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ABSTRACT

The FTIR and FT-Raman vibrational spectra of 44ftu8-methylphenol (FMP) have been recorded in thgions
4000-400 crt and 4000-50 cih respectively. The complete vibrational fundamiemiades of the compound using
the experimental FTIR and FT-Raman data have beafyzed on the basis of peak positions, relativerisities
and quantum chemical studies. In the calculatioesfgmed to determine the optimum molecular geometr
harmonic vibrational frequencies, infrared intefesit and Raman scattering activities, ab initio Hee-Fock (HF)
and Density functional theory (DFT/B3LYP) methodth v8-311++G(d,p) basis sets were used. The diffeee
between the observed and scaled wavenumber vafuesst of the vibrational modes is very small. fioemal
modes are assigned with the help of total energlridution (TED) analysis. Non-linear optical (NL®¥havior of
FMP was investigated by determining of electricotipmoment, polarizability, and hyperpolarizabilitiphe effects
of frontier orbitals, HOMO and LUMO, transition @&flectron density transfer have been discussed. d2ser in
HOMO and LUMO energy gap, explains the eventuatghdransfer within the molecule which is respotesitor
the chemical reactivity of the molecule. Besidegllixen’s charges analysis, and several thermodyingoperties
were performed.
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INTRODUCTION

Phenol derivatives are interesting molecules fepthtical studies due to their relatively smalesdnd similarity to
biological species. Phenol is also a versatile ynser to a large collection of drugs, most notadspirin but also
many herbicides and pharmaceuticals. It is usdbdrpreparation of cosmetics including sunscreleais,dyes and
skin lightening preparations. Unlike normal alcahgbhenols are acidic because of the influencéhefaromatic
ring [1]. Phenol and its vapours are corrosivehi® ¢yes, the skin and the respiratory tract. lemegears, phenol
and substituted phenol have been the frequent asbf# experimental and theoretical work becausdhefr
significance in industry and environment. Evanshas extensively studied the vibrational assignmehinfrared
spectrum of phenol. Jianhan Huaetcal. [3] have elucidated halogen effect and isotopectfbf Chloro Phenol and
Gui-xiangWanget al. [4] have obtained the vibrational analysis omanjpphenols. More recently, the vibrational
spectroscopy investigation usiad) initio (HF) and DFT (B3LYP) calculations on the structofe3-bromo phenol
have been studied by Mahadewetnal [5]. During the course of investigation on the s&spof biological and
pharmaceutical active compounds, our attentionblegs turned towards 4-fluoro-3-methylphe(i@MP). It is one
of the most important organic intermediates, ardelyi used for the manufacture of pesticides, rubbeugs,
varnishes and dyestuffs. The assignment of thatidiral frequencies for substituted phenols becaroewplicated
problem because of the superposition of severahtidns due to fundamentals and due to substituelueever, a
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comparison of the spectra with that of the parehmound gives some definite clues about the natfirthe
molecular vibrations.

Literature survey reveals that to the best of mowedge, nab initio/ DFT frequency calculations for 4-fluoro-3-
methylphenohave been reported so far. Therefore, the preseesiigation was undertaken to study the vibrationa
spectra of the molecule completely and to iderttiy various normal modes with greater wave numaecsrately.

Ab initio (HF) and density functional theory (DFT) calcuteis have been performed to support our wave number
assignments.

MATERIALS AND METHODS

The pure sample of FMP obtained from Lancaster at@ntompany, UK and used as such for the spectral
measurements. The room temperature Fourier transiioirared spectra of the title compound is recdriethe
region 4000-400 cih at a resolution of+ 1 cmi® using BRUKER IFS 66V model FTIR spectrometer eqaipp
with an MCT detector, a KBr beam splitter and glogaurce.

The FT-Raman spectrum of FMP is recorded on a ctenpnterfaced BRUKER IFS 66V model interferometer
equipped with FRA-106 FT-Raman accessories. Thetspe was measured in the Stokes region 4000-56 cm
using Nd: YAG laser operating at 200 mW power aamtiusly with 1064 nm excitation. The reported wave
numbers are expected to be accurate witHincni.

Computational details

In order to provide information with regard to theuctural characteristics and the normal vibratiomodes of
FMP, theab initio HF and DFT-B3LYP correlation functional calculat®ohave been carried out. The molecular
geometry optimizations, energy and vibrational @reacy calculations were carried out for FMP witke th
GAUSSIAN 09W software package [6]. Initial geometrgnerated from the standard geometrical paramet&ss
minimized without any constraint on the potentinkry surface at Hartree-Fock level adopting tleendsrd 6-
311++G(d,p) basis set. This geometry was then tiengged again at DFT level employing the Becke 3LYP
keyword, which invokes Becke’s three-parameter itybrethod [7] using the correlation function of Leteal [8],
implemented with the same basis set for betterrigimn of the bonding properties of methyl grodme multiple
scaling of the force constants were performed atiogrto SQM procedure [9,1@king selective scaling in the
natural internal coordinate representafibh,12]. The transformation of force field, subsequnormal coordinate
analysis and calculation of the TED were done é&Cawith the MOLVIB program (version V7.0-G77) weitt by
Sundius [13,14]. By the use of GAUSSVIEW moleculsualization program [154long with available related
molecules, the vibrational frequency assignmenteweade by their TED with a high degree of confierThe
TED elements provide a measure of each internadammte’s contributions to the normal coordinate.

RESULTS AND DISCUSSION

Molecular geometry

The optimized molecular structure of FMP is showrrig. 1. The global minimum energy obtained by tteand
DFT structure optimization for FMP are calculatesd-443.5658 and -446.1541 Hartrees from 6-311++}(ohsis
set, respectively. The optimization geometricalapzeters of FMP are listed in the Table 1. From gtructural
data given in Table 1, it is observed that the getocal parameters are found to be almost same Fd6-H
311++G(d,p) and B3LYP/6-311++G(d,p) levels. Howewbe B3LYP/6-311++G(d,p) level of theory, in gealer
slightly over estimates bond lengths but it yiddd®id angles in excellent agreement with the HF atetAccording

to the calculation (B3LYP/6-311++(d,p)), the oraérthe bond length is C4-C5 < C5-C6 = C3-C4 < C6<CC1-
C2 < C2-C3. From the order of the bond lengths itlear that the hexagonal structure of the bengdegeslightly
distorted. This can be due to the influence of ggafion between the substituents and the ring. rirfge carbon
atoms in substituted benzenes exerts a largectidtneon the valence electron cloud of the hydroggm resulting

in an increase in the C-H force constants and eedse in the corresponding bond length. It is extiffl®m the C—

H bond lengths in FMP vary from 1.085 to 1.074 Addrom 1.093 to 1.082 A by HF and B3LYP methods,
respectively. The benzene ring appears to betla distorted because of the fluorine atom and gieghoup
substitutions as seen from the bond angles C3-Ch-drtl C2—C3—-C4, which are calculated as 118.398° an
116.801°, respectively, by B3LYP method and aréedifom their typical hexagonal angle of 120°.

Vibrational assignments

From the structural point of view the molecule ssamed to have ;(Joint group symmetry and hence, all the
calculated frequency transforming to the same symymspecies (A). The molecule consists of 16 atand
expected to have 42 normal modes of vibrationsl thd vibrations are active both in the Raman sciaiy and
infrared absorption. The detailed vibrational assignt of fundamental modes of FMP along with tHewated IR
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and Raman frequencies and normal mode descriptarasacterized by TED) are reported in Table 2. sual
comparison, the observed and calculated FTIR an&&Tan spectra of FMP at the HF and B3LYP levelsgus-
311++G(d,p) basis set are shown in Figs. 2 andshatctively.

Table 1 Optimized geometrical parameters of 4-fluos-3-methylphenol obtained by HF and B3LYP with 6-31++G(d,p) basis set

Value(A) Value (°) Dihedral Value (°)
Bond length HF/ B3LYP/ Bond Angle HF/ B3LYP/ Angle HF/ B3LYP/
6-311++G(d,p) | 6-311++G(d,p) 6-311++G(d,p) | 6-311++G(d,p) 6-311++G(d,p) | 6-311++G(d,p)
Ci1-Cc2 1.385 1.395 C1-C2-C3 121.295 121.359 C6-CIL:82 0.00 0.00
C2-C3 1.390 1.398 C2-C3-C4 117.135 116.801 C6-C182 180.00 -179.99
C3-C4 1.380 1.391 C3-C4-C5 122.597 122.981 07-C1:82 180.00 -179.99
C4-C5 1.375 1.384 C4-C5-C6 119.552 119.338 07-CHg2 0.00 0.00
C5-C6 1.382 1.391 C5-C6-C1 119.364 119.353 C2-CIL66 0.00 0.00
C6-C1 1.384 1.393 C6-C1-C2 120.056 120.166 C2-CHT6 180.00 -179.99
C1-07 1.353 1.371 C2-C1-07 122.328 122.454 07-CI566 180.00 -179.99
07-H8 0.940 0.962 C1-07-H8 111.178 109.829 0O7-CiH16 0.00 0.00
C2-H9 1.077 1.086 C1-C2-H9 119.643 119.711 C2-CiHB7 -0.00 0.01
C3-C10 1.508 1.506 C3-C2-H9 119.062 118.929 C6-C1HB -180.00 -179.98
C4-F14 1.336 1.363 C2-C3-C10 122.038 122.203 CLrex4 0.00 -0.00
C5-H15 1.085 1.083 C4-C3-C10 120.826 120.994 C132x10 -180.00 179.99
C6-H16 1.083 1.082 C3-C10-H11 110.880 111.159 HIE3XC4 -180.00 179.99
C10-H11 1.085 1.093 C3-C10-H12 110.880 110.850 2953-C10 0.00 -0.00
C10-H12 1.074 1.091 C3-C10-H13 110.710 111.161 3258-C5 0.00 0.00
C10-H13 1.074 1.093 H12-C10-H1B 108.419 108.312 O3224-F14 180.00 -179.99
H12-C10-H11 107.419 108.310 C10-C3-C4-05 180.00 -179.99
H11-C10-H13 108.419 106.897 C10-C3-C4-Fl4 0.00 .000
C3-C4-F14 118.669 118.395 C2-C3-C10-H[L1 120.38 12048
C5-C4-F14 118.734 118.623 C2-C3-C10-HJL.2 -120.38 0.034
C4-C5-H15 119.391 119.473 C2-C3-C10-H13 0.00 .80
C6-C5-H15 121.057 121.187 C4-C3-C10-H11 -59.61 9.55
C5-C6-H16 121.102 121.165 C4-C3-C10-H12 59.61 79496
C1-C6-H16 119.534 119.481 C4-C3-C10-H13 180.00 59.43
C6-C1-07 117.616 117.378 C3-C4-C5-C6 0.00 0.00
C3-C4-C5-H15 180.00 179.99
F14-C4-C5-C6 180.00 -180.00
F14-C4-C5-H15 0.00 -0.00
C4-C5-C6-C1 0.00 -0.00
C4-C5-C6-H16 180.00 179.99
H15-C5-C6-C1 -180.00 179.99
H15-C5-C6-H16 0.00 -0.00

For numbering of atoms refer Fig. 1

The main focus of the present investigation isptaper assignment of the experimental frequencidhd various
vibrational modes of FMP in correlation with thelatdated harmonic vibrational frequencies at HF &8LYP
levels using the standard 6-311++G(d,p) basisGemparison of the frequencies calculated by HF B&HYP
methods with the experimental values reveals tlerastimation of the calculated vibrational modes ttuneglect
of anharmonicity in real system. The results ingidhat the B3LYP/6-311++G(d,p) calculations apjrate the
observed fundamental frequencies much better ti@ahlF/6-311++G(d,p) results.

The vibrational analysis obtained for FMP with tinescaled HF and B3LYP force field is generally sosmat
greater than the experimental values. These dignoégs can be corrected either by computing anhammo
corrections explicitly or by introducing a scaladld or directly scaling the calculated wavenumbeith proper
factor. A tentative assignment is often made onkhsis of the unscaled frequencies by assumingliserved
frequencies so that they are in the same orddreasdiculated ones. Then, for an easier compatistire observed
values, the calculated frequencies are scaled dogdhle to less than 1, to minimize the overaliat®n. A better
agreement between the computed and experimentpleéneies can be obtained by using different s@dtofs for
different regions of vibrations. The resultant sdafrequencies are also listed in Table 2.

O-H vibrations

Bands due to O-H stretching are of medium to stiatensity in the infrared spectrum, although itynbe broad. In
phenols, the free O-H group absorbs at 3615 wiile the associated group has a stretching fregyu the range
3145-3430 cr. This is due to the intermolecular hydrogen bogdit6]. The O-H stretching bands move to lower
frequencies usually with increased intensity anaddaroadening in the hydrogen bonded species. IR,RRe FTIR
band appeared at 3674 ¢iis assigned to O-H stretching modes of vibratiohjc are further supported by the
TED contribution of 100%. The O-H in-plane-bendiigration in phenol, in general, lies in the regibtb0-1250
cm® and is not much affected due to hydrogen bondintikes the stretching and out-of-plane deformation
frequencies. The O-H out-of-plane deformation ilerain phenols lies in the region 290-320 tfor free O-H and

in the region 517-710 cmfor associated O-H [17]. Hence, in this study, ifplane and out-of-plane bending
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vibrations of hydroxy group in FT-Raman have bedentified at 1164, 247 cifor FMP, respectively. These

bending modes show consistent agreement with thgpated B3LYP results.

Table 2 Vibrational assignments of fundamental modgof 4-fluoro-3-methylphenol along with calculatedR intensity (km/mol), Raman
activity (A amu™) and normal mode descriptions (characterized by TB) based on quantum mechanical calculations

Observed Calculated frequencias (cnm®)
Sl. | Species| fundamentals (ci HF/6-311++G(d,p) B3LYP/6-311++G(d,p) TED(%) among types of
No. Cy ETIR Raman Unscaled Scaled | R Raman Unscaled Scaled | . R Raman internal coordinates
\ intensity | activity \ intensity | activity

1 A 3674m - 4191 3839 6.027 77.89p 3840 3678 6.69389.375 | vOH(100)

2 A - 3100 m 3365 3084 1.120 55.65p 3205 3100 T71.39 56.058 | vCH(98)

3 A - 3084 s 3348 3069 123.45) 78.991 3197 3086 .3#Bl| 89.542| vCH(95)

4 A - 3062s 3309 3033 36.975 66.698 3144 3041 0.7[1496.166 | vCH(94)

5 A - 2997 vw 3252 2984 6.015 144.983 3111 2992 0eB.| 167.51 Chbps (83),CHss(13)
6 A - 2960 vw 3233 2967 43.209 62.108 3084 2962 8392.| 68.371 Chlps(80),CHops(13)
7 A 2917ms - 3177 2915 1.681 5.421 3033 2917 123.p7 0.038 CHss(82),CHips(18)

8 A - 1659s 1809 1638 47.061 4.311 1657| 1643 18.0300.299 | vCC(74), bCH (15)

9 A 1619ms 1620w 1795 1629 26.648 14.625 1645 162314.410 12.769| vCC (77),bCC(12)

10 A 1509vs - 1673 1520 16.628 0.04 1535 15[0 122.7 0.862 | vCC(76),bCH(18)

11 A - 1498w 1616 1486 21.43( 3.224 1500 1471 I2.91 3.185 | vCHzopb(75), hCC(25)
12 A - 1446w 1599 1477 18.602 8.924 1480 1444 13.72 8.975 | vCHsipb(78), CHipr(16)
13 A - 1390w 1581 1443 4.171 189.697 1460 1484 aBt.q1 237.51 | vCC(79), bCH (15)

14 A - 1384m 1542 1420 0.736 19.27p 1417 1382 13.97 17.547 | vCHs;sb(76), bCC( 18)
15 A 1336ms 1334w 1430 1304 7.924 6.782 1349 1336 1.610 7.971 | vCC(72),bOH(12)

16 A 1294ms 1290m 1395 1273 209.082 0.634 1321 129367.026 16.476| vCC(73), bCH(15)

17 A - 1253w 1343 1232 25.975 9.509 1280 1256 17.62 11.231 | bCH(75), bCC(20)

18 A 1202vs 1201m 1342 1223 6.571 4.071L 1224 1701 .4047 5.312 | vCF(71), Rtrigd(20)

19 A - 1164 w 1266 1153 29.578 14.759 1190 1168 76%. 9.311 bOH(74), bCC(16)

20 A 1144vw - 1208 1103 24.833 3.114 1170 1148 2.62 0.317 bCH(70), bCO(18)

21 A - 1105m 1200 1090 6.049 2.763 1122 1106 7.170 4.196 bCH(73), Rtrigd(17)
22 A - 1043w 1158 1085 96.688 0.034 1057 1041 0.526 2.590 CHipr(72),CHopr(19)
23 A 1003m 1003w 1083 999 3.102 4.314 1019 10p4  483.5| 1.214 Chopr(68), bCC(19)
24 A 945s 940m 1065 942 3.870 2.698 961 944 6.550 .2263 | vCC(72), Rtrigd(13)

25 A - 938 m 1029 923 72.999 0.32] 943 91B 61.2B7 .199% | oCH(65),tRasymd(18)
26 A 826w - 952 826 0.864 0.280 845 824 1.417 0.0p8CH(64), tRsymd(15)
27 A 810s 808vs 927 809 1.700 1.229 825 805 2.985 .2372 | »CH(66), tRasym(16)
28 A 748s 753w 831 750 0.955 17.442 773 760 1.4Y7 .618 | vCO(70), Rsymd(19)
29 A 718w 718vs 787 718 23.95( 9.01 736 720 13.12711.032 Rtrigd(71), Rasymd(18)
30 A - 676w 775 680 1.035 1.111 693 681 1.808 1.5PIRasymd(69)wCF(18)
31 A 564mw 564w 642 568 28.949 2.389 578 56[7 5.28918.585 | bCF(67), Rasymd(25)
32 A - 561ms 619 565 25.993 3.567 577 568 111.548 .0226 | bCC(69),tRasym(21)
33 A 496w 501ms 539 493 0.920 0.33 502 498 1.018 .8570 | Rsymd(67),bCO(17)
34 A - 450ms 497 452 25.068 1.067 453 44p 24.361 407.| tRtrigd(65),Rasymd(20)
35 A 443 ms - 487 440 266.370 0.69 450 444 31.5011.245 tRsymd(61)pCC(16)
36 A - 365ms 412 372 0.273 0.289 369 362 0.726 7.500CF(60), tRtrigd(21)
37 A - 327m 365 330 6.555 10.988 338 329 0.941 21.29 ®CC(63), bCC(18)

38 A - 290w 288 263 0.077 0.009 269 26 0.045 0.74MCO(69), Rasymd(17)
39 A - 247m 234 228 0.142 0.267| 267 25 0.146 0.4830H(61), tRasymd(19)
40 A - 167m 226 208 11.358 0.095 205 190 6.940 .02 wCO(59),tRsymd(17)
41 A - 143w 166 151 6.822 0.732 149 147 11.384 ®.01 tRasym(62),tRsymd(14)
42 A - - 95 86 0.087 0.082 78 74 0.12§ 0.048  4GH), tRtrigd(16)

v-stretching; ss — symmetric stretching; ips — iaf@ stretching; sb — symmetric bending; ipr — iar@ rocking; opr — out-of-plane rocking; ops
— out-of-plane stretching; b-bending:out-of-plane bending; R-ring; trigd-trigonal defoation; symd-symmetric deformation; asymd-
antisymmetric deformation; t-torsion; s-strong; wery strong; ms-medium strong; w-weak; vw-very weak

Table 3 Calculated HOMO-LUMO energy values of 4-floro-3-methylphenol using HF/6-311++G(d,p) and B3LYF-311++G(d,p)

methods
Parameters Method / Basis set
HF/6-311++G(d,p)[ B3LYP/6-311++G(d,p
HOMO energy (eV) -8.6082 -6.2925
LUMO energy(eV) -0.9360 -0.7583
HOMO-LUMO energy gap(eV) 7.6722 5.5342

C-H vibrations

Aromatic compounds commonly exhibit multiple weaknlls in the region 3100-3000 ¢rdue to aromatic C-H
stretching vibrations [18]. Hence, the FT-Ramandsaappeared at 3100, 3084 and 3062' @mFMP has been
assigned to C-H stretching vibrations and theseemade confirmed by their TED values of almost 100%e
bands due to C-H in-plane ring bending vibratianteract somewhat with C-C stretching vibration®g abserved
as a number of sharp bands in the region 1300-£890 The C-H out-of-plane bending vibrations are sytpn
coupled vibrations and occur in the region 900-867.. The FT-Raman bands at 1253, 1105 cand infrared
bands at 1144 cthare assigned to C—H in-plane bending vibrationSMP. The out-of-plane bending vibrations of
C-H group have also been identified for FMP ang tivere presented in Table 2. The theoretically catexh values
for C-H vibrational modes by B3LYP/6-311++G(d,p)timed gives excellent agreement with experimenttd.da
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Table 4 Thermodynamic parameters of 4-fluoro-3-methlphenol

Parameters Method/Basis set
HF/6-311++G(d,p)[ B3LYP/6-311++G(d,p

Optimized global minimum Energy (Hartrees) -443 %65 -446.1541
Total energy(thermal), &, (kcal mol®) 87.590 82.450
Heat capacity, @cal mol' k™) 29.101 31.223
Entropy, S (cal malk™)
Total 86.643 88.641
Translational 40.408 40.408
Rotational 28.835 28.883
Vibrational 17.400 19.3494
Vibrational energy, & (kcal mot?) 85.812 80.672
Zero point vibrational energy, (kcal il 82.7055 77.2597
Rotational constants (GHz)
A 3.0810 3.0378
B 1.3179 1.2946
C 0.9283 0.9129
Dipole moment (Debye)
Lx 0.6328 0.6759
Ly 2.0961 2.0659
1 0.0000 0.0005
Jhtotal 2.1895 2.1736

Table 5 The charge distribution calculated by the Milliken method

Atomic charges (Mulliken)

AOMS e ST+ G(dp)|  BALYP/6-311++G(d,p)
c1 0.6168 20.4610
c2 0.7215 -0.7041
c3 1.5603 1.4078
c4 20.9920 20.9752
c5 0.2881 0.2595
c6 0.0978 0.0453
o7 -0.3097 -0.2366
H8 0.2752 0.2609
Ho 0.1533 0.0933
C10 -0.4834 -0.3980
HI1 0.1746 0.1735
HL2 0.1746 0.1503
H13 0.1487 0.1734
Fl4 20.2441 20.1887
HI5 0.2422 0.1968
H16 0.2435 0.2025

CHs group vibrations

For the assignments of GHgroup frequencies one can expect nine fundametddie associated with each £H
group, namely the symmetrical stretching in Ql€H; sym. stretching); asymmetrical stretching (i.e-piane
hydrogen stretching mode); the symmetrical {Gym. deformation) and asymmetrical (Chlsy. deformation)
deformation modes; the in-plane rocking (Qpir), out-of-plane rocking (CHopr) and twisting t(Ck) modes. In
addition to that, Cklops, out-of-plane stretch, and €bpb, out-of-plane bending modes of the;@fbup would be
expected to be depolarized for asymmetry speciks. TC-H stretching in CiHoccurs at lower frequencies than
those of the aromatic ring (3100-3000Ym The vibrations of the methyl group in the FMf abserved in the
typical range reported earlier [19]. The asymmedinid symmetric stretching vibrations are obserwvethé ranges
3010-2970 and 2940-2900 ¢min the present study, the §ldymmetric and in-plane stretching frequencies are
established at 2917 and 2960tim FTIR and Raman spectrum, respectively. We tebserved the Chiin-plane
bending mode of FMP at 1446 ¢rand CH symmetric bending mode at 1384 tim Raman spectrum. The GH
deformation modes mainly coupled with in-plane begdibrations. The bands obtained at 1043'awRaman and
1003 cnt in both IR and Raman are assigned to;@Hplane and out-of-plane rocking modes. The;®idt-of-
plane stretching and out-of-plane bending modesbserved at 2997 chrand 1498 cm in Raman, respectively.
The calculated band at 78 ¢niby B3LYP method is attributed to GHwisting mode. These assignments are
substantiated by the reported literature [20].

C—C vibrations

The C-C aromatic stretching vibrations gives riseharacteristic bands in both the observed IRReartian spectra,
covering the spectral range from 1600 to 1400 §21,22]. Therefore, the C-C stretching vibratiorfstiee title
compound are found at 1619, 1509, 1336, 1294 afdc8# in FTIR and 1659, 1620, 1390, 1334, 1290 and 940
cm® in the FT-Raman spectrum and these modes areranfiby their TED values. Most of the ring vibratid
modes are affected by the substitutions in the atieming of FMP. In the present study, the banoiseoved at 718,
496 cm® and 718, 676, 501 chin the FTIR and FT-Raman spectrum, respectivelyehzeen designated to ring in-
plane bending modes by careful consideration oir theantitative descriptions. The ring out-of-plabending
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modes of FMP are also listed in the Table 2. TldeicBons in the frequencies of these modes ardaltle change
in force constant and the vibrations of the funmiogroups present in the molecule.

Fig.1. Molecular model of 4-fluoro-3-methylphenol &ng with numbering of atoms

(a)
3
§ (b)
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("]
[ =y
S
P_

(c) :

1 1 1 | I ] i
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ')

Fig.2. Comparison of observed and calculated FTIR®ctra of 4-fluoro-3-methylphenol (a) Observed inalid phase (b) calculated with
B3LYP/6-311++G(d,p) and (c) calculated with HF/6-31++G(d,p)
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Fig.3. Comparison of observed and calculated RamaBpectra of 4-fluoro-3-methylphenol (a) Observed isolid phase (b) calculated with
B3LYP/6-311++G(d,p) and (c) calculated with HF/6-31++G(d,p)

C-F vibrations

Assignments of the C—F stretching modes are vdfigdi as these vibrations are strongly couplethvthe other in
plane bending vibrations of several modes. Norn{2lB}, the observed bands of the C—F stretchingatibns have
been found to be very strong in the FTIR spectih these appear in the range 1000-1300"dor several fluro-
benzenes. Also, the C—F stretching vibrations gisocoupled with the C-H in-plane bending vibrasoim the
mono fluorinated benzene and are observed in fiemel 100-1000 ci. In the present study, the C—F stretching
vibration is observed at 1202 chin IR and 1201 cif in Raman spectrum. This assigned frequency isealower
region of the expected range which implies that @iblration is favored in the presence of methylugro The C—F
in-plane bending vibrational mode for the mono flnated benzene normally assigned at 250-350-.cim the
present case, the C—F in-plane bending has be@medsat 564 ci in IR and Raman spectra and is supported by
the above literature. The frequency of the C—Fadygtane bending vibration assigned at 365 cim the Raman
spectrum. According to the reported values [2dis issignment is in line with the literature. T®eF in-plane
bending is observed to be enhanced by the sulistifthough the same has suppressed the stretching.

First hyperpolarizability

The quantum chemistry based on the prediction of-lmear optical (NLO) properties of a molecule has
important role for the design of materials in medeommunication technology, signal processing aptical
interconnections [25]. Especially organic molecudes studied because of their larger NLO suscditiilsi arising
n-electron cloud movement from donor to acceptat RLO response times, high laser damage threslaoiddow
dielectric constants. Although the organic molesuiave these advantages, they have several NLOvdisiages,
too: they have generally low thermal stability ahdy may undergo a facile relaxation to randomraéiton [26].
In addition, in the UV-vis region, the low energgrtsitions result in a trade-off between the nadmefficiency
and optical transparency [27,28]. But the usagergénic molecules as ligands can overcome theselhistages.
The first hyperpolarizability4) of this novel molecular system is calculated gsime DFTquantum mechanical
method, based on the finite-field approach. Inghesence of an applied electric field, the enerigg system is a
function of the electric field. The first hyperpgigbility is a third-rank tensor that can be déssd by a 3 x 3 x 3
matrix. The 27 components of the 3D matrix candzkiced to 10 components due to the Kleinman synyriiz3j.
The components gf are defined as the coefficients in the Taylor seggpansion of the energy in the external
electric field. When the electric field is weak amimogeneous, this expansion becomes,
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whereEy is the energy of the unperturbed moleciiejs the field at the origin; ang;, a;, B andy are the
components of dipole moment, polarizability, thestfi hyperpolarizabilities and second hyperpolaiiizés,
respectively. The calculated total dipole momemt dnd mean first hyperpolarizabilitys)( of FMP using the
B3LYP/ 6-311++G(d,p) method ar21736 Debye and 8.7855x fDesu, respectively. The values pfand g
obtained by Sun et al. [30] with the B3LYP/6-3114#() method for urea are 1.373 Delayel 3.729x18" e.s.u.
! respectively. The total dipole moment of FMP roale is approximately 1.5 times greater than thatrea and
first hyperpolarizability is 24 times greater thémat of urea. The large value of hyperpolarizagilit which is a
measure of the non-linear optical activity of thelacular system, is associated with the intramdégcoharge
transfer, resulting from the electron cloud movemimoughz conjucated frame work from electron donar to
electron acceptor groups. The physical propertighese conjugated molecules are governed by tijie deegree of
electronic charge delocalization along the chargesfer axis and by the low band gaps. So we cdadbat the
titte compound is an attractive object for fututedées of nonlinear optical properties.

LUMO PLOT

{(First excited state)
i

Epmo= - 0.7583 eV

AE = 5.5342 eV

Epomo= - 6-2925 eV

o
HOMO FLOT

(Ground state)

J

Fig.4. The atomic orbital compositions of the fronier molecular orbital for 4-fluoro-3-methylphenol
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Fig.5. Mulliken’s plot for 4-fluoro-3-methylphenol

HOMO, LUMO analysis

The highest occupied molecular orbitals (HOMOSs) &mel lowest unoccupied molecular orbitals (LUMOs} a
named as frontier molecular orbitals (FMOs). The@3\play an important role in the electric and agtroperties,
as well as in UV-Vis spectra and chemical react{8i§. The atomic orbital HOMO and LUMO compositionf
the frontier molecular orbital for FMP computedla¢ B3LYP/6-311++G(d,p) are shown in Fig. 4. Thieglations
indicate that the title compound have 33 occupigdsMThe LUMO: ofr nature, (i.e. benzene ring) is delocalized
over the whole C-C bond. By contrast, the HOMOoisated over OH group and fluorine atom; consequehd
HOMO — LUMO transition implies an electron density trarsfo C-C bond of the benzene ring from OH group
and fluorine atom. Moreover, these three orbitasificantly overlap in their position of the bemzering for FMP.
The HOMO-LUMO energy gap of FMP was calculated Btathd B3LYP methods using 6-311++G(d,p) basis set
are shown in Table 3, which reveals that the engagyreflects the chemical activity of the molecdlee LUMO

as an electron acceptor represents the abilitybtai an electron, and HOMO represents the alititdonate an
electron. Moreover, a lower HOMO-LUMO energy gapleins the fact that eventual charge transfer autigon is
taking place within the molecule.

Thermodynamic properties

Using theab initio HF and DFT/B3LYP with 6-311++G(d,p) basis set aldtions, several thermodynamic
properties like heat capacity, zero point energyrapy of FMP have been calculated and are predent&able 4.
The difference in the values calculated by bothnttethods is only marginal. Scale factors have beeommended
[32] for an accurate prediction in determining #ego-point vibration energy (ZPVE), and the entr@fy,). The
variation in the ZPVE seems to be insignificantp@e moment reflects the molecular charge distidiouand is
given as a vector in three dimensions. Thereforean be used as descriptor to depict the chargement across
the molecule. Direction of the dipole moment veétoa molecule depends on the centers of positieereegative
charges. The total dipole moment of FMP determimgdHF and B3LYP methods using 6-311++G(d,p) basts
are 2.1895 and 2.1736 Debye, respectively. Thé ¢oergy and the change in the total entropy ofcttrapound at
room temperature are also presented.
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Mulliken atomic charges

Mulliken atomic charge calculation [33] has an impat role in the application of quantum chemicatalation to
molecular system, because atomic charges affeotedipoment, polarizability, electronic structuradanuch more
properties of molecular systems. The total atorhigrges of FMP obtained by Mulliken population as@yusing
HF and DFT/B3LYP with 6-311++G (d, p) basis set bsted in Table 5. The negative values on C1, 6@ @4
atom in the aromatic ring lead to a redistributidrelectron density. Due to this strong negativarghs, C3, C5 and
C6 accommodate higher positive charge and the mielesecomes more acidic. In the benzene ring, hal t
hydrogen atoms have a net positive charge; inqéati, the hydrogen atom H15 and H16 have charge2:#22
and 0.2435 respectively, owing to bound with mdeeteonegativity atom of fluorine and oxygen atorfike better
represented graphical form of the results has Heer in Fig. 5.

CONCLUSION

The optimized geometries, harmonic vibrational wawabers and intensities of vibrational bands of FNRe
been carried out using the HF and B3LYP methodb wie standard 6-311++G(d,p) basis set calculatibhe
theoretical results are compared with the experiatenbrations. The DFT based quantum mechanicpraach
provides the most reliable theoretical informattnthe vibrational properties of FMP. The assignis@f most of
the fundamentals provided in the present work ateved to be unambiguous. The TED calculation n¢igg the
normal modes of vibration provides a strong suppartthe frequency assignment. Therefore, the assimts
proposed at higher level of theory with higher basét with only reasonable deviations from the drpental
values seem to be correct. The calculated firsetpgarizability results show that FMP may have nwscopic
nonlinear optical (NLO) behavior with non-zero v@du The calculated HOMO and LUMO energies show that
charge transfer occurs within the molecule. Furtitee, the thermodynamic, total dipole moment andlik&n
atomic charge analysis of the compound have bdenlated in order to get insight into the compound.
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