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Introduction 

Cresol and its derivatives have been widely used as 

pharmaceuticals due to broad biological applications as 

antiseptics, solvents, antioxidants, etc., Now-a-days, cresol 

derivates have been accepted as important intermediates for 

the production of pesticides and insecticides, epoxy resins and 

dyes.  In the recent years, cresol derivatives have been proved 

to possess attractive multifunctional properties as household 

cleaners and disinfectants, deodorizers [1-4].  Cresol solutions 

can also be found in photographic developers.  o-cresol, m-

cresol and p-cresol are used as an intermediate for organic 

compounds such as  pharmaceuticals, pesticides and dyes [5-

10].  

O-cresol is used in resins, particularly epoxy cresol 

novolacs for microchip encapsulation,  in laminates and 

herbicides.  It is used as doddering and odor-enhancing 

compounds in fragrance industry [11-14].  It is also used as 

solvents, additives, adhesives, fiber treatment, wood 

preservatives, and photographic developers.   

P-cresol finds use in antioxidants, polymers, elastomers, 

lubricants and greases.  p-cresol belongs to the group of 

protein bound uremic toxins which accumulate in patients 

with chronic kidney disease.  p-cresol is also used in specialty 

resins, UV blockers for sunscreens, fragrances and    dye   

industries [15-17].    Typical intermediates manufactured from  

p-cresols are indoxysulfate,    p-cresylsulfate, Indo-1, 

Bupranolon, 4-methylphenol and p-cresylglucuronate. 

M-cresol is utilized in agricultural chemicals, 

pharmaceuticals and pressure - sensitive dyes.  m-cresols is a 

precursor to the pyrethroid insecticides.  m-cresol, either pure 

or mixed with p-cresol, is important in the production of 

contact herbicides such as O,O-dimethyl-O-(3-methyl-4-

nitrophenyl) thino-ophosphoric acid and O,O-dimethyl-O-(3-

methyl-4-methylthiophenyl) thionophoshoric acid ester.  

Furthermore, flavor and fragrance compounds are derived 

from m-cresols. Several important antioxidants are produced 

from m-cresol.  It is also used to manufacture an explosive 

2,4,6-nitro-m-cresol[18-21]. 

Considering the above mentioned aspects and the 

resulting demand of cresol has led to search for commercially 

attractive and flexible compounds and to investigate the entire 

properties.  To the best of our knowledge, FTIR and FT-

Raman vibrational studies on the fundamental modes and 

electronic property investigations by NBO analysis, frontier 

molecular orbitals (FMOs) and thermodynamic properties on 

o-cresol, m-cresol and p-cresol are inadequate in the literature.  

This inadequacy observed in the literature motivated us to 

investigate on cresols by experimental techniques and 

theoretical methods.  Thus, a detailed investigation have been 

attempted using ab initio HF and DFT/B3LYP method with 6-

311++G(d,p) basis set to provide more satisfactory and 

valuable information on electronic structure, molecular 

orbitals and potential energy distribution. The optimized 

geometry, FMO’s and their energy gaps, molecular 

electrostatic potential contour (MESP), total density region 

and electro static potential contour (MESP) map have been 

constructed at B3LYP/6-311++G(d,p) level, in order to 

understand the electronic properties, electrophilic and 

nucleophilic active centers of o-cresol, m-cresol and p-cresol. 

Experimental details 

The compounds o-cresol, m-cresol and p-cresol were 

purchased from commercial sources and used without further
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 purification to record FTIR and FT-Raman spectra. The FTIR 

compounds were recorded by KBr pellet method in the region 

4000 - 400cm
-1

 using BROKER IFS 66V spectrometer with a 

Globar source, Ge/KBr beam splitter and a MCT detector.  

The frequencies for all sharp bands are accurate to 2cm
-1

.  The 

FT-Raman spectra were also recorded in the range 3500-50-

cm
-1

 by the same instrument with FRA 106 Raman module 

equipped with Nd:YAG laser source with 200mW power 

operating at 1064nm.  A liquid nitrogen cooled-Ge detector 

was used.  The spectral resolution is 2 cm
-1

. 

Computational details 

The first task for the computational work is to determine 

the optimized geometrics for the studied molecules.  The 

stable molecular structures of o-cresol, m-cresol and p-cresol 

in the ground state is optimized and the structural parameters 

have been computed by ab initio HF and DFT-B3LYP 

correlation functional with 6-311++G(d,p) basis sets on a Intel 

core-i5 processor using GAUSSIAN 09W program [22,23]. 

The optimized structural parameters of o-cresol, m-cresol and 

p-cresol were used for harmonic vibrational frequency 

calculations resulting in IR and Raman frequencies together 

with intensities and Raman depolarization ratio’s.  The 

potential energy distribution of the vibrational modes of the 

compounds are also calculated through normal coordinate 

analysis [24-26] using the force constants from HF and 

B3LYP methods. 

The Raman scattering activities (Si) calculated by 

Gaussian 09W program were suitably converted to relative 

Raman intensities (Ii) using the following relationship derived 

from the basic theory of Raman scattering [27]. 
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where vo is the exciting frequency (cm
-1

), vi is the 

vibrational wavenumber of the i
th

  normal mode, h, c and k are 

universal constants, and f is the suitably chosen common 

scaling factor for all the peak intensities.  The thermodynamic 

parameters entropy, heat capacity at constant pressure and 

enthalpy change of o-cresol, m-cresol and p-cresol at different 

temperatures ranging from 100 to 1000 K were determined to 

study the dependence of these properties with temperature 

using B3LYP/6-311++G(d,p) method. Isoelectronic molecular 

electrostatic potential surfaces (MEPSs) and electron density 

surfaces [28] were calculated using 6-311++G(d,p) basis set.  

MESP at a point ‘r’ in the space around a molecule (in atomic 

units) can be expressed as: 
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where ZA is the charge on nucleus A, located at RA and 

ρ(r’) is the electronic density function for the molecule. The 

first and second terms represent the contributions to the 

potential due to nuclei and electrons, respectively. V(r) is the 

resultant at each point r, which is the net electrostatic effect 

produced at the point r by both the electrons and nuclei of the 

molecule. MESP serves as a useful quantity to explain 

hydrogen bonding, reactivity and structure–activity 

relationship of molecules including biomolecules and drugs 

[29]. Structures resulting from the plot of electron density 

surface mapped with electrostatic potential surface depict the 

shape, size, charge density distribution and the site of 

chemical reactivity of a molecule. Gauss View 5.0.8 

visualization program [30] has been used to construct the 

MESP surface, the shape of highest occupied molecular orbital 

(HOMO) and lowest unoccupied molecular orbital (LUMO) 

orbitals. The energies of the HOMO and LUMO molecular 

orbitals [31] and HOMO–LUMO energy gap have also been 

measured by B3LYP/6-311++G(d,p) method [32–36]. 

Results and discussions 

Structural properties  

The optimized molecular structures of o-cresol, m-cresol 

and p-cresol along with numbering of atoms are shown in Fig 

1.   

 

Fig 1. The structure and atom numbering scheme of (a) o-

cresol, (b) m-cresol and (c) p-cresol. 

The global minimum energy obtained by ab initio HF and 

DFT-B3LYP for the optimized structure of o-cresol; m-cresol 

and p-cresol are presented in Table 1. 

Table 1. Total energies (in Hartrees) of o-cresol, m-cresol 

and p-cresol calculated at ab initio HF and DFT/B3LYP 

level theory. 

Method/Basis 

set 

o-cresol m-cresol p-cresol 

HF/6-

311++G(d,p) 

-

344.541699088 

-

344.542881277 

-

344.536441160 

B3LYP/6-

311++G(d,p) 

-

346.785410613 

-

346.785754807 

-

346.784930417 

The optimized structural parameters bond lengths and 

bond angles for the thermodynamically preferred geometry of 

o-cresol, m-cresol and p-cresol at HF and B3LYP levels with 

6-311++G(d,p) basis sets have been presented in Table 2. 

Thermodynamic Properties 

The energies and thermodynamic parameters of the title 

compounds have also been computed at HF and B3LYP 

methods with 6-311++G(d,p) basis set are presented in Table 

3.  Along with the frequency calculations, the zero point 

energies, thermal correction to internal energy enthalpy.  

Gibbs free energy and entropy as well as the heat capacity for 

the molecular systems are also computed.  The higher total 

dipole moment of p-cresol (2.06 Debye) than that of o-cresol 

and m-cresol is due to more interactions of substituents.  

The temperature dependence of the thermodynamic 

properties heat capacity at constant pressure (Cp), entropy (S) 

and enthalpy charge (∆H0→T) of o-cresol, m-cresol and p-

cresol were also were also determined by B3LYP/6-

311++G(d,p) method and listed in Table 4.  The 

anharmonicity effects have been eliminated by scaling the 

thermodynamic property by 0.93.   
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Table 2. Optimized geometrical parameters of o-cresol, m-cresol and p-cresol obtained by HF/6-311G++(d,p)  and  

B3LYP/6-311G++(d,p) 
Structural parameters o-cresol m-cresol p-cresol 

HF/ 

6311G++ (d,p) 

B3LYP/ 

6-311G++(d,p) 

HF/ 

6311G++ (d,p) 

B3LYP/ 

6-311G++(d,p) 

HF/ 

6311G++ (d,p) 

B3LYP/ 

6-311G++(d,p) 

Bond length(Å) 

C1-C2 1.386 1.394 1.386 1.399 1.380 1.394 

C2-C3 1.387 1.400 1.387 1.396 1.392 1.400 

C3-C4 1.382 1.401 1.382 1.395 1.387 1.401 

C4-C5 1.390 1.407 1.390 1.399 1.397 1.407 

C5-C6 1.383 1.393 1.382 1.395 1.382 1.393 

C6-C1 1.398 1.396 1.398 1.408 1.386 1.396 

C4-O13 1.378 1.083 1.378 1.400 1.072 1.083 

O13-H14 1.072 1.513 1.072 1.084 1.509 1.513 

C5-H15 1.072 1.084 1.072 1.082 1.073 1.084 

C6-H16 1.072 1.081 1.072 1.083 1.070 1.081 

C1-H7 1.509 1.401 1.509 1.512 1.380 1.401 

C3-C9 1.084 1.072 - - - - 

C9-H10 1.083 1.093 - - - - 

C9-H11 1.070 1.081 - - - - 

C9-H12 1.072 1.083 - - - - 

C2-H8 1.070 1.084 - - - - 

C3-H12 - - 1.081 1.091 - - 

C2-C8 - - 1.083 0.972 - - 

C8-H9 - - 1.093 1.093 - - 

C8-H10 - - 1.083 1.093 - - 

C8-H11 - - 1.070 1.081 - - 

C2-H11 - - - - 1.070 1.084 

C3-H12 - - - - 1.378 1.084 

C1-C7 - - - - 1.509 1.512 

C7-H8 - - - - 1.083 0.972 

C7-H9 - - - - 1.093 1.091 

C7-H10 - - - - 1.081 1.093 

Bond Angle( ˚ ) 

C1-C2-C3 120.40 120.36 120.40 120.38 119.61 119.50 

C2-C3-C4 120.94 120.94 120.94 120.96 121.41 121.40 

C3-C4-C5 118.80 118.82 118.80 118.81 117.68 117.77 

C4-C5-C6 120.69 120.61 120.70 120.63 121.58 121.53 

C5-C6-C1 120.35 120.48 120.35 120.47 119.56 119.48 

C6-C1-C2 118.76 118.76 118.81 118.76 120.19 120.32 

H14-O13-C4 114.90 112.46 114.89 112.45 107.53 107.21 

O13-C4-C3 122.45 122.58 122.45 122.65 120.00 119.53 

O13-C4-C5 116.61 116.45 116.61 116.39 118.89 119.07 

H15-C5-C4 119.38 119.45 119.38 119.41 119.43 119.40 

H15-C5-C6 119.92 119.94 119.93 119.97 119.02 119.07 

H16-C6-C5 119.90 119.87 119.90 119.88 121.51 121.52 

H16-C6-C1 119.75 119.65 119.74 119.65 118.93 118.99 

H7-C1-C6 111.05 111.05 111.32 111.38 114.88 112.44 

H7-C1-C2 111.05 111.37 111.05 111.27 111.17 111.23 

C9-C3-C2 120.44 120.45 - - - - 

C9-C3-C4 120.70 120.82 - - - - 

C3-C9-H10 111.05 111.27 - - - - 

C3-C9-H11 121.25 121.08 - - - - 

C3-C9-H12 118.89 119.07 - - - - 

H8-C2-C1 114.88 112.44 - - - - 

H8-C2-C3 118.34 118.53 - - - - 

C8-C2-C1 - - 120.84 120.51 - - 

C8-C2-C3 - - 118.81 118.76 - - 

C2-C8-H9 - - 111.05 111.37 - - 

C2-C8-H10 - - 107.75 107.56 - - 

C2-C8-H11 - - 121.25 121.08 - - 

H12-C3-C2 - - 120.65 120.06 - - 

H12-C3-C4 - - 120.54 120.57 - - 

C7-C1-C2 - - - - 120.84 120.51 

C7-C1-C6 - - - - 120.36 120.72 

C1-C7-H8 - - - - 111.05 111.05 

C1-C7-H9 - - - - 111.05 111.27 

C1-C7-H10 - - - - 111.32 111.47 

H11-C2-C1 - - - - 118.35 118.54 

H11-C2-C3 - - - - 121.25 121.08 
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Table 3. Thermodynamic parameters of o-cresol, m-cresol and p –cresol. 

Parameter o-cresol m-cresol p-cresol 

6-311++G(d,p) 6-311++G(d,p) 6-311++G(d,p) 

HF B3LYP HF B3LYP HF B3LYP 

Zero-point vibrational Energy (kJ/mol) 84.3125 82.66081 88.43101 82.58492 88.43940 82.71164 

 

Rotational constants (GHz) 

3.70015 3.20500 3.70015 5.48090 5.58512 3.64563 

1.80599 2.18604 1.80598 1.44054 1.46245 1.77181 

1.22267 1.31024 1.22266 1.14882 1.16721 1.20118 

Thermal energy (kJ/mol)       

Total 92.801 87.277 92.801 87.235 92.821 87.323 

Translational 0.889 0.889 0.889 0.889 0.889 0.889 

Rotational 0.889 0.889 0.889 0.889 0.889 0.889 

Vibrational 91.024 85.500 91.024 85.458 91.043 85.545 

Molar capacity at constant  volume (calmol-1Kelvin-1)       

Total 25.821 27.899 25.821 27.918 25.818 27.804 

Translational 2.981 2.981 2.981 2.981 2.981 2.981 

Rotational 2.981 2.981 2.981 2.981 2.981 2.981 

Vibrational 19.859 21.938 19.860 21.956 19.856 21.842 

Entropy (calmol-1Kelvin-1)       

Total 83.264 83.544 83.268 84.831 82.971 84.539 

Translational 39.949 39.949 39.949 39.949 39.949 39.949 

Rotational 28.066 27.951 28.066 27.963 27.913 28.118 

Vibrational 15.249 15.644 15.252 16.919 15.108 16.472 

Dipole moment (Debye)       

μx -0.0061 -0.9740 -0.0059 -0.8477 -0.9895 -1.6132 

μy 1.5263 -1.7790 1.5263 1.5379 .6002 -1.2858 

μz 0.0000 0.0007 -0.0008 0.0000 0.0000 0.0006 

μtotal 1.5263 2.0282 1.5263 1.7561 1.8815 2.0629 

 
Table 4. Temperature dependence of the thermodynamic properties of o-cresol, m-cresol and p-cresol determined by DFT/B3LYP 

6-311++G(d,p) method. 

 

T (K) 

o-cresol m-cresol p-cresol 

S 

(J.mol–1.K–1) 

Cp 

(J.mol–1.K–1) 

ΔH0→T 

(kJ.mol–1) 

S 

(J.mol–1.K–1) 

Cp 

(J.mol–1.K–1) 

ΔH0→T 

(kJ.mol–1) 

S 

(J.mol–1.K–1) 

Cp 

(J.mol–1.K–1) 

ΔH0→T 

(kJ.mol–1) 

100 63.0393 8.7547 7.9498 66.7863 8.8960 7.9496 63.2568 9.8073 7.9521 

200 69.1084 13.9919 8.0450 72.9617 15.3824 8.0540 69.9114 16.7320 8.1818 

298.15 72.9982 19.8293 8.2939 77.0293 23.3934 8.3948 73.9985 24.9833 8.6940 

300 73.8634 22.2833 8.4300 78.0421 24.7306 8.5140 75.6762 25.0361 8.9844 

400 78.6806 31.2789 9.2074 83.3536 34.1361 9.4610 81.6211 33.6024 10.3610 

500 83.8585 39.5140 10.4028 89.1213 42.3454 10.9092 87.9224 41.3402 12.2447 

600 89.4291 46.5320 12.0045 95.3268 49.1363 12.8265 94.5748 47.9267 14.5760 

700 95.3490 52.3959 13.9829 101.8964 54.7100 15.1642 101.5271 53.4561 17.3016 

800 101.5578 57.3013 16.3006 108.7533 59.3271 17.8705 108.7215 58.1137 20.3715 

900 107.9979 61.4327 18.9185 115.8312 63.1974 20.8962 116.1057 62.0641 23.7406 

1000 114.6196 64.9361 21.7998 123.0765 66.4737 24.1973 123.6361 65.4350 27.3692 
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Figs. 2 - 4 depict the correlation of heat capacity at constant 

pressure (Cp), entropy (S) and enthalpy charge (∆H0→T) with 

temperature along with the correlation equations and also 

depict the entropies, heat capacities, and enthalpy charges 

were increasing with temperature due to the fact that the 

molecular vibrational intensities increase with temperature 

[37].These observed relations of the thermodynamic functions 

vs. temperatures were fitted by quadratic formulas and the 

corresponding fitting repression factors (R2) are all not less 

than 0.996. 

 

Fig 2. Temperature dependence of entropy of o-cresol,  

m-cresol and  p-cresol 
 

Fig 3. Temperature dependence of heat capacity of o-

cresol,  m-cresol and  p-cresol 

 

Fig 4. Temperature dependence of enthalpy of o-

cresol,  m-cresol and  p-cresol 

  The corresponding relation between the thermodynamic 

parameters and temperatures for o-cresol are    

Cp,m = -3.09846  +  0.09973017 T - 3.080451226 x 10
-5

 T
2
    

(R² = 0.996302316) 

Sm = 1.11765E-05 + 0.044099629 T + 59.19262155 x 10
-5

 T
2 

(R² = 0.999532823) 

∆Hm = 1.8369 - 0.004687917 T + 8.21041883 x 10
-5

 T
2
   

(R²=0.999856526) 

for m-cresol the corresponding equations are 

Cp,m = -4.05854 + 0.110971148 T - 3.575274751 x 10
-5

 T
2
   

(R² = 0.997615462) 

Sm = 1.37972 + 0.046767826 T + 62.48067576 x 10
-5

 T
2 

(R² = 0.99976024) 

∆Hm = 2.10526 - 0.004858922 T + 8.15139171 x 10
-5

 T
2 

(R² = 0.999718019) 

and for p-cresol the corresponding equations are 

Cp,m = -3.49801 + 0.102084793 T - 1.327936131      

(R²=0.998604323) 

Sm = 1.11971 + 0.054251158 T + 58.14631161  

(R²=0.999858208) 

∆Hm = 2.12673 - 0.001348314 T + 7.661928059     

(R²=0.999468724) 

All these thermodynamic parameters of all these 

compounds are very closer to each other. 

Analysis of frontier molecular orbitals (FMOs) and 

molecular electrostatic potentials 

The molecular electrostatic potential surface (MESP) 

which is a method of mapping electrostatic potential onto the 

iso-electron density surface simultaneously displays 

electrostatic potential for positive and negative potentials of o-

cresol, m-cresol and p-cresol are shown in Figs. 5–7.    

 

Fig 5. The isosrface mapped with total electron density of 

(a) o-cresol, (b) m-cresol and (c) p-cresol 

 

Fig 6. The total electron density mapped with electrostatic 

potential isosurface of  (a) o-cresol, (b) m-cresol and (c) p-

cresol 
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Fig 7. The electrostatic potential contour map of (a) o-

cresol, (b) m-cresol and (c) p-cresol 

The color scheme for the MESP surface is red, electron 

rich, partially negative charge; blue, electron deficient, 

partially positive charge; light blue, slightly electron deficient 

region; yellow, slightly electron rich region; green, neutral; 

respectively.   

In principle, there are several ways to calculate the 

excitation energies. The simplest one involves the difference 

between the highest occupied molecular orbital (HOMO) and 

the lowest unoccupied molecular orbital (LUMO) of a neutral 

system, which is a key parameter in determining molecular 

properties [38]. Moreover, the eigenvalues of   HOMO ( 

donor) and LUMO ( acceptor) and their energy gap reflect 

the chemical activity of the molecules. Recently, the energy 

gap between HOMO and LUMO has been used to prove the 

bioactivity from intra-molecular charge transfer (ICT) [39, 

40]. The molecular orbital (MO) calculations indicate that the 

title compound has 88 occupied MOs. The HOMO-LUMO 

energy gap of    o-cresol, m-cresol and p-cresol was calculated 

at ab initio HF and DFT-B3LYP methods using 6-

311++G(d,p) basis sets and they are shown in Table 5.  The 

frontier molecular orbitals (FMOs) of o-cresol, m-cresol and 

p-cresol, with their energies are plotted in Fig 8. 

 

Fig 8. The frontier molecular orbitals of (a) o-cresol, (b) m-

cresol and (c) p-cresol 

The positive and negative phase is represented in red and 

green colour, respectively. From the plots we can see that the 

region of HOMO spread over the entire molecules. The 

calculated energy gap of HOMO–LUMO’s explains the 

ultimate charge transfer interface within the molecule.   

Table 5. Calculated HOMO-LUMO energies using HF and 

DFT methods 

Compound Parameters HF 

6-311++G(d, 

p) 

B3LYP 

6-311++G(d, 

p) 

 

 

o-cresol 

 

HOMO energy (a.u) -0.31958 -0.23372 

LUMO energy (a.u) -0.03732 -0.01558 

HOMO-LUMO 

energy gap (a.u) 

-0.28226 

 

-0.21814 

 

 

 

m-cresol 

 

HOMO energy (a.u) -0.31958 -0.23339 

LUMO energy (a.u) -0.03732 -0.01478 

HOMO-LUMO 

energy gap (a.u) 

-0.28226 

 

-0.21021 

 

 

 

p-cresol 

HOMO energy (a.u) -0.31295 -0.22858 

LUMO energy (a.u) -0.03686 -0.01837 

HOMO-LUMO 

energy gap (a.u) 

-0.21021 -0.21021 

Natural bond orbital analysis  

Natural bond orbital (NBO) analysis originated as a 

technique for studying hybridization and covalency effects in 

polyatomic wave functions, based on local block Eigen 

vectors of the one-particle density matrix. NBOs would 

correspond closely to the picture of localized bonds and lone 

pairs as basic units of molecular structure.  The atomic charges 

of o-cresol, m-cresol and p-cresol calculated by NBO analysis 

using B3LYP/6-311++G(d,p) methods are presented in the 

Table 6. 

The correlation of atomic charges of o-cresol, m-cresol 

and p-cresol are depicted in the Fig. 9. 

 

Fig 9. The correlation of atomic charges of o-cresol, m-

cresol and  p-cresol      

Vibrational Spectra 

From the spectral point of view, the title compound is 

assumed to have Cs point group symmetry.  The 42 

fundamental modes of vibrations arising for the title 

compounds are classified into 28 A' and 14 A" species.  The 

A' and A" species represent in-plane and out-of-plane 

vibrations, respectively. 

It is well known that the harmonic frequencies by ab 

initio HF and DFT calculations are usually higher than the 

corresponding experimental quantities due to the fact of the 

electron correlation approximate treatment, anharmonicity 

effects and basis set deficiencies etc, [41].  A better agreement 

between the computed and experimental frequencies can be 

obtained by using different scale factors for different regions 

of vibrations.   
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The correction factors used to correlate the 

experimentally observed and theoretically computed 

frequencies for each vibration by HF and DFT/B3LYP 

methods are similar and an explanation of this approach was 

discussed previously [42-50].  The scale factors in this study 

minimized the deviations very much between the experimental 

and calculated frequencies at HF and B3LYP methods of 

calculations.  The experimentally recorded FT-IR and FT-

Raman spectra with theoretical simulated IR and Raman 

spectra for o-cresol, m-cresol and p-cresol are shown in Figs 

10 and 11, respectively.      

The observed and calculated frequencies using ab initio 

HF/6-311++G(d, p) and B3LYP using 6-311++G(d, p) force 

fields along with their relative intensities, probable 

assignments and potential energy distribution (PED) of the 

compounds were summarized in Tables 7-9, respectively. 

O-H Vibrations 

The OH group gives rise to three modes of vibration such 

as, stretching, in-plane bending and out-of-plane bending 

vibrations.  The OH stretching vibrations are sensitive to 

hydrogen bonding [51].  The vibrational bands due to the O-H 

stretching are medium to strong intensity in the infrared 

spectrum, although it may be broad. At the same time in 

Raman spectrum the band is generally weak  [52-53].   

 

Fig 10. Comparison of observed and calculated IR spectra 

of o-cresol,  m-cresol and  p-cresol. 

(a) observed, (b) calculated with B3LYP/6-311++G(d,p) 

(c) calculated  with HF/6-311++G(d,p) 

 

Fig 11. Comparison of observed and calculated Raman 

spectra of o-cresol,  m-cresol and p-cresol. 

(a) observed, (b) calculated with B3LYP/6-311++G(d,p) 

(c) calculated  with HF/6-311++G(d,p) 

Unassociated hydroxyl groups absorb strongly in the 

region 3700-3584 cm
-1

 whereas the existence of 

intermolecular hydrogen bond formation can lower the O-H 

stretching frequency in the range 3500-3200 cm
-1

, with 

increase in intensity and breadth.  For OH groups, the strong 

band observed at 3408 cm
-1

 in FTIR of o-cresol, and weak 

bands observed at 3371 cm
-1

 in FT-Raman of m-cresol, and 

strong band observed at 3473 cm
-1

 in p-cresol are assigned to 

the O-H stretching modes.  The in-plane    O-H deformation 

vibration usually appears as strong band in the region 1400-

1260 cm
-1

.  The theoretically predicted band at 1346 cm
-1

 of o-

cresol, 1327 cm
-1

 of m-cresol and 1347 cm
-1

 of p-cresol are 

assigned to in-plane bending vibrations of O-H group.  These 

frequency values show very good agreement with the 

experimental values and the frequencies calculated by other 

methods are also consistent with experimental values.  The O-

H out-of-plane deformation vibration lies in the region 280-

312 cm
-1

 for free O-H and in the region 600-720 cm
-1

 for 

associated O-H [54].  The bands at 585, 540 and 539 cm
-1

 in 

the IR spectra respectively of o-cresol, m-cresol and p-cresol 

were assigned to the O-H out-of-plane bending.   

 

Table  6. The natural charges of the atoms of o-cresol, m-cresol and p-cresol determined by natural bond analysis (NBO) 

using B3LYP/6-311++G(d,p) method 

Atom o-cresol Atom m-cresol Atom p-cresol 

1  C 0.01251 1  C 0.02380 1  C 0.32424 

2  C -0.26908 2  C -0.27995 2  C -0.27350 

3  C 0.32933 3  C 0.34660 3  C -0.21161 

4  C -0.26477 4  C -0.28989 4  C -0.01358 

5  C -0.19276 5  C -0.19048 5  C -0.21098 

6  C -0.23530 6  C -0.24421 6  C -0.24616 

7  H 0.22515 7  H 0.21909 7 C -0.63754 

8  H 0.21946 8  C -0.63777 8  H 0.48468 

9  C -0.63830 9  H 0.21874 9  H 0.21250 

10  H 0.21963 10  H 0.22667 10  H 0.21445 

11  H 0.22279 11  H 0.22796 11  H 0.21680 

12  H 0.48833 12  H 0.48485 12  H 0.22418 

13  O -0.77114 13  O -0.74515 13  O -0.74543 

14  H 0.22467 14  H 0.21145 14  H 0.21746 

15  H 0.21622 15  H 0.21611 15  H 0.21548 

16  H 0.21326 16  H 0.21216 16  H 0.22902 
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C-H Vibration 

The aromatic C-H stretching vibrations are normally 

found between 3100 and 3000 cm
-1

 frequency ranges, with 

multiple weak bands.  The nature of substituent cannot affect 

much to the bands in this region [54, 55].  The Raman active 

bands observed at 3061, 3033 and 2960 cm
-1 

and IR active 

bands at 3108 and 3063 cm
-1

 have been assigned to C-H 

stretching mode in o-cresol. In m-cresol, the IR and Raman 

bands observed at 3162, 3127, 3092 and 3041 cm
-1

 are 

assigned to C-H stretching. Similarly, in p-cresol, the bands at 

3069, 3053, 3041 and 3013 cm
-1 

are assigned to C-H 

stretching. These values are found to be in line with the 

calculated as well as the literature values.  

The CH in-plane bending vibrations appear as sharp but 

weak to medium intensity band in the region 1300-1000 cm
-1

.  

These bands are not sensitive to the nature of substituent [55]. 

The FT-Raman bands at 1267, 1157cm
-1 

and infrared bands at 

1241, 1109 cm
-1

 in o-cresol, and the FTIR bands at 1035, 

1009, 1000, 879 cm
-1

 in m-cresol, and FT-Raman band at 1217 

cm
-1

 and FTIR 1293, 1266, 1171 cm
-1

 in p-cresol were 

assigned to C-H in-plane bending vibrations of the title 

compounds. The out-of-plane bending modes of vibrations 

have also been assigned for o-cresol, m-cresol and p- cresol 

and they are presented in Tables 7-9.   

Methyl group vibration 

The title molecules o-cresol, m-cresol and p-cresol 

possess a CH3 in the third, second and first position, 

respectively.  For the assignments of CH3 group frequencies, 

basically nine fundamentals can be associated with each CH3 

group namely, CH3ass; asymmetric stretch; CH3ss; symmetric 

stretch (ie., in-plane hydrogen stretching mode); CH3ipb; in-

plane-bending (ie., hydrogen deformation mode); CH3sb; 

symmetric bending ; CH3ipr; in-plane-rocking; CH3opr; out-of-

plane rocking and tCH3; twisting hydrogen bending modes.  In 

addition to that, CH3ops; out-of-plane stretch and CH3opb; out-

of-plane bending modes of the CH3 group would be expected 

to be depolarized for A” symmetry species.  The CH3 

stretching is observed at lower wavenumbers than the 

corresponding C-H stretching of an aromatic ring (3000-3100 

cm
-1

).  The asymmetric C-H stretching modes of CH3 group 

are expected around 2980 cm
-1

 and symmetric one is expected 

in the region 2870 cm
-1

 [53, 56-58].  For, o-cresol, the 

vibrational frequencies of 2939 and 2930 cm
-1

 (mode 6) 

calculated by HF/6-311++G (d, p) and B3LYP/6-311++G (d, 

p), respectively are assigned to CH3 asymmetric stretching 

vibration in methyl group present in the molecule.  The bands 

in the IR and Raman spectra at 2920 cm
-1

, respectively are 

also assigned to those vibrations modes. 

The IR band at 2861 cm
-1

 is assigned to the CH3 

symmetric stretching band.  The corresponding symmetric 

stretching mode is computed at 2876 cm
-1

 by the HF/6-31++G 

(d, p) method and 2869 cm
-1 

by the B3LYP/6-311++G (d, p). 

The two in-plane methyl hydrogen deformation modes are 

also well established.  In the present investigation, we have 

observed the symmetrical methyl deformation mode CH3sb, at 

1381 and 1383 cm
-1

 in the infrared and Raman and in-plane-

bending methyl deformation mode CH3ipb, at 1494 cm
-1

 in IR.  

The theoretically computed values show an excellent 

agreement with experimental results.  The bands at 2736 cm
-1

 

and 1174 cm
-1

 in infrared are attributed to CH3ops and CH3opb, 

respectively.  They show good agreement with the calculated 

spectral values by the HF/6-311++G(d,p) and DFT/B3LYP/6-

311++G(d,p) methods. The bands obtained at 986 cm
-1

(A') 

and 931 cm
-1

(A'') in IR are assigned to CH3 in-plane and out-

of-plane rocking modes. The assignment of the band at 281 

cm
-1

 in Raman is attributed to methyl twisting mode and they 

are listed in Table 7. 

Similarly, for m- and p-cresols, the same trend is 

observed. The calculated and observed wave numbers of CH3 

group for both molecules are listed in Tables 8 and 9.  

Polarizability and hyperpolarizability 

The values of the polarizability tensor components for a 

given system will depend on the choice of the Cartesian co-

ordinate syste xx yy zz 

is said to be isotropic.  The polarizability is isotropic or is the 

same in all directions for a molecule whose electron density is 

spherically symmetrical. If the molecules are perfectly 

isotropic (p) and (E) will have the same direction and is then a 

xx yy 

zz, (p) will no longer have the same direction as (E). The 

intensity of Raman scattering may be proportional to the 

derived polarizability components. To express the scattering 

intensity in terms of the derived polarizability tensor, the 

quantities ( ) and the anisotropy invariant () are necessary. 

They are constant regardless of the orientation of the 

molecules. The quantity ( ) is the mean value of the three 

principle components of ( ) and () measures the anisotropy 

of the tensor. The polarizability, the first hyperpolarizability 

and the anisotropy polarizability invariant are computed with 

the numerical derivative of the dipole moment using 

B3LYP/6-311++G(d,p) are presented in Table 10. The 

definitions [59] for the isotropic polarizability is 

1
( ) ( )

3
xx yy zz     

 

The polarizability anisotropy invariant is 

2 2 2 2 2 2 21
[( ) ( ) ( ) 6( )]

2
xx yy yy zz zz xx xy yz zx                 

and the average hyperpolarizability is 

2 2 2( )total x y z     
 

 
Global and local reactivity descriptors 

Based on density functional descriptors global chemical 

reactivity descriptors of compounds such as hardness, 

chemical potential, softness, electronegativity and 

electrophilicity index as well as local reactivity have been 

defined [60–64]. Pauling introduced the concept of 

electronegativity as the power of an atom in a compound to 

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

electronegativity (χ) and softness are defined follows.   

2

( ) ( )2

1 1

2 2
v r v r

E U

N N


   
    

   

 

( )v r

E

N
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Table 7. The observed FTIR, FT-Raman and calculated (Unscaled and Scaled) frequencies using HF/6-311++G (d, p) and 

B3LYP/6-311++G (d, p) along with their probable assignments and potential energy distribution of o-cresol 

 

S.No 

 

Symm. 

species 

Observed 

Frequency (cm-

1) 

Calculated frequencies (cm-1)  

Assignments 

along  
HF/6-311++G(d,p) B3LYP/ 6-311++G(d,p) 

FT-

IR 

FT-

Raman 

Unscaled Scaled IR 

Intensity 

Raman 

Activity 

Unscaled Scaled IR 

Intensity 

Raman  

Activity 

with PED (%) 

1 A′ 3408 - 3483 3426 0.02 0.39 3695 3415 0.21 1.16 OH(100) 

2 A′ 3108 - 3358 3127 22.85 2.47 3187 3116 11.38 1.99 CH(100) 

3 A′ 3063 3061 3346 3059 15.62 0.46 3182 3050 0.27 1.05 CH(100) 

4 A′ 3033 - 3324 3053 145.15 2.74 3161 3042 76.54 1.38 CH(98) 

5 A′ 2960 - 3313 2986 6.56 0.11 3150 2958 71.24 1.50 CH(98) 

6 A′ 2920 2923 3238 2939 7.83 0.52 3095 2930 6.73 0.40 CH3ass(98) 

7 A′ 2861 - 3212 2876 4.31 0.11 3067 2869 3.54 0.09 CH3ss(98) 

8 A″ 2736 - 3159 2750 0.89 6.22 3009 2728 1.01 4.75 CH3ops(97) 

9 A′ 1778 - 1798 1794 2.75 10.58 2069 1785 2.96 9.65 CO(96) 

10 A′ 1694 - 1763 1710 0.08 2.08 1856 1702 0.14 1.37 CC(87) 

11 A′ - 1639 1654 1659 17.59 0.03 1656 1646 11.51 0.33 CC(84) 

12 A′ - 1616 1645 1631 3.95 20.34 1621 1620 4.76 17.97 CC(81), bCH(14) 

13 A′ 1611  1643 1622 99.06 0.45 1536 1606 78.53 0.16 CC(84), bCH(13) 

14 A′  1595 1614 1610 11.18 0.01 1530 1602 0.73 0.09 CC(80),Rsymd(17) 

15 A′ 1503 - 1572 1524 7.76 0.02 1528 1502 11.14 0.08 CC(82), CH(19) 

16 A′ 1494 - 1467 1507 42.87 0.21 1498 1499 51.89 0.22 CH3ipb(82) 

17 A′ 1465 - 1402 1489 1.39 33.01 1454 1472 0.10 0.10 CC(79), Rtrigd(19) 

18 A′ 1381 1383 1387 1396 17.27 5.93 1437 1388 0.92 39.45 CH3sb(80) 

19 A′ - 1367 1363 1382 0.03 0.02 1392 1374 20.61 0.55 Rsymd(73), 

Rasym(21) 

20 A′ 1342 - 1351 1355 5.09 0.38 1360 1349 9.18 2.02 Rtrigd(74), CH(18) 

21 A′ 1329 - 1349 1346 4.12 4.15 1359 1335 4.49 2.70 bOH(70), bCO(21) 

22 A′ 1300 - 1362 1318 104.82 2.43 1347 1307 138.66 1.74 Rasymd(72), 

bCC(19) 

23 A′  1267 1244 1282 11.47 3.96 1293 1273 26.24 4.95 bCH(69), CH(21) 

24 A′ 1241 - 1198 1256 62.34 0.45 1215 1248 15.58 1.55 bCH(67), CC(23) 

25 A′ 1208 - 1196 1221 22.42 0.68 1196 1213 40.88 16.45 bCC(70), CH(19) 

26 A′ 1174 - 1120 1188 65.56 12.03 1164 1171 15.39 0.88 CH3opb(69) 

27 A′ - 1157 1118 1176 15.28 0.33 1092 1164 6.36 0.51 bCH(70), CC(13) 

28 A′ 1109 - 1091 1121 2.22 8.22 1038 1115 6.60 18.05 bCH(69), CH(20) 

29 A′ 1044 1048 1011 1065 0.69 2.14 1025 1054 0.07 2.49 ωCC(64), OH(17)  

30 A′ 986 - 1008 1003 9.79 14.02 979 981 23.95 0.21 CH3ipr(68) 

31 A′ 931 - 992 944 12.60 0.55 939 925 10.32 12.98 CH3opr(69) 

32 A″ 844 - 882 861 47.65 7.34 899 852 37.66 6.88 ωCH(59), 

ωCC(21)  

33 A″ - 825 864 842 78.19 14.04 887 831 58.41 13.24 ωCH(53), 

tRasym(19) 

34 A″ - 760 798 777 75.25 18.02 785 756 52.78 16.74 ωCH(57), CH(23) 

35 A″ 752 - 756 763 38.18 186.29 746 759 32.68 231.04 ωCH(53), 

tRsym(21) 

36 A″ 712 - 739 723 28.20 78.02 738 708 25.27 81.06 tRtrig(59),  

ωCH(17) 

37 A″ - 688 635 699 27.70 56.31 678 684 20.62 59.50 bCO(62), OH(23) 

38 A″ - 631 589 643 1.43 67.69 571 633 4.92 77.10 tRsym(53), 

tRtrig(23) 

39 A″ 585 - 569 597 33.57 52.02 550 588 27.70 57.40 ωOH(51), 

Rasym(23) 

40 A″ 526 - 508 538 28.96 141.29 532 520 30.08 109.28 tRasym(55), 

ωCO(21) 

41 A″ 442 - 476 454 4.49 112.67 459 437 1.06 168.39 ωCO(54),  

ωOH(23) 

42 A″ - 281 256 292 69.94 104.61 296 283 37.01 142.21 τCH3(61) 
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Table  8. The observed FTIR, FT-Raman and calculated (Unscaled and Scaled) frequencies using HF/6-311++G (d, p) and 

B3LYP/6-311++G (d, p) along with their probable assignments and potential energy distribution of m-cresol 

S.No Symm. 

species 

Observed 

Frequency 

(cm-1) 

                                                   Calculated frequencies (cm-1) 

HF/6-311++G(d,p) B3LYP/ 6-311++G(d,p) Assignments along  

  FT-

IR 

FT-

Raman 

Unscaled   Scaled IR 

Intensity 

Raman 

Intensity 

Unscaled   Scaled IR 

Intensity 

Raman 

Intensity 

with PED (%) 

1 A′ - 3371 3358 3395 0.02 0.39 3695 3380 0.00 0.03 OH(100) 

2 A′ - 3162 3346 3181 22.86 2.47 3189 3160 0.07 12.24 CH(100) 

3 A′ 3127 - 3324 3114 15.67 0.46 3181 3133 0.13 0.81 CH(100) 

4 A′ 3092 - 3313 3110 145.08 2.74 3159 3096 0.17 6.22 CH(99) 

5 A′ 3041 - 3238 3028 6.56 0.11 3150 3043 0.06 139.18 CH(98) 

6 A′ 2954 - 3212 2973 7.83 0.52 3096 2963 0.36 6.35 CH3ass(98) 

7 A′ 2950 - 3159 2968 4.31 0.11 3064 2956 0.36 3.70 CH3ss(98) 

8 A″ 2860 - 2904 2877 0.89 6.22 3011 2866 0.96 1.21 CH3ops(98) 

9 A′ 1824 1830 1798 840 2.75 10.59 1904 1832 1.08 2.69 CO(97) 

10 A′ 1690 1687 1764 1707 0.08 2.08 1656 1698 0.72 0.05 CC(87) 

11 A′ - 1592 1654 1613 17.59 0.03 1621 1599 0.82 10.45 CC(86) 

12 A′ - 1557 1645 1573 3.95 20.34 1538 1566 2.07 4.54 CC(83), Rtrigd(19) 

13 A′ 1539 - 1643 1552 99.05 0.45 1529 1547 0.49 80.88 CC(84), bCH(13) 

14 A′ 1517 - 1614 1529 11.18 0.01 1528 1524 0.61 0.53 CC(80), CH(16) 

15 A′ 1492 - 1572 1512 7.77 0.02 1498 1498 0.62 11.28 CH3ipb(85) 

16 A′ 1463 - 1467 1483 42.87 0.21 1452 1469 1.76 50.90 CC(79), Rsymd(20) 

17 A′ - 1454 1402 1476 1.39 32.97 1359 1463 0.72 0.11 CC(83), CH3sb(84) 

18 A′ 1440 - 1367 1457 17.27 5.95 1347 1448 2.56 1.41 ,Rtrigd(79) 

19 A′ 1337 1333 1297 1353 0.03 0.02 1338 1343 1.10 27.14 Rasymd(20) 

20 A′ 1313 - 1275 1327 5.09 0.38 1293 1322 1.06 5.33 bOH(71), bCO(19) 

21 A′ 1279 - 1243 1298 4.11 4.16 1215 1288 1.20 3.19 Rasym(70),bCC(23) 

22 A′ 1267 - 1198 1288 104.96 2.42 1196 1275 1.23 144.87 Rsymd(69),CC(19) 

23 A′ 1249 - 1196 1266 11.46 3.97 1165 1257 1.28 22.57 bCC(68) 

24 A′ 1166 - 1120 1185 62.27 0.45 1120 1174 1.03 14.49 CH3opb(70) 

25 A′ 1085 - 1118 1097 22.28 0.68 1093 1042 3.46 35.56 bCH(70), Rsymd(19) 

26 A′ 1009 - 1091 1022 65.64 12.04 1038 1016 4.13 17.76 bCH(67) 

27 A′ 1000 - 1011 1014 15.26 0.33 1023 1009 1.65 4.86 bCH(64),C(21) 

28 A′ - 975 1008 989 2.22 8.22 976 983 1.52 7.00 CH3ipr(70) 

29 A′ 927 - 992 943 0.70 2.14 940 932 2.55 0.18 CH3opr(69) 

30 A′ 879 - 882 891 9.79 14.02 899 888 3.12 22.45 bCH(66) 

31 A′ 864 - 868 877 12.58 0.55 886 873 1.44 10.55 ωCC(65) 

32 A″ 776 760 798 788 47.59 7.35 785 782 1.73 38.63 ωCH(59) 

33 A″ 732 - 756 747 78.26 14.03 746 739 8.08 60.38 ωCH(57),tRasym(21) 

34 A″ - 696 741 710 75.19 18.02 696 693 9.19 52.98 ωCH(54),CC(19) 

35 A″ 689 - 704 702 38.18 186.29 674 683 5.54 34.50 bCO(53) 

36 A″ 643 - 635 657 28.20 78.02 659 640 6.08 22.19 ωCH(52),tRsym(19) 

37 A′ - 605 589 620 27.70 56.32 569 603 6.20 22.25 tRtrig(57), 

tRsym(25) 

38 A″ 540 - 569 551 1.44 67.70 550 543 6.36 3.34 ωOH(56) 

39 A″ - 454 508 467 33.56 52.02 532 456 6.42 29.11 tRasym(52), CH(21) 

40 A″ 449 - 476 464 28.97 141.22 459 444 6.54 28.65 ωCO(57) 

41 A″ 433 - 318 448 4.48 112.72 442 429 6.54 2.59 tRsym(54) 

42 A″ - 299 285 309 69.93 104.62 300 302 8.58 36.85 τCH3(60) 
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Table  9. The observed FTIR, FT-Raman and calculated (Unscaled and Scaled) frequencies using HF/6-311++G (d, p) and 

B3LYP/6-311++G (d, p) along with their probable assignments and potential energy distribution of p-cresol. 

 

 

S.No 

 

 

Symm. 

Species 

Observed 

Frequency 

(cm-1) 

Calculated frequencies (cm-1)  

Assignments along  HF/6-311++G(d,p) B3LYP/ 6-311++G(d,p) 

FT-

IR 

FT-

Raman 

Unscaled Scaled IR 

Intensity 

Raman 

Activity 

Unscaled Scaled IR 

Intensity 

Raman  

Activity 

with PED (%) 

1 A′ 3473 - 3699 3495 0.17 0.73 3695 3479 0.14 0.53 OH(100) 

2 A′ - 3069 3655 3088 1.14 0.16 3198 3073 2.29 0.11 CH(100) 

3 A′ 3053 - 3327 3060 144.49 1.88 3168 3049 176.90 2.05 CH(100) 

4 A′  3041 3189 3052 3.15 0.04 3156 3046 3.43 0.03 CH(98) 

5 A′ 3013 3013 3157 3020 8.12 2.96 3146 3011 7.44 3.35 CH(98) 

6 A′ 2946 - 3003 2967 11.19 0.83 3088 2955 12.32 0.71 CH3ass(98) 

7 A′ 2925 - 2290 2942 1.21 0.02 3059 2932 1.34 0.01 CH3ss(98) 

8 A″ 2866 - 2173 2882 3.48 9.53 3007 2859 3.72 10.42 CH3ops(98) 

9 A′ 1869 - 1725 1887 21.64 0.02 2350 1875 25.12 0.00 CO(98) 

10 A′ 1634 - 1643 1652 0.34 5.96 1965 1641 0.40 6.34 CC(92) 

11 A′ 1618 - 1634 1640 0.22 1.65 1653 1624 0.20 1.77 CC(90) 

12 A′ - 1613 1629 1628 17.13 0.46 1629 1616 12.03 1.49 CC(87) 

13 A′ - 1600 1598 1619 58.57 0.01 1579 1595 12.66 44.14 CC(1), Rtrigd(17) 

14 A′ 1598 - 1573 1612 12.82 39.28 1555 1574 78.27 0.12 CC(80), CH(13) 

15 A′ 1560 - 1570 1580 17.13 0.02 1534 1556 18.74 0.09 CC(79),bCH(15) 

16 A′ 1555 - 1538 1569 0.01 0.20 1530 1558 1.02 0.24 CC(80) 

17 A′ 1515 - 1514 1538 0.08 0.13 1462 1521 3.33 2.23 CH3ipb(84) 

18 A′ 1443 - 1457 1459 0.24 2.39 1452 1449 0.04 0.03 Rsymd(74), trigd(21) 

19 A′ 1426 - 1426 1440 0.47 0.12 1377 1434 0.15 0.14 Rtrigd(73),bCH(12) 

20 A′ 1381 1383 1385 1393 5.49 0.06 1215 1388 4.30 0.22 CH3sb(80) 

21 A′ 1338  1362 1354 70.29 2.89 1167 1343 17.85 0.32 Rasym(72), bCO(13) 

22 A′ 1328 - 1351 1347 179.37 11.15 1344 1332 185.63 4.71 bOH(69), CO(13) 

23 A′ 1293 - 1339 1307 4.33 3.05 1265 1299 10.91 1.85 bCH(69), CH(21) 

24 A′ 1266 - 1262 1280 1.24 18.79 1240 1272 1.23 15.38 bCH(67), CC(23) 

25 A′ - 1259 1261 1271 38.06 6.31 1141 1263 81.90 7.92 bCC(70), CH(21) 

26 A′ - 1217 1191 1226 2.90 1.28 1092 1214 24.15 3.88 bCH(69),CC(13) 

27 A″ - 1176 1037 1194 13.99 1.50 1045 1181 15.09 1.41 CH3opb(68) 

28 A′ 1171 - 1003 1184 3.49 23.35 1020 1176 0.06 10.10 bCH(64), CC(23) 

29 A′ 1115 - 968 1135 8.90 0.32 989 1124 12.75 2.04 CH3ipr(70) 

30 A″ 1105 - 865 1123 9.72 13.84 944 1101 8.85 14.74 CH3opr(68) 

31 A″ 842 847 848 857 10.71 10.14 852 835 8.97 9.11 ω CC(59) 

32 A″ - 824 841 841 87.23 0.44 847 817 99.19 0.43 ωCH(58), ωCC(23) 

33 A″ 748 - 764 766 11.97 9.88 824 752 14.20 11.06 ωCH(56), bCC(17) 

34 A″ 715 - 720 734 18.53 25.09 740 720 25.14 19.49 tRtrig(60),  ωCH(21) 

35 A′ - 647 675 663 46.02 252.64 692 644 50.19 195.45 bCO(64), OH(22) 

36 A″ 539 - 641 552 25.30 94.58 671 545 32.65 82.86 ωOH(59),  ωCO(27) 

37 A′ 501 - 528 513 22.76 58.85 472 498 29.24 59.01 tRasym(53),tRtrig(21) 

38 A″ - 471 493 485 20.37 64.31 430 468 21.14 55.51 ωCH(55), Rsym(19) 

39 A″ - 453 432 464 21.10 69.23 423 455 20.64 68.58 ωCO(59), tRasym(21) 

40 A″ - 343 392 355 21.32 140.53 338 347 24.20 124.05 ωCH(57),  ωCC(15) 

41 A″ - 282 385 292 7.48 142.03 307 277 8.38 129.11 tRsym(55), ωCO(27) 

42 A″ - 178 218 189 37.74 138.50 290 180 69.30 102.77 tCH3(60) 
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Table 10. Electric dipole moment, Polarizability and hyperpolarizability of o-cresol, m-cresol and p-cresol by DFT/B3LYP /6-

311++G(d,p) level. 

Parameters o-cresol m-cresol p-cresol 

Polarizability(α)    

αxx -40.2964 -71.1963 -50.3694 

αyy -49.304 -59.0299 -39.4555 

αzz -52.3168 -68.3713 -52.3289 

αxy 2.7464 -6.4221 -1.059 

αxz -0.0017 -4.0487 0.0013 

αyz 0.0009 -2.1194 -0.001 

  
-47.305733 -66.199167 -47.3846 

Anisotropic tensor      

A 234.703838 243.263668 288.677281 

B 7.54271666 62.1271965 1.12148369 

C 139.980069 308.013423 147.703092 

Hyper polarizability (β)   

βxxx -15.3783 18.5339 -14.7137 

βyyy -8.4011 -4.3882 -13.6026 

βzzz 0.003 -1.2737 0.0009 

βxyy 6.9832 15.7699 14.1862 

βyxx 3.2519 -1.557 -1.3381 

βzxx 0.004 7.9388 0.0035 

βxzz -7.2427 -4.8856 1.6876 

βyzz 2.133 -8.532 -4.8144 

βzyy -0.0004 -3.0052 0.0013 

β x -15.6378 29.4182 1.1601 

β y -3.0162 -14.4772 -19.7551 

βz 0.0066 3.6599 0.0057 

βTotal x 10-30 cm5esu-1 2.1855 9.3765 3.3734 

 
Table 11. Global and local reactivity descriptors and related molecular properties of HF and DFT/B3LYP/6-311++G(d,p) level 

for o-cresol,  m-cresol and p-cresol. 

Molecular Properties o-cresol m-cresol p-cresol 

6-311++G(d,p) 6-311++G(d,p) 6-311++G(d,p) 

HF B3LYP HF B3LYP HF B3LYP 

 Ionisation potential (I) -0.31958 -0.23284 -0.31958 -0.23339 -0.31295 -0.22858 

       

Electron Affinity (A) -0.03732 -0.01774 -0.03732 -0.01478 -0.03686 -0.01837 

       

Global Hardness (η) -0.14113 -0.10755 -0.14113 -0.109305 -0.138045 -0.105105 

       

Electronegativity (χ) -0.17845 -0.12529 -0.17845 -0.124085 -0.174905 -0.123475 

       

Global softness (s) -7.08566 -9.298000 -7.08566 -9.148712 -7.244015 -9.514295 

       

Chemical potential (μ) 0.17845 0.12529 0.17845 0.124085 0.174905 0.123475 

       

Global Electrophilicity (ω) -0.112819 -0.0729780 -0.112819 -0.0704317 -0.110804 -0.072527 
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where E and v(r) are electronic energy and external 

potential of an N-electron system respectively. Softness is a 

property of compound that measures the extent of chemical 

reactivity. It is the reciprocal of hardness.   
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Using Koopman’s theorem for closed-shell compounds, η, μ 

and χ can be defined as, 
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where A and I are the ionization potential and electron 

affinity of the compounds respectively. Electron affinity refers 

to the capability of ligand to accept precisely one electron 

from a donor. However in many kinds of bonding viz. 

covalent hydrogen bonding, partial charge transfer takes 

places.   

Recently Parr et al. [60] have defined a new descriptor to 

quantity the global electrophilic power of the compound as 

electrophilicity index (ω), which defines a quantitative 

classification of global electrophilic nature of a compound. 

Parr et al. have also proposed electrophilicity index (ω) as a 

measure of energy lowering due to maximal electron flow 

between donor and acceptor. They defined electrophilicity 

index (ω) as follows. 
2

2







 

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 [65–

67]. The calculated value of electrophilicity index describes 

the biological activity of    o-cresol, m-cresol and p-cresol.  

All the calculated values of hardness, potential, softness and 

electrophilicity index are shown in Table 11. 

Conclusion  

A complete structural, thermodynamic, vibrational and 

electronic investigations along with FTIR, FT-Raman, and 

natural bond orbital analysis of o-cresol, m-cresol and p-cresol 

have been carried out with ab initio HF and DFT/B3LYP 

method. The FTIR and FT-Raman spectra have been recorded 

and analysed. NBO atomic charges are obtained with 

DFT/B3LYP with 6-31++G(d,p) basis set.  The temperature 

dependence of thermodynamic parameters in the range 100
0
-

1000
0
 K were determined and found that all thermodynamic 

properties increase with rise in temperature.  A close 

agreement has been noticed between the experimental and 

theoretical values of wavelength. 
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