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ABSTRACT

Comparative studies of the infrared spectra of Ethyl benzoate (CyH100,) and Ethyl m-chloro benzoate (CgHgClO, or
4-Chlorobenzoic acid) have been made. The spectra are interpreted with the aid of normal mode analysis following
full structure optimization based on the DFT and HF method using 6-31G(d,p) basis sets combination. While
making compl ete assignments of vibrational wave numbers some interesting observations in the vibrational spectra
of these two molecul es have been noticed. Following the quantum chemical cal culation optimized geometries of the
both molecules are predicted. The theoretical global minimum energy calculation helps to find the structural
symmetries of the molecules.

Keywords. DFT; Ethyl benzoate; ;Ethyl m-chloro benzoate; \diiiwnal spectra.

INTRODUCTION

Vibrational spectroscopy has the potential to yiedduable structural and conformational informatworganic
compounds, if used in conjugation with accurate nqu@ chemical calculations. Prediction of vibratibn
frequencies of polyatomic molecules by quantum dbahrtomputation has become very popular becausts of
accurate and consistent description of the expettimhelata. In this article, the performance of dgnfsinctional
theory (DFT) and HF employed 6-31G (d,p) basis Batsbeen evaluated. A close agreement betwearbsesved
and calculated wave number is achieved by introdudhe scale factors. On comparing these two method
employed the reliability of DFT/B3LYP method with3.G (d, p) has been found to give the most aceurat
description of vibrational signatures in the pressse. So to simplify the discussion we have diggussed all the
results using DFT/B3LYP method.

MATERIALSAND METHODS

The molecular structure as seen by Gaussview ugingpbering scheme and experimental IR spectra eokthyl
benzoate (gH;00,)are given in Fig | and Fig Il respectively, whesdar ethyl-m-chloro benzoate {l8,ClO,) these
are given in Fig lll and Fig IV respectively.

3. Computational details

All the calculations were performed on an AMD duaate/2.71 GHz personal computer using Gaussian Q3w
program package, invoking gradient geometry opttnin [2]. Initial geometry generated from standard
geometrical parameters was minimized without amstraint in the potential energy surface at Hafeek level,
adopting the standard 6-31G (d,p) basis set. Tdusngtry was then re-optimized again at B3LYP leusing basis
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set 6-31G (d, p) for better description. The ot structural parameters were used in the vibratirequency
calculations at the HF and DFT/B3LYP level to clutesze all stationary points as minima. We havkzet the
gradient corrected density functional theory (DF3]) with the three-parameter hybrid functional (B3] for the
exchange part and the Lee-Yang-Parr (LYP) corelatiinction [5], accepted as a cost effective apgino for the
computation of molecular structure, vibrationalgiuencies, and energies of optimized structuresradimal
frequencies computed at DFT level have been adjteticto be more reliable than those obtained by the
computationally demanding Moller-Plesset pertudratimethods. Density functional theory offers eleactr
correlation frequently comparable to second-ordetl@&d-Plesset theory (MP2) [6,7]. Finally, the cdited normal
mode vibrational frequencies also provide the tloelynamic properties through the principle of steéd
mechanics.

Fig.: Molecular Modeling Structure of Ethyl benzoate CgH 100,

Acetic acid, m-methylphenyl ester
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Fig. Il : Theoretical FTIR spectra of Ethyl benzoate
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Fig 3 Molecular Modeling Structure of Ethyl m-choro benzoate

Fig!11. Molecular Modeling Structure of Ethyl m-chloro benzoate CqHoCIO,

Ethyl p-chloro benzoate
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Fig1V. Theoretical FTIR spectra of Ethyl m-chloro benzoate CqHoCIO,
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Table-l Optimized geometrical parameters of Ethyl benzoate at HF and B3LYP level

Parameters HF B3LYP
Bond lengths

C1-C2 1.3841 1.3937
C1-Cé6 1.3857 1.3967
C1-H7 1.0753 1.0859
C2-C3 1.389: 1.401¢
C2-H8 1.0729 1.0837
C3-C4 1.3900 1.4014
C3-C1z 1.491: 1.491:
C4-C5 1.3826 1.3922
C4-H9 1.0736 1.0846
C5-C6 1.386¢ 1.397:
C5-H10 1.0753 1.0859
C6-H11 1.0759 1.0862
C12=013 1.1921 1.2167
C12-014 1.3236 1.3538
014-C15 1.4265 1.4473
C15-C16 1.5167 1.5209
C15-H17 1.0813 1.0926
C15-H20 1.0801 1.0923
C16-H18 1.0827 1.0924
C16-H19 1.0847 1.0939
C16-H21 1.0858 1.0951
Bond angles

C2-C1-C6 120.0077 120.1329
C2-C1-H7 119.8824 119.8093
C6-C1-H7 120.1099 120.0579
C1-C2-C3 119.8924 119.8847
C1-C2-H8 120.325! 120.632!
C3-C2-H8 119.7820 119.4828
C2-C3-C4 119.9201 119.8222
C2-C3-C1z 122.1241 122.411
C4-C3-C12 117.9560 117.7662
C3-C4-C5 120.0799 120.1007
C3-C4-H9 118.944: 118.5(98
C5-C4-H9 120.9753 121.3895
C4-C5-C6 119.8636 119.9776
C4-C5-H10 119.9888 119.9213
C6-C5-H10 120.1476 120.1011
C1-C6-C5 120.2364 120.0820
C1-C6-H11 119.867! 119.946:
C5-C6-H11 119.8960 119.9716
C3-C12=013 123.5989 124.1339
C3-C12-014 112.943! 112.347
013=C12-014 123.4570 123.5181
C12-014-C15 118.3039 116.4655
014-C1E-C1€ 111.475 111.358!
014-C15-H17 104.5011 104.3351
014-C15-H20 109.1450 108.7855
C1l€-C1E-H17 111.038 111.518:
C16-C15-H20 111.2991 111.1340
H17-C15-H20 109.1400 109.4648
C15-C16-H18 110.8338 110.4970
C15-C16-H19 110.6318 110.8780
C15-C16-H21 109.6534 109.8193
H18-C16-H19 108.9593 108.9672
H18-C16-H21 108.3554 108.3021
H19-C16-H21 108.3397 108.3087

RESULTSAND DISCUSSION

4.1Molecular Geometry

The optimized structure parameters of Ethyl bereaad Ethyl m-chloro benzoate calculated by DFT/BBland

HF methods with the 6-31G (d, p) basis set aredigh Table.1, 2 and are in accordance with thenatambering
scheme as shown Fig. and Il respectively. By alhmwthe relaxation of all parameters, the calcuteticonverge to

48
Scholars Research Library



Tanveer Hasan Arch. Phy. Res,, 2014, 5 (2):45-56

the optimized geometries, which correspond to the energy minima, as also revealed by the ladknafjinary
frequencies in the vibrational mode calculation.

Tablell Optimized geometrical parametersof Ethyl m-chloro benzoate at HF and B3LYP level

Parameters HF BBLY

Bond lengths

C1-C2 1.3842 1.3936

C1-Cé 1.3841 1.3955

C1-H7 1.0749 1.0856

C2-C3 1.3880 1.4004

C2-H8 1.0724 1.0831

C3-C4 1.3895 1.4005

C3-C12 1.4938 1.4941

C4-C5 1.3792 1.3900

C4-H9 1.0723 1.0833

C5-C6 1.3844 1.3958
C5-CI10 1.7433 1.7585

C6-H11 1.0739 1.0843
C12=013 1.1910 1.2158
C12-014 1.3212 1.3510
014-C15 1.4285 1.4492
C15-C16 15164 1.5205
C15-H17 1.0811 1.0924
C15-H20 1.0800 1.0922
C16-H18 1.0828 1.0925
C16-H19 1.0847 1.0939
C16-H21 1.0857 1.0950

Bond angles

C2-C1-C6 120.3991 120.5904
C2-C1-H7 120.0415 119.9964
C6-C1-H7 119.5594 119.4131
C1-C2-C3 119.6862 119.6538
C1-C2-H8 120.4397 120.7436
C3-C2-H8 119.8741 119.6036
C2-C3-C4 20.3128 120.2721
C2-C3-C12 122.2137 122.5611
C4-C3-C12 117.4736 117.1668
C3-C4-C5 119.1760 119.1238
C3-C4-H9 119.7336 119.3393
C5-C4-H9 121.0904 121.5368
C4-C5-C6 121.1118 121.2898
C4-C5-Cl10 119.5152 119.4199
C6-C5-Cl10 119.3730 119.2903
C1-C6-C5 119.3141 119.0700
C1-C6-H11 120.7602 120.9648
C5-C6-H11 119.9257 119.9652
C3-C12=013 123.3637 123.9239
C3-C12-014 112.7985 112.1852
013=C12-014 123.8376 23.8905
C12-014-C15 118.3123 116.4929
014-C15-C16 111.4298 111.3828
014-C15-H17 104.4227 104.2556
014-C15-H20 109.0483 108.6859
C16-C15-H17 111.1245 111.5855
C16-C15-H20 111.3794 111.2337
H17-C15-H20 109.1837 109.4876
C15-C16-H18 110.8765 110.5989
C15-C16-H19 110.6514 110.9354
C15-C16-H21 109.5928 109.7287
H18-C16-H19 108.9798 108.9727
H18-C16-H21 108.3315 108.2544
H19-C16-H21 108.3400 108.2776

Subsequently, the global minimum energy obtainedstaucture optimization of Ethyl benzoate with 8&3(d, p)
basis set is approximately -499.46 a. u. for DF3LBP and -496.40 a.u. HF methods. However in cagethy| m-
chloro benzoate with 6-31G (d, p) basis set is @yprately -959.05 a. u. for DFT/ B3LYP and -95580. HF
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methods. In case of Ethyl benzoate and Ethyl m+ohbenzoate least energy shifts to slightly higheues of
roughly 3.60 a.u. and 3.75a.u. for HF method. Tliferénce in energies between these two molecesbbut
459.59 a.u. for B3LYP method. This drift in energlyserved due to the chloro group attached at mesdign
enhance the more resonance (canonical) structuteedEthyl m-chloro benzoate than Ethyl benzoateetore the
Ethyl m-chloro benzoate is more stable than theglEtenzoate.

All the observations are made without any symmegsgriction and the results are listed in Tablg. lln Ethyl m-
chloro benzoate and Ethyl benzoate has no poinipggymmetry so called C1. Moreover, as describedhby
animated view of the output all carbons in the rarg in a plane in both molecule and also showat thsingle
hydrogen atom of each methyl unit also lies in hene of adjacent ring while other two are symnoatly
positioned above and below the plane of adjacemt i\s seen methyl group attached with ring the Caidnd
length which is in the plane are greater than othieich are nonplaner e.g. bond length in betwegbaraand
hydrogen which are nonplaner( in case of;@Hlich is attached to adjacent of ring ) are 1®E+116C-18H, are at
1.093 A and 1.092 Awhile bond length between carbon and hydrogencase of Chiwhich is attached to ring)
lies in of plane are 1.095%Since large deviation from experimental X-H, bdedgth arises from low scattering
factor of hydrogen atom in X-ray diffraction expeegnt hence; we have not discussed the C-H bondHeng
However comparison between B3LYP method and HF atkihcan easily seen that B3LYP method predictsdbo
length, which is systematically large, as in cafSE® method [8-10]. Since all the carbon atomshia benzene ring
are sp hybridized and having equal bond lengths and bamglea hence, substitution of hydrogen in benzemg ri
results in a perturbation of the valence electristridution of the molecule followed by changestlie various
chemical and physical properties. The angular charig benzene ring geometry have proved to be sitsen
indicator of the interaction between the substit@en the benzene ring [11].

The bond length in the ring has also shown chariatite variation but they have been small and lesdl
pronounced as compared to the angular changebeSmnd length between C-C of Ethyl m-chloro betedathe
ring is nearly matched well with Ethyl benzoate nBdength between C-C in case Ethyl m-chloro betezbes in
between 1.390-1.405A however bond length betwe@hit-case of ethyl benzoate lies in between 1.38RANA.
The Bond length between C3-C12 is greater in cé$gthtyl m- chloro benzoate than Ethyl benzoate thidue to
the chlorine at meta position create electron iefficy at C3 position which causes weaker bond gtreim case in
C-C(out of ring) and hence increase bond lengthd Afso it can seen that bond length between C-Csamee
shorter than usual bond length that is 1.54 A. Deamal Schmeising [12] is attributed this to thé Bybrid state of
C3.The NBO analysis [13] shows that..;, NBO form sg-**hybrid on C3 interacting with S hybrid on C12 is
formed. All others bond length of one molecule asarly same to the corresponding bond length dfiero
molecule some deviation occurred due to chlorineched at meta position in Ethyl m-chloro benzoatsother
aspect also arises that bond angle between carlabhyalrogen in methyl group that bond angle whighlis in a
plane are different from which lies out of planessmpe of methyl group distorted from regular tedchal e.g. In
case of Ethyl benzoate , Ethyl m-chloro benzoatedtengle between out of plane carbon and hydrog@H-16C-
21H, 19H-16C-21H) are 108,308.3 and 108.2,108.2 however which corresponding iplahe 18H-16C-19H,
108.9 and 108.9respectively. However, most of the substituentthia present study have a mixett character
and the geometrical parameters of the ring aresaltref superposition of overall effects. Based abve
comparison although there are some difference legtwtbe theoretical values and experimental valties,
optimized structural parameters can well reprodime experimental ones and they are the basis fredlfter
discussion.

4.2-Vibrational Analysis

Ethyl m-chloro benzoate and Ethyl benzoate havea®ins with 57 normal modes of fundamental vibration
Detailed description of vibrational modes can beegiby means of normal coordinate analysis andatidomal
assignments are achieved by comparing the bantigrssof calculated and experimental FT-IR of botblecules.

In these cases the assignments are done followiegahimated view of normal mode description. Itdsbe
emphasized that the calculated frequencies represeational signatures of the molecules in its ghase. Hence,
the experimentally observed spectra of the solgllid samples may differ to some extent from th&wdated
spectrum. Moreover, the calculated harmonic foromstants and frequencies are usually higher than th
corresponding experimental quantities, due to caatin of electron-electron correlation [14] andsibaset
deficiencies. This is the reason to use scalintpfdor theoretical calculations.
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Tablelll Vibrational wave numbers obtained for Ethyl benzoate at HF/6-31G(d,p) in cm™, IR intensities(K , mol™), Raman scattering

activities (A% amu'*), Raman depolarization ratio and reduced mass (amu), for ce constants (m dyne A%

S.No. Calculated Exp IR Raman Degt. R R.M F.C Vibrational Assigant
Freq. Freq Inten. Acti.

Unsc. Scal
1. 52 46 1 4 0.7499 3.5157 08® T1(CC)R+/(CCO)adjR+#(CC)adj O#(CC)adj R
2. 65 57 2 2 0.7462  3.6593  0.0090/(COC )+ (CC)R+(CC)adj O+(CO)
3. 109 97 1 0 0.5297  4.73750.0335 y(CC=0)+/(CCO)adj R¥(COC)+(CC)adj O
4. 170 151 1 0 0.6959 2410 0.0410 T(CC)adjO«(CO)+3(CCO)adj RB(CCC)adj R
5. 193 172 1 4 0.7456  4.6592  0.102I(CC)R+(CCC)adj R¥(CC=0)+(CC)adj O
6. 251 223 2 0 0.5127 1.2918 @®4 T1(CC)adjO
7. 351 313 3 3 0.1959  3.9517  0.2873/(COC)+(CO)+3(CCO)+(CC)R
8. 371 330 - 17 1 0.6339 827 0.3097 PB(COC)+(CC)adj O9(CH,)+B(CCC)adjR
9. 456 406  ---- 0 0 0.72642.9130 0.3573 y(CCC)R
10. 463 412 2 1 0.4674  3.84010.4846 [B(CCO)+(CCC)R#(CC)adjO
11. 499 444 2 0 0.6935 4.1112 6082 yY(CCC)R#(COC)+3(CCO)
12. 533 475 8 1 0.6877 8B1 0.7742 B(CCO)B(CC=0)+3(CCO)adj R+(CH3)
13. 676 602 --- 1 6 0.7489 6411 1.7278 B(CCC)R
14. 739 658 ---- 10 2 1415 56678 1.8235 B(CCC)R3(OC=0)+3(COC)+(CC=0)
15. 758 675 - 5 0 0.7492 .8322  0.9597 y(CCC)R+(OC=0)+(CC=0)+/(CCO)adjR
16. 803 714 712 115 2 0.7446 6581  0.6297 y(CH)R+y(OC=0)+(CC=0)+/(CCO)adjR
17. 851 757 3 4 0.1263  1.33810.5709  p(CH,)+p(CH3)+R breath.
18. 905 805 0 0 ®34 29892 1.4425 y(CH)R+(CCC)R+(OC=0)+(CC=0)
19. 935 832 6 9 0.1538  3.05791.5743 B(COC)+p(CH3)+p(CH,)+Rbreath.(OC=0)
20. 958 853 850 8 10 2868 25698 1.3904 Y(CH)R+(CCC)R
21 963 857 0 3 0.7500 4b2 0.6811 w(CH3)+(CO)+v(CC)adj O+R breath.
22.1076 958 1 2 0.7494  1.41600.9668 y(CH)R+/(CCC)R
23.1092 971 1 31 0.0888  6.1546  2MB2 y(CH)R+(CCC)R
24.1113 991 4 6 0.2090 .6989 2.7004 y(CH)R+/(CCC)R
25.1118 995 0 0 0.3796 .3670 1.0073 B(CCC)R
26.1131 1006 20 9 0.4349 2.2406 8068 Vv(CO)+(CC)adj O+R breath{CCO)
27.1135 1010 0 0 0.7484 3407 1.0181 R breath3CH)R+(CO)+v(CC)adj O
28.1178 1048 1027 4 1 0.7473 14686 1.3777 [(CH)R+(CC)R+/(CO)
29.1209 1076 1071 6 5 0.6181 @394 1.6752 w(CH3)+3(CCO)+#3(CH)R+Rbreat.%(CC)adj O
30. 1226 1091 14 7 0.7497 1.8836 12669 R breath.%(CO)+3(CH)R+p(CH3)
31 1251 1113 1109 136 15 0.1901 4035 3.0942 B(CH)R+(CC)R
32 1291 1149 32 4 0.5034 1689  1.1445 B(CH)R+v(CO)adj R~(CC)R
33. 1316 1171 1174 17 1 0.7197  1.8398.8771 p(CH)+p(CH3)+3(COC)+w(CO)adj RB(CH)R
34. 1348 1199 11 0 0.6189 29B 1.9580 v(CC)adjR+(CO)adj RB(CC=0)+3(CCC)R
35. 1434 1276 1277 423 14 0.2388  2.0271 6B45 t(CH)+p(CH3)+3(CH)R+(CC)R
36. 1454 1294 136 12 0.6100 1.3626.6983 B(CH)R+(CC)R+t(CH)+B(CCC)adj R
37. 1466 1304 184 8 0.3545 1.4946 17891 R Def.48(CH)R
38. 1533 1365 1367 53 3 0.2652  1.3243 4783 w(CH3)+w(CH,)+v(CO)adj R®»(CC)adj R
39. 1567 1395 8 2 0.7179  1.3800 12997 w(CH,)+ w(CH3)+(CC)adj O
40.1611 1433 26 2 0.4510 26172 3.3205 B(CH)R+v(CC)R+3(CCC)adjR
41.1614 1436 8 19 0.7241  1.0487  1.6089(CHS)+s(CH)
42.1630 1451 2 24 0.7379 036 1.6596  s(Chj+s(CH3)
43.1642 1462 1452 18 2 0.6623  1.1084.7614  s(CH3)+s(CHl
44.1664 1481 4 1 0.2494  B@3 3.6455 PB(CH)R+(CC)R+(CC)adjRB(CCC)R
45.1783 1587 6 4 0.7021 8B% 10.2653 V(CC)R+3(CH)R+3(CCC)R
46.1807 1608 1599 22 71 0.5438  5.3140.2258 V(CC)R+3(CH)R+3(CCC)R+(CC)adj R
47.1982 1764 1720 344 27 0.2313 .8898 27.5066 Vv(C=0)+3(CCO)adj+RB(CCC)adj RB(CC=0)
48.3193 2842 24 118 0.0601 03I8 6.2330 V4CH3)
49.3247 2890 21 108 0.2287 836 6.6378 V{(CH,)
50.3260 2901 55 95 0.5049 0971 6.8695 V.{CH3)+v.{CH,)
51.3283 2922 19 64 0.7067  1.1007 B9 v.{CH,)+v,{CH3)
52.3312 2948 30 22 0.7309 1095  7.1705 va{CH)+v.{CH3)
53.3343 2975 1 57 0.7483 1.0874 7.1599(CH)R
54.3358 2989 18 99 0.7489  1.0921  7.2564(CH)R
55.3370 2999 2983 28 147 0.1348  1.0968.3368 V(CH)R
56.3394 3020 5 73 0.1792  1.0950  7.4304(CH)R
57.3399 3025 4 107 0.1672  1.0947  7.4498(CH)R
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Nevertheless, after applying the uniform scalingtda the theoretical calculation reproduce the expental data
well. The observed slight disagreement betweenthiery and the experiment could be a consequendbeof
anharmonicity [15] and of the general tendency led juantum chemical methods to overestimate thee for
constants at the exact equilibrium geometry. Vibratl frequencies calculated at B3LYP and HF /6-38Gp)
level were scaled by 0.9630 and .8929 respectiy&B]. A good agreement between the theoretical and
experimental consequences for the majority of baisdevident. The relative band intensities are alsoy
satisfactory along with their positions. Some intanot modes are discussed here after. All the aswgts for
frequencies were done by gauss view [17]. Some fitapbmodes of vibration have been discussed &snsland

are listed in Table IIl, IV.

4.2( a). C-H Sretching

In higher frequency region almost all vibration$olog to C-H stretchingThe hetero aromatic structure shows the
presence of C-H stretching vibrations in the regd000-3100 cm, which is the characteristic region for the ready
identification of the C-H stretching vibration [18]In the present study the C-H stretching vibratid the Ethyl
benzoate is observed in the range 3100-3055 amd the corresponding band in Ethyl m-chloro batz appears
in between 3108-3070 chwhich are in good agreement with the characteristifon frequencies. In case of the
Ethyl benzoate one medium polarized peak appedbspailarization vector directed inward perpendicub the
plane of benzene ring due to the C-H stretchpygears at 3077 cfrhowever there are no significant peak appears
in the calculation due to C-H stretching in caseEtfyl m-chloro benzoate. As it can see that Cudtshing
vibrational frequencies of Ethyl m-chloro benzoate at some higher value than Ethyl benzoate. This be
possibly due

4.2.(b) C-C Ring Vibrations.

The C-C aromatic stretch known as semi-circle ctieg are calculated at frequencies to the presehddeta
directing Cl which creates deficiency of electrdrivieta position and hence the ring carbon extraldstron from
the hydrogen atom and it reduces the bond stresfgfiiH. This effect does not occur in case othyEbenzoate.
As seen in table-2 C-H stretching obtained by HFhoe are lies some lower value than obtained DFT.

4.2.(c). Carbonyl Absorption

Carbonyl absorptions are sensitive and both thboraand oxygen atoms of the carbonyl group movénduhe
vibration and they have nearly equal amplitudehBpresent study a highly intense polarized peitk polarizing
vector directed to the plane of benzene ring agpi@acase of ethyl benzoate and Ethyl m-chloro batezwhich is
due to the C=0 stretching vibration is observetl7&2 cni and 1725 ci respectively which is also supported by
experimental FT-IR observed at 1720 tmi724 cni in case of Ethyl benzoate and Ethyl m-chloro batzo
respectively. As seen in table-2 C-H stretchingtatd by HF method lies some higher value thaniddaDFT.

4.2.(d). C-O vibrations

In this study the C-O stretching vibrations areesbed in between1352-853¢nin case of Ethyl benzoate. In case
of Ethyl m-chloro benzoate lies in between1260-886" .Some deviation observed in C-O stretching modes o
vibration in both This is due to the chloro groufaehed at meta position in case of Ethyl m-chloeozoate. The
various bending and torsional vibrations assignedhis study are also supported by the literature].[ Any
discrepancies observed in between experiment agwhththis is due to intermolecular hydrogen bondiBgme
other mixing of different modes of vibration alongth C=0 in plane and out of plane bending are alscurred at
lower side of spectra are well matched with experital data.

4.2.(e) C-C Vibrations

The C-C aromatic stretch known as semi-circle shiat, are calculated ranging from 1593060 cn in case
of Ethyl benzoatenay be describe as oppositive quadrant of rindcstieg while intervening quadrants contract. In
case of Ethyl m-chloro benzoate C-C aromatic dtrate obtained from 1582 €r1072 cmi and the corresponding
experimental FTIR frequency of Ethyl benzoate atttyEm-chloro benzoate are ranging from 1599927 cm
tand 1592 cm+1021 cmi .With heavy substituent, the band tends to shifn@what lower wave number and
greater the number of substituent on the ring kepdlde absorption region [20]. Ranges of theseutagies are
nearly same in case of both molecules. One intpeak& calculated at,1060 ¢nfor Ethyl benzoate( some lower
intensity than in case of Ethyl m-chloro benzoatey§l 1260 cr for Ethyl m-chloro benzoate which are due to
mixing of some mode of vibrations along with C-@egthing are supported by experimental FTIR fregies at
1027 cm' and 1257cm of Ethyl benzoate and Ethyl m-chloro benzoateaetipely .
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Table |V Vibrational wave numbers obtained for Ethyl m-chlor o benzoate at B3L Y P/6-31G(d,p) in cm™?, IR intensities(K ,, mol™®), Raman
scattering activities (A% amu™), Raman depolarization ratio and reduced mass (amu), force constants (m dyne A®%)

S.No C alc Exp. Freq R IntenRaman acti. Dep.Rat. R.M F.C Vibrational Assignment
Freq.
Unsc. Scal R (Raman)
1 36 35 -0 1 0.7420 4.3788 0303 y(CCO)adj O¥(CCO)ad] R%(CC=0)
2 59 57 -1 2 0.7487  3.61120.0074 y(COC )#/(CCO)adj O€(CC)adj O«(CC)R
3 91 87 -0 0 0.5650  5.35960.0260 y(CC=0)+/(OC=0)+/(CCO)adj R¥(COC)
4 132 127 -0 0 0.7416 35236 3610 T(CC)adj Op(CH3)+p(CH,)+B(CCO)adj R
5 169 162 -1 2 0.7329  5.6686 .0981 T1(CC)R+y(CCC)adj R¥(CCC)R+/(CCCI)
6 201 193 - 0 3 0.7433  4.60790.1097 y(CCCIl)+1(CC)R+(CCC)R
7 223 214 -2 1 0.6603  1.6267 .0406 p(CH3)+1(CC)adj OB(CCCI)
8 256 246 -1 2 0.4664  2.7104 .1089 T1(CC)adj O9(CH3)+3(CCCl)+3(CCO)adj R
9 333 320 - 10 2 0.1642 2871 0.1940 Tt(CC)adj O(CCO)adj O#(COC)+(CC)R
10 368 353 -7 1 0.1258  5.8097 @AU6 PB(CCCIH(CC=0)4(CCC)adj RB(COC)
11 412 396 - 7 6 0.5119 10®3 1.0065 V(CCIl)+B(CCC)R+(CC)R+B(CC=0)
12 427 410 - 2 1 0.3815 3.4815 7471 Y(CCC)R3(CCO)adjO
13 447 429 -1 1 0.4938 3.3964 003 Y(CCC)R43(CCO)adjO(COC)+(CC)adjO
14 509 489 - 4 1 0.1806  5.7890 .8884 y(CCC)R+(CCCI)#3(CC=0)43(CCO)adjR
15 520 499 -5 0 0.0860 5.1504 8207 y(CCC)R#(CCCl)+(CCO)adj RB(CCO)adj O
16 669 642 - 3 5 0.3934  6.5856 .7383 PB(CCC)R+w(CCI)+3(OC=0)+3(CCO)adj R
17 684 657 -2 0 0.7323  3.2471 8963 Y(CCC)R#/(CCCl)+(OC=0)#(CCC)adjR
18 741 711 -- 36 3 0.1272  4.5948 4833 Vv(CCIl)+B(CCC)RH3(OC=0)+p(CH,)+B(COC)
19 754 724 749 47 2 0.7480  2.8014 938 y(OC=0)+#(CH)R+{(CC=0)+/(CCO)adjR
20 797 765 - 23 4 0.2446  1.4584 06545 p(CH,)+p(CH3)+(CCl)+3(CCC)R
21 818 785 - 8 1 0.7486  1.7354  0.683%(CH)R+y(OC=0)#(CC=0)+/(CCC)R
22 868 833 - 8 9 0.1117 2.9552 QAB1 B(COC)+t(CH)+p(CHI)+(CCI)+3(CCC)R
23 898 862 - 27 7 0.4883 92B 1.3752 w(CH3)+(CO)+y(CC)adj Ow(CCl)+3(CCC)R
24 929 892 891 3 1 0.7499  1.3500.6869 y(CH)R+/(CCC)R
25 943 905 - 4 2 0.7496  1.4273 0674 Y(CH)R+(CCC)RH(OC=0)+#(CC=0)
26 992 952 -0 0 0.7479  1.3004  0.754(CH)R+y(CCC)R
27 1015 974 -1 33 0.1287  6.1950  3.7594(CCC)R+(CC)adj O(CCI)
28 1037 996 --- 48 5 0.5039  3.6645 3220 Vv(CO)+(CC)adj O+R breathwCClI)
29 1103 1059 1021 19 8 0.1750 1.9264  1.380¢(CCI)+B(CH)R+(CC)R+3(CCC)R(CCCI)
30 1117 1072 - 2 1 0.5506 1.6859 338 [(CH)R+(CC)R+w(CH3)+(CC)adjO
31 1121 1076 1082 21 3 0.5552 1.8390 6203 w(CH3)+B(CCO)adj OB(CH)R+v(CCI)
32 1148 1102 1127 89 9 0.2154  3.9683  3.080B(CCC)+(CCl)+B(CH)R+(CO)+p(CH3)
33 1195 1147 - 17 3 0.6952  1.1230  (B944B(CH)R
34 1204 1156 1170 18 1 0.7476  1.8535  1.584p(CHy)+p(CH3)+(CO)+3(COC)+B(CH)R
35 1289 1237 518 49 0.2457  2.6209  2.564B(CH)R+v(CC)adj RB(OC=0)+3(CC=0)
36 1312 1260 1257 137 16 0.2299  147721.7983 B(CH)R+v(CC)R+v(CC)adj R¥(CO)+u(CHy)
37 1337 1284 1287 23 12 0.7115 1.1298  R189t(CHy)+w(CH3)
38 1358 1304 3 2 0.6751 5.4882 5.960%(CC)R+3(CCC)RH3(CH)R+3(CCCI)
39 1408 1352 1352 15 4 0.2260 1.2752  1.4896)CH,)+w(CH3)
40 1432 1375 8 4 0.6207 1.3372  1.615W(CH,)+ w(CH3)+(CC)adj O
41 1464 1405 57 7 0.4750  3.1038.9167 P(CH)R+(CC)R3(CCC)adj RB(CCCI)
42 1499 1439 1424 11 34 0.6619  1.0563  1.3985(CH3)+s(CH)
43 1502 1442 11 17 0.6964  1.0853  1.4425  g(EHLCH3)
44 1514 1453 7 5 0.3759  2.2984  3.104B(CH)R+(CC)R+(CC)adj R+s(CH3)B(CCCI)
45 1522 1461 1471 7 7 0.7379  1.06581.4541  s(CH3)+s(CHl
46 1628 1563 1592 28 6 0.7248  6.2530 .76 Vv(CC)R3(CH)RH3(CCC)R43(CCCI)
47 1648 1582 3 85 0.5143 6.15359.8506 V(CC)R+B(CH)RH3(CCC)R3(CCCI)
48 1797 1725 1724 190 57 0.2410 11.6922.2670 v(C=0)43(CCO)adj RB(CC=0)+3(0C=0)
49 3056 2934 17 135 0.0508 1.0360  5.699%4CH3)
50 3085 2962 2985 31 103 0.1161  1.0588  5.9384(CH,)
51 3125 3000 21 106 0.6508 1.1028  6.3470.{CH3)+v.{CH,)
52 3135 3010 9 85 0.7235 1.1042  6.3958,{CH,)+v.{CH3)
53 3154 3028 24 5 0.5969 1.1072  6.4914,{CH,)+v.{CH3)
54 3198 3070 7 86 0.5121 1.0885  6.558%(CH)R
55 3221 3092 3 122 0.2673  1.0938 6.6884(CH)R
56 3236 3107 -1 61 0.2231  1.0928  6.742%(CH)R
57 3237 3108 --4 81 0.1670 1.0924  6.743%(CH)R

Note: Abbreviations used here have following meaning. v: stretching; vsymm: symmetric stretching;
vasym: asymmetric stretching; : in-plane bending; o : out-of-plane bending; z: torsion; R: Ring; adj: adjacent.
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The theoretically calculated C-C-C bending modes @rC torsional modes have been found to be camistith
the recorded spectral values and literature [21].

4.2.(f). Methyl group vibrations

The asymmetric CH3 stretching vibrations are calead at 3028-3009cHin case of Ethyl benzoate and 3028-3000
cmin case of Ethyl m-chloro benzoate. The symmettit3Gtretching vibrations are calculated at 2933' ¢m
case of Ethyl benzoate and 2934 tim case of Ethyl m-chloro benzoate. These assigtsrare also supported by
the literature [22]. In the present study varioaading vibrations of CH8roup are also summarized in Table 3 and
are supported by literature [22]. As seen in téblmd 3 CH3tretching obtained by HF method are lies some lowe
value than obtained DFT.

4.2.(g.) Methylene Group Vibrations

The asymmetric Ckbtretching vibrations are generally observed inréggon 3100-3000 cih) while the symmetric
stretching vibrations are generally observed betw8800-2900 crh [23].In present study asymmetric ¢H
stretching vibrations are obtained in between 3628 -2999 cm ,3028 cnit -3000 cnt for Ethyl benzoate and
Ethyl m-chloro benzoate respectively. Two calcudateedium intense peak due to £Hisymmetric stretching
vibration are calculated at 3028 ¢n2999 cni in case of Ethyl benzoate and 30283000 cni in case of
Ethyl m-chloro benzoate. Whereas one medium intgesk due to CHsymmetric stretching vibrations is also
calculated at 2960 cfin case of Ethyl benzoate. In case of Ethyl m-ahlbenzoate corresponding bands are
obtained at 2962cth which are good agreement with experimental FTékpobserved at 2985 €min case of
Ethyl m-chloro benzoate. The bands correspondirdifferent bending vibrations of GHyroup are summarized in
Table-3&4 and are supported by literat{@8]. This mode of vibration is also in good agrestwith our earlier
work reported [24]. As seen in table-3 and 4,GHetching obtained by HF method are lies sometoxalue than
obtained DFT.

4.2.(h). C-Cl Vibration

Vibration belonging to bond between ring and otlp@up are important as mixing of vibration is pbtesidue to the
presence of heavy atom which shows lower absorft@quencies as compared to C-H, due to the ineresfuced
mass [25]. C-Cl-Stretching is calculated at 1076"c862 cnt, 996 cnt which is at a lower frequency than the
frequency observed in IR-specffae frequency in case of (C-Cl) comes out to bédrign aromatic benzene ring
because of the presence of —CQBgroup which decreases the bond order between (@GL)p, and hence
decrease bond strength factor K and consequermttg ik an decrease in the corresponding frequency.

Table V Theor etically computed ener gies (a.u), zero-point Vibrational energies (kcal mol™), rotational constants (GHz), entropies (Cal
mol™* K and dipole moment (D) for Ethyl benzoate

Parameters HF/6-31,6)(d B3LYP/6-31G(d,p)
Total energy 496.40740070 9946250246
Zero-point energy 115.69722 108.14173
3.03638 2.96959
Rotational Constants 0.61194 0.60452
(072533 0.52693
Entropy
Total 99.602 99.602
Translational 40.928 40.928
Rotational 30.161 30.209
Vibrational 26.105 28.465
Dipole moment 1.829 2.019

5. Other molecular properties

Several calculated thermodynamic properties at htFB3LYP level are listed in Table 5,6. These theaymamic
parameters clearly indicate that vibration motidaypa crucial role in order to access the thermaoadyical
behavior of title compound. Because all frequenaies real in both the molecules hence, both congmirave
stable structure.

Entropy of Ethyl benzoate molecule at 99.6(Cal/Mgklvin) is less than entropy of Ethyl m-chlorenzoate
106.9(Cal/Mol- Kelvin) and hence more probably éthgnzoate has a well ordered structure than ethghloro
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benzoateas seen in Table IV. In this study total energgrisater for B3LYP method, while zero point energy i
greater for HF method. Values of all rotational stamts and dipole moment are also greater for HRede while
entropy is greater for B3LYP method.

Table VI Theoretically computed energies (a.u), zero-point Vibrational ener gies (kcal mol™), rotational constants (GHz), entropies (Cal
mol™® K™) and dipole moment (D) for Ethyl m-chlor o benzoate

Parameters HF/6-31,0Xd B3LYP/6-31G(d,p)
Total energy -955.30430968 -959.085235
Zero-point energy 109.35291 102.03695
2368 1.97330
Rotational Constants 0.38120 0.37624
03® 0.32609
Entropy
Total 1031 106.908
Translational 41.536 41.536
Rotational 31.516 31.563
Vibrational 30.999 33.809
Dipole moment 3.685 3.318
CONCLUSION

The equilibrium geometries and harmonic frequen@ésEthyl m-chloro benzoate and Ethyl benzoate were
determined and analyzed at both HF and DFT levehebries. The difference between the observedsaatéd
wave numbers values of most of the fundamentaleng small. Any discrepancy noted between the ofeseand
the calculated frequencies may be due to the lfettthe calculations have been actually done anghesmolecule

in the gaseous state contrary to the experimentaksg recorded in the presence of intermoleculgeractions. As

it can also seen from table some lower frequeralimsy with intensities are very near to experimieoi& in case of
HF/6-13G(d,p) method than DFT/6-31G(d,p).This isedio the sample impurities deficiencies of basig se
anharmonicity, and some other factor are respaméilthis.

Theoretical mode description makes easy to ideritify relatively weak Raman or IR bands more acelyat
Furthermore, yet again it is established obvioukbt the scaled quantum mechanical method in caatibim of
DFT may be used as a reliable tool for the intdgtien of vibrational signatures.

As we can see that Ethyl benzoate has low entrbpy tEthyl m-chloro benzoate so corresponding band o
frequency shifts to lower side in case of Ethyl zmte.
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