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Abstract - Physico-chemical properties plays an important role in determining toxicity of a material hence were
calculated using acdlab/chemsketch and the data predicted is generated using ACD/Labs Percepta Platform - PhysChem
Module. Gaussian 09, RevisionA.01, software package was used for the theoretical quantum chemical calculations of 1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene commonly called Methyleugenol. DFT/B3LYP/6-311G (d, p) basis was used to
perform geometric optimization and vibrational frequency determination of the molecule. The statistical thermochemical
calculations of the molecule were done at DFT/B3LYP/6-311G (d, p) basis set to calculate the standard thermodynamic
functions: heat capacity (Cv), entropy (S) and Enthalpy (E). DET/B3LYP/6-311G (d, p) basis set was used to calculate
the various NLO properties like dipole moment (i), mean linear polarizability (a), anisotropic polarizability (Aa), first
order hyperpolarizability (B), second order hyperpolarizability (y) in terms of x, y, z components for Methyl eugenol (1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene). Same basis set was used to carry out Mulliken population analysis. UV-Visible
absorption spectra, ECD spectra, electronic transitions, vertical excitation energies and oscillator strengths of Methyl
eugenol (1,2-dimethoxy-4-(prop-2-en-1-yl)benzene)were computed by Time Dependent DFT (TD-DFT) method using the

same basis set. FMO analysis, Molecular electrostatic potential study was also done using the same basis set.
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Methyl eugenol is colourless to pale yellow liquid with a
clove-carnation odour and a bitte taste [3], soluble in ethanol,
ethyl ether, chloroform and most organic solvents but
insoluble in water, glycol and propylene glycol [3]. Methyl
eugenol evaporates readily at room temperature but darkens
and slowly thickens when exposed to air [3] Methyl eugenol
has been known to possess antifungal [4-5], antibacterial [6],
nematocidal [7], anti-inflammation [8], anticancer [9],
anaesthetic [10], anti-allergen activity [11], anti-anaphylaxis
[12], anti-nociceptive [13] effects etc. It is widely used in
foods as a flavouring agent and in cosmetics, soaps, and
shampoos as a fragrance agent [14]. Methyl eugenol has
found a wide range of uses in many areas of life due to its
numerous properties. Besides, due to the growing interest in
traditional and unconventional medicines that contain
natural ingredients, Methyl eugenol is an element of
scientific research for its use as potential constituent for

. INTRODUCTION

Methyl eugenol is a volatile Phenylpropanoid present in the
essential oils from flowers, stems, roots, or whole plant
extracts of over 450 species of plant from 80 families
including both angiosperm and gymnosperm families [1]. In
the essential oil of several species, like Cinnamomum
cordatum kosterm (Lauraceae) and Croton malambo H.Karst
(Euphorbiaceae) , more than 90% methyl eugenol can be
found [2]. Chemical name for Methyl eugenol is 1,2-
dimethoxy-4-prop-2-enylbenzene in accordance with
International Union Of Pure and Applied Chemistry and
other  synonyms are 4-allylveratrole;  4-allyl-1,2-
dimethoxybenzene; eugenyl methyl ether; 1,2-dimetoxy-4-
(2-propenyl)benzene; 3,4-dimethoxy-allylbenzene ; 3-(3,4-
dimethoxyphenyl)prop-1-ene ; O-methyl eugenol and
methyl eugenol ether. Structural formula of Methyl eugenol

is depicted in Figure -1.
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Figure-1: Structural formula of Methyl eugenol(1,2-dimethoxy-4-
(prop-2-en-1-yl)benzene))
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various medicinal products. Quantitative structure-activity
relationship of the molecule has been studied to predict its
biological activity [15-16]. Growing interest of researchers
in this molecule motivated us to calculate physico-chemical
properties and carry out quantum chemical calculations
(computational study) of Methyl eugenol. The computation
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of physico-chemical properties, geometry and electronic
properties of this compound will clarify the structure —
activity relationship of this compound.

1. MATERIALS AND METHODS

Calculation of the physico-chemical properties of Methyl
eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene) are
done using acdlab/chemsketch [17] and the predicted data is
generated using the ACD/Labs Percepta Platform -
PhysChem Module. Quantum chemical calculation of
Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene)
have been performed using personal laptop using Gaussian
09, Revision A, 01 software package [18] and Gauss View
6.0.16 programme. Density Functional Density (DFT), and
the Becke three -parameter exchange functions in
combination with the LYP correlation function of the Lee,
Yang and Parr (B3LYP) method was used to carry out
theoretical study of Methyl eugenol(1,2-dimethoxy-4-(prop-
2-en-1-yl)benzene). DFT/B3LYP/6-311G (d, p) basis set
was used to optimise geometry, determine vibrational
frequency, thermochemical calculations etc. UV-Visible
spectra, electronic transitions, oscillator strengths, vertical
excitation energies, of Methyl eugenol(1,2-dimethoxy-4-
(prop-2-en-1-yl)benzene) were computed using -~ Time
Dependent DFT (TD-DFT) method using the same basis set.

1. RESULTS AND DISCUSSION
A. Physico-chemical Properties of Methyl
eugenol(1,2-dimethoxy-4-(prop-2-en-1-
yhbenzene)

Various physico-chemical properties influence the toxic
manifestations of a material. This compels the researchers to
evaluate the role of these properties in determining
associated toxicity issues. The physico-chemical properties
of Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-
yl)benzene) were calculated using acdlab/chemsketch [17]
and the predicted data is generated using the ACD/Labs
Percepta Platform - PhysChem Module and are tabulated in
Table-1.

Table-1 Physical and chemical properties of of Methyl eugenol(1,2-
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14 Monoisotopic Mass: 178.09938 Da
15 Nominal Mass: 178 Da
16 Average Mass: 178.2277 Da
17 M+: 178.098831 Da
18 M-: 178.099928 Da
19 [M+H]+: 179.106656 Da
20 [M+H]-: 179.107753 Da
21 [M-H]+: 177.091006 Da
22 [M-H]-: 177.092103 Da
B. Geometrical analysis

The molecular structure of Methyl eugenol(1,2-dimethoxy-
4-(prop-2-en-1-yl)benzene) having Molecular formula
C11H1402 Molecular mass: 178.09938 amu, is an asymmetric
top type of molecule with 75 degrees of freedom. Gaussian
09, Revision A.01, and Gauss View 6.0.16 programme was
used for the optimisation of molecular structure of Methyl
eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene) and the
obtained optimised molecular structure along with the atom
numbering scheme is shown in Figure 2.

Figure 2: Optimised Geometrical Structure of Methyl
eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene)

Geometrical parameters i.e., Bond Length, Bond Angle,
Dihedral Angle of Methyl eugenol(1,2-dimethoxy-4-(prop-
2-en-1-yl)benzene)) after optimisation as calculated by DFT/
B3LYP/66-311G (d, p) level basis set are listed in Table 2.

Table 2: Optimised Geometrical Parameters (bond length, bond angle,

dihedral angle) of Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-
yl)benzene) as calculated by DFT/B3LYP/6-311G (d, p) level basis set

S. Bond Bond Bond angle Dihedral

Bond Dihed
dimethoxy-4-(prop-2-en-1-yl)benzene) No between | length(A between a:gle ® angle between Ia:n(gele??)
atoms ) atoms atoms
SNo Calculated values of the 1 R(1,2) 14127 A@2.16) ilg.ose D(6,12,3) 0.6258
"7 | Physico-chemical property | property 1783 -
1 Molecular Formula: CuH1,0; 2 | R@H ) 13869 ) ARLID) | D(:1.2.11) 178.9407
2 Formula Weight: 178.22766 3 R(1,10) | 13723 A(6,1,10) (1519‘062 D(10,1,2,3) 177.1896
L. C(74.13% H(7.92%
3 Composition: 0E17 95%)) ( ) 4 R(2,3) 1.3931 A(1,2,3) 119‘496 D(10,1,2,11) -2.3769
2 Molar Refractivity: 5351+ 0.3 cm? 5 | R@211) | 1.3653 A(L2,11) 116005 | D(2,1,6,5) 00334
- - 6 | RGA 14025 AB.211) 124497 | D(2,1,6,9) 179.2005
5 Molar VVolume: 181.8+3.0cm 131075
6 parachor: 1259540 o’ 7 | rR@Y) 1.0824 A@23.4) o D(10,1,6,5) -176.625
7 Index of Refraction: 1500+ 0.02 8 | R(@45) 13012 AR3.7) 120132 | D(10169) 25421
8 Surface Tension: 30.1 £ 3.0 dyne/cm o | Rre20) | 15206 | As3n | 1% | D101y | eesras
9 Density: 0.980 + 0.06 g/cm® 118.832 E
10 Dielectric Constant: Not available i) :E:z iZZie 2212) 119 - EE?;:;)IZ) 1;‘;;;5616
1 Polarizal_)ility: 21.21+0.5 10%cm® 7 [ RGY) 10838 AG.4.20) 21265 | D(L237) 179.2922
12 Topological Polar Surface 185 A2 15 | RO [ o AGSS) 120.324 D(112.3.4) 178.7297
Area ) 5
13 RDBE: 5
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R(11,16 120.000

u | 1.4206 A(4,5,8) s D(11,2,3,7) -1.1806
15 )R(12'13 1.0962 A(658) 219'674 D(L211,16) | 177.6223
16 )R(12,14 1.0899 A(L6,5) ;21'098 D(3,2,11,16) -1.9199
17 )R(12,15 1.0918 A(L,6.9) 217'701 D(2,3,4,5) 0.2967
R(16,17 121.194 B
18 ) 1.0956 A(5,6,9) p D(2,3,4,20) 178.8359
R(16,18 116.146 -
N 1.0888 AL1012) | D(7,3.4,5) 179,701
20 )R(le'lg 10054 | A@1116) ;18'379 D(7,3.4,20) 1.0756
21 ;:2(20'21 1.0962 ;*(10'12'13 110.693 | D(3,4,5.6) 0.3723
R(20,22 A(10,12,14 | 106.021 B
2 | 1.096 ) . D(3,4.5,8) 1797417
23 ;“2023 1.5065 )A(10,12,15 111.418 | D(20,4,5,6) 179.4926
24 )R(23'24 1.0885 )A(13,12,14 ;09'259 D(20,4,5,8) -0.6214
25 )R(B'ZS 1.3301 )A(B'H'IS 109'752 D(3,4,20,21) 65.7083
R(25.26 A(1412,15 | 109.612 B
% | 1.0843 ) ) D(3,4,20,22) 178.2803
27 ;:2(25'27 1.0862 ;*(“'16'17 ;11'619 D(3,4,20,23) -56.9201
A(11,16,18 | 105.799 B
28 ) 3 D(5,4,20,21) 113.40%8
29 )A(“'m’lg 111.388 | D(5,4,20,22) 2.6087
30 )A(17'16'18 209'340 D(5,4,20,23) 123.9689
31 ;*(17'16'19 109'312 D(4,5,6,1) -0.5394
A(18,16,19 | 109.295 -
32 ) 1 D(456.9) 179.6773
33 A(4,2021) | 109.938 | D(85.6.1) 1795743
34 A(4,20,22) ;08'258 D(8,5,6,9) 0.4364
35 A(4,20,23) 213'552 D(1,10,12,13) | 58.5527
36 )A(21,20,22 106539 | D(1,10,12,14) | 176.9325
37 )A(21'2°'23 ;09'170 D(1,10,12,15) | -63.8742
38 )A(22'2°'23 109'138 D(211,16,17) | 62.4801
A(202324 | 115559 B
39 ) 5 D(@111618) | .0 p0s
40 )A(20'23'25 ;25‘082 D(2,11,16,19) | -60.0183
n )A(24'23'25 ;19'356 D(4,2023,24) | -57.7267
42 )A(23'25'26 (1321'684 D(4,2023,25) | 121.9927
43 )A(23,25,27 ;21.540 )D(21,20,23,24 e
“ A@62527 | 116773 | DL20.2325 | 4 (oo
) 4 )
- )D(zz,zo,23,24 63,1404
% D(222023.25 | -
) 117.1402
= )D(zo,zs,zs,ze 179.6450
" )D(zo,23,25,27 01501
o )D(24,23,25,26 06446
% )D(z4,za,25,27 179.8596
C. Vibrational Assignments

For a non-linear molecule with N atoms, the number of
fundamental vibrations is equal to (3N-6). This also includes
three translational and three rotational degrees of freedom
[19,20]. Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-
yl)benzene), the molecule under consideration, has an
asymmetric top group symmetry and 27 atoms; hence 75
normal modes vibrations are possible. As already been stated
DFT/B3LY/6-311 G (d, p) level basis set has been used to
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study the vibrational properties of Methyl eugenol(1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene)  molecule  and
theoretical IR spectra and Raman spectra so obtained are
shown in Figure 3 and 4 respectively while frequencies,
Reduced mass, Force constant, Intensities, and
corresponding vibrational assignment for the theoretical IR
spectra of Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-
yl)benzene) are tabulated in Table 3. Vibrational frequencies
have been assigned by visual inspection of modes animated
by using the Gauss View 6.0.16 programme and the standard
values reported [19]. A comprehensive account of the
characteristic group absorptions and their relationship to
molecular structure is discussed below.

IR Spectrum
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Figure 3: Theoretical IR Spectra of Methyl eugenol(1,2-dimethoxy-4-
(prop-2-en-1-yl)benzene))
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Figure 4: Theoretical Raman Spectra of Methyl eugenol(1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene))

Table 3: frequencies, Reduced mass, Force constant, Intensities, and
corresponding vibrational assignment for the theoretical IR spectra of
Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene)

MOD Frequen Reduc Force Infrare Ramgn Depola Depola
E oy ed Consta d Activit r-p U
Mass nt y

1 24.92 3.1939 0.0012 0.2624 0.4503 0.7472 0.8553
2 69.13 3.5938 0.0101 1.1451 4.5024 0.6624 0.7969
3 73.36 2.1871 0.0069 2.1298 0.6163 0.7063 0.8279
4 93.58 3.1949 0.0165 5.1154 0.5746 0.6259 0.7699
5 100.74 2.1617 0.0129 0.3665 4.0155 0.7383 0.8495
6 150.74 1.4619 0.0196 1.2969 2.7396 0.6875 0.8148
7 161.68 2.2584 0.0348 0.7034 1.7613 0.7491 0.8565
8 195.00 2.5608 0.0574 0.4982 1.4453 0.7494 0.8567
9 231.63 1.6878 0.0534 2.0160 26131 0.6358 0.7774
10 246.23 2.9835 0.1066 1.0747 1.1439 0.2765 0.4332
11 286.81 2.4468 0.1186 1.5709 1.1655 0.5747 0.7299
12 299.85 4.1796 0.2214 1.6195 0.8558 0.1020 0.1852
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358.85 3.8652 0.2933 3.2740 4.6237 0.1496 0.2602 14.434 78.301
394.21 2.2226 0.2035 0.3056 1.2824 0.3953 0.5666 €5 304v.47 1.1023 6.0316 8 6 0.7448 0.8538
435.11 3.6004 0.4016 6.1411 1.0907 0.7500 0.8571 66 3062.09 11062 6.1112 38.578 50.429 07410 0.8513
468.06 3.2845 0.4240 4.2304 1.1540 0.4287 0.6001 7 3
514.24 3.4369 0.5355 1.5612 2.2420 0.6486 0.7869 67 3086.32 1.0943 6.1412 36.958 64.945 0.4115 05831
546.40 3.4855 0.6131 1.6282 1.6760 0.6857 0.8136 6 9
564.75 50637 | 0.9516 i.osggg 57680 | 0.3501 | 0.5186 68 312099 | 1.0616 | 6.0925 ‘117-240 20-014 02492 | 0.3990
20 616.76 2.2585 0.5062 0 ’ 3.3214 0.6974 0.8217 " 125,97 L10m4 6.3583 28.304 132.17 05339 06961
21 663.29 31543 | 08176 | 8.2205 | 59036 | 04720 | 0.6413 1 07
133.15
2 738.00 34023 | 1.0918 ;0-555 06097 | 07056 | 08274 70 312079 | 10886 | 62827 | 64346 | 02166 | 0.3561
24.066 118.13
23 758.22 42104 | 1.4261 ;8'546 ;0'583 01182 | 02114 n 313238 | 10092 | 63544 | 54 0.4620 | 0.6320
12.241 80.550
24 790.31 34218 | 1.2592 ;0'305 54781 | 0.1134 | 0.2037 2 3164.90 | 1.0885 | 64236 | . 9 05133 | 0.6784
12.234 143.93
25 837.44 15300 | 0.6322 55'430 10291 | 04371 | 0.6083 7 318837 | 10934 | 65487 | 87 02335 | 03786
69.694
26 870.73 15168 | 0.6776 33'654 04917 | 04311 | 0.6025 7 819520 | 10891 | 65512 | 27121 | 02104 ( 0.3477
19.376 94.824
27 911.98 16311 | 07993 10'161 23715 | 01590 | 0.2743 7% 3207.35 | 11150 | 67578 | o 5 06153 | 0.7619
28 940.34 1.5897 0.8282 29'091 0.5261 0.0972 0.1772
29 94655 | 14356 | 07578 | 39163 | 05700 | 07401 | 08507 a) Alkenes C=C stretching vibrations
30 948.53 1.6830 0.8921 8.5573 2.1168 0.4470 0.6178 . i
31 96596 | 29535 | 16237 | 85591 | 35429 | 01153 | 0.2068 C=C stretching mode of unconjugated alkenes usually shows
70.318 -
32 103286 | 46959 | 29516 | o 8.6034 | 07292 | 0.8434 moderate to weak absorption at 1667-1640 cm
33 103430 | 12457 | 07852 | 95668 | 54423 | 05901 | 07422 Monosubstituted alkenes i.e. vinyl group absorbs near
34 1063.02 4.7027 3.1309 35'416 3.1776 0.3044 0.4667 16400m-1 Wlth moderate intensity.
10.523
35 1121.10 1.6709 1.2374 2.5347 0.3799 0.5506 . . .
3 b) Alkene C-H stretching vibrations
36 1142.13 1.4625 1.1241 21'570 1.4151 0.0769 0.1428 ) 1
7 RO S T B TR By e B B v T B2 In general, any C-H stretching bands above 3000cm™ result
38 117095 [ 12956 | 10467 | 22288 | 29561 | 0.6690 | 0.8017 from aromatic, alkyne, or alkene C-H stretching.The
60.667 - . . .
39 117230 | 22530 | 18243 | o 75220 | 00856 | 01578 frequency and intensity of alkene C-H stretching absorption
40 120461 | 14215 | 12153 ;2-60“ 23357 | 07078 | 08289 are influenced by the pattern of substitution.Vinyl group
a1 121143 | 14816 | 12811 | 56346 | 42173 | 04200 | 05015 produces three closely spaced C-H stretching bands, two of
42 123615 | 13689 | 12324 | 0.2044 ;6'756 0.4799 | 0.6486 which results from symmetrical and asymmetrical stretching
3 124992 | 25730 | 23684 ;0.03 e i Bsose | o6eng of the terminal C-H groups , and the third one from the
stretching of the remaining single C-H group .
44 1290.98 1.7168 1.6858 ;7'287 (1)6'529 0.2113 0.3489 g g g g p
45 120667 | 26232 | 2.5986 ég“l (2)2'507 01159 | 0.2077 c) Alkene C-H bending vibrations
B0 Q1706 | L9 | 31059 | 4572 [ 02100 1 0% Alkene C-H bonds can undergo bending either in the same
A reeT | 1IN0 | LA ] 09049 el N plane as the C=C bond or perpendicular to it;the bending
25.132 19.229 : 1/ o . .
48 185252 | 32770 | 35320 | | : 01579 | 02727 vibrations can be either in phase or out of phase with respect
4 144100 | 21774 | 26673 29-413 44407 | 07365 | 08483 to each other.The vinyl group absorbs near 1416cm™ because
o vioos | 12148 | 1000t | ceara | 9% | 0e00 | ooz of a scissoring vibration of the terminal methylene.The most
TR 0 characteristic vibrational modes of alkene are the out-of-
51 1469.22 1.2004 1.5267 ’ 5.0101 0.7354 0.8475 - - -
7 plane C-H bending vibrations between 1000 and 650 cm™*
10.667 R
52 147810 | 11082 | 14265 | o 56634 | 07070 | 08284 .These bands are usually the strongest in the spectra of
53 1482.29 1.0743 | 1.3907 ;0'480 ‘111‘758 0.7496 | 0.8569 alkenes.
54 1489.76 1.3302 1.7394 3.0729 ;0'596 0.6855 0.8134 d) Alkanes C-H Stretching Vibrations
14.641
| Meos | L0 | 13 ] B | 4 oras | oesT0 Absorption arising from C-H stretching in alkanes occur in
49.096 .
56 150585 | 10852 | 14281 | , 67926 | 06423 | 0.7822 the general region of 3000-2840 cm™. In case of methyl
57 151093 | 1.0474 | 1.4088 | 7.3560 ;3-481 07109 | 08311 group two distinct bands occur at 2962 cm™ & 2872 cm.
-1 -
o 50150 | 2883 | 40376 120.71 000t | 02708 | 04262 Band _at 2962c_m r_esults from the asymmetrical(as)
e stretching mode in which two C-H bonds of methyl group
59 1619.51 7.0788 10.9391 ’ 5.0419 0.3965 0.5678 . - . - -
4 are extending while the third one is contracting (CHs). Band
15.004 70.639 R . R .
80 164352 | 59786 | 95148 | o 4 0.5994 | 0.7495 at 2872 cm! arises from symmetrical (s) stretching (CHs) in
61 170249 | 45749 | 78127 (132'141 29'077 01670 | 0.2861 which all three of C-H bonds extend and contract in phase.
o2 00340 | 1036 | 5as00 | 220 | 15 | o o ooes In case of methylene groups, the asymmetrical stretching
: . ’ 9 5 ’ : - -
- T o oo 17555 T oo | oo (CH_) and symmetrical stretching (CH2) occur near 2926 and
' : ' 25806 igm ' ' 2853 cm respectively. C-H stretching vibrations due to
64 301297 | 1067 | 58625 | o 56 0.0384 1 0.0758 isopropyl group is very weak and usually lost in other
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aliphatic C-H absorption and is observed near 2890 cm™.
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e) Alkane C-H Bending Vibrations

Two bending vibrations can occur in methyl group-
symmetrical bending vibration involving in-phase bending
and asymmetrical bending vibration involving out-of-phase
bending of C-H bonds. The symmetrical bending vibration
(CH3) occurs near 1375 cm™ the asymmetrical bending
vibration (CH3;) near 1450 cm*. The four bending vibrations
are referred to as scissoring, rocking, wagging, and twisting.
The band resulting from methylene rocking vibration (CHy),
appears near 720cm . Configuration in which two methyl
groups are attached to the same carbon atoms exhibits
distinctive absorption in the C-H bending region

f) Mononuclear Aromatic Hydrocarbon

In the spectra of aromatic compounds most prominent and
informative bands occur in the frequency region between
900-675 cm L. These strong absorption bands are the result
of out-of-plane (“oop”) bending C-H bonds of the ring. In
the 1300-1000cm* region In-plane bending bands are
observed. Skeletal vibrations, involving stretching of
carbon- carbon bonds within the benzene ring, absorb in the
1600-1585 and 1500-1400 cm regions. The skeletal bands
frequently appear as doublets and depends on the nature of
the ring substituents. Aromatic C-H stretching bands occur
between 3100 and 3000 cm™. Weak combination and
overtone bands appear in the 2000-1650 cm™ range.

The in-phase and out-of-plane bending of a ring hydrogen
atom is strongly coupled to adjacent hydrogen atoms. The
position of absorption of the out-of-plane bending bands is
therefore characteristic of the number of adjacent hydrogen
atoms on the ring. The bands are frequently intense and
appear at 900-675 cm L.

9) C-0 Stretching vibrations in ethers

The characteristic response of ethers in IR is associated with
the stretching vibration of the C-O-C systems.Since
vibrations involving oxygen atom results in greater change
in dipole moments than those involving carbon atoms hence
more intnse bands are observed for ethers.The C-O-C
stretching bands of ethers, as is the case of C-O stretching
band of alconols, involve coupling with other vibrations with
in molecule.The spectra of aryl-alkyl ethers display an
asymmetrical C-O-C stretching band at 1275-1200cm™* with
symmetrical stretching band near 1075-1020 cm™.
Resonance, which results in stregthening of the C-O bond ,
is responsible for the shift in the asymmetrical absorption
band of aryl alkyl ethers.

D. Thermochemical properties

Thermodynamic properties help to understand energetics,
structural and reactivity properties of a molecule. Frequency
calculations were used to compute the zero-point energies,
thermal correction to internal energy and entropy as well as
heat capacity for Methyl eugenol(1,2-dimethoxy-4-(prop-2-
en-1-yl)benzene) molecule and are compiled in Table 4. The
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statistical thermo chemical analysis of Methyl eugenol(1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene) is carried out by
assuming the molecule under consideration to be at room
temperature of 300K and one atmospheric pressure. The
standard thermodynamic functions: heat capacity (Cv),
enthalpy (E), entropy (S) have been obtained at B3LYP/6-
311G (d, p) level basis set and are tabulated in Table 5. These
functions describe the thermodynamic stability of the system
at the given conditions of temperature and pressure

Table 4: Thermodynamic Functions of Methyl eugenol(1,2-dimethoxy-
4-(prop-2-en-1-yl)benzene) as computed by frequency calculations

Thermodynamic Functions Value
Zero-point correction 0.225312 .
(Hartree/Particle)
Thermal correction to Energy 0.238846
Thermal correction to Enthalpy 0.239790
Thermal correction to Gibbs Free Energy 0.184162

Sum of electronic and zero-point Energies | -577.921617

Sum of electronic and thermal Energies -577.908083
Sum of electronic and thermal Enthalpies | -577.907139
Sum of electronic and thermal Free -577.962766

Energies

Table 5: Thermodynamic properties of Methyl eugenol(1,2-dimethoxy-
4-(prop-2-en-1-yl)benzene) as calculated BY DFT/B3LYP/6-311 G (d,
p) level basis set

E (Thermal) | CV S
KCal/Mol Cal/Mol-Kelvin | Cal/Mol-Kelvin
Total 149.878 49.547 117.078
Electronic 0.000 0.000 0.000
Translational 0.889 2.981 41.438
Rotational 0.889 2.981 31.555
Vibrational 148.101 43.586 44.085
Vibration 1 | 0.593 1.985 6.198
Vibration 2 | 0.598 1.969 4.178
Vibration 3 0.599 1.967 4.061
Vibration 4 0.603 1.954 3.584
Vibration 5 0.604 1.949 3.440
Vibration 6 | 0.618 1.902 2.663
Vibration 7 | 0.622 1.889 2.530
Vibration 8 | 0.636 1.847 2.180
Vibration 9 0.653 1.793 1.866
Vibration 10 | 0.661 1.769 1.757
Vibration 11 | 0.684 1.698 1.493
Vibration 12 | 0.692 1.674 1.418
Vibration 13 | 0.734 1.557 1.127
Vibration 14 | 0.761 1.483 0.984
Vibration 15 | 0.796 1.394 0.842
Vibration 16 | 0.825 1321 0.743
Vibration 17 | 0.869 1.218 0.623
Vibration 18 | 0.902 1.148 0.552
Vibration 19 | 0.921 1.108 0.514
Vibration 20 | 0.976 0.996 0.422
E. Nonlinear optical properties of Methyl

eugenol(1,2-dimethoxy-4-(prop-2-en-1-
yhbenzene)

Molecular NLO properties of active compounds can be
predicted with the help of quantum chemical calculations
[21-22]. The relationship between the nonlinear optical
properties and the molecular structure can be better
understood with the help of Hyperpolarizability [23-24].
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DFT/B3LYP/6-311 G (d, p) has been used to compute the
electronic properties like total dipole moment(p), mean
linear polarizability (o), anisotropic polarizability (Aa), first-
order hyperpolarizability (B) and second order
hyperpolarizability (y) in terms of X, y, z components by
Gaussian 09, Revision A.01 package and Gauss View 6.0.16
programme for Methyl eugenol(1,2-dimethoxy-4-(prop-2-
en-1-yl)benzene) molecule. Calculation of above mentioned
NLO properties have been executed using equation-1 to
equation-5[25-26] and the results are summarised in Table 6.

M= (W + Py +1%2) )

_ axx+ayy+¢xzz
e @

Ao = %[(axx - Otyy)2 + (olyy- Otzz)2 + (02 - 01><><)2 + 6(0()2<y + a}z’z +
)" (3)
B — (BZX+B2y+BZZ)1/2 (4)

where Bx = Bxxx"‘Bxyy"'szz By = Byyy +BYXX +Byzz and
Bz:Bzzz+Bzyy+ﬁzxx

1
Y= E('Yxxxx + Yyyyy + Yzzzz + 2Yxxyy +2 Vxxzz + 2'Yyyzz)
()
The conversion factor of o, § and y in atomic unit are

For a 1 atomic unit (a.u.) = 0.1482 x 10%* electrostatic unit
(esu),

For B 1 a.u. = 8.6393x10%esu and
For y la.u. = 5.0367x10*%su.

As mentioned above DFT/B3LYP/6-311G (d, p) method,
based on field-independent basis is used to compute the
nonlinear optical components of Methyl eugenol(1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene). Urea is one of the
prototype molecule which is used as a threshold value for
comparative purpose hence is used to study the NLO
properties of a molecular system The computed electric
dipole moment (n) of Methyl eugenol(1,2-dimethoxy-4-
(prop-2-en-1-yl)benzene) molecule (u = 2.0638D)was
calculated to be 0.8697 times that of the standard reference
material of prototypical molecule urea (1 = 2.3732D) and
first-order hyperpolarizability (B) of Methyl eugenol(1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene) molecule (B =
5.487519x10'esu) is about 1.4720 times the first order
hyperpolarizability of urea (B of urea =3.728x103%esu ). Thus
it is recommended to use Methyl eugenol(1,2-dimethoxy-4-
(prop-2-en-1-yl)benzene) molecule as a prospective building
block for nonlinear optical material.

Table 6: Nonlinear Optical components of Methyl eugenol(1,2-

dimethoxy-4-(prop-2-en-1-yl)benzene) as calculated by DFT/B3LYP/6-
311 g (d, p) level basis set

Dipole Mean Linear First-order Second order
moment (L) polarizability (o) Hyperpolarizab | Hyperpolarizabili
In Debye inau ility (B) in a.u. ty (y) in a.u
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. ax R Bx XX =
Hx 0%37 ; 78.6061 el sessa | N
T el B Bl 188032 | ™ | -019.6656
8 Y Yy Yy
i | 09| 2| ggg0as | P | pg7s1 | 7| 251523
7 z z z
Tot | 2.063 | ax 1.0967 Bl gosie | ™| -268750
alp 8D % Yy XY
x 5.0167 P<| 106030 | ™ | 620901
z XY XZ
o -1.3848 Bl qa0a07 | ™| 325217
z Xz YX
o | 757000au | P2 | aze1s | ™ | -ss049
z YZ
11.2200738x | P | 63028 | "% | -a974
102 esu ‘ x
1296832877 | Bv | L,e00 | 72 | 63401
o 78au \%4 \4
Bl 23845 | P | e17.9757
YZ YY
B 63.5181a XX -477.9801
u zz
5487519 | yvv
0y | | 2146450
X 0.0878
YZ
™o 13590
Xz
Y2 40656
Y
1308.7562
v au
6501.8123
x10"%su
F. Mulliken population Analysis: Mulliken

Atomic Charges.

Atomic charges, an important concept in chemistry which
gives a simple picture of distribution of electron density
within a molecule. Many properties of a molecule like dipole
moments, electric potentials, NMR chemical shifts,
reactivities, and electromagnetic spectra can be correlated to
atomic charges in a molecule, and many structure- property
theories of molecule are based on the idea of atomic charges
[27]. Atomic Polar tensor (APT) charge is derived using
quantum  mechanically calculated dipole moment.
DFT/B3LYP/6-311 G (d, p) level basis set was used to
calculate the Mulliken atomic charges and APT atomic
charges. Calculated values of Muliiken and APT atomic
charges are given in Table 7 and plotted in Figure 5. Atomic
charge distribution is different due to the presence of -OCHj3
group on carbon atom-1 and 2. Oxygen atom -10 and 11
have maximum negative due to the presence of methyl group
which has +1 effect. Carbon atoms 1, 2, 12 and 16 have
positive charge as they are directly attached to
electronegative oxygen atom of two methoxy groups.

Table 7: Mulliken and APT atomic charges on each of the constituent

atom of Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene)
molecule as calculated BY DFT/B3LYP/6-311 g (d, p) level basis set.

Atoms Mulliken Charge APT Charge
1C 0.128758 0.422967
2C 0.176669 0.501442
3C -0.057676 -0.182609
4 C -0.128786 0.061477
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Figure-5: Mulliken and APT atomic charges on each of the constituent
atom of Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene))
molecule
G. UV-VISIBLE Spectral
Electronic Properties

Studies and

TD-DFT calculations facilitates quantum chemists in better
understanding of observed electronic absorption spectrum in
terms of Excitation energies (E), absorption wavelength (L),
oscillator strengths (f), molecular orbitals undergoing
transitions, transition energy, electronic transitions etc [28].
Molecular orbitals undergoing excitation transition,
transition energy and excitation energy, absorption
wavelength etc have been gathered in Table 8 and the UV —
Visible spectra of Methyl eugenol(1,2-dimethoxy-4-(prop-2-
en-1-yl)benzene) compound as obtained from TD-DFT
calculations is shown in Figure 6.

Table 8: UV-Visible spectral results (excitation energy, absorption
wavelength, oscillator strength, transition energy) of  Methyl

eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene) molecule as
calculated BY TD-DFT/ B3LYP/6-311g (d, p) basis set.
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powerful chiroptical tool for the determination of absolute
configuration (AC) or conformation of natural products
containing chromophores since 1960s [29-30]. CD is defined
as the differential absorption of left and right circularly
polarised electromagnetic radiation by a sample. The
difference of the absorption is the measure of the magnitude
of CD, which is expressed by the differential molar
extinction coefficients as Ae = g - & (L moltcm?) [31]. TD-
DFT method allows the simulation of the ECD spectrum of
a medium size molecule on a desktop or PC in a reasonable
time [32-33]. ECD spectra of Methyl eugenol(1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene) was studied using
B3LYP/TD-DFT/6-311G (d, p) level and the results are
presented in Table-9 and spectra in Fig. 7. In Methyl
eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene)
molecule common chromophore and auxochrome groups are
an aromatic ring, an alkene group and a methoxy group. The
absorption bands are due to aromatic 7 — n* and n — 7*
transitions. A CE with Ry< 100 at 249.80, 235.51 and
215.27 nm suggests a planar structure.
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Figure 7: Theoretical ECD Spectra of Methyl eugenol(1,2-dimethoxy-
4-(prop-2-en-1-yl)benzene) molecule

Table 9: ECD Spectral results of Methyl eugenol(1,2-
dimethoxy-4-(prop-2-en-1-yl)benzene)

Excited Wavelength Ruel Ag (10
State (nm) esu? cm?)
1 249.80 nm -2.228 =22
2 235.51 nm 36.823 ~13
3 215.27 nm -15.324 ~-5
l. Frontier Molecular orbital analysis
(FMO analysis)

Interaction of two atomic orbitals with each other
produces two new orbitals called molecular orbitals —
bonding molecular orbital and antibonding molecular
orbitals. The bonding molecular orbital has lower energy and
is occupied by a pair of electrons (a Lewis base) and is called
Highest Occupied Molecular Orbital (HOMO) while
antibonding molecular orbital has lower energy and does not
contain electrons (a Lewis acid) and is called Lowest
Unoccupied Molecular Orbital (LUMO) of the compound.
HOMO and LUMO are a pair of orbitals which interact most
strongly. They together are called Frontier Molecular Orbital
(FMO) because they are present at the outermost boundaries
of the electrons of a compound. The FMO analysis for
Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene)
has been carried out using B3LYP/6-311G (d, p) basis set at
DFT with structure of the molecule in singlet excited state
and has been shown in Figure 8. In Table 10 energies of
molecular orbitals undergoing major transitions and their
energy gap (AE) have been presented.

Table 10: Energy Gap (AE) of major electronic transitions

International Journal for Research in Engineering Application & Management (IJREAM)

LUMO Energy | HOMO Energy | Energy gap (AE) (ELumo-
(ELumo) (Eromo) Eromo)

49 (-0.00685eV) 45(-0.27607ev) 0.26922eV

49 (-0.00685eV) 47(-0.24080eV) 0.23395 eV

49 (-0.00685eV) 48(-0.21698eV) 0.21013 eV

50 (-0.00332 ev) 47(-0.24080eV) 0.23748 eV

50 (-0.00332 ev) 48(-0.21698eV) 0.21366 eV

51 (0.01881 eV) 47(-0.24080eV) 0.22199 eV

51 (0.01881 eV) 48(-0.21698eV) 0.19817 eV
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HOMO MO- 47 E =-0.24080eV HOMO MO-45 E=-0.27607eV

Figure -8 — Frontier Molecular orbitals with Molecular Orbital No. and
its energy indicated below each Molecular Orbital

J. Global and Local Reactivity Descriptors

Global chemical reactivity descriptors of a compound
like absolute hardness, softness, chemical potential,
electronegativity, electrophilicity index as well as local
reactivity descriptors have been defined [34-38]. Robert Parr
and others [34] defined Electrophilicity index and suggested
that it can be calculated using chemical potential and
absolute  hardness. According to this definition
electrophilicity index measures the susceptibility of
chemical species to accept electrons. Thus, low value of it
suggests a good nucleophile while higher value indicates the
presences of good electrophile. Electronegativity, an atomic
parameter, has long been known to be of great use in
chemistry. Electronegativity has been defined by Pauling
and Mulliken [39] as the average value of the ionization
potential and electron affinity. Robert G Parr and others [36]
scrutinized the concept of electronegativity from the point of
view of Density Functional Theory of Hohenberg and Kohn
[40]. In the Hohenberg and Kohn density functional theory
of the ground state negative of electronegativity is chemical
potential. They observed that electronegativity is the same
for all orbitals in an atom or molecule in its ground state.
They also demonstrated how electronegativity differences
between valence states drive electron transfers between
atoms on molecule formation. Hardness refers to resistance
to deformation or change and mathematically is half the
difference of ionization potential and electron affinity. The
minimum value of hardness is zero. Softness is defined as
the reciprocal of hardness thus zero hardness constitutes
maximum softness [37-38]. Hence, we can say that different
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global reactive descriptors and energy gap of major
electronic transitions are helpful to describe the stability and
reactivity of a molecule. The calculated values of various
reactive descriptors are presented in Table 11. A low value
of hardness indicates that Methyl eugenol(1,2-dimethoxy-4-
(prop-2-en-1-yl)benzene)) is soft and can be easily deformed
but a negative value of chemical potential shows that it is
quite stable and does not undergo decomposition.

Table 11: calculated values of global and local reactivity

descriptors  of  Methyl  eugenol(1,2-dimethoxy-4-(prop-2-en-1-
yl)benzene)

Parameter Relation Calculated
Value
lonization Energy(l) -Enomo 0.21698
Electron Affinity (A) -ELumo 0.00685
: i —(1+4)

Chemical Potential(¢) 5 -0.111915
Absolute hardness(n) a _zA) 0.105065

1
Softness(S) ; 9.5179174797
Electronegativity (z) a J; A 0.111915

S $2
Electrophilicity index () ﬁ 0.0596058021
Electron donating capability(c>-) Gl+ Az 0.0056825414
g capabliityle 60— A) |

I + 3A)2

Electron accepting capability (c+) ﬁ 0.0007409775

K. Electrostatic potential and electron density
surfaces

Molecular Electrostatic Potential (ESP) is the potential
that a unit positive charge would experience at any point
surrounding the molecule due to the electron density
distribution in a molecule and is correlated with dipole
moment, electronegativity, partial charge, and chemical
reactivity of the molecule. With the help of electrostatic
potential chemical reactivity of a molecule can be predicted
because regions of negative potential are expected to be sites
of protonation i.e. site of nucleophilic attack, while regions
of positive potential may indicate electrophilic sites The
different values of electrostatic potential are represented by
different colours-red represents region of most negative
electrostatic potential, blue represents the region of the most
positive electrostatic potential and green represents the
region of zero potential. Potential increases in the order red
< orange < yellow < green < blue.

The electron density surfaces and electrostatic potential for
Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-1-yl)benzene)

was computed using B3LYP/6-311G (d, p) basis set at DFT
and are shown in Figure 9 and Figure 10 respectively. ESP
for HOMO and LUMO are shown in Figure 11 and 12
respectively.
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figure 9: electron density of Methyl eugenol(1,2-dimethoxy-4-(prop-2-
en-1-yl)benzene)) from total scf density (isovalue =0.0004; mapped with

esp)

figure-10: electrostatic potential from total scf density (red-
negative charge -yellow-green -blue positive charge)

figure-12 electrostatic potential from total scf density (mo-49) lumo

IV.  CONCLUSIONS

An attempt was made to calculate various physico-chemical
properties of Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-
1-yl)benzene) using acdlab/chemsketch as these properties
influence the toxic manifestations of a material. Further
efforts were made to study the geometry, dipole moment,
molecular electrostatic potential (ESP), atomic charge
distribution,  polarizability,  hyperpolarizability  etc.
Reactivity  descriptors  like  chemical  reactivity,
electrophilicity, chemical potential, absolute hardness,
chemical softness etc for Methyl eugenol(1,2-dimethoxy-4-
(prop-2-en-1-yl)benzene) were discussed by analysing
HOMO and LUMO calculated using B3LYP/6-311 G (d, p)
basis set. The wvalues of dipole moment (p),
hyperpolarizability (B) of Methyl eugenol(1,2-dimethoxy-4-
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(prop-2-en-1-yl)benzene) were calculated and were observed
to be comparable to the values of standard reference material
of prototype molecule urea hence this molecule is
recommended for its use as a perspective building block for
NLO material and a negative value of chemical potential
indicates that Methyl eugenol(1,2-dimethoxy-4-(prop-2-en-
1-ylh)benzene) is quite stable and does not undergo
decomposition readily.

REFERENCES
[1] K.H. Tanand R. Nishida, J. Insect Sci., 12, 1 (2012).

[2] MNijeva, R. and Buchbauer, G., 2016. Biological
properties of some volatile phenylpropanoids. Natural
product communications, 11(10),
p.1934578X1601101041

[3] IARC Working Group on the Evaluation of
Carcinogenic Risks to Humans, 2013.
METHYLEUGENOL. In Some Chemicals Present in
Industrial and Consumer Products, Food and Drinking-
Water. International Agency for Research on Cancer.

[4] Khan, A., Ahmad, A., Manzoor, N. and Khan, L.A.,
2010. Antifungal activities of Ocimum sanctum
essential oil and its lead molecules. Natural Product
Communications, 5(2), p.1934578X1000500235.

[5] Pinto, E., Vale-Silva, L., Cavaleiro, C. and Salgueiro,
L., 2009. Antifungal activity of the clove essential oil
from Syzygium aromaticum on Candida, Aspergillus
and dermatophyte species. Journal of medical
microbiology, 58(11), pp.1454-1462.

[6] Rossi, P.G., Bao, L., Luciani, A., Panighi, J., Desjobert,
J.M., Costa, J., Casanova, J., Bolla, J.M. and Berti, L.,
2007. (E)-Methylisoeugenol and elemicin: antibacterial
components of Daucus carota L. essential oil against
Campylobacter jejuni. Journal of agricultural and food
chemistry, 55(18), pp.7332-7336.

[7] Park, I.LK., Kim, J., Lee, S.G. and Shin, S.C., 2007.
Nematicidal activity of plant essential oils and
components from ajowan (Trachyspermum ammi),
allspice (Pimenta dioica) and litsea (Litsea cubeba)
essential  oils against pine wood nematode
(Bursaphelenchus xylophilus). Journal of
nematology, 39(3), p.275.

[8] Choi, Y.K., Cho, G.S., Hwang, S., Kim, B.W., Lim,
J.H., Lee, J.C., Kim, H.C., Kim, W.K. and Kim, Y.S,,
2010. Methyleugenol reduces cerebral ischemic injury
by  suppression of oxidative injury and
inflammation. Free Radical Research, 44(8), pp.925-
935.

[9] Yin, L., Sun, Z., Ren, Q., Su, X. and Zhang, D., 2018.
Methyl eugenol induces potent anticancer effects in
RB355 human retinoblastoma cells by inducing
autophagy, cell cycle arrest and inhibition of

64 | IIREAMV0711082018

DOI : 10.35291/2454-9150.2022.0009

International Journal for Research in Engineering Application & Management (IJREAM)

ISSN : 2454-9150 Mol=07; Issue=10; JAN 2022

PI3K/mTOR/Akt signalling pathway.J. BUON, 23,
pp.1174-1178.

[10] National Toxicology Program, 2000. NTP toxicology
and carcinogenesis studies of methyleugenol (CAS NO.
93-15-2) in F344/N rats and B6C3F1 mice (gavage
studies). National Toxicology Program technical report
series, 491, pp.1-412.

[11] Hashimoto, K., Yanagisawa, T., Okui, Y., lkeya, Y.,
Maruno, M. and Fujita, T., 1994. Studies on anti-allergic
components in the roots of Asiasarum sieboldi. Planta
medica, 60(02), pp.124-127.

[12] Shin, B.K., Lee, E.H. and Kim, H.M., 1997. Suppression
ofL-histidine decarboxylase mMRNA expression by
methyleugenol. Biochemical and biophysical research
communications, 232(1), pp.188-191.

[13]Yano, S., Suzuki, Y., Yuzurihara, M., Kase, Y., Takeda,
S., Watanabe, S., Aburada, M. and Miyamoto, K.I.,
2006. Antinociceptive effect of methyleugenol on
formalin-induced hyperalgesia in  mice. European
journal of pharmacology, 553(1-3), pp.99-103.

[14] Smith, R.L., Adams, T.B., Doull, J., Feron, V.J.,
Goodman, J.1., Marnett, L.J., Portoghese, P.S., Waddell,
W.J., Wagner, B.M., Rogers, A.E. and Caldwell, J.,
2002. Safety assessment of allylalkoxybenzene
derivatives used as flavouring substances—methyl
eugenol and  estragole. Food and  chemical
Toxicology, 40(7), pp.851-870.

[15] Gallucci, M.N., Carezzano, M.E., Oliva, M.M., Demo,
M.S., Pizzolitto, R.P., Zunino, M.P., Zygadlo, J.A. and
Dambolena, J.S., 2014. In vitro activity of natural
phenolic  compounds against fluconazole-resistant C
andida species: a quantitative structure-activity
relationship analysis. Journal of Applied
Microbiology, 116(4), pp.795-804.

[16]Chang, H.J., Kim, H.J. and Chun, H.S., 2007.
Quantitative structure— activity relationship (QSAR) for
neuroprotective activity of terpenoids. Life
sciences, 80(9), pp.835-841.

[17]ACD/ChemSketch, version 2020.1.2, Advanced
Chemistry Development Inc., Toronto, ON, Canada,
https://www.acdlabs.com/.

[18] Frisch, M., and F. Clemente. "Gaussian 09, Revision A.
01, MJ Frisch, GW Trucks, HB Schlegel, GE Scuseria,
MA Robb, JR Cheeseman, G." Scalmani, V. Barone, B.
Mennucci, GA Petersson, H. Nakatsuji, M. Caricato, X.
Li, HP Hratchian, AF Izmaylov, J. Bloino, G.
Zhe (2009).

[19] Silverstein, R.M. and Bassler, G.C., 1962.
Spectrometric identification of organic
compounds. Journal of Chemical Education, 39(11),
p.546.

© 2022, IJREAM All Rights Reserved.



[20] Socrates, G., 2004. Infrared and Raman characteristic
group frequencies: tables and charts. John Wiley &
Sons.

[21] Gupta, Raksha. "Study of spectral and NLO properties
of (2E)-1-(2, 4-dihydroxyphenyl)-3-(4-hydroxyphenyl)
prop-2-en-1-one by DFT." Applied Innovative Research
(AIR) 1, no. 3-4 (2020): 160-170.

[22] Tanak, Hasan, and Mehmet Toy. "Molecular structure,
spectroscopic and quantum chemical studies on 2'-
chloro-4-dimethlamino azobenzene." Journal of
Molecular Structure 1068 (2014): 189-197.

[23] Chemla, Daniel Simon, ed. Nonlinear Optical Properties
of Organic Molecules and Crystals V1. Vol. 1. Elsevier,
2012.

[24] Gupta, Raksha. “Study of spectral and NLO properties
of 2-methyl-5-(propan-2-yl) phenol by DFT”,
International Journal of Scientific Research and
Engineering Development — Volume 4 Issue 3, (May-
June 2021):689-705.

[25] Giinay, N., Pir, HA.C.E.R., Avci, D. and Atalay, Y.,
2013. NLO and NBO analysis of sarcosine-maleic acid
by using HF and B3LYP calculations. Journal of
Chemistry, 2013.

[26] Sheldrick, G. M. "SHELXS-97, program for the solution
125 of crystal structures." University of Gottingen,
Germany (1997).

[27]Mao, James X. "Atomic charges in molecules: a
classical concept in  modern  com-putational
chemistry." Journal of Postdoctoral Research 2, no. 2
(2014).

[28] Gupta, Raksha. “Study of spectral and NLO properties
of  2-methyl-5-(propan-2-yl) phenol by DFT”,
International Journal of Scientific Research and
Engineering Development — Volume 4 Issue 3, (May-
June 2021):689-705

[29] Slade, Desmond, Daneel Ferreira, and Jannie PJ Marais.
"Circular dichroism, a powerful tool for the assessment
of absolute configuration of
flavonoids." Phytochemistry 66, no. 18 (2005): 2177-
2215.

[30]Berova, Nina, Prasad L. Polavarapu, Koji Nakanishi,
and Robert W. Woody. Comprehensive Chiroptical
Spectroscopy: Instrumentation, Methodologies, and
Theoretical Simulations. Vol. 1. John Wiley & Sons,
2011.

[31] Li, Xing-Cong, Daneel Ferreira, and Yuanging Ding.
"Determination of absolute configuration of natural
products: theoretical calculation of electronic circular
dichroism as a tool." Current organic chemistry 14, no.
16 (2010): 1678-1697.

65 | IJREAMV0711082018

DOI : 10.35291/2454-9150.2022.0009

International Journal for Research in Engineering Application & Management (IJREAM)

ISSN : 2454-9150 Mol=07; Issue=10; JAN 2022

[32] Gupta, Raksha. “A Theoretical Study of 5-Methyl-2-
Isopropylphenol (Thymol) by DFT”. International
Journal of Scientific Research in Science and
Technology (June 12, 2021): 812-830.
doi:10.32628/ijsrst2183182.

[33] Autschbach, Jochen, Lucia Nitsch-Velasquez, and Mark
Rudolph. "Time-dependent density functional response
theory for electronic chiroptical properties of chiral
molecules.” Electronic and Magnetic Properties of
Chiral Molecules and Supramolecular
Architectures (2010): 1-98.

[34] Parr, Robert G., L&szI6 V. Szentpély, and Shubin Liu.
"Electrophilicity index." Journal of the American
Chemical Society 121, no. 9 (1999): 1922-1924.

[35] Chattaraj, Pratim Kumar, Buddhadev Maiti, and Utpal
Sarkar. "Philicity: a unified treatment of chemical
reactivity and selectivity.” The Journal of Physical
Chemistry A 107, no. 25 (2003): 4973-4975.

[36] Parr, Robert G., Robert A. Donnelly, Mel Levy, and
William E. Palke. “Electronegativity: the density
functional viewpoint." The Journal of Chemical
Physics 68, no. 8 (1978): 3801-3807.

[37]Parr, Robert G., and Ralph G. Pearson. "Absolute
hardness: ~ companion  parameter to  absolute
electronegativity." Journal of the American chemical
society 105, no. 26 (1983): 7512-7516.

[38] Parr, Robert G., and Pratim K. Chattaraj. "Principle of
maximum hardness." Journal of the American Chemical
Society 113, no. 5 (1991): 1854-1855.

[39] Mulliken, Robert S. "A new electroaffinity scale;
together with data on valence states and on valence
ionization potentials and electron affinities."” The
Journal of Chemical Physics 2, no. 11 (1934): 782-793.

[40] Hohenberg, Pierre, and Walter Kohn. "Inhomogeneous
electron gas.” Physical review 136, no. 3B (1964):
B864.

© 2022, IJREAM All Rights Reserved.



