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ABSTRACT 
 
The FTIR and FT-Raman vibrational spectra of 4-fluoro-3-methylphenol (FMP) have been recorded in the regions 
4000-400 cm-1 and 4000-50 cm-1, respectively. The complete vibrational fundamental modes of the compound using 
the experimental FTIR and FT-Raman data have been analyzed on the basis of peak positions, relative intensities 
and quantum chemical studies. In the calculations performed to determine the optimum molecular geometry, 
harmonic vibrational frequencies, infrared intensities and Raman scattering activities, ab initio Hartree-Fock (HF) 
and Density functional theory (DFT/B3LYP) methods with 6-311++G(d,p) basis sets were used. The difference 
between the observed and scaled wavenumber values of most of the vibrational modes is very small. The normal 
modes are assigned with the help of total energy distribution (TED) analysis. Non-linear optical (NLO) behavior of 
FMP was investigated by determining of electric dipole moment, polarizability, and hyperpolarizability. The effects 
of frontier orbitals, HOMO and LUMO, transition of electron density transfer have been discussed. Decrease in 
HOMO and LUMO energy gap, explains the eventual charge transfer within the molecule which is responsible for 
the chemical reactivity of the molecule. Besides, Mulliken’s charges analysis, and several thermodynamic properties 
were performed.  
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INTRODUCTION 
 

Phenol derivatives are interesting molecules for theoretical studies due to their relatively small size and similarity to 
biological species. Phenol is also a versatile precursor to a large collection of drugs, most notably aspirin but also 
many herbicides and pharmaceuticals. It is used in the preparation of cosmetics including sunscreens, hair dyes and 
skin lightening preparations. Unlike normal alcohols, phenols are acidic because of the influence of the aromatic 
ring [1]. Phenol and its vapours are corrosive to the eyes, the skin and the respiratory tract. In recent years, phenol 
and substituted phenol have been the frequent subjects of experimental and theoretical work because of their 
significance in industry and environment. Evans [2] has extensively studied the vibrational assignments of infrared 
spectrum of phenol. Jianhan Huang et al. [3] have elucidated halogen effect and isotope effect of Chloro Phenol and 
Gui-xiangWang et al. [4] have obtained the vibrational analysis on nitro phenols. More recently, the vibrational 
spectroscopy investigation using ab initio (HF) and DFT (B3LYP) calculations on the structure of 3-bromo phenol 
have been studied by Mahadevan et al [5]. During the course of investigation on the samples of biological and 
pharmaceutical active compounds, our attention has been turned towards 4-fluoro-3-methylphenol (FMP). It is one 
of the most important organic intermediates, are widely used for the manufacture of pesticides, rubber, drugs, 
varnishes and dyestuffs. The assignment of the vibrational frequencies for substituted phenols becomes complicated 
problem because of the superposition of several vibrations due to fundamentals and due to substituents. However, a 
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comparison of the spectra with that of the parent compound gives some definite clues about the nature of the 
molecular vibrations. 
Literature survey reveals that to the best of our knowledge, no ab initio / DFT frequency calculations for 4-fluoro-3-
methylphenol have been reported so far. Therefore, the present investigation was undertaken to study the vibrational 
spectra of the molecule completely and to identify the various normal modes with greater wave numbers accurately.  
Ab initio (HF) and density functional theory (DFT) calculations have been performed to support our wave number 
assignments. 
 

MATERIALS AND METHODS 
 

The pure sample of FMP obtained from Lancaster chemical company, UK and used as such for the spectral 
measurements. The room temperature Fourier transform infrared spectra of the title compound is recorded in the 
region 4000-400 cm-1, at a resolution  of  ± 1 cm-1 using BRUKER IFS 66V model FTIR spectrometer equipped 
with an MCT detector, a KBr beam splitter and globar source.  
 
The FT-Raman spectrum of FMP is recorded on a computer interfaced BRUKER IFS 66V model interferometer 
equipped with FRA-106 FT-Raman accessories. The spectrum was measured in the Stokes region 4000-50 cm-1 
using Nd: YAG laser operating at 200 mW power continuously with 1064 nm excitation. The reported wave 
numbers are expected to be accurate within ± 1 cm-1. 
 
Computational details 
In order to provide information with regard to the structural characteristics and the normal vibrational modes of 
FMP, the ab initio HF and DFT-B3LYP correlation functional calculations have been carried out. The molecular 
geometry optimizations, energy and vibrational frequency calculations were carried out for FMP with the 
GAUSSIAN 09W software package [6]. Initial geometry generated from the standard geometrical parameters was 
minimized without any constraint on the potential energy surface at Hartree-Fock level adopting the standard 6-
311++G(d,p) basis set. This geometry was then re-optimized again at DFT level employing the Becke 3LYP 
keyword, which invokes Becke’s three-parameter hybrid method [7] using the correlation function of Lee et al. [8], 
implemented with the same basis set for better description of the bonding properties of methyl group. The multiple 
scaling of the force constants were performed according to SQM procedure [9,10] using selective scaling in the 
natural internal coordinate representation [11,12]. The transformation of force field, subsequent normal coordinate 
analysis and calculation of the TED were done on a PC with the MOLVIB program (version V7.0-G77) written by 
Sundius [13,14]. By the use of GAUSSVIEW molecular visualization program [15] along with available related 
molecules, the vibrational frequency assignments were made by their TED with a high degree of confidence. The 
TED elements provide a measure of each internal coordinate’s contributions to the normal coordinate. 
 

RESULTS AND DISCUSSION 
 

Molecular geometry 
The optimized molecular structure of FMP is shown in Fig. 1. The global minimum energy obtained by the HF and 
DFT structure optimization for FMP are calculated as -443.5658 and -446.1541 Hartrees from 6-311++G(d,p) basis 
set, respectively.  The optimization geometrical parameters of FMP are listed in the Table 1.  From the structural 
data given in Table 1, it is observed that the geometrical parameters are found to be almost same at HF/6-
311++G(d,p) and B3LYP/6-311++G(d,p) levels. However, the B3LYP/6-311++G(d,p) level of theory, in general 
slightly over estimates bond lengths but it yields bond angles in excellent agreement with the HF method. According 
to the calculation (B3LYP/6-311++(d,p)), the order of the bond length is C4-C5 < C5-C6 = C3-C4 < C6-C1 < C1-
C2 < C2-C3. From the order of the bond length, it is clear that the hexagonal structure of the benzene ring slightly 
distorted. This can be due to the influence of conjugation between the substituents and the ring. The ring carbon 
atoms in substituted benzenes exerts a larger attraction on the valence electron cloud of the hydrogen atom resulting 
in an increase in the C-H force constants and a decrease in the corresponding bond length. It is evident from the C–
H bond lengths in FMP vary from 1.085 to 1.074 Å and from 1.093 to 1.082 Å by HF and B3LYP methods, 
respectively.  The benzene ring appears to be a little distorted because of the fluorine atom and methyl group 
substitutions as seen from the bond angles C3–C4–F14 and C2–C3–C4, which are calculated as 118.395° and 
116.801°, respectively, by B3LYP method and are differ from their typical hexagonal angle of 120°. 
 
Vibrational assignments 
From the structural point of view the molecule is assumed to have C1 point group symmetry and hence, all the 
calculated frequency transforming to the same symmetry species (A). The molecule consists of 16 atoms and 
expected to have 42 normal modes of vibrations.  All the vibrations are active both in the Raman scattering and 
infrared absorption. The detailed vibrational assignment of fundamental modes of FMP along with the calculated IR 
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and Raman frequencies and normal mode descriptions (characterized by TED) are reported in Table 2. For visual 
comparison, the observed and calculated FTIR and FT-Raman spectra of FMP at the HF and B3LYP levels using 6-
311++G(d,p) basis set are shown in Figs. 2 and 3, respectively. 
 

Table 1 Optimized geometrical parameters of 4-fluoro-3-methylphenol obtained by HF and B3LYP with 6-311++G(d,p) basis set 
 

Bond length 
Value(Å) 

Bond Angle 
Value (°) 

Dihedral 
Angle 

Value (°) 
HF/                 

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

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

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

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

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

6-311++G(d,p) 
C1-C2 1.385 1.395 C1-C2-C3 121.295 121.359 C6-C1-C2-C3 0.00 0.00 
C2-C3 1.390 1.398 C2-C3-C4 117.135 116.801 C6-C1-C2-C9 180.00 -179.99 
C3-C4 1.380 1.391 C3-C4-C5 122.597 122.981 O7-C1-C2-C3 180.00 -179.99 
C4-C5 1.375 1.384 C4-C5-C6 119.552 119.338 O7-C1-C2-H9 0.00 0.00 
C5-C6 1.382 1.391 C5-C6-C1 119.364 119.353 C2-C1-C6-C5 0.00 0.00 
C6-C1 1.384 1.393 C6-C1-C2 120.056 120.166 C2-C1-C6-H16 180.00 -179.99 
C1-O7 1.353 1.371 C2-C1-O7 122.328 122.454 O7-C1-C6-C5 180.00 -179.99 
O7-H8 0.940 0.962 C1-O7-H8 111.178 109.829 O7-C1-C6-H16 0.00 0.00 
C2-H9 1.077 1.086 C1-C2-H9 119.643 119.711 C2-C1-O7-H8 -0.00 0.01 
C3-C10 1.508 1.506 C3-C2-H9 119.062 118.929 C6-C1-O7-H8 -180.00 -179.98 
C4-F14 1.336 1.363 C2-C3-C10 122.038 122.203 C1-C2-C3-C4 0.00 -0.00 
C5-H15 1.085 1.083 C4-C3-C10 120.826 120.994 C1-C2-C3-C10 -180.00 179.99 
C6-H16 1.083 1.082 C3-C10-H11 110.880 111.159 H9-C2-C3-C4 -180.00 179.99 
C10-H11 1.085 1.093 C3-C10-H12 110.880 110.850 H9-C2-C3-C10 0.00 -0.00 
C10-H12 1.074 1.091 C3-C10-H13 110.710 111.161 C2-C3-C4-C5 0.00 0.00 
C10-H13 1.074 1.093 H12-C10-H13 108.419 108.312 C2-C3-C4-F14 180.00 -179.99 

   H12-C10-H11 107.419 108.310 C10-C3-C4-C5 180.00 -179.99 
   H11-C10-H13 108.419 106.897 C10-C3-C4-F14 0.00 0.00 
   C3-C4-F14 118.669 118.395 C2-C3-C10-H11 120.38 -120.48 
   C5-C4-F14 118.734 118.623 C2-C3-C10-H12 -120.38 0.034 
   C4-C5-H15 119.391 119.473 C2-C3-C10-H13 0.00 120.56 
   C6-C5-H15 121.057 121.187 C4-C3-C10-H11 -59.61 59.51 
   C5-C6-H16 121.102 121.165 C4-C3-C10-H12 59.61 -179.96 
   C1-C6-H16 119.534 119.481 C4-C3-C10-H13 180.00 -59.43 
   C6-C1-O7 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 is the proper assignment of the experimental frequencies to the various 
vibrational modes of FMP in correlation with the calculated harmonic vibrational frequencies at HF and B3LYP 
levels using the standard 6-311++G(d,p) basis set. Comparison of the frequencies calculated by HF and B3LYP 
methods with the experimental values reveals the overestimation of the calculated vibrational modes due to neglect 
of anharmonicity in real system. The results indicate that the B3LYP/6-311++G(d,p) calculations approximate the 
observed fundamental frequencies much better than the HF/6-311++G(d,p) results. 
 
The vibrational analysis obtained for FMP with the unscaled HF and B3LYP force field is generally somewhat 
greater than the experimental values. These discrepancies can be corrected either by computing anharmonic 
corrections explicitly or by introducing a scaled field or directly scaling the calculated wavenumbers with proper 
factor. A tentative assignment is often made on the basis of the unscaled frequencies by assuming the observed 
frequencies so that they are in the same order as the calculated ones. Then, for an easier comparison to the observed 
values, the calculated frequencies are scaled by the scale to less than 1, to minimize the overall deviation. A better 
agreement between the computed and experimental frequencies can be obtained by using different scale factors for 
different regions of vibrations. The resultant scaled frequencies are also listed in Table 2. 
 
O–H vibrations 
Bands due to O-H stretching are of medium to strong intensity in the infrared spectrum, although it may be broad. In 
phenols, the free O-H group absorbs at 3615 cm-1 while the associated group has a stretching frequency in the range 
3145-3430 cm-1. This is due to the intermolecular hydrogen bonding [16]. The O-H stretching bands move to lower 
frequencies usually with increased intensity and band broadening in the hydrogen bonded species. In FMP, the FTIR 
band appeared at 3674 cm-1 is assigned to O-H stretching modes of vibration, which are further supported by the 
TED contribution of 100%. The O-H in-plane-bending vibration in phenol, in general, lies in the region 1150-1250 
cm-1 and is not much affected due to hydrogen bonding unlike the stretching and out-of-plane deformation 
frequencies. The O-H out-of-plane deformation vibration in phenols lies in the region 290-320 cm-1 for free O-H and 
in the region 517-710 cm-1 for associated O-H [17]. Hence, in this study, the in-plane and out-of-plane bending 
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vibrations of hydroxy group in FT-Raman have been identified at 1164, 247 cm-1 for FMP, respectively. These 
bending modes show consistent agreement with the computed B3LYP results. 
 
Table 2 Vibrational assignments of fundamental modes of 4-fluoro-3-methylphenol along with calculated IR intensity (km/mol), Raman 

activity (Å amu-1) and normal mode descriptions (characterized by TED) based on quantum mechanical calculations 
 

Sl. 
No. 

Species 
C1 

Observed  
fundamentals (cm-1) 

Calculated frequencies νi (cm-1) 
TED(%) among types of 

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

FTIR Raman 
Unscaled 
νi 

Scaled 
IR 

intensity 
Raman 
activity 

Unscaled 
νi 

Scaled 
IR 

intensity 
Raman 
activity 

1 A 3674m - 4191 3839 6.027 77.895 3840 3678 6.693 89.375 νOH(100) 
2 A - 3100 m 3365 3084 1.120 55.655 3205 3100 11.397 56.058 νCH(98) 
3 A - 3084 s 3348 3069 123.457 78.991 3192 3086 131.346 89.542 νCH(95) 
4 A - 3062s 3309 3033 36.975 66.698 3145 3041 0.714 96.166 νCH(94) 
5 A - 2997 vw 3252 2984 6.015 144.983 3111 2992 43.065 167.51 CH3ops (83),CH3ss(13) 
6 A - 2960 vw 3233 2967 43.209 62.103 3084 2962 14.852 68.371 CH3ips(80),CH3ops(13) 
7 A 2917ms - 3177 2915 1.681 5.427 3033 2917 173.272 0.038 CH3ss(82),CH3ips(18) 
8 A - 1659s 1809 1638 47.061 4.317 1657 1643 18.030 0.299 νCC(74), bCH (15) 
9 A 1619ms 1620w 1795 1628 26.643 14.625 1645 1623 14.410 12.769 νCC (77),bCC(12) 
10 A 1509vs - 1673 1520 16.628 0.046 1535 1510 22.714 0.862 νCC(76),bCH(18) 
11 A - 1498w 1616 1486 21.430 3.229 1500 1471 12.910 3.185 νCH3opb( 75), bCC(25) 
12 A - 1446w 1599 1477 18.602 8.924 1480 1444 13.721 8.975 νCH3ipb(78), CH3ipr(16) 
13 A - 1390w 1581 1443 4.171 189.697 1460 1434 14.706 237.51 νCC(79), bCH (15) 
14 A - 1384m 1542 1420 0.736 19.275 1417 1382 13.979 17.547 νCH3sb(76), bCC( 18) 
15 A 1336ms 1334w 1430 1304 7.924 6.782 1349 1336 11.610 7.971 νCC(72),bOH(12) 
16 A 1294ms 1290m 1395 1272 209.082 0.624 1321 1293 167.026 16.476 νCC(73), bCH(15) 
17 A - 1253w 1343 1232 25.975 9.509 1280 1256 17.620 11.231 bCH(75), bCC(20) 
18 A 1202vs 1201m 1342 1223 6.571 4.071 1224 1201 7.404 5.312 νCF(71), Rtrigd(20) 
19 A - 1164 w 1266 1153 29.578 14.759 1190 1168 67.768 9.311 bOH(74), bCC(16) 
20 A 1144vw - 1208 1103 24.833 3.115 1170 1148 1.622 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 0.035 1057 1041 0.526 2.590 CH3ipr(72),CH3opr(19) 
23 A 1003m 1003w 1083 999 3.102 4.314 1018 1004 3.548 1.214 CH3opr(68), bCC(19) 
24 A 945s 940m 1065 942 3.870 2.698 961 944 6.550 3.226 νCC(72), Rtrigd(13) 
25 A - 938 m 1029 923 72.999 0.321 943 918 61.287 4.199 ωCH(65),tRasymd(18) 
26 A 826w - 952 826 0.864 0.280 845 824 1.417 0.008 ωCH(64), tRsymd(15) 
27 A 810s 808vs 927 809 1.700 1.229 825 805 2.935 2.237 ωCH(66), tRasym(16) 
28 A 748s 753w 831 750 0.955 17.442 773 760 1.477 6.618 νCO(70), Rsymd(19) 
29 A 718w 718vs 787 718 23.950 9.016 736 720 13.127 11.032 Rtrigd(71), Rasymd(18) 
30 A - 676w 775 680 1.035 1.111 693 681 1.808 1.521 Rasymd(69), ωCF(18) 
31 A 564mw 564w 642 568 28.949 2.389 578 567 5.289 18.585 bCF(67), Rasymd(25) 
32 A - 561ms 619 565 25.993 3.567 577 563 111.548 6.022 bCC(69),tRasym(21) 
33 A 496w 501ms 539 493 0.920 0.336 502 498 1.018 0.857 Rsymd(67),bCO(17) 
34 A - 450ms 497 452 25.068 1.062 453 445 24.361 0.407 tRtrigd(65),Rasymd(20) 
35 A 443 ms - 487 440 266.370 0.696 450 444 31.501 1.245 tRsymd(61), ωCC(16) 
36 A - 365ms 412 372 0.273 0.289 369 362 0.726 0.507 ωCF(60), tRtrigd(21) 
37 A - 327m 365 330 6.555 10.983 338 329 0.981 1.292 ωCC(63), bCC(18) 
38 A - 290w 288 263 0.077 0.009 269 260 0.045 0.740 bCO(69), Rasymd(17) 
39 A - 247m 234 228 0.142 0.267 267 250 0.146 0.483 ωOH(61), tRasymd(19) 
40 A - 167m 226 208 11.358 0.095 205 190 6.940 0.023 ωCO(59),tRsymd(17) 
41 A - 143w 166 151 6.822 0.732 149 147 11.384 0.010 tRasym(62),tRsymd(14) 
42 A - - 95 86 0.087 0.082 78 74 0.125 0.048 tCH3(57), tRtrigd(16) 
ν-stretching; ss – symmetric stretching; ips – in-plane stretching; sb – symmetric bending; ipr – in-plane rocking; opr – out-of-plane rocking; ops 

– out-of-plane stretching; b-bending; ω-out-of-plane bending; R-ring; trigd-trigonal deformation; symd-symmetric deformation; asymd-
antisymmetric deformation; t-torsion; s-strong; vs-very strong; ms-medium strong; w-weak; vw-very weak. 

 
Table 3 Calculated HOMO-LUMO energy values of 4-fluoro-3-methylphenol using HF/6-311++G(d,p) and B3LYP/6-311++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 weak bands in the region 3100-3000 cm-1 due to aromatic C-H 
stretching vibrations [18]. Hence, the FT-Raman bands appeared at 3100, 3084 and 3062 cm-1 in FMP has been 
assigned to C-H stretching vibrations and these modes are confirmed by their TED values of almost 100%. The 
bands due to C-H in-plane ring bending vibrations, interact somewhat with C-C stretching vibrations, are observed 
as a number of sharp bands in the region 1300-1000 cm-1. The C-H out-of-plane bending vibrations are strongly 
coupled vibrations and occur in the region 900-667 cm-1. The FT-Raman bands at 1253, 1105 cm-1 and infrared 
bands at 1144 cm-1 are assigned to C–H in-plane bending vibrations of FMP. The out-of-plane bending vibrations of 
C-H group have also been identified for FMP and they were presented in Table 2. The theoretically computed values 
for C-H vibrational modes by B3LYP/6-311++G(d,p) method gives excellent agreement with experimental data. 
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Table 4 Thermodynamic parameters of 4-fluoro-3-methylphenol 
 

Parameters 
Method/Basis set 

HF/6-311++G(d,p) B3LYP/6-311++G(d,p) 
Optimized global minimum Energy (Hartrees) -443.5658 -446.1541 
Total energy(thermal), Etotal (kcal mol-1) 87.590 82.450 
Heat capacity, Cv (cal mol-1 k-1) 29.101 31.223 
Entropy, S (cal mol-1 k-1)   
Total 86.643 88.641 
Translational 40.408 40.408 
Rotational 28.835 28.883 
Vibrational 17.400 19.3494 
Vibrational energy, Evib (kcal mol-1) 85.812 80.672 
Zero point vibrational energy, (kcal mol-1) 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)   
µx 0.6328 0.6759 
µy 2.0961 2.0659 
µz 0.0000 0.0005 
µtotal 2.1895 2.1736 

 

Table 5 The charge distribution calculated by the Mulliken method 
 

Atoms 
Atomic charges (Mulliken) 

HF/6-311++G(d,p) B3LYP/6-311++G(d,p) 
C1 -0.6168 -0.4610 
C2 -0.7215 -0.7041 
C3 1.5693 1.4078 
C4 -0.9920 -0.9752 
C5 0.2881 0.2595 
C6 0.0978 0.0453 
O7 -0.3097 -0.2366 
H8 0.2752 0.2609 
H9 0.1533 0.0933 
C10 -0.4834 -0.3980 
H11 0.1746 0.1735 
H12 0.1746 0.1503 
H13 0.1487 0.1734 
F14 -0.2441 -0.1887 
H15 0.2422 0.1968 
H16 0.2435 0.2025 

CH3 group vibrations 
For the assignments of CH3 group frequencies one can expect nine fundamentals to be associated with each CH3 
group, namely the symmetrical stretching in CH3 (CH3 sym. stretching); asymmetrical stretching (i.e., in-plane 
hydrogen stretching mode); the symmetrical (CH3 sym. deformation) and asymmetrical (CH3 asy. deformation) 
deformation modes; the in-plane rocking (CH3 ipr), out-of-plane rocking (CH3 opr) and twisting t(CH3) modes. In 
addition to that, CH3 ops, out-of-plane stretch, and CH3 opb, out-of-plane bending modes of the CH3 group would be 
expected to be depolarized for asymmetry species. The   C-H stretching in CH3 occurs at lower frequencies than 
those of the aromatic ring (3100-3000 cm-1).  The vibrations of the methyl group in the FMP are observed in the 
typical range reported earlier [19]. The asymmetric and symmetric stretching vibrations are observed in the ranges 
3010-2970 and 2940-2900 cm-1. In the present study, the CH3 symmetric and in-plane stretching frequencies are 
established at 2917 and 2960 cm-1 in FTIR and Raman spectrum, respectively. We have observed the CH3 in-plane 
bending mode of FMP at 1446 cm-1 and CH3 symmetric bending mode at 1384 cm-1 in Raman spectrum. The CH3 

deformation modes mainly coupled with in-plane bending vibrations. The bands obtained at 1043 cm-1 in Raman and 
1003 cm-1 in both IR and Raman are assigned to CH3 in-plane and out-of-plane rocking modes. The CH3 out-of-
plane stretching and out-of-plane bending modes are observed at 2997 cm-1 and 1498 cm-1 in Raman, respectively. 
The calculated band at 78 cm-1 by B3LYP method is attributed to CH3 twisting mode. These assignments are 
substantiated by the reported literature [20]. 
 
C–C vibrations  
The C-C aromatic stretching vibrations gives rise to characteristic bands in both the observed IR and Raman spectra, 
covering the spectral range from 1600 to 1400 cm-1 [21,22]. Therefore, the C-C stretching vibrations of the title 
compound are found at 1619, 1509, 1336, 1294 and 945 cm-1 in FTIR and 1659, 1620, 1390, 1334, 1290 and 940 
cm-1 in the FT-Raman spectrum and these modes are confirmed by their TED values. Most of the ring vibrational 
modes are affected by the substitutions in the aromatic ring of FMP. In the present study, the bands observed at 718, 
496 cm-1 and 718, 676, 501 cm-1 in the FTIR and FT-Raman spectrum, respectively, have been designated to ring in-
plane bending modes by careful consideration of their quantitative descriptions. The ring out-of-plane bending 
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modes of FMP are also listed in the Table 2. The reductions in the frequencies of these modes are due to the change 
in force constant and the vibrations of the functional groups present in the molecule.  
 

 

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

 

 

Fig.2. Comparison of observed and calculated FTIR Spectra of 4-fluoro-3-methylphenol (a) Observed in solid phase (b) calculated with 
B3LYP/6-311++G(d,p) and (c) calculated with HF/6-311++G(d,p) 
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Fig.3. Comparison of observed and calculated Raman Spectra of 4-fluoro-3-methylphenol (a) Observed in solid phase (b) calculated with 

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

C-F vibrations  
Assignments of the C–F stretching modes are very difficult as these vibrations are strongly coupled with the other in 
plane bending vibrations of several modes. Normally [23], the observed bands of the C–F stretching vibrations have 
been found to be very strong in the FTIR spectra and these appear in the range 1000-1300 cm−1 for several fluro-
benzenes. Also, the C–F stretching vibrations strongly coupled with the C–H in-plane bending vibrations in the 
mono fluorinated benzene and are observed in the region 1100-1000 cm−1. In the present study, the C–F stretching 
vibration is observed at 1202 cm−1 in IR and 1201 cm−1 in Raman spectrum. This assigned frequency is at the lower 
region of the expected range which implies that C–F vibration is favored in the presence of methyl group.  The C–F 
in-plane bending vibrational mode for the mono fluorinated benzene normally assigned at 250–350 cm−1. In the 
present case, the C–F in-plane bending has been assigned at 564 cm−1 in IR and Raman spectra and is supported by 
the above literature. The frequency of the C–F out-of-plane bending vibration assigned at 365 cm−1 in the Raman 
spectrum.  According to the reported values [24], this assignment is in line with the literature.  The C–F in-plane 
bending is observed to be enhanced by the substitution, though the same has suppressed the stretching. 
 
First hyperpolarizability 
The quantum chemistry based on the prediction of non-linear optical (NLO) properties of a molecule has an 
important role for the design of materials in modern communication technology, signal processing and optical 
interconnections [25]. Especially organic molecules are studied because of their larger NLO susceptibilities arising 
π-electron cloud movement from donor to acceptor, fast NLO response times, high laser damage thresholds and low 
dielectric constants. Although the organic molecules have these advantages, they have several NLO disadvantages, 
too: they have generally low thermal stability and they may undergo a facile relaxation to random orientation [26]. 
In addition, in the UV–vis region, the low energy transitions result in a trade-off between the nonlinear efficiency 
and optical transparency [27,28]. But the usage of organic molecules as ligands can overcome these disadvantages. 
The first hyperpolarizability (β) of this novel molecular system is calculated using the DFT quantum mechanical 
method, based on the finite-field approach. In the presence of an applied electric field, the energy of a system is a 
function of the electric field. The first hyperpolarizability is a third-rank tensor that can be described by a 3 × 3 × 3 
matrix. The 27 components of the 3D matrix can be reduced to 10 components due to the Kleinman symmetry [29]. 
The components of β are defined as the coefficients in the Taylor series expansion of the energy in the external 
electric field. When the electric field is weak and homogeneous, this expansion becomes, 
 



S. Jeyavijayan and J. Senthil Kumar                               Der Chemica Sinica, 2016, 7(2):42-52  
_____________________________________________________________________________ 

49 
Pelagia Research Library 

1 1 1j j ji i i k i k lE = E - µ F - α F F - β F F F - ν F F F F + ...0 i ij ijk ijkl2 6 24i ij ijk ijkl
∑ ∑ ∑ ∑  

 
where E0 is the energy of the unperturbed molecule; Fi is the field at the origin; and µi, αij, βijk and γijkl  are the 
components of dipole moment, polarizability, the first hyperpolarizabilities and second hyperpolarizibilites, 
respectively. The calculated total dipole moment (µ) and mean first hyperpolarizability (β) of FMP using the 
B3LYP/ 6-311++G(d,p) method are 2.1736 Debye and 8.7855× 10−30 esu, respectively. The values of µ and β 
obtained by Sun et al. [30] with the B3LYP/6-311++G(d,p) method for urea are 1.373 Debye and 3.729×10-31 e.s.u.-
1, respectively. The total dipole moment of FMP molecule is approximately 1.5 times greater than that of urea and 
first hyperpolarizability is 24 times greater than that of urea. The large value of hyperpolarizability, β which is a 
measure of the non-linear optical activity of the molecular system, is associated with the intramolecular charge 
transfer, resulting from the electron cloud movement through π conjucated frame work from electron donar to 
electron acceptor groups. The physical properties of these conjugated molecules are governed by the high degree of 
electronic charge delocalization along the charge transfer axis and by the low band gaps. So we conclude that the 
title compound is an attractive object for future studies of nonlinear optical properties. 
 

 
 

Fig.4. The atomic orbital compositions of the frontier 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 (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) are 
named as frontier molecular orbitals (FMOs). The FMOs play an important role in the electric and optical properties, 
as well as in UV–Vis spectra and chemical reactions [31]. The atomic orbital HOMO and LUMO compositions of 
the frontier molecular orbital for FMP computed at the B3LYP/6-311++G(d,p) are shown in Fig. 4. The calculations 
indicate that the title compound have 33 occupied MOs. The LUMO: of π nature, (i.e. benzene ring) is delocalized 
over the whole C-C bond. By contrast, the HOMO is located over OH group and fluorine atom; consequently the 
HOMO → LUMO transition implies an electron density transfer to C-C bond of the benzene ring from OH group 
and fluorine atom. Moreover, these three orbitals significantly overlap in their position of the benzene ring for FMP. 
The HOMO–LUMO energy gap of FMP was calculated at HF and B3LYP methods using 6-311++G(d,p) basis set 
are shown in Table 3, which reveals that the energy gap reflects the chemical activity of the molecule. The LUMO 
as an electron acceptor represents the ability to obtain an electron, and HOMO represents the ability to donate an 
electron. Moreover, a lower HOMO–LUMO energy gap explains the fact that eventual charge transfer interaction is 
taking place within the molecule. 
 
Thermodynamic properties 
Using the ab initio HF and DFT/B3LYP with 6-311++G(d,p) basis set calculations, several thermodynamic 
properties like heat capacity, zero point energy, entropy of FMP have been calculated and are presented in Table 4. 
The difference in the values calculated by both the methods is only marginal. Scale factors have been recommended 
[32] for an accurate prediction in determining the zero-point vibration energy (ZPVE), and the entropy (Svib). The 
variation in the ZPVE seems to be insignificant. Dipole moment reflects the molecular charge distribution and is 
given as a vector in three dimensions. Therefore, it can be used as descriptor to depict the charge movement across 
the molecule. Direction of the dipole moment vector in a molecule depends on the centers of positive and negative 
charges.  The total dipole moment of FMP determined by HF and B3LYP methods using 6-311++G(d,p) basis set 
are 2.1895 and 2.1736 Debye, respectively. The total energy and the change in the total entropy of the compound at 
room temperature are also presented. 
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Mulliken atomic charges 
Mulliken atomic charge calculation [33] has an important role in the application of quantum chemical calculation to 
molecular system, because atomic charges affect dipole moment, polarizability, electronic structure, and much more 
properties of molecular systems. The total atomic charges of FMP obtained by Mulliken population analysis using 
HF and DFT/B3LYP with 6-311++G (d, p) basis set are listed in Table 5. The negative values on C1, C2 and C4 
atom in the aromatic ring lead to a redistribution of electron density. Due to this strong negative charges, C3, C5 and 
C6 accommodate higher positive charge and the molecule becomes more acidic. In the benzene ring, all the 
hydrogen atoms have a net positive charge; in particular, the hydrogen atom H15 and H16 have charge of 0.2422 
and 0.2435 respectively, owing to bound with more electronegativity atom of fluorine and oxygen atoms. The better 
represented graphical form of the results has been done in Fig. 5. 
 

CONCLUSION 
 

The optimized geometries, harmonic vibrational wavenumbers and intensities of vibrational bands of FMP have 
been carried out using the HF and B3LYP methods with the standard 6-311++G(d,p) basis set calculations. The 
theoretical results are compared with the experimental vibrations. The DFT based quantum mechanical approach 
provides the most reliable theoretical information on the vibrational properties of FMP. The assignments of most of 
the fundamentals provided in the present work are believed to be unambiguous. The TED calculation regarding the 
normal modes of vibration provides a strong support for the frequency assignment. Therefore, the assignments 
proposed at higher level of theory with higher basis set with only reasonable deviations from the experimental 
values seem to be correct. The calculated first hyperpolarizability results show that FMP may have microscopic 
nonlinear optical (NLO) behavior with non-zero values. The calculated HOMO and LUMO energies show that 
charge transfer occurs within the molecule. Furthermore, the thermodynamic, total dipole moment and Mulliken 
atomic charge analysis of the compound have been calculated in order to get insight into the compound. 
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