic and 

nucleophilic attacks for the title molecule, 

MEP at the B3LYP optimized geometry 

was calculated. Potential value increases in 

the order red < orange < yellow < green < 

blue. The negative (red and yellow) regions 

of MEP were related to electrophilic 

reactivity and the positive (blue) regions to 

nucleophilic reactivity. From the MEP of 

the title compound it is evident that the 

negative charge covers the N atoms which 

belongs to tetrazole molecule group and the 

positive region is over the H group in 

phenyl ring. 

 

Mulliken Atomic charge 

Although atomic charges in a molecule are 

not experimentally observable quantities, 

they are fundamental and useful tools to 

understand and relate properties of 

molecules to their structures. Even though 

Various methods are available to assigning 

charges have been proposed, Mulliken 

method is widely used due to its 

convenient. Mulliken atomic charge [11–

13] is defined based on orbitals. For each 

atom, all electronic charge contributions 

from orbitals centered at that atom are 

summed up, and electronic overlap clouds 

between two atoms are divided equally to 

the two atoms. However, they are 

extremely basis-function dependent: 

changing basis functions could result in a 

big difference for the charge on the same 

atom[14,15].In this study two different 

basis sets were used to find the muliiken 

atomic charge of title molecule. They are 

tabulated in table.All the N atoms got 

negative charge except N2 atom. As well as 

all the C atoms got negative charge except 

C12 atom. Further, all the H atoms got 

positive charge and Cl atom got negative 

charge. 
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Nonlinear optical properties  

In the current study, the nonlinear optical 

(NLO) effect is considered most important 

because it provides key functions of optical 

modulation, optical switching, optical logic, 

and optical memory for the emerging 

technologies in the areas of 

telecommunications, optical 

interconnections, and signal processing 

[16]. In order to investigate the effects of 

the HF and DFT/B3LYP methods on the 

NLO properties of the studied compound, 

the dipole moments (µ), the polarizabilities 

(α), the anisotropy of the polarizabilities 

(〈 ∆α〉 ), and the mean first- order 

hyperpolarizabilities (β) of 5ClTZ were 

calculated using the finite-field approach 

and are presented in Table 5. 

The dipole moment, the mean polarizability  

of the title compound are calculated using 

Gaussian 09 software and are found to be 

6.4941,6.4675 Debye  6-31G,6-311+G 

basis set respectively. The magnitude of the 

first hyperpolarizability from Gaussian 09 

output is 0.9636X10
-30

, 0.9552 X10
-30

 esu 

6-31G, 6-311+G basis set respectively. The 

β value calculated by the DFT/B3LYP 

method shows that the title compound is an 

attractive molecule for future studies of 

NLO properties. Based on NLO properties 

of (common values) urea; the mean first-

order hyperpolarizability and polarizability 

values of the studied molecule are bigger 

than those of urea. 

 

Vibrational assignment 

The detailed vibration assignments of 

fundamental modes of 5ClPTZ with 

observed and calculated frequencies and 

normal modes description are reported in 

Table 2. The observed experimental FT-IR, 

FT-Raman spectra are shown in Fig 2 and 3 

respectively. The higher valu of theoretical 

vibrations have been reduced by scaled 

factor 0.9555 for >1500 cm-1,0.9826 for 

<1500cm-1 in 6-31G basis set. as well as 

0.9642 for >1500 cm-1,0.9860 for 

<1500cm-1 in 6-311+G basis set. 

Typically, the C-Cl frequency band is 

absorbed between 850 and 550 cm-1 [17]. 

For the title compound the bands occured at 

490 cm-1 in the IR spectrum are assigned 

as C-Cl stretching mode. According to the 

DFT theory, these bands are calculated at 

479,440 cm-1 (6-31G) and 465,430(6-

311+G) cm-1. The PED value of the CCl 

stretching modes is 45 and 16% . In this 

case the deformation modes of C-Cl are 

assigned at 235 cm-1 at Raman spectrum, 

whereas this bands have been observed at 

228,218 cm-1 (6-31G) ,218,212 cm-1(6-

311+G)  in theoretically. 

The C-H stretching vibrational modes of 

the title compound are expected in the 

region 3120-3000 cm-1[18]. This study 

reveals the CH stretching modes are 

assigned at 3073 cm-1 in the Raman 

spectrum, 3065 cm-1 in the IR spectrum 

and at 3096,3091,3081,3072,3062 cm-1 (6-

31G) and 3166,3160,3150,3140,3129 cm-1 

(6-311+G) theoretically. The ring stretching 

vibrational modes are expected in the 

region 1615-1260 cm-1[18]. In the present 

case,the ring  modes are occured at 

1691,1339,1116 cm-1 in the IR spectrum 

and 1599 cm-1 in the Raman spectrum. The 

theoretical calculation showed that mode at 

1578, 1569,1104 cm-1 (6-31G)  and 

1616,1606,1291cm-1(6-311+G). PED 

contribution of the phenyl ring stretching 

modes were assigned at29%,44%and62%.  

The C-H in-plane deformation of Clptz is 

expected in the range 1270-1045 cm-1[18]. 

For the title compound the phenyl C-H in-

plane deformation CH(Phenyl) are 

observed at 1244, 1174 cm-1 in the  in the 
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IR spectrum. The DFT calculation gives 

modes at 1209,1202 cm-1 (6-31G) and 

1179,1171cm-1 (6-311+G). The C-H out-

of-plane deformations are expected in the 

range [18] 980-740 cm-1[18]. These CHPh 

modes are observed at 853 cm-1 in the IR 

spectrum , corresponding calculated values 

are 1022,1000,860 cm-1 (6-31G) and 

998,980,873 cm-1(6-311+G). 

DFT computational method gives mode 

arising from the N-N stretching at 966 ,937 

cm
-1

 in 6-31G and 957,923 cm-1 in 6-

311+G basis set corresponding to the peak 

at 975,924 cm-1  in IR spectrum. The C-N 

vibrations is a very critical task, since the 

mixing of vibrations is possible in this 

region. Silverstein et al. [19] attributed C-N 

stretching absorption in the region 1266–

1382 cm-1  for aromatic amines. In 

benzamide the band observed at 1368 cm-1  

is assigned to the CN stretching band [20]. 

In 1,2,4-triazole the band observed at 1390 

and 1327 cm-1  are assigned to CN 

stretching [21]. The C-N stretching modes 

are reported in the range 1000–1400 cm-1 

[22] and in the present case these bands are 

assigned at 1418,1382 (6-31G) and 

1387,1347 (6-311+G) cm-1  theoretically. 

1431,1410 cm-1 in IR and 1433 cm-1 in 

Raman.  

 

Natural Bond Analysis 

The Natural bond ortbital [23] analyzes 

is used to understand the delocalization 

of electron density and second order 

donor-acceptor energy. Typically, the 

stabilization of orbital interaction is high 

for higher energy differences between 

interacting orbitals. Effective donor and 

effective acceptor have this strong 

stabilization [24-27]. According to the 

second order perturbation approach, the 

stabilization energy is derived [28]. The 

energy from (donor) i  (acceptor) j is 

calculated as  

E
2
=  

Where, qi is the donor orbital 

occupancy, i, j are diagonal elements 

(orbital energies) and F(i,j) is the off-

diagonal NBO Fock matrix element. 

The NBO analysis gives valuable 

information about the intra and inters 

molecule interaction of the molecule 

[29]. 

            The current work summarizes 

second order perturbative calculation 

donor-acceptor interactions based on 

NBO. This analysis was carried out by 

observing all possible interaction 

between lewis and non-lewis NBOs and 

calculated their stabilization energy 

(E2). Donor NBO (i), acceptor NBO (j) 

and stabilization energy (E2) are 

tabulated in Table 5.7. From this table, it 

is show that the interaction between the 

Antibonded N2-N3 (NBO 152) and N4-

C5 antibond (NBO 155) gives the 

strongest stabilization, 79.87 kcal/mol 

and also, antibond C7-C8 (NBO 158)  

C11-C12 antibond (NBO 168), antibond 

C7-C8 (NBO 158)  C9-C10 antibond 

(NBO 163) , lone pair N1 (NBO 40)  

N2-N3 antibond (NBO 152) has the 

highest stabilization energy are 72.4, 

69.1, 20.72kcal/mol  Respectively.` 

 

CONCLUSION 

The present investigation thoroughly 

analyzed the HOMO-LUMO, and vibration 

spectra, both infrared and Raman of PTZ 

2
( , )

ij i

j i

F i j
E q

 
 



 
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molecules with B3LYP method with 

standard 6-31G and 6-311+G  basis sets. 

All the vibration bands are observed in the 

FT-IR and F-Raman spectra of the 

compound are assigned to various modes of 

vibration and most of the modes have wave 

numbers in the expected range. The 

complete vibration assignments of wave 

numbers are made on the basis of potential 

energy distribution (PED).The electrostatic 

potential surfaces (MEP) together with 

complete analysis of the vibration spectra, 

both IR and Raman spectra help to identify 

the structure and symmetry. The excellent 

agreement of the calculated and observed 

vibration spectra reveals the advantages 

over the other method. Finally, calculated 

HOMO-LUMO energies show that the 

charge transfer occurs in the molecule, 

which are responsible for the bioactive 

properly of the biomedical compound PTZ. 
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Fig 1. The theoretical geometry structure and atomic numbering scheme of 

5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) 
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6-31G 

6-311+G 

Fig  2: The atomic orbital compositions of the frontier molecular 

orbital for5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ).. 
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Fig 3. The total electron density surface mapped with of 5-Chloro-1-phenyl-

1H-tetrazole (5ClPTZ) 
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Fig  4 Bar diagram representing the Mulliken atomic charge 

distribution of5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) 
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Fig 5. Comparative representation of FT-IR spectra for5-Chloro-1-phenyl-1H-

tetrazole (5ClPTZ). 
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Fig 6. Comparative representation of FT-Raman spectra for 5-Chloro-1-

phenyl-1H-tetrazole (5ClPTZ) 
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Table 1: Geometry Optimization Parameter of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) based 

on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

BondLength(Å) BondAngle(º) 

Atom 6-31G 6-311+G Atom 6-31G 6-311+G 

C5-Cl6 1.76 1.76 C5-N1-C7 131.744 131.538 

N1-C7 1.43 1.43 N1-C5-Cl6 124.968 124.831 

N3-N4 1.40 1.40 N4-C5-Cl6 124.536 124.704 

C10-C11 1.40 1.40 N2-N1-C7 121.239 121.269 

C9-C10 1.40 1.40 C8-C7-C12 121.214 121.202 

N1-N2 1.40 1.40 C11-C12-H17 121.162 121.134 

C7-C8 1.40 1.40 C9-C8-H13 120.584 120.593 

C7-C12 1.40 1.40 C7-C8-H13 120.296 120.269 

C8-C9 1.40 1.40 C8-C9-C10 120.253 120.232 

C11-C12 1.40 1.40 C10-C9-H14 120.224 120.213 

N1-C5 1.36 1.36 C10-C11-H16 120.217 120.211 

N4-C5 1.33 1.32 C10-C11-C12 120.238 120.204 

N2-N3 1.32 1.32 C9-C10-C11 120.018 120.039 

C10-H15 1.09 1.08 N1-C7-C8 120.087 120.033 

C9-H14 1.08 1.08 C11-C10-H15 120.011 120.001 

C11-H16 1.08 1.08 C9-C10-H15 119.970 119.959 

C8-H13 1.08 1.08 C7-C12-H17 119.687 119.683 

C12-H17 1.08 1.08 C12-C11-H16 119.544 119.585 

   C8-C9-H14 119.519 119.551 

   C7-C12-C11 119.150 119.181 

   C7-C8-C9 119.118 119.134 

   N1-C7-C12 118.678 118.754 

   N2-N3-N4 110.949 110.785 

   N1-C5-N4 110.470 110.443 

   N2-N1-C5 107.004 107.178 

   N1-N2-N3 106.266 106.175 

   N3-N4-C5 105.311 105.419 
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Table 2: HOMO-LUMO energy (eV) and other related properties of 5-Chloro-1-phenyl-1H-

tetrazole (5ClPTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

Parameters 
6-31G 

(eV) 

6-311+G 

(eV) 

Homo(I) -7.7852 -7.8532 

Lumo(A) -2.0028 -1.9892 

Energy gap(∆E) 5.7824 5.8641 

Electronegativity 4.8940 4.9212 

Global hardness 2.8912 2.9320 

Global softness(eV
-1

) 0.3459 0.3411 

Chemical potential -4.8940 -4.9212 

Electriphilicity 4.1420 4.1299 

 

 

Table 3: Mulliken charge (charge/e) of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) based on 

B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

Atom 
6-31G 6-311+G 

Charge/e 

N1 -0.0142 -0.1162 

N2 0.0482 0.0448 

N3 -0.0734 -0.1347 

N4 -0.0431 -0.0923 

C5 -0.2643 -0.5233 

Cl6 0.3190 0.5174 

C7 -0.5227 -0.8294 

C8 -0.1844 -0.2327 

C9 -0.3151 -0.5296 

C10 -0.0595 0.0095 

C11 -0.1920 -0.3567 

C12 0.4169 0.8746 

H13 0.2016 0.2319 

H14 0.1899 0.2097 

H15 0.1873 0.2090 

H16 0.1906 0.2103 

H17 0.2117 0.2381 
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Table 4: Dipole moment(µ), Polarizability(α), Anisotropy polaraizability(∆α) and First order 

polarizability(βtot) of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) based on B3LYP/6-31G and 

B3LYP/6-311+G method and basis set. 

Parameters 6-31G 6-311+G 

µx -5.8148 -5.8211 

µy 2.8346 2.7621 

µz -0.5722 -0.5609 

αXX -81.805 -81.9707 

αYY -80.4211 -80.7151 

αZZ -75.0133 -74.632 

αXY 5.8718 5.6262 

αXZ -0.2512 -0.202 

αYZ 6.3594 6.4021 

βXXX -85.5234 -85.3691 

βYYY 31.8908 31.1578 

βZZZ -1.4118 -1.2158 

βXYY -13.4878 -12.2542 

βXXY 21.7629 21.499 

βXXZ -7.532 -7.3829 

βXZZ 4.4195 3.4289 

βYZZ 3.2261 3.0377 

βYYZ -7.1489 -7.2038 

βXYZ -7.499 -7.6444 

µ(debye) 6.4941 6.4675 

α(esu) -11.7038 X10
-24

 -11.7077 X10
-24

 

∆α(esu) 141.8267 X10
-24

 142.1401 X10
-24

 

βtot(esu) 0.9636 X10
-30 0.9552 X10

-30
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Table 5: Observed Frequency (cm
-1

), Theoretical Frequency (cm
-1

) and Vibrational assignment 

with PED(%) of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ) based on B3LYP/6-31G (0.9555, 

0.9826)and B3LYP/6-311+G (0.9642, 0.9860)method and basis set. 

 

S
p

e 
ci

s 

Observed 

Frequency(cm
-1

) 

Theoretical 

 Frequency(cm
-1

) Vibrational 

Assignment (PED % ) s.no FT-IR FT-Raman 6-31G 6-311+G 

 Calc scaled Calc Scaled 

1 A - - 3240 3096 3211 3166 ν CH(55) 

2 A - - 3235 3091 3205 3160 ν CH(44) 

3 A - - 3225 3081 3194 3150 ν CH(50) 

4 A - 3073 3215 3072 3185 3140 ν CH(72) 

5 A 3065 - 3204 3062 3173 3129 ν CH(85) 

6 A 1691 - 1651 1578 1639 1616 ν CC(29) 

7 A - 1599 1642 1569 1629 1606 ν CC(44) 

8 A - - 1552 1483 1545 1524 β HCC(36) 

9 A 1502 1503 1511 1444 1503 1482 β HCC(32) 

10 A 1431 1433 1443 1418 1439 1387 ν NC(35) 

11 A 1410 - 1406 1382 1397 1347 ν NC(44) 

12 A 1404 - 1384 1360 1376 1327 β HCC(22) 

13 A 1339 - 1363 1340 1339 1291 ν CC(62) 

14 A 1267 1269 1251 1229 1245 1200 β NCN(18) 

15 A 1244 - 1231 1209 1223 1179 β HCC(37) 

16 A 1174 - 1223 1202 1215 1171 β HCC(61) 

17 A 1164 1165 1203 1182 1203 1160 ν NN(65)+ β CNN(16) 

18 A 1116 1119 1123 1104 1114 1074 ν CC(21) 

19 A 1041 - 1071 1052 1064 1026 β CCC(27) 

20 A 1015 - 1046 1028 1047 1010 β NNN(54) 

21 A 1003 1004 1042 1024 1039 1002 β CCC(53) 

22 A - - 1040 1022 1035 998 
τ HCCC(50)+ τ 

CCCC(31) 

23 A - - 1028 1010 1021 984 ν CC(61) 

24 A - - 1018 1000 1017 980 τ HCCC(37) 

25 A 975 - 983 966 992 957 ν NN(39) 

26 A 924 - 953 937 957 923 ν NN(19) 

27 A - -- 898 882 905 873 ν NCN(41) 

28 A 853 - 876 860 877 873 τ HCCC(55)  

29 A 755 - 799 785 803 774 τ HCCC(52) 

30 A - - 718 705 718 696 τ CCCC(28) 

31 A 714 - 717 710 717 694 τ CCCC(38) 

32 A 702 - 709 697 701 676 β CCN(47) 

33 A 696 699 696 684 696 671 δ NNNC(60) 

34 A 612 614 644 633 643 620 τ CCC(46) 

35 A 570 568 569 559 571 551 β NCCC(19) 

36 A 490 - 487 479 483 465 ν ClC(45) 

37 A - - 448 440 446 430 ν ClC(16) 
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38 A - - 427 420 428 413 ν CCCC(69) 

39 A - - 377 370 379 365 β NCC(13) 

40 A - 327 327 322 327 315 τ  CCCC(18) 

41 A - 235 232 228 226 218 
β ClCN(21)+ δ 

ClNNC(39) 

42 A - - 222 218 220 212 β ClCN(20) 

43 A - - 115 113 114 110 β NCC(24)+ δ NCNC(37) 

44 A - - 92 90 91 88 β NNC(30) 

45 A - - 34 33 34 33 δ NNCC(86) 

 

 

Table 6: Natural Bond Orbital Calculation of 5-Chloro-1-phenyl-1H-tetrazole (5ClPTZ). 

S.No Donor NBO (i) 

 

AcceptorNBO (j) 

 

E(2) 

kcal/mol 

E(j)-E(i) 

a.u. 

F(i,j) 

a.u. 

1 152 BD* N2-N3 155 BD* N4-C5 79.87 0.02 0.059 

2 158 BD* C7-C8 168 BD* C11-C12 72.4 0.01 0.062 

3 158 BD* C7-C8 163 BD* C9-C10 69.1 0.01 0.063 

4 40 LP N1 152 BD* N2-N3 20.72 0.33 0.075 

5 40 LP N1 155 BD* N4-C5 19.44 0.34 0.074 

6 8 BD N4-C5 152 BD* N2-N3 14.11 0.32 0.062 

7 45 LP Cl6 161 BD* C8-H13 14.11 0.88 0.1 

8 46 LP Cl6 161 BD* C8-H13 14.02 0.87 0.1 

9 16 BD C9-C10 158 BD* C7-C8 11.82 0.28 0.052 

10 21 BD C11-C12 158 BD* C7-C8 11.69 0.29 0.052 

11 46 LP Cl6 155 BD* N4-C5 11.25 0.33 0.057 

12 16 BD C9-C10 168 BD* C11-C12 11.1 0.3 0.051 

13 40 LP N1 158 BD* C7-C8 10.92 0.41 0.062 

14 21 BD C11-C12 163 BD* C9-C10 10.83 0.3 0.051 

15 42 LP N3 148 BD* N1-N2 10.66 0.69 0.076 

16 11 BD C7-C8 168 BD* C11-C12 10.39 0.32 0.051 
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Abstract 

The vibrational spectra of Pentylenetetrazole (PTZ) have been recorded in the regions 

4000−400 cm
-1

for FT-IR and 3500−100 cm
-1

 for FT-Raman. The molecular structure, geometry 

optimization, vibrational frequencies were obtained by the density functional theory (DFT) using 

B3LYP method with 6-31G and 6-311+G  basis sets. The complete assignments were performed on 

the basis of the potential energy distribution (PED) of the vibrational modes, calculated and the 

scaled values were compared with experimental FT-IR and FT-Raman spectra. The HOMO and 

LUMO energy gap reveals that the energy gap reflects the chemical activity of the molecule. The 

dipole moment (), polarizability (α), anisotropy polarizability (Δα) and first hyperpolarizability 

(βtot) of the molecule have been reported. Information about the size, shape, charge density 

distribution and site of chemical reactivity of the molecule has been obtained by  molecular 

electrostatic potential (MEP). 

Key words: Pentylenetetrazole,DFT, FT-IR,FT-Raman,MEP 

Introduction 

The biological potential molecule Pentylenetetrazole (PTZ) is a tetrazole derivative and 

inhibitor of the γ aminobutyric acid (GABAA) and its receptor complex[1,2]. PTZ is a convulsing 

agent used for inducing seizures. It can traverse the blood-brain barrier[3].As well as 

Pentylenetetrazole has been used to induce seizures in zebra fish larvae[4], mice[5], and male wistar 

rats[6]. This extensive applications of tetrazoles derivatives stimulated research in areas such as the 

reactivity of various tetrazolyl derivatives and the design of synthetic methodologies. In these 

studies, the molecular structure, vibrational spectra and HOMO-LUMO energy gap of 

Pentylenetetrazole (PTZ) were investigated by a concerted approach using matrix isolation 

https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_1
https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_3
https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_4
https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_5
https://www.sigmaaldrich.com/catalog/product/sigma/p6500?lang=en&region=IN#cited_6
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vibrational spectroscopy and high-level DFT-based theoretical calculations. Regarding their studies, 

tetrazoles have been found to be extremely interesting and challenging molecules. 

Experimental Details: 

The fine sample of PTZ was obtained from Lancaster Chemical Company.UK, with a stated 

purity of 99% and it was used as such without further purification.The FT-Raman Spectrum of PTZ 

was recorded using 1064 nm line of ND: YAG laser for excitation wavelength in the region 3500-

100 cm
-1

 on Thermo Electron Corporation model Nexus spectrometer equipped with FT-Raman 

module accessory. The FT-IR Spectrum of the title compound was recorded in the region 4000-400 

cm
-1 

on Perking Elmer Spectrophotometer in KBr pellet. 

3. Computational Details: 

The combination of Vibration spectra with quantum chemical calculation is effective for 

understanding the fundamental mode of vibration of the compound. The structural characteristic, 

stability and energy of the compound under investigation are determined by DFT with the three-

parameter hybrid functional (B3) for the exchange part and the Becke Three Lee Yong-Pare (LYP) 

and 6-31G ,6-311+G  basis sets with Gaussian 09 Program Package. The Cartesian representation of 

the theoretical force constants has been compound at the fully optimized geometry by assuming the 

molecule belongs to C1point group symmetry. The Transformation of force field from Cartesian to 

internal local symmetry coordinates, the scaling, and the subsequent normal coordinate analysis 

(NCA) Calculation of potential energy distributions (PED) has been done on a PC with the VEDA 

program. 

 Molecular geometry  

The optimized structures of the title compounds along with numbering of atoms are shown in 

Figure 1. Due to the global minimum energy all the calculated vibrational wavenumbers using the 

optimized geometry were found to be positive for the title compounds. The bond lengths, bond 

angles and the optimized parameters calculated using the DFT method is shown in the 

Supplementary material (Tables 1). 

An organic heterobicyclic compound that is 1H-tetrazole in which the hydrogens at positions 

1 and 5 are replaced by a pentane-1,5-diyl group.Further, in TPZ, the bond lengths of C6-C7, C7-C8, 

C8-C9, C9-C10, C8-C10 were found to be elongated to 1.55 Å, 1.54 Å, 1.54 Å, 1.54 Å respectively 

compared to pentamethylene and tetrazole connection bond C5-C6 values of 1.49 Å. In this 

structure,C-C bond length has longer value and C-H bond length has shorter value (1.10 Å). The 

bond lengths of N3-N4, N1-N2 were found to be elongated to 1.40 Å, 1.39 Å respectively, compared 

to N2-N3 values of 1.32 Å. Because bond order of N2-N3 is higher than N3-N4, N1-N2 bond order 

[7]. The two different basis set good agreement with each other.  
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Frontier molecular orbital analysis  

 The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) and their properties are very useful to analyze the chemical reaction of molecule. The 

HOMO and LUMO energies are directly related to the ionization potential and electron affinity 

respectively [8, 9].those is also used by the frontier electron density for predicting the most reactive 

position in pi-electron systems and also explains several types of reaction in conjugated system [10]. 

The conjugated molecules are characterized by a small energy gap, which is the result of a 

significant degree of intra-molecular charge transfer from the endcapping electron-donor groups to 

the efficient electron-acceptor group through pi-conjugated path [11]. The HOMO and LUMO plots 

of the title compound are shown in Figs. 2. The energy gap(∆E) is a critical parameter in determining 

molecular electrical transport properties because it is a measure of electron conductivity. By using 

the HOMO and LUMO energy values, the global chemical reactivity descriptors such as hardness, 

chemical potential, electronegativity and electrophilicity index as well as local reactivity have been 

defined . Pauling introduced the concept of electronegativity as the power of an atom in a molecule 

to attract electrons to it. Hardness (η), chemical potential (µ),electrophilicity (ω) and 

electronegativity (χ) are defined using Koopman’s theorem as η = (I -A)/2, µ = -(I + A)/2 andχ = (I + 

A)/2, where I = -EHOMO and A = -ELUMO are the ionization potential and electron affinity of the 

molecule. Considering the chemical hardness, large energy gap denotes a hard molecule and small 

gap denotes a soft molecule. One can also relate the stability of the molecule to hardness, which 

means that the molecule with least energy gap means, it is more reactive. Parr et al. [12] have 

defined a descriptor to quantify the global electrophilic power of the molecule as electrophilicity 

index, ω= µ
2
/2η. The usefulness of this new reactivity quantity has been recently demonstrated in 

understanding the toxicity of various pollutants in terms of their reactivity and site selectivity [13–

19]. The global parameters of compound PTZ are given in Table 2. 

Molecular Electrostatic Potential (MEP): 

The molecular electrostatic potential (MEP) method is used to study the interaction of a 

molecular system with its surroundings which is used for predicting sites and relative reactivity 

towards electrophilic attack and in studies of biological recognition. The MEP surface which is a 

method of mapping electrostatic potential on to the isoelectron density surface and it provides a 

visual method to understand the relative polarity [20]. To predict reactive sites of electrophilic and 

nucleophilic attacks for the investigated molecule, MEP at the B3LYP level optimized geometry was 

calculated. The different values of the electrostatic potential at the MEP surface are represented by 

different colors; red, blue and green represent the regions of most negative, most positive and zero 

electrostatic potential respectively. The MEP plots of the title compound PTZ is shown in Fig. 3and 

it provides a visual representation of the chemically active sites and comparative reactivity of atoms. 

The negative electrostatic potential corresponds to an attraction of proton by the aggregate electron 

density in the molecule (shades of red and yellow) and the positive electrostatic potential 

corresponds to the repulsion of proton by the nuclei (shades of blue). The electrophilic 

attack,nucleophilic attack and zero region of the title compound are depicted by Fig 3. 
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Mulliken Atomic charge 

The Mulliken atomic charge calculation has vital role in the application of quantum 

mechanics calculations to molecular system: the calculation of effective atomic charge plays an 

important role [21]. The electron distribution in PTZ is compared in two different quantum 

chemical methods and the sensitivity of the calculated charges to charge in the choice of methods is 

studies. By determining the electron population of each atom in the define basis function, the 

Mulliken charges are calculated. An estimated Mulliken charges at both levels are lists in Table 

3.The results can be represented in graphical form as given in Fig 4. 

Nonlinear optical properties  

Theoretical evaluation of the polarizability (a), and the first order hyperpolarizabilities (b) is 

used to the design of new compounds for nonlinear optical applications and to understand the 

interaction between electromagnetic field and matter [22]. The calculation of hyperpolarizability and 

related properties have been carried out at DFT level by finite field approach. 

 The dipole moment, the mean polarizability of the title compound are calculated using Gaussian 09 

software and are found to be 7.1416,7.3831 Debye  6-31G,6-311+G basis set respectively. The 

magnitude of the first hyperpolarizability from Gaussian 09 output is 0.6177X10
-30

, 0.6692 X10
-

30
esu 6-31G, 6-311+G basis set respectively. 

Vibrational assignment 

The title compound belongs to C1 symmetry, consists of 20 atoms species and get 54 

fundamental vibrations.The detailed vibration assignments of fundamental modes of PTZ with 

observed and calculated frequencies and normal modes description are reported in Table 2. The 

observed experimental FT-IR, FT-Raman spectra are shown in Fig 2 and 3 respectively.The higher 

valu of theoretical vibrations have been reduced by scaled factor 0.9555 for >1500 cm-1,0.9826 for 

<1500cm-1 in 6-31G basis set. as well as 0.9642 for >1500 cm
-1

,0.9860 for <1500cm-1 in 6-311+G 

basis set. 

B3LYP computation gives mode arising from the N-N stretching at 1129 cm
-1

in 6-31G and 1119 cm
-

1
 in 6-311+G basis set corresponding to the peak at 1115 cm

-1
  in IR spectrum. The C-N vibrations is 

a very critical task, since the mixing of vibrations is possible in this region. Silverstein et al. [23] 

attributed C-N stretching absorption in the region 1266–1382 cm-1  for aromatic amines. In 

benzamide the band observed at 1368 cm
-1

  is assigned to the CN stretching band [24]. In 1,2,4-

triazole the band observed at 1390 and 1327 cm
-1

are assigned to CN stretching [25]. The C-N 

stretching modes are reported in the range 1000–1400 cm
-1

[26] and in the present case these bands 

are assigned at 1194, 1269, 1533 (6-31G) 1191,1268, 1530(6-311+G) cm
-1

  theoretically. 

1171,1246,1530 cm
-1

 in IR and 1242,1531 cm
-1

 in Raman. 
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The vibrations of the CH2 group (attached with the tetrazole ring), the asymmetric stretch 

CH2, symmetric stretch CH2, scissoring vibration CH2 and wagging vibration CH2 appear in the 

regions, 3000 ± 50, 2965 ± 30, 1455 ± 55 and 1350 ± 85 cm
-1

, respectively [27,28]. The B3LYP 

calculations give stretching vibration of CH2 at 3007-2885 cm-1 in 6-31G basis set, 3003-2860 cm
-1

 

in 6-311+G basis set. Experimentally bands are observed at 2946-2821 cm
-1

  in IR and at 3005-2869 

cm
-1

  in the Raman spectrum as CH2 stretching modes. All the bands were also found well within 

the characteristic region and presented in. 

 

Table 1: Geometry Optimization Parameter of Pentelyenetetrazole (PTZ) based on 

B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

BondLength(Å) BondAngle(º) 

Atom 6-31G 6-311+G Atom 6-31G 6-311+G 

C6-C7 1.55 1.55 C5-N1-C10 130.49 130.37 

C7-C8 1.54 1.54 N4-C5-C6 125.87 125.85 

C8-C9 1.54 1.54 N1-C5-C6 125.56 125.56 

C9-C10 1.54 1.53 N2-N1-C10 120.94 120.97 

C5-C6 1.49 1.49 C7-C8-C9 115.96 116.05 

N1-C10 1.46 1.46 C8-C9-C10 115.2 115.20 

N3-N4 1.40 1.40 C6-C7-C8 115.07 115.10 

N1-N2 1.39 1.39 C5-C6-C7 114.17 114.14 

N1-C5 1.36 1.36 N1-C10-C9 112.95 112.91 

N4-C5 1.34 1.34 C9-C10-H20 111.04 111.04 

N2-N3 1.32 1.32 N2-N3-N4 110.61 110.69 

C6-H11 1.10 1.10 C9-C10-H19 110.56 110.41 

C7-H13 1.10 1.10 C8-C9-H18 110.16 110.23 

C7-H14 1.10 1.09 C7-C6-H12 110.12 110.04 

C8-H15 1.10 1.09 C8-C7-H14 109.77 109.81 

C8-H16 1.10 1.09 C5-C6-H11 109.73 109.77 

C9-H17 1.10 1.09 C6-C7-H14 109.21 109.26 

C9-H18 1.10 1.09 C7-C6-H11 109.13 109.24 

C10-H19 1.10 1.09 C7-C8-H15 109.13 109.12 

C6-H12 1.09 1.09 C9-C8-H15 109.06 109.06 

C10-H20 1.09 1.09 C10-C9-H18 108.94 108.97 

   N1-C10-H19 108.76 108.68 

   N2-N1-C5 108.58 108.66 

   N1-C5-N4 108.56 108.58 

   C8-C9-H17 108.56 108.54 

   C8-C7-H13 108.31 108.30 

   C7-C8-H16 108.14 108.14 

   H19-C10-H20 108.00 107.99 



Design Engineering 

 

ISSN: 0011-9342 | Year 2021 

Issue: 7 | Pages: 10815 - 10830 

 

 

 

 [10820] 

   C9-C8-H16 107.97 107.86 

   C6-C7-H13 107.59 107.58 

   C10-C9-H17 106.94 106.96 

   H11-C6-H12 106.8 106.71 

   H17-C9-H18 106.66 106.63 

   C5-C6-H12 106.62 106.55 

   H13-C7-H14 106.53 106.42 

   N3-N4-C5 106.2 106.26 

   H15-C8-H16 106.14 106.09 

   N1-N2-N3 106.04 106.02 

   N1-C10-H20 105.28 105.40 

 
 

Fig. 1. The theoretical geometry structure and atomic numbering scheme of  

Pentylenetetrazole (PTZ) 

 

. 

. 

https://www.scbt.com/p/pentylenetetrazole-54-95-5
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Table 2: HOMO-LUMO energy (eV) and other related properties of Pentelyenetetrazole (PTZ) 

based on B3LYP/6-31G and B3LYP/6-311+G method and basis set. 

Parameters 

6-31G 

(eV) 

6-311+G 

(eV) 

Homo(I) -7.5293 -7.8994 

Lumo(A) -0.6585 -1.0204 

Energy gap(∆E) 6.8708 6.8790 

Electronegativity 4.0939 4.4599 

Global hardness 3.4354 3.4395 

Global softness(eV
-1

) 0.2910 0.2907 

Chemical potential -4.0939 -4.4599 

Electriphilicity 2.4393 2.8915 
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LUMO 

Fig 2:The atomic orbital compositions of the frontier molecular orbital 

for pentelyenetetrazole (PTZ). 

HOMO 

EHOMO= -7.5293eV 

∆E=6.870 eV 

ELUMO= -0.6585eV 

 

6-31G 6-311+G 

ELUMO= -1.0204eV 
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Table 3: Mulliken charge (charge/e) of Pentelyenetetrazole (PTZ) based on B3LYP/6-31G and 

B3LYP/6-311+G method and basis set. 

 

Atom 
6-31G 6-311+G 

Charge/e 

N1 -0.5433 -0.2775 

N2 0.0042 0.2422 

N3 -0.0973 -0.0681 

N4 -0.3257 -0.1392 

C5 0.5090 0.1250 

C6 -0.2788 -0.5999 

C7 -0.2482 -0.3476 

C8 -0.2519 -0.5628 

C9 -0.2522 -0.2626 

C10 -0.0793 -0.6035 

H11 0.1598 0.2747 

H12 0.1825 0.2706 

H13 0.1440 0.2357 

H14 0.1471 0.2496 

H15 0.1277 0.2357 

H16 0.1427 0.2325 

H17 0.1474 0.2393 

H18 0.1539 0.2510 

H19 0.1683 0.2467 

H20 0.1901 0.2581 
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Table 4: Dipole moment(µ), Polarizability(α), Anisotropy polaraizability(∆α) and First 

order polarizability(βtot) of Pentelyenetetrazole (PTZ) based on B3LYP/6-31G and 

B3LYP/6-311+G method and basis set. 

Parameters 6-31G 6-311+G 

µx -6.9613 -7.1981 

µy -0.8587 -0.8722 

µz 1.3437 1.3917 

αXX -73.8034 -75.6721 

αYY -59.1621 -60.6258 

αZZ -58.4211 -59.6432 

αXY -0.9227 -0.9443 

αXZ 2.2679 2.3738 

αYZ -0.0276 -0.0363 

βXXX -52.1379 -55.563 

βYYY -5.5846 -5.9735 

βZZZ 1.3902 1.8947 

βXYY -16.5269 -18.1617 

βXXY -3.4782 -3.5951 

βXXZ 5.5513 5.6818 

βXZZ -1.3562 -2.1705 

βYZZ -1.0458 -1.2285 

Fig. 3. The total electron density surface mapped with of Pentylenetetrazole 

(PTZ). 
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βYYZ 3.3821 3.5901 

βXYZ 0.3376 0.2452 

µ(debye) 7.1416 7.3831 

α(esu) -9.4417X10
-24

 -9.6664 X10
-24

 

∆α(esu) 19.0493X10
-24

 19.5343 X10
-24

 

βtot(esu) 0.6177X10
-30

 0.6692 X10
-30

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5:Observed Frequency (cm
-1

),TheoreticalFrequency (cm
-1

) and Vibrational assignment 

with PED(%) of Pentelyenetetrazole (PTZ) based on B3LYP/6-31G(0.9555,0.9826)and 

B3LYP/6-311+G(0.9642,0.9860)method and basis set. 

S
p

e 
ci

s 

Observed 

Frequency(cm
-

1
) 

Theoretical 

 Frequency(cm
-1

) 
Vibrational 

assignment (PED % ) 
FT-

IR 

FT-

Raman 

6-31G 6-311+G 

Calc scaled Calc Scaled 

A - 3005 3147 3007 3114 3003 ν CH(91) 

A - 2983 3125 2986 3094 2983 ν CH(94) 

A - - 3094 2956 3060 2951 ν CH(82) 

A - - 3088 2951 3054 2945 ν CH(88) 

A - - 3077 2940 3045 2936 ν CH(76)+ν CH(15) 

A 2946 2951 3056 2920 3024 2916 ν CH(84) 

N1 N2 N3 N4 C5 C6 C7 C8 C9 C10H11H12H13H14H15H16H17H18H19H20

-0.6

-0.4

-0.2

0.0
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0.4
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e
n
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a
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e
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A
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Fig. 4 Bar diagram representing the Mulliken atomic charge distribution of 

Pentylenetetrazole (PTZ) 
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A 2929 2927 3044 2909 3013 2905 ν CH(93) 

A - 2911 3042 2907 3010 2902 ν CH(12)+ν CH(78) 

A 2863 2869 3029 2894 3000 2893 ν CH(88) 

A 2821 - 3019 2885 2987 2860 ν CH(84)+ν CH(11) 

A 
1530 1531 1560 1533 1552 1530 

ν NC(27)+β HCH(12)+β 

HCH(25) 

A - - 1541 1514 1531 1510 β HCH(59) 

A - - 1536 1509 1527 1506 β HCH(70) 

A - - 1530 1503 1521 1500 β HCH(58) 

A 1468 1474 1527 1500 1517 1496 β HCH(68) 

A 1439 1449 1524 1477 1514 1473 β HCH(54)+β HCH(10) 

A 1428 - 1463 1438 1456 1436 ν CC(17)+τ HCNC(19) 

A 1378 1375 1427 1402 1420 1400 β HCC(12)+τ HCCC(60) 

A 

1370 - 1420 1395 1413 1393 

β HCC(13)+τ 

HCCN(14)+τ 

HCCN(13)+τ HCNC(12) 

A 1382 - 1408 1382 1402 1382 β HCC(12)+τ HCCC(33) 

A 1355 - 1407 1382 1398 1378 β HCN(25)+τ HCCN(21) 

A 1344 1347 1388 1364 1380 1361 β HCC(26)+τ HCCN(30) 

A 1334 - 1344 1321 1346 1327 β HCC(44)+τ HCNC(18) 

A 
1302 1307 1310 1287 1309 1291 

β HCC(14)+β HCN(12)+τ 

HCNC(13) 

A 
1271 1274 1306 1283 1305 1287 

β HCC(10)+β HCC(12)+β 

HCC(17)+τ HCCN(13) 

A 
1246 1241 1292 1269 1286 1268 

ν NC(10)+β HCC(12)+τ 

HCCC(12) 

A 1187 - 1219 1198 1215 1198 β HCC(16) 

A 1171 - 1215 1194 1208 1191 ν NC(31) 

A 1115 - 1210 1129 1206 1119 ν NN(55) 

A 1097 1100 1138 1118 1132 1116 τ CCCC(30) 

A 1088 1092 1128 1108 1119 1103 ν CC(56) 

A 1078 1079 1064 1045 1062 1047 β NNN(66) 

A - 1028 1059 1041 1053 1038 ν CC(41)+β CNN(11) 

A 
993 997 1038 1020 1040 1025 

ν NN(24)+β CCC(11)+τ 

HCCC(10) 

A 968 - 996 979 988 974 ν CC(15) 

A 962 - 968 951 973 959 ν NN(22) 

A 894 - 925 909 926 913 ν NC(14)+β NCN(44) 

A 864 - 911 895 912 899 β NNC(22) 

A 832 - 873 858 869 857 ν CC(14)+β CCN(15) 

A 
805 802 870 835 863 841 

τ HCCC(31)+τ 

NCNN(14) 

A 799 - 807 793 801 790 ν CC(51) 
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A 
744 - 751 738 738 728 

τ NNNC(13)+δ 

CNNC(53) 

A 
676 679 704 692 699 689 

τ NNNC(74)+δ 

CNNC(12) 

A 633 635 675 663 670 661 ν NC(54) 

A 
504 501 643 632 635 626 

ν CC(21)+β NNC(11)+τ 

NCNN(11) 

A - - 509 500 507 500 β CCC(38)+τ HCCC(10) 

A - 395 449 441 448 432 β CNN(19) 

A - 349 390 383 388 383 β CCC(28)+τ CCNC(12) 

A - 273 355 309 354 319 β CCN(40) 

A 
- - 343 298 341 296 

β CCN(12)+β CNN(27)+τ 

HCCC(10) 

A 
- 245 268 263 265 261 

β CCN(21)+β CCC(13)+τ 

CCNC(18) 

A 
- 155 234 168 234 168 

τ CCNC(13)+δ 

CCNN(21) 

A - - 156 153 155 153 τ CCCN(65) 

A 
- - 101 99 100 99 

τ NCNN(10)+τ 

CCCN(10)+δ CCNN(30) 
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CONCLUSION 

The present investigation thoroughly analyzed the HOMO-LUMO, and vibration spectra, 

both infrared and Raman of PTZ molecules with B3LYP method with standard 6-31G and 6-311+G  

basis sets. All the vibration bands are observed in the FT-IR and F-Raman spectra of the compound 

are assigned to various modes of vibration and most of the modes have wave numbers in the 

expected range. The complete vibration assignments of wave numbers are made on the basis of 

potential energy distribution (PED).The electrostatic potential surfaces (MEP) together with 

complete analysis of the vibration spectra, both IR and Raman spectra help to identify the structure 

and symmetry. The excellent agreement of the calculated and observed vibration spectra reveals the 

advantages over the other method. Finally, calculated HOMO-LUMO energies show that the charge 

transfer occurs in the molecule, which are responsible for the bioactive properly of the biomedical 

compound PTZ. 
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The spectra of 5(4 methyl phenyl)tetrazole (5MPTZ)   have been recorded in the regions 4000−400 cm-1 for 
FT-IR and 3500−100 cm-1 for FT-Raman. The geometry optimization, vibrational frequencies were 
obtained by the density functional theory (DFT) using B3LYP method with 6-31G and 6-311+G basis sets. 
The complete assignments were performed on the basis of the potential energy distribution (PED) of the 
vibrational modes, calculated and the scaled values were compared with experimental FT-IR and FT-
Raman spectra. The HOMO and LUMO energy gap reveals that the energy gap reflects the chemical 
activity of the molecule. The dipole moment (), polarizability (α), anisotropy polarizability (Δα) and first 
hyperpolarizability (βtot) of the molecule have been reported. Information about the size, shape, charge 
density distribution and site of chemical reactivity of the molecule has been obtained by molecular 
electrostatic potential (MEP). 
 
Keywords: 5(4 methyl phenyl)tetrazole (5MPTZ)  , DFT, FT-IR,FT-Raman, MEP. 
 

INTRODUCTION 
 
Tetrazole-related molecules have attracted considerable attention due to their biological activities. The synthesis of 
new members of this family of ligands is an important direction in the development of modern coordination 
chemistry [1,2]. Tetrazole compounds have a wide range of applications in coordination chemistry, medicinal 
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chemistry and material science[3,4] . Tetrazole derivatives are used as antibiotics and optically active tetrazole-
containing antifungal preparations of azole type was reported. There is always a need for new and effective 
antifungal and antibacterial agents with broad-spectrum activities. It was decided to develop this interest by 
ascertaining the molecules features essential for activity and utilizing them to develop a new class of potential drugs 
[5]. The detailed investigations of the 5(4 methyl phenyl) tetrazole (5MPTZ)  were carried out  with Gaussian 09 
software package [6] using the Beeke-3-Lee-Yang-Parr (B3LYP) functional[7,8] supplemented with the standard 6-
31G and 6-311+G basis set. 
 
Experimental Details 
The fine sample of 5(4 methyl phenyl) tetrazole (5MPTZ) was obtained from Lancaster Chemical Company.UK, with 
a stated purity of 99% and it was used as such without further purification. The FT-Raman Spectrum of 5MPTZ was 
recorded using 1064 nm line of ND: YAG laser for excitation wavelength in the region 3500-100 cm-1 on Thermo 
Electron Corporation model Nexus spectrometer equipped with FT-Raman module accessory. The FT-IR Spectrum 
of the title compound was recorded in the region 4000-400 cm-1 on Perking Elmer Spectrophotometer in KBr pellet. 
 
Computational Details 
The combination of Vibration spectra with quantum chemical calculation is effective for understanding the 
fundamental mode of vibration of the compound. The structural characteristic, stability and energy of the compound 
under investigation are determined by DFT with the three-parameter hybrid functional (B3) for the exchange part 
and the Becke Three Lee Yong-Pare (LYP) and 6-31G ,6-311+G  basis sets with Gaussian 09 Program Package. The 
Cartesian representation of the theoretical force constants has been compound at the fully optimized geometry by 
assuming the molecule belongs to C1 point group symmetry. The Transformation of force field from Cartesian to 
internal local symmetry coordinates, the scaling, and the subsequent normal coordinate analysis (NCA) Calculation 
of potential energy distributions (PED) has been done on a PC with the VEDA program. 
 
Geometrical parameter 
The molecular structure along with numbering of atoms of 5(4 methyl phenyl)tetrazole (5MPTZ) was as shown in the 
Fig.1 . The Global minimum energies of the title molecule calculated by Density Functional Theory structure 
optimization for different basis sets such as B3LYP/6-31+ G(d,p) ,B3LYP/6-31++ G(d,p) , B3LYP/6-311+ G(d,p) and 
B3LYP/6-311++ G(d,p) are given in Table 1. Geometry optimization is the procedure that attempts to find the 
configuration of minimum energy of the molecule. The procedure calculates the wave function and the energy at a 
starting geometry and then proceeds to search a new geometry of a lower energy. This is repeated until the lowest 
energy geometry is found. The procedure calculates the force on each atom by evaluating the gradient or the first 
derivative of the energy with respect to atomic positions. Sophisticated algorithms are then used at each step to select 
a new geometry, aiming for rapid convergence to the geometry of the lowest energy. In the final, minimum energy 
geometry the force on each atom is zero. The optimized geometric parameters like bond length, bond angles of 5(4 
methyl phenyl) tetrazole (5MPTZ) were calculated and given in Table II . 
 
The title compound is a tetrazole ligand with a toluene substituent in position 5 (Fig. 1). In the solid state structure 
the molecule possesses crystallographic mirror symmetry, with four C atoms lying on the reflecting plane, which 
bisects the phenyl and tetrazole rings [9].The C-C bond lengths in the benzene ring obtained from B3LYP ranges 
from 1.41 to 1.40 Å and C-H bond length ranges from 1.09 to 1.08 Å. The C-N  bond lengths in the tetrazole ring have 
calculated as 1.36 and 1.35 Å. the N1-N2 and N3-N4 bond length of the tetrazole ring has longer than the N2-N3 
bond length in the same ring.the C-H bond lenths of the methyl group were 1.10-1.09 Å .The bond angle of the 
phenyl ring does not have equal value .it varied from 118° to 121°.All the values were compared with experimental 
values[9],those are good agreement with each other. 
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Electronic properties 
When we are dealing with interacting molecular orbitals, the two that interact are generally The Highest energy 
Occupied Molecular Orbital (HOMO) of one molecule, The Lowest energy Unoccupied Molecular Orbital (LUMO) of 
the other molecule. These orbitals are the pair that lie closest in energy of any pair of orbitals in the two molecules, 
which allows them to interact most strongly. These orbitals are sometimes called the frontier orbitals, because they 
lie at the outermost boundaries of the electrons of the molecules. The energy gap between the HOMOs and LUMOs 
called as energy gap. It is a critical parameter in determining molecular electrical transport properties because it is a 
measure of electron conductivity [10]. The HOMO energy characterizes the ability of electron giving, the LUMO 
characterizes the ability of electron accepting, and the gap between HOMO and LUMO characterizes the molecular 
chemical stability [11]. Surfaces for the frontier orbital’s were drawn to understand the bonding scheme of present 
compound. The features of these Molecular Orbitals can be seen in Figure 2. 
 
This electronic absorption corresponds to the transition from the ground state to the first excited state and is mainly 
described by one electron excitation from HOMO to LUMO. While the energy of the HOMO is directly related to the 
ionization potential, LUMO energy is directly related to the electron affinity. There are lots of applications available 
for the use of HOMO and LUMO energy gap as a quantum chemical descriptor. It establishes correlation in various 
chemical and bio-chemical systems [12]. The HOMO–LUMO energy gap is an important value for stability index. A 
large HOMO–LUMO gap implies high stability for the molecule in the sense of its lower reactivity in chemical 
reactions [13]. According to B3LYP calculation, EHOMO , ELUMO and the energy band gap (translation from 
HOMO to LUMO) of the title molecule in electron Volt are presented in Table 2 . Considering the chemical hardness, 
large HOMO-LUMO gap represent a hard molecule and small HOMO-LUMO gap represent a soft molecule. From 
the Table 2, it is clear that the molecule under investigation is very soft since it has a small HOMO-LUMO gap and 
also having a high value for softness. 
 
NLO properties  
The NLO activity provide the key functions for frequency shifting, optical modulation, optical switching and optical 
logic for the developing technologies in areas such as communication, signal processing and optical interconnections 
[14]. The first static hyperpolarizability (βtot) and its related properties (β, α and ∆α) have been calculated using 
B3LYP/6-31G and 6-311+G level based on finite field approach. In the presence of an applied electric field, the energy 
of a system is a function of the electric field and the first hyperpolarizability is a third rank tensor that can be 
described by a 3×3×3 matrix. The 27 components of the 3D matrix can be reduced to 10 components because of the 
Kleinman symmetry [15]. The matrix can be given in the lower tetrahedral format. It is obvious that the lower part of 
the 3×3×3 matrices is a tetrahedral. 
 
The values of the polarizabilities (α) and first hyperpolarizability (βtot) of the Gaussian 09 output are reported in 
atomic units (a.u.). All the calculated values then have been converted into electrostatic units (esu). (For α: 1a.u. = 
0.1482 × 10-24 esu; For β: 1a.u. = 8.639 ×10-33 esu). The total molecular dipole moment and first order 
hyperpolarizability are 7.0628 and 7.2331 Debye and 1.1830x10-30 and 1.241010-30 esu , respectively and are depicted 
in Table 4.Total dipole moment of title molecule is  greater than that of urea and first order hyperpolarizability is 
very much greater than that  of urea (µ and β of urea are 1.3732 Debye and 0.3728×10-30 esu) obtained by B3LYP/6-
31G and 6-311+G method. This result indicates the nonlinearity of the title molecule. 
 
Mulliken Atomic charge 
Atomic charges has been used to describe the process of electronegativety equalization and charge transfer in 
chemical reactions [16,17].Mulliken atomic charge calculation has an important role in the application of quantum 
chemical calculation to molecular system because atomic charges affect dipole moment ,molecular polarizability, 
electronic structure and a lot of properties of electronic systems. The Mulliken atomic charges are calculated at 
B3LYP/6-31G and 6-311+G level by determining the electron population of each atom as defined by the basis function 
and collected in Table 3. 
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A Graph of Mulliken atomic charge on individual atom of 5MPTZ was drawn and given in Figure 8. it is worthy to 
mention that N3,N4 and C8,C9,C11and C12,C17 atoms of the title molecule exhibit negative charge where all 
hydrogen atoms exhibit positive charges. 
 
Molecular Electrostatic Potential  
The molecular electrostatic potential is the potential that a unit positive charge would experience at any point 
surrounding the molecule due to the electron density distribution in the molecule. The electrostatic potential 
generated in space by charge distribution is helpful to understand the electrophilic and nucleophilic regions in the 
title molecule. Electrostatic potential maps, also known as electrostatic potential energy maps, or molecular electrical 
potential surfaces, illustrate the charge distributions of molecules three dimensionally. Knowledge of the charge 
distributions can be used to determine how molecules interact with one another. Molecular electrostatic potential 
(MEP) mapping is very useful in the investigation of the molecular structure with its physiochemical property 
relationships [18-21].In the electrostatic potential map, the semispherical blue shapes that emerge from the edges of 
the above electrostatic potential map are hydrogen atoms.  
 
The molecular electrostatic potential surface MESP which is a 3D plot of electrostatic potential mapped onto the iso 
electron density surface simultaneously displays molecular shape, size and electrostatic potential values.The 
Electrostatic potential surface of 5MPTZ is shown in Figure 3. The colour scheme for the MESP surface is red - 
electron rich or partially negative charge; blue - electron deficient or partially positive charge; light blue-slightly 
electron deficient region; yellow–slightly electron rich region, respectively. Areas of low potential, red, are 
characterised by an abundance of electrons. Areas of high potential, blue, are characterised by a relative absence of 
electrons. That is negative potential sites are on the electronegative atoms like nitrogen  while the positive potential 
sites around the hydrogen and carbon atoms. Green area covers parts of the molecule where electrostatic potentials 
are nearly equal to zero . This is a region of zero potential enveloping the π systems of aromatic ring leaving a more 
electrophilic region in the plane of hydrogen atom. Nitrogen has a higher electronegativity value would 
consequently have a higher electron density around them. Thus the spherical region that corresponds to nitrogen 
atom would have a red portion on it. The MESP of 5MPTZ clearly indicates the electron rich centres of nitrogen 
atom.  
 
Vibrational Assignment 
Vibrational spectroscopy has been shown to be effective in the identification of functional groups of organic 
compounds as well as in studies on molecular conformations and reaction kinetics [22] The symmetry possessed by 
the title molecule helps to determine and classify the actual number of fundamental vibrations of the system. The 
observed spectrum is explained on the basis of C1 point group symmetry. The title molecule consists of 20 atoms, 
which undergo 36 normal modes of vibrations .The total number of 54 fundamental vibrations (3N-6, where N is the 
number of atoms ) are distributed as Гvib = 37 A’ (In plane vibrations;2N-3)  17 A”(out of plane vibrations;N-3) All 
vibrations are active both in Raman and infrared absorption. The detailed vibrational assignment of fundamental 
modes of 5MPTZ along with the calculated IR and Raman frequencies, normal mode descriptions using PED 
(Potential Energy Distribution) are reported in Table III. The calculated frequencies are usually higher than the 
corresponding experimental quantities, due to the combination of electron correlation effects and basis set 
deficiencies. 
 
C–H vibrations: The presence of C-H stretching vibrations in the region 3000 - 3200 is common for heteroaromatic 
structure. In the present study the C-H stretching vibrations of the title compound are observed at 3082 and 3045 cm-1 
in the FT-IR spectrum and 3050cm-1 in the FT-Raman spectrum. The calculated wave numbers at 3097,3067,3058,3044 
cm-1  are assigned to C-H stretching vibrations. The C-H out of plane bending vibrations are occurring in the region 
900-667 cm−1 [23].In the present investigation the computed wave numbers at 1073,1009,1008 are assigned to C-H out 
of plane vibrations and the scaled values are in good agreement with the experimental values. The assignments of 
other in-plane and out-of-plane C-H bending vibrations are as shown in Table III. 
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Ring vibrations: There are six equivalent C-C bonds in benzene and consequently there will be six C-C stretching 
vibrations. In addition, there are several C-C-C in-plane and out-of-plane bending vibrations of the ring carbons. 
However, due to high symmetry of benzene, many modes of vibrations are infrared inactive. In general, the bands 
around 1400 to 1650 cm-1 in benzene derivatives are assigned to skeletal stretching C-C bands[24]. In the case of title 
compound the carbon stretching vibrations have been observed at 1613,1580,1505 cm-1 in the FT-IR spectrum and 
1630.1595 cm-1 in FT-Raman spectrum were assigned to C-C stretching vibration which show good agreement with 
scaled frequencies. The measured wavenumbers at 1603,1558,1533 cm-1  are assigned to C-C stretching vibrations. It 
is clear from the above values that the difference between observed and scaled frequencies is very small. In general, 
the C–C–C out-of-plane and in-plane-bending vibrational wavenumber observed in FT-IR spectrum and FT-Raman 
spectrum shows good agreement with theoretically computed wavenumber. 
 
C-N Vibrations: The mixing of several bands are possible in this region. The C-N stretching frequency is a rather 
difficult task. In the present study the band observed at 1285,1116 cm-1 in FT-IR spectrum is attributed to C-N 
bending vibration. The theoretically calculated value of corresponding C-N bending vibration is predicted at 
1298,1131 cm-1 . B3LYP computation gives mode arising from the N-N stretching at 1158,1147 cm-1  corresponding to 
the peak at 1187,1163 cm-1  in IR spectrum. The methyl group CH stretching vibrational frequency band is found in 
5MPTZ at 2924, 2910 cm-1 respectively, in the FT-Raman, FT-IR spectrum. The CH stretching mode for methyl is in 
the zone of 3000-2800 cm-1 [25,26].theoretically found at 2994,2965,2906 cm-1. 
 

CONCLUSION 
 
The present investigation thoroughly analyzed the HOMO-LUMO, and vibration spectra, both infrared and Raman 
of 5MPTZ molecules with B3LYP method with standard 6-31G and 6-311+G  basis sets. All the vibration bands are 
observed in the FT-IR and FT-Raman spectra of the compound are assigned to various modes of vibration and most 
of the modes have wave numbers in the expected range. The complete vibration assignments of wave numbers are 
made on the basis of potential energy distribution (PED).The electrostatic potential surfaces (MEP) together with 
complete analysis of the vibration spectra, both IR and Raman and help to identify the structure and symmetry. The 
excellent agreement of the calculated and observed vibration spectra reveals the advantages over the other method. 
Finally, calculated HOMO-LUMO energies show that the charge transfer occurs in the molecule, which are 
responsible for the bioactive properly of the biomedical compound 5MPTZ. 
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Table 1: Geometry Optimization Parameter of 5(4 methyl phenyl)tetrazole (5MPTZ) based on B3LYP/6-31G and 
B3LYP/6-311+G method and basis set 
 

Bond Length(Å) Bond Angle(º) 
Atom 6-31G 6-311+G Atom 6-31G 6-311+G 

C10-C17 1.51 1.51 C5-N1-H6 131.076 131.348 
C5-C7 1.46 1.46 N1-C5-C7 126.995 126.910 
C7-C8 1.41 1.41 N4-C5-C7 125.406 125.550 

C9-C10 1.41 1.41 C5-C7-C12 122.300 122.211 
C7-C12 1.41 1.40 C8-C9-C10 121.259 121.342 

C10-C11 1.40 1.40 C11-C10-C17 121.104 121.250 
C11-C12 1.40 1.39 C10-C11-C12 121.068 121.120 
N3-N4 1.39 1.39 C9-C8-H13 120.957 120.821 
C8-C9 1.39 1.39 C9-C10-C17 120.797 120.776 
N1-N2 1.39 1.39 C7-C12-H16 120.709 120.758 
N1-C5 1.36 1.36 C7-C12-C11 120.464 120.543 
N4-C5 1.35 1.34 C7-C8-C9 120.287 120.345 
N2-N3 1.32 1.32 N2-N1-H6 119.550 119.503 

C17-H18 1.10 1.09 C10-C11-H15 119.469 119.410 
C17-H20 1.10 1.09 C12-C11-H15 119.463 119.377 
C17-H19 1.09 1.09 C10-C9-H14 119.396 119.248 
C12-H16 1.09 1.08 C8-C9-H14 119.345 119.130 
C9-H14 1.09 1.08 C5-C7-C8 118.874 119.110 
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C11-H15 1.09 1.08 C11-C12-H16 118.826 118.897 
C8-H13 1.08 1.08 C8-C7-C12 118.826 118.678 
N1-H6 1.01 1.00 C7-C8-H13 118.756 118.637 

   C9-C10-C11 118.095 117.972 
   C10-C17-H19 111.510 111.460 
   C10-C17-H20 111.392 111.377 
   C10-C17-H18 111.099 111.138 
   N2-N3-N4 110.866 110.610 
   N2-N1-C5 109.374 109.523 
   H19-C17-H20 108.043 107.892 
   N1-C5-N4 107.599 107.584 
   H18-C17-H19 107.485 107.541 
   H18-C17-H20 107.106 107.188 
   N3-N4-C5 106.612 106.712 
   N1-N2-N3 105.549 105.614 

 
 
Table 2: HOMO-LUMO energy (eV) and other related properties of 5(4 methyl phenyl)tetrazole (5MPTZ) based 
on B3LYP/6-31G and B3LYP/6-311+G method and basis set 
 

Parameters 
6-31G 
(eV) 

6-311+G 
(eV) 

Homo(I) -6.8600 -7.1484 
Lumo(A) -1.6599 -2.0000 

Energy gap(∆E) 5.2001 5.1484 
Electronegativity 4.2599 4.5742 
Global hardness 2.6000 2.5742 

Global softness(eV-1) 0.3846 0.3885 
Chemical potential -4.2599 -4.5742 

Electriphilicity 3.4898 4.0641 
 
Table 3: Mulliken charge (charge/e) of 5(4 methyl phenyl)tetrazole (5MPTZ) based on B3LYP/6-31G and B3LYP/6-
311+G method and basis set. 
 

Atom 
6-31G 6-311+G 

Charge/e 
N1 0.6088 0.5648 
N2 0.0148 0.1788 
N3 -0.0822 -0.1907 
N4 -0.3317 -0.3710 
C5 0.4033 1.0604 
H6 0.3623 0.4352 
C7 0.1626 1.7626 
C8 -0.1369 -0.2400 
C9 -0.1635 -0.5421 

C10 0.1262 1.1972 
C11 -0.1665 -1.1517 
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C12 -0.1386 -0.5323 
H13 0.1839 0.2560 
H14 0.1362 0.2139 
H15 0.1321 0.2051 
H16 0.1165 0.1870 
C17 -0.4836 -1.3766 
H18 0.1660 0.2596 
H19 0.1497 0.2312 
H20 0.1582 0.2416 

 
Table 4: Dipole moment(µ), Polarizability(α), Anisotropy polaraizability(∆α) and First order polarizability(βtot) of 
5(4 methyl phenyl)tetrazole (5MPTZ) based on B3LYP/6-31G and B3LYP/6-311+G method and basis set 
 

Parameters 6-31G 6-311+G 
µx 6.0797 6.2633 
µy 3.5941 3.6175 
µz 0.0489 0.0429 

αXX -82.6947 -84.9573 
αYY -63.8621 -65.4107 
αZZ -71.5172 -73.5735 
αXY -9.0345 -9.1645 
αXZ 0.1748 0.0651 
αYZ -0.0015 -0.0182 
βXXX 130.0165 135.7744 
βYYY 20.1929 21.203 
βZZZ 0.5809 0.4321 
βXYY 7.982 9.1765 
βXXY 17.6595 17.3876 
βXXZ 0.708 0.462 
βXZZ -6.36 -6.5217 
βYZZ -0.1262 -0.2017 
βYYZ -0.3797 -0.2368 
βXYZ -0.0077 -0.0152 

µ(debye) 7.0628 7.2331 
α(esu) -10.7583 X10-24 -11.0478 X10-24 

∆α(esu) 144.1678 X10-24 148.1296 X10-24 
βtot(esu) 1.1830 X10-30 1.2410 X10-30 
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Table 5: Observed Frequency (cm-1), Theoretical Frequency (cm-1) and Vibrational assignment with PED(%) of 5(4 
methyl phenyl)tetrazole (5MPTZ) based on B3LYP/6-31G (0.9555, 0.9826)and B3LYP/6-311+G (0.9642, 
0.9860)method and basis set 
 

Sp
e 

ci
s Observed Frequency 

(cm-1) 
Theoretical 

Frequency(cm-1) 
Vibrational assignment (PED % ) 

FT-IR FT-Raman 
6-31G 6-311+G 

Calc scaled Calc Scaled 
A 3407 - 3710 3524 3687 3502 ν NH(100) 
A 3082 - 3241 3097 3206 3046 ν CH(95) 
A - - 3210 3067 3176 3018 ν CH(73) 
A - 3050 3201 3058 3165 3007 ν CH(93) 
A 3045 - 3186 3044 3153 2995 ν CH(75) 
A - - 3134 2994 3097 2942 ν CH(69) 
A 2924 - 3103 2965 3069 2915 ν CH(47) 
A - 2910 3041 2906 3013 2862 ν CH(58) 
A 1613 1630 1678 1603 1656 1574 ν CC(29) 
A 1580 1595 1631 1558 1611 1530 ν CC(27) 
A 1505 - 1605 1533 1587 1508 ν CC(18) 
A 1458 - 1539 1471 1528 1452 β HNN(10)+β HCC(11) 
A - - 1536 1468 1527 1451 β HCH(28) 
A - - 1533 1464 1524 1448 β HCH(39)+τ HCCC(14) 
A - - 1477 1451 1460 1435 ν CC(17)+β HCC(10) 
A 1404 1400 1464 1438 1454 1429 β HCH(43) 
A 1377 - 1396 1372 1384 1360 β HCC(21) 
A - - 1378 1354 1365 1341 β HNN(19)+ν CC(14) 
A - 1310 1370 1346 1348 1325 β HNN(35) 
A 1285 - 1321 1298 1302 1279 ν NC(33)+ν CC(16) 
A 1258 1250 1258 1237 1247 1225 ν CC(39)+β HCC(12) 
A - 1217 1247 1226 1237 1215 β HCC(27)+β HCC(11) 
A 1187 1196 1178 1158 1172 1151 β HNN(19)+β HCC(12) + ν NN(23) 
A 1163 - 1167 1147 1159 1139 ν CC(14)+ν CC(10)+ ν NN(49) 
A 1116 - 1151 1131 1141 1121 ν NC(22) 
A - 1070 1101 1082 1092 1073 τ HCCC(30)+β HCH(14) 
A 1054 - 1059 1041 1050 1032 β CCC(37) 
A - 1049 1049 1031 1041 1023 β NNN(65) 
A 1027 - 1037 1019 1027 1009 τ HCCC(34)+ν CC(10) 
A 1013 - 1030 1012 1026 1008 τ HCCC(51) 
A 992 980 1022 1004 1017 999 β NCN(26) 
A - - 984 967 982 965 τ HCCC(37) 
A - - 955 938 974 957 ν NN(64) 
A - - 918 902 923 907 β NCN(27)+β NNN(17) 
A - - 885 870 878 863 τ HCCC(51) 
A 823 - 858 843 850 835 τ CCC(44) 
A - 800 824 809 818 803 ν CC(24) 
A 744 740 768 755 737 725 τ NNCN(15)+δ CNNC(17) 
A 698 700 734 721 720 708 τ CCCC(26)+τ CCCC(26) 
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A - - 696 683 687 675 τ NNNC(71) 
A - - 672 660 669 657 τ HNNN(64) 
A - 650 671 659 645 634 β CCC(30) 
A 615 - 630 619 626 615 τ CCCC(23) 
A 506 - 531 522 520 511 β CCC(31) 
A - - 467 458 465 457 τ CCCC(37) 
A - - 422 415 427 420 δ CCCC(27)+τ CCCC(26) 
A - 360 367 361 342 336 τ CCCC(22) 
A - 350 337 331 336 330 β CCC(68) 
A - - 325 319 323 317 ν CC(31) 
A - - 213 209 207 204 δ CNNC(34) 
A - - 139 136 136 133 β CCC(49) 
A - - 83 81 80 79 τ CCCC(55) 
A - - 44 44 42 41 τ HCCC(26) 
A - - 39 39 32 31 τ CCCN(75) 

ν-Stretching;β-Bending;δ-out-of-plane bending;τ-Torsion 
 

 

 
Fig. 1. The theoretical geometry structure and atomic 
numbering scheme of 5(4 methyl phenyl)tetrazole 
(5MPTZ) 

Fig 2: The atomic orbital compositions of the frontier 
molecular orbital for 5(4 methyl phenyl)tetrazole 

(5MPTZ). 

  
Fig. 3. The total electron density surface mapped with 
of 5(4 methyl phenyl)tetrazole (5MPTZ) 

Fig. 4 Bar diagram representing the Mulliken atomic 
charge distribution of 5(4 methyl phenyl)tetrazole 
(5MPTZ) 
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Fig. 5. Comparative representation of FT-IR spectra 
for 5(4 methyl phenyl)tetrazole (5MPTZ)) 

Fig.6. Comparative representation of FT-Raman spectra 
for 5(4 methyl phenyl)tetrazole (5MPTZ) 
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