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Abstract 
The Fourier Transform Infrared (FTIR) and FT-Raman spectra of 4-methyl-3-nitrobenzoic acid 
have been recorded in the range 4000 - 400 cm−1 and 3500 - 50 cm−1, respectively. The optimized 
geometry of the molecule, its vibrational frequencies along with corresponding intensities have 
been computed using the Density Functional Theory (DFT) employing B3LYP/6-311++G basis set. 
The scaled values of harmonic vibrational frequencies obtained in the computations have been 
compared with their experimental counter parts. The scaling factors have been refined to repro-
duce the frequencies with an RMS error of 11.68 cm−1 between the experimental and computed 
frequencies. The theoretically constructed spectra agree satisfactorily with those of experimental 
spectra. First order hyperpolarizability constants have also been evaluated. 
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1. Introduction 
During the past two and a half decades, the quantum chemistry community has been trying very hard to develop 
“a priori” method of predicting vibrational frequencies of a given molecule. As a result, ab initio computations 
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refined to include density functional theory (DFT) have evolved. However, it was found that the values of com-
puted vibrational frequencies using DFT were higher than the corresponding experimental frequencies. This over- 
estimation is attributed to the use of finite basis set, incomplete implementation of the electronic correlation and 
the neglect of anharmonicity effects [1]. Hence, it became essential to scale the ab initio force fields using spec-
troscopic data for getting better agreement between the observed and calculated frequencies. In this connection, 
Pulay’s method, which was the basis of scaled quantum mechanical (SQM) force field, became very popular, as 
it gave transferable scale factors between similar molecules [2]. Yoshida et al. [3] proposed a scaling method, 
which was an improvement over the method of determining global scale factors for different levels of theory, by 
a least-squares fit of the calculated frequencies to the experimental frequencies. Sundius [4] modified his 
MOLVIB program that was capable of computing scale factor calculations accordingly. Researchers in this field, 
using DFT calculations incorporated into ab initio calculations, have shown that the computed vibrational fre-
quencies and their intensities in the case of many organic molecules agree reasonably well with experimental 
frequencies on scaling [5]-[7]. But, it is necessary to extend DFT studies to many other molecular systems to 
prove the applicability of DFT beyond any reasonable doubt. We thought 4-methyl-3-nitrobenzoic acid (MNBA) 
was one such system. 

Benzoic acid and its derivatives have been the subject matter of several investigations [8]-[17]. The reasons 
are many folds. These are: Benzoic acid occurs widely in plants and animal tissues. It is used in miticides, con-
trast media in urology, cholocystographic examinations and in the manufacture of pharmaceuticals. The deriva-
tives of benzoic acid are an essential component of the Vitamin B-complex. Further, the herbicidal activity of a 
molecule containing carboxylic acid group is mainly due to the presence of the acid moiety or a group that is 
easily convertible to this moiety. Methylnitrobenzoic acid and its derivatives are also known for their local 
anaesthetic action [16]. Further, it has been demonstrated that 4-Methyl-3-nitrobenzoic acid (MNBA) is a potent 
inhibitor cancer cell chemotaxis and may be developed into a novel anti-metastatis drug [17]. Hence, we thought 
it worthwhile to take up a systematic experimental and theoretical investigation of MNBA by recording its 
Fourier transform Infrared (FTIR) and Fourier transform Raman (FT-Raman) spectra and make a vibrational 
analysis of its spectra using current level of Density Functional Theory (DFT). Further, it was thought to eva-
luate first order hyperpolarizability coefficients of MNBA to ascertain its non-linear optical (NLO) behaviour.  

2. Spectral Measurements 
The sample MNBA was obtained from Aldrich Chemical Company, USA and used as such for the spectral 
measurements. The room temperature Fourier transform infrared (FTIR) spectrum of the compound was rec-
orded using BRUKER IFS-66V FTIR Spectrometer, in the range 4000 - 400 cm−1 with a scanning speed of 30 
cm−1∙min−1 and spectral width 2.0 cm−1. The FT-Raman spectrum of the sample was measured, in the range 
3500 - 50 cm−1 in the Stokes region, using the above Spectrometer equipped with FRA-106 FT-Raman acces-
sory. 1064 nm line of Nd: YAG laser source operating at 200 mw power was used for excitation. Spectral reso-
lution is believed to be 2 cm−1.  

3. Computational Details 
3.1. Geometry and Vibrational Frequencies 
Optimization of molecular geometry, evaluation of energy and calculation of vibrational frequencies were car-
ried out, for MNBA, with GAUSSIAN 09W software package [18] implemented on Pentium-V (3.2 GHz) 
Workstation using Becke’s three parameter hybrid functional [19], combined with Lee-Yang-Parr correlation 
functional [20] (abbreviated as B3LYP). The basis set used was 6-311++G. The SGI grid (50, 194) was used for 
numerical integration. Theoretical force constants in cartesian representation were computed at optimized geo-
metry by assuming Cs point group symmetry. Scaling of the force constants was made according to scaled 
quantum mechanical (SQM) procedure [21] [22] employing selective scaling in the natural coordinate represen-
tation [23] [24]. Transformation of the force field, normal coordinate analysis, least-square refinement of scale 
factors, calculation of potential energy distribution (PED) and the evaluation of the IR and Raman intensities 
were established with the MOLVIB program (version 7.0) written by Suindius [25] [26]. For plotting stimulated 
IR and Raman spectra, pure Lorentzian band shapes were employed with a band width (FWHM; full width at 
half maximum) of 10 cm−1. 
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3.2. Raman Intensities 
The Raman activities (Si) were calculated using GAUSSIAN 09W Program. They were adjusted during the 
scaling procedure with MOLVIB and subsequently converted to relative Raman intensities (Ii). The following 
formula, derived from basic theory of Raman scattering [27] [28] was used for this purpose. 

( ) ( ){ }4
0 1 expi i i i iI f S hc kTν ν ν ν = − −                             (1) 

where, ν0 is the exciting frequency (in cm−1), 
νi is the frequency of the ith normal mode (in cm−1), 
h is the Planck’s constant, 
c is the velocity of light, 
k is the Boltzmann’s constant and  
f is a suitably chosen common normalization factor for all peak intensities. 

3.3. First Order Hyperpolarizability 
The non-linear optical response of an isolated molecule in an electric field can be expressed as a Taylor series 
expansion of the total dipole moment, µt, induced by the field:  

0t ij j ijk j kE E Eµ µ α β= + + +                                   (2) 

where, µ0 is the permanent dipole moment, 
αij are the components of polarizability,  
βijk are the components of the first order hyperpolarizability. 
The first order hyperpolarizability is a third rank tensor. Hence, it contains 27 components represented by a 3 × 

3 × 3 matrix. Due to Klienman symmetry [29], the 27 components get reduced to 10 components  
( xyy yxy yyx yyz yzy zyyβ β β β β β= = = = = ;… Similarly other permutation of x, y, z subscripts also take same value). 
These components are: 

, , , , , , , , ,xxx xxy xyy yyy xxz xyz yyz xzz yzz zzzβ β β β β β β β β β  

They can be calculated using the following equation [30]:  

( ) ( )1 3i iii ijj jij jjii jβ β β β β
≠

= + + +∑                                (3) 

The total static dipole moment µt, the isotropic (or average) linear polarizability αt, the anisotropy of polari-
zability ∆α, and the mean first order hyperpolarizability βt, using the x, y, z components are defined as: 

( )1 22 2 2
t x y zµ µ µ µ= + +                                      (4) 

( )  3t xx yy zzα α α α= + +                                     (5) 

( ) ( ) ( )
1 22 2 21 2 22 6xx yy yy zz zz xx xxα α α α α α α α−  ∆ = − + − + − +  

                   (6) 

( )1 22 2 2
t x y zβ β β β= + +                                     (7) 

where,    x xxx xyy xzzβ β β β= + +                                  (8) 

   y yyy xxy yzzβ β β β= + +                                     (9) 

    .z zzz xxz yyzβ β β β= + +                                    (10) 

4. Results and Discussion 
4.1. Ground State Geometry 
The molecule under investigation has two possible rotational conformers resulting from the rotation of the acid 
group around C-Cα bond. In the first conformer hydrogen atom of the acid group is nearer to the nitro group in 



J. Prashanth et al. 
 

 
94 

the molecular plane. We call this the cis conformer and is shown in Figure 1(a). 
In the other conformer, which is a result of rotation of the acid group through 180˚ about C-Cα bond, the hy-

drogen atom of the acid group is away from the nitrogen group. We call this the trans conformer and is shown in 
Figure 1(b). 

The global minimum energy obtained by DFT structure optimization for cis and trans conformers of MNBA 
are −664.48076 Hartree and −664.47774 Hartree, respectively. Thus, the energy of the cis conformer is less than 
the trans conformer in the ground state. Hence, the cis conformer of the MNBA is more stable than its trans 
conformer. Therefore, subsequent calculations were made using cis conformer only. Numbering, of atoms in the 
cis conformer of MNBA, is shown in Figure 2. 

The optimized geometrical parameters obtained by DFT method employing B3LYP/6-311++G basis set are 
presented in Table 1. 

 

       
(a)                                                          (b) 

Figure 1. Conformers of 4-methyl-3-nitrobenzoic acid: (a) cis conformer (E = −664.48076 Hartree); (b) trans conformer (E 
= −664.47774 Hartree).                                                                                         

 

 
Figure 2. Molecular structure of 4-methyl-3-nitrobenzoic acid with numbering of atoms.                                      
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Table 1. Optimized geometrical parameters of 4-methyl-3-nitrobenzoic acid.                                              

Bond Bond length 
(Å) Bond angle Value 

(in degree) Torsional angle Value 
(in degree) 

C1-C2 1.393 C1-C2-C3 120.11 C1-C2-C3-C4 −1.0 

C2-C3 1.397 C2-C3-C4 122.54 C2-C3-C4-C5 1.0 

C3-C4 1.410 C3-C4-C5 115.78 C3-C4-C5-C6 1.0 

C4-C5 1.408 C4-C5-C6 122.46 C3-C2-C1-C7 −178.0 

C5-C6 1.388 C6-C1-C2 118.70 O8-C7-C1-C2 157.0 

C6-C1 1.4058 C2-C1-C7 122.95 C2-C1-C7-O9 −22.0 

C1-C7 1.490 C1-C7-O8 123.19 C1-C7-O9-H10 −10.0 

O7-C8 1.226 C1-C7-O9 117.79 C6-C1-C2-H11 178.0 

C7-O9 1.384 C7-C9-H10 114.92 C4-C5-C6-H20 178.0 

O9-H10 0.974 C1-C2-H11 122.46 C2-C3-N12-O13 20.0 

C2-H11 1.079 C2-C3-N12 115.68 C2-C3-N12-O14 −159.0 

C3-N12 1.466 C3-N12-O13 117.94 C2-C3-C4-C15 −179.0 

N12-O13 1.270 C3-N12-O14 119.00 C3-C4-C15-H16 −70.0 

N12-O14 1.266 C3-C4-C15 125.24 C3-C4-C15-H17 48.0 

C4-C15 1.507 C4-C15-H16 111.27 C3-C4-C15-H18 169.0 

C15-H16 1.0904 C4-C15-H17 112.22 C3-C4-C5-H19 −179.0 

C15-H17 1.0897 C4-C15-C18 109.74 C4-C5-C6-H20 179.0 

C15-H18 1.0894 C4-C5-H19 118.18 C4-C3-C2-C1 −1.0 

C5-H19 1.0812 C5-C6-H20 120.86 C5-C4-C3-C2 1.0 

C6-H20 1.0807 O13-N12-O14 123.04 C6-C5-C4-C2 1.0 

  H16-C15-H17 106.27   

  H17-C15-H18 108.70   

 
A brief comment may be in order on the effect of the substituent groups, namely the methyl group, the nitro 

group and the acid group, on the benzene ring of the title molecule. It is important to note that the methyl group 
is generally considered as electron donating substituent [31] [32], whereas the nitro group is considered as elec-
tron withdrawing substituent [33]. Similarly, the acid group is also an electron withdrawing substituent. The un-
derlying chemical mechanisms are hyper conjugation, inductive effect and resonance effect (or mesomeric ef-
fect). The methyl group interacts with nearby π system via hyper conjugation [33]. In the case of the nitro group 
[34] and the acid group both the inductive and resonance effects are believed to result in withdrawal of electron-
ic charge from the ring. The three chemical mechanisms mentioned above cause electron delocalization. This is 
reflected in the values of C-C bond distances and C-C-C bond angles of the aromatic ring. Although, C-C bond 
distances and C-C-C bond angles are both affected by substitution, the latter undergoes more pronounced varia-
tions (up to several degrees) and, being less affected by systematic errors, are more transferable from one expe-
riment to another. The values of C-C bond distances and C-C-C angles of benzene ring presented in Table 1 
substantiate this fact, when compared with corresponding values of nitrobenzene and 3-nitrobenzoic acid [35]. It 
is of particular interest to consider the ipso C2-C3-C4 bond angle, where nitrogen group is substituted at C3 
carbon atom of the ring. This ipso bond angle is found to be greater than 120˚ (corresponding to sp2 hybridiza-
tion) for electron withdrawing substituents and smaller than 120˚ for electron donating substituents [36]. This is 
found to be true in the case of MNBA, as DFT level of theory computed the ipso C2-C3-C4 bond angle at 
122.54˚, since the substituent at C3 atom is the nitro group which is identified earlier as an electron withdrawing 
group. Further, this value of ipso angle is in excellent agreement with the value of corresponding angle in nitro-
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benzene determined from a regression analysis of the ring angles in the six derivatives of nitrobenzene studied 
by X-ray crystallography, which yielded a value of 122.7˚. 

4.2. Vibrational Assignments 
4-methyl-3-nitrobenzoic acid belongs to Cs point group symmetry. The molecule consists of 20 atoms. Hence, it 
has 54 fundamentals, distributed as 36 in-plane vibrations of a' species and 18 out-of-plane vibrations of a" spe-
cies. 

Detailed description of vibrational modes can be made by means of normal coordinate analysis. For this pur-
pose, the full set of 71 primitive (or standard) internal valence coordinates, containing 17 redundancies, was de-
fined as given in Table 2. 

By a suitable linear combination of these internal coordinates, a non-redundant set of 54 natural internal coor-
dinates (or local symmetry coordinates) was constructed following the recommendations of Fogarasi et al. [23] 
[24]. These are summarized in Table 3. 

The theoretically calculated DFT force field was transformed to this later set of local symmetry coordinates 
and used in all subsequently calculations. Observed frequencies (both IR and Raman), calculated frequencies 
(both un-scaled and scaled), IR and Raman intensities (calculated), potential energy distribution (PED) and vi-
brational assignment of MNBA are reported in Table 4. The results presented in Table 4 are self-explanatory 
and the discussion is confined to some of the important modes only. 

For visual comparison, the observed and simulated FTIR and FT-Raman spectra of MNBA are presented in 
Figure 3 and Figure 4, respectively. 

The root mean square (rms) deviation between the calculated and experimental frequencies was calculated 
using following expression in order to determine the goodness of fit. 

( ) ( ) ( ){ }2

1rms 1 1 cal expn
i iin ν ν

=
 = − − ∑                           (11) 

where, (νi)cal is the ith calculated frequency, 
(νi)exp is the ith experimental frequency, 
and “n” is the number of experimental frequencies. 
The rms error between unscaled frequencies and observed frequencies of MNBA was found to be 168.5 cm−1. 

On using the refined scaling factors, this deviation was reduced to 11.68 cm−1. 

4.2.1. C-C Stretching Vibrations 
The modes 1, 8a, 8b, 14, 19a and 19b are known as C-C stretching vibrations in benzene and its derivatives in 
Wilson’s notation [37]. But mode 1 is highly sensitive to the nature of the substituent and hence classified as 
ring vibration. Further, in MNBA, mode 14 is observed to have considerable mixing with C-H in-plane bending 
vibration 3. Hence, only the modes 8a, 8b, 19a and 19b are discussed in this section by deferring the discussion 
of modes 1 and 14 to appropriate sections to a later stage. In the molecule under investigation, modes 8a and 8b 
are expected around 1600 cm−1. The higher frequency has about 65% C-C stretching character in MNBA. The 
remaining PED comes from C-H in-plane bending vibration 18b and ring vibration 6b. The lower frequency is a 
C-C stretching mode to the extent of 51%. It mixes with C-C′ stretching mode 7b (C' is atom number 15 in Fig-
ure 2), ring vibration 6a and C-N stretching vibration 7a. Further, they are known to appear with considerable 
intensity in the ir spectrum. Hence, the strong absorptions near 1567 and 1621 cm−1 are assigned to C-C stret-
ching vibrations 8a and 8b, respectively. Modes 19a and 19b are expected in the spectral range 1400 - 1500 cm−1. 
The higher frequency is a C-C stretching mode to the extent of 56%. This vibration has a good amount of mix-
ing from C-H in-plane bending mode18b in MNBA. The lower frequency exhibits C-C stretching character to 
the extent of 73% and mixes with C-N stretching vibration 7a. Hence, the band around 1474 cm−1 (scaled calcu-
lated value) and ir absorption near 1497 cm−1 are ascribed to modes 19a and 19b, respectively.  

4.2.2. Mode 14 and C-H in-Plane Bending Vibrations 
The assignment of mode 14 (the Kekule mode) in which alternate C-C bonds either increase or decrease, is 
usually difficult as the highest C-H in-plane bending vibration 3 appears in its vicinity around 1300 cm−1. Ac-
cording to the DFT calculations, the bands observed at 1267 and 1296 cm−1 exhibit strong mixing between the  
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Table 2. Definition of internal coordinates of 4-methyl-3-nitrobenzoic acid.                                                  

S. No. Symbol Description Definition 

1) In-plane vibrations (a' species) Stretching 

1 - 6 di C-C (ring) C1-C2, C2-C3, C3-C4, C4-C5, C5-C6, C6-C1 

7 ri C-Cα (acid) C1-C7 

8 ,, C-C' (methyl) C4-C15 

9 - 11 ,, C-H (ring) C2-H11, C5-H19, C6-H20 

12 ,, C-N C3-N12 

13 - 15 Ri C-H (methyl) C15-H16, C15-H17, C15-H18 

16 Di Cα=O C7-O8 

17 ,, Cα-OH C7-O9 

18 ,, O-H O9-H10 

19 - 20 Ei N=O N12-O13, N12-O14 

Bending 

21 - 26 θi C-C-C (ring) C6-C1-C2, C1-C2-C3, C2-C3-C4, C3-C4-C5, C4-C5-C6, C5-C6-C1 

27 - 32 φi C-C-H (ring) C1-C2-H11, C3-C2-H11, C4-C5-H19, C6-C5-H19, C5-C6-H20, C1-C6-H20, 

33 - 35 εi C-C-H (methyl) C4-C15-H16, C4-C15-H17, C4-C15-H18 

36 - 38 αi H-C-H H16-C15-H17, H16-C15-H18, H16-C15-H18 

39 λi C-Cα=O C1-C7-O8 

40 ,, C-Cα-O C1-C7-O9 

41 ,, O-Cα=O O8-C7-O9 

42 ,, Cα-O-H (acid) C7-O9-H10 

43 - 44 βi C-C-Cα (acid) C6-C1-C7, C2-C1-C7 

45 - 46 ,, C-C-C' (methyl) C3-C4-C15, C5-C4-C15 

47 - 48 ,, C-C-N C2-C3-N12, C4-C3-N12 

49 - 50 ψ C-N-O C3-N12-O13, C3-N12-O14 

51 ψi O-N-O O13-N12-O14 

1) Out-of-plane vibrations (a" species) Wagging 

52 - 54 γi π(CH) C1-C2-C3-C11, C4-C5-C6-C19, C5-C6-C1-H20 

55 ,, π(CCα) C6-C1-C2-C7 

56 ,, π(CC') C3-C4-C5-C15 

57 ,, π(CN) C2-C3-C4-N12 

58 ωi ω(OH) C1-C7-O9-H10 

59 ,, ω(Cα=O) C6-C1-C7-O9 

Torsion 

60 - 65 δi τ (ring) C1-C2-C3-C4, C2-C3-C4-C5, C3-C4-C5-C6, C4-C5-C6-C1, 
C5-C6-C1-C2, C6-C1-C2-C3 

66 τi τ(CCα) C2-C1-C7-O8 

67 ,, τ(CC′) C3-C4-C15-H18 

68 - 69 ,, τ(CN) C2-C3-N12-O14, C4-C3-N12-O13 

70 - 71 ωi ω(NO2) C3-N12-O14-O13, C3-N12-013-O14 
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Table 3. Definition of local symmetry coordinates of 4-methyl-3-nitrobenzoic acid.                                           

S. No. Typea Definitionb 

1 - 6 ν(C-C) (ring) d1, d2, d3, d4, d5, d6 

7 ν(C-Cα) (acid) r1 

8 ν(C-N) r3 

9 ν(C-C') (methyl) r4 

10 - 12 ν(C-H) (ring) r2, r5, r6 

13 νs(CH3) ( )1 2 3 3R R R+ +  

14 νas(CH3) ( )1 2 32 6R R R− −  

15 νas(CH3) a" ( )3 2 2R R−  

16 ν(C=O) D1 

17 ν(C-O) D2 

18 ν(O-H) D3 

19 νs(NO2) ( )1 2 2E E+  

20 νas(NO2) ( )1 2 2E E−  

21 - 23 β(CCC) (ring) ( ) ( ) ( )1 2 3 4 5 6 1 2 3 4 5 6 2 3 5 66 , 2 2 12 , 2θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ θ− + − + − − − + − − − + − +  

24 - 29 
β(CH) 
β(CCα), 

β(CC'), β(CN) 

( )1 2 3 4 5 6 6β β β β β β+ + + + + , ( )2 3 5 6 2β β β β+ − − , ( )1 2 3 4 5 62 2 12β β β β β β+ − − − +  

( )2 3 5 6 2β β β β− + − , 

( )1 2 3 4 5 6 6β β β β β β− + − + − , ( )1 2 3 4 5 62 2 12β β β β β β− − + − −  

30 δs(CH3) ( )1 2 3 1 2 3 6ε ε ε α α α+ + − − −  

31 δas(CH3) ( )3 2 12 6α α α− −  

32 δas(CH3) a" ( )2 1 2α α−  

33 γ(CH3) ( )1 2 32 6ε ε ε− −  

34 γ(CH3) a" ( )3 2 2ε ε−  

35 δ(Cα=O) ( )2 1 32 6λ λ λ− −  

36 δ(Cα-OH) ( )1 3 2λ λ−  

37 δ(OH) λ 

38 δ(NO2) ( )3 1 22 6ψ ψ ψ− −  

39 γ(NO2) ( )1 2 2ψ ψ−  

40 - 42 π(CH) γ2, γ5, γ6 

43 π(CCα) γ1 

44 π(CN) γ3 

45 π(CC') γ4 

46 - 48 τ(CCCC) ( ) ( ) ( )1 2 3 4 5 6 1 2 3 4 5 6 1 3 4 66 , 2 2 12 , 2δ δ δ δ δ δ δ δ δ δ δ δ δ δ δ δ− + − + − − + − − + − − + −  

49 ω(OH) ω1, 

50 ω(Cα=O) ω2 

51 τ(CCα) τ1 

52 τ(CC') τ2 

53 ω(NO2) ( )3 4 2ω ω−  

54 τ(CN) ( )3 4 2τ τ−  
aThe symbols are used for description of the normal modes in PED in Table 4. bThe internal coordinates used here are defined in Table 2. 
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Table 4. Observed and B3LYP/6-311++G level calculated vibrational frequencies (in cm−1) and vibrational assignments of 
4-methyl-3-nitrobenzoic acid.                                                                                        

S. No. Modea 
Obs. freq. (cm−1) Cal. freq. (cm−1) 

IRb(Ii) Ramanc(Ai) Vibrational assignmentd 
IR Raman Unscaled Scaled 

Aromatic nucleus-in-plane vibrations 

1 ν(C-C) 1 655 675 701 691 28.75 5.88 1(58) + 12(18) + 7a(12) 

2 ν(C-C) 8a 1567 1571 1585 1594 55 28.23 8a(51) + 7b(27) + 6a(12) + 7a(11) 

3 ν(C-C) 8b 1621 1625 1652 1658 85 70.58 8b(65) + 18b(12) + 6b(11) 

4 ν(C-C) 14 1267 1264 1254 1254 87.5 24.7 14(49) + 3(26) + 12(10) 

5 ν(C-C) 19a - - 1464 1474 14.16 20.61 19a(73) + 7a(19) 

6 ν(C-C) 19b 1497 1494 1541 1520 78.75 9.411 19b(56) + 18b(23) 

7 ν(C-H) 2 - 3087 3207 3083 25.12 29.41 2(99) 

8 ν(C-H) 20a 3090 - 3204 3067 56.25 13.79 20a(99) 

9 ν(C-H) 20b 3065 3067 3183 3063 53.75 11.76 20b(99) 

10 ν(C-Cα) 13 1201 1204 1176 1180 40 17.64 13(38) + 3(34) + ν(Cα-OH)(16) 

11 ν(C-N) 7a 1138 1140 1160 1140 45 3.52 6a(26) + 19a(18) + 7a(15) + 7b(10) 

12 ν(C-C') 7b - - 1280 1293 36.8 31 14(30) + 7b(19) + 18b(15) 

13 β(CH) 3 1296 1292 1203 1275 91.25 28.53 3(35) + 12(22) + 14(16) 

14 β(CH) 18a 1168 1168 1106 1134 37.5 23.52 18a(45) + 8a(18) + 6a(12) + ν(Cα-OH)(10) 

15 β(CH) 18b 1090 1074 1090 1084 57.05 4.7 19b(30) + 18b(18) + ν(Cα-OH)(10) 

16 β(CCα) 15 - - 268 265 17.21 30.21 12(26) + 15(24) + 9b(21) + δ(Cα-OH)(13) 

17 β(CN) 9b - - 338 336 21.61 22.21 9b(32) + γ(NO2)(24) + δ(Cα-OH)(13) + 15(10) 

18 β(CC') 9a - 343 352 360 2.21 8.235 9a(25) + 6a(25) + 7a(19) + δ(Cα-OH)(12) 

19 β(CCC) 6a - 508 482 478 21 7.058 6a(45) + δ(Cα-OH)(23) + γ(NO2)(18) 

20 β(CCC) 6b - 377 397 390 2.13 20 1(31) + 6b(19) + 9a(14) + δ(Cα=O)(10) 

21 β(CCC) 12 805 814 789 789 23.75 75.29 12(31) + δ(NO2)(15) + 1(15) + 13(11) 

Aromatic nucleus-out-of-plane vibrations 

22 π(CH) 5 830 856 877 871 47.5 3.52 5(84) 

23 π(CH) 11 744 759 762 766 81.25 4.7 11(84) 

24 π(CH) 17b 948 - 957 947 72.5 0.68 17b(65) + 16b(17) 

25 π(CCα) 10b - 196 204 211 0.52 12.94 ω(NO2)(26) + 10b(21) + 17a(18) + τ(CCα)(15) + 16a(12) 

26 π(CN) 17a - 172 158 158 44.7 1.37 10b(22) + 16b(15) + ω(Cα=O)(20) + 17a(14) + 10a(10) 

27 π(CCʹ) 10a - 291 277 280 22.35 1.37 10a(28) + ω(Cα=O)(20) + 16a(15) + 10b(14) 

28 τ(CCCC) 4 699 695 738 728 55 9.411 4(32) + ω(Cα=O)(20) + 10b(16) 

29 τ(CCCC) 16a 560 - 574 575 27.5 7.58 16a(34) + ω(OH)(12) + 10b(12) + 17a(11) 

30 τ(CCCC) 16b 485 489 445 450 32.5 4.7 16b(52) + 17a(16) + 10b(12) 

Vibrations of acid group 

31 ν(Cα=O) 1698 - 1713 1714 100 1.72 ν(Cα=O)(80) 

32 ν(Cα-OH) 1319 1316 1316 1313 90 23.52 ν(Cα-OH)(29) + 12(25) + 14(22) 

33 δ(OH) 1425 - 1455 1459 95 5.83 δ(OH)(61) + 19b(16) 

34 ν(O-H) - - 3627 3627 8.33 3.44 ν(O-H)(100) 
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Continued 

35 δ(Cα=O) 630 629 636 636 47.5 7.05 6a(30) + δ(Cα=O)(17) + 9b(16) 

36 δ(Cα-OH) - - 463 471 20 4.82 6a(30) + δ(Cα=O)(17) + δ(Cα-OH)(16) 

37 ω(OH) 908 914 907 922 56.25 11.76 ω(OH)(55) + 4(16) 

38 ω(Cα = O) - 139 140 138 2.17 38.82 ω(Cα=O)(62) + τ(CN)(23) 

39 τ(CCα) - - 48 43 2.16 92 τ(CCα)(94) 

Vibrations of methyl group 

40 νs(CH3) 2945 2936 3037 2946 57.5 44.78 νs(CH3)(99) 

41 νas(CH3) - 2977 3101 2991 3.33 14.11 νas(CH3)(99) 

42 νas(CH3)a" 2990 2991 3114 3005 62.6 14.51 νas(CH3(93)a" 

43 δs(CH3) 1370 1378 1398 1384 90 17.64 δs(CH3)(82) 

44 δas(CH3) 1448 1449 1405 1460 56.25 17.64 δas(CH3)(79) + 19a(17) 

45 δas(CH3)a" - - 1515 1480 4.01 4.13 δas(CH3)a"(84) 

46 γ(CH3) 1010 1005 1028 1017 17.5 3.52 γ(CH3)(52) + δas(CH3)(16) 

47 γ(CH3)a" - 1031 1034 1073 5.83 2.94 γ(CH3)a"(66) + δas(CH3)a"(19) 

48 τ(CCʹ) - 86 100 99 70.58 0.68 τ(CCʹ)(82) 

Vibrations of nitro group 

49 νs(NO2) 1354 1352 1352 1356 85 100 νs(NO2)(37) + 14(19) + 7a(19) 

50 νas(NO2) 1533 1535 1523 1531 97.5 32.94 νas(NO2)(69) + 19b(16) 

51 δ(NO2) 761 778 745 769 45 4.7 1(35) + δ(NO2)(28) + 12(14) 

52 γ(NO2) 532 - 513 514 45 6.2 γ(NO2)(31) + 6b(28) + 9b(14) 

53 ω(NO2) - - 677 665 1.21 2.06 4(54) + ω(NO2)(13) + 10a(12) 

54 τ(CN) - - 42 40 0.89 2.184 τ(CN)(62) + τ(CC')(25) 
aMode in Wilson’s notation [37]; bRelative infrared intensities are normalized to 100; cRaman intensities are normalized to 100; dNumber in the pa-
renthesis is % of PED and number before the parenthesis is vibrational mode. PED less than 10% is not shown. ν, stretching; νs, symmetric stretching; 
νas, asymmmetric stretching; β, in-plane bending; δ, deformation; γ, in-plane rocking; π, out-of-plane bending; τ, torsion; ω, wagging. Cα, Carbon 
atom of acid group; C', Carbon atom of methyl group-Not observed. 
 
modes 14 and 3. Further, both of them mix with ring vibration 12 to a considerable extent. Hence, it is difficult 
to make an unequivocal choice for their assignment. However, going by the highest PED contribution, the ir ab-
sorption at 1267 cm−1, which has 49% C-C stretching character can be attributed to mode 14. It seems reasona-
ble as this frequency falls in the range 1235 - 1290 cm−1 proposed for mode 14 by Varsanyi in 1,2,4-tri light 
substituted benzenes (see Ref. 8, pp 323). The C-H in-plane bending vibrations are designated as mode 3, 18a 
and 18b in 1,2,4-tri-substituted benzenes. In aromatic compounds they generally appear in the spectral region 
1000 - 1300 cm−1. Consequently, the ir absorption near 1296 cm−1, with its Raman counterpart around 1292 
cm−1, which has 35% C-H in-plane bending character is ascribed to mode 3. Using the results of normal coordi-
nate analysis, modes 18a and 18b are identified near 1168 and 1090 cm−1 in MNBA. Both of them mix with 
several other vibrations, which can be seen from Table 4.  

4.2.3. Substituent-Sensitive Modes 
The four ring vibrations 1, 6a, 6b and 12 are sensitive to the position and the nature of the substituent, which 
makes their correlation with corresponding benzene modes very difficult. Hence, they were identified and as-
signed from careful consideration of their characteristic eigen vector distribution following Patel et al. [38]. 

Let us consider the modes 6a and 6b corresponding to the benzene band at 606 cm−1. According to normal 
coordinate treatment, the Raman shifts at 508 and 377 cm−1 are ascribed to modes 6a and 6b, respectively. As is 
evident from Table 4, they mix with several other modes. In spite of this mixing, these vibrations retain their 
essential CCC bending character in the appropriate ratio for these modes. Mode 12 occurs near 1010 cm−1 in  
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Figure 3. FTIR spectrum of 4-methyl-3-nitrobenzoic acid: (a) Observed; (b) Cal-
culated with B3LYP/6-311++G basis set.                                          

 

 
Figure 4. FT-Raman spectrum of 4-methyl-3-nitrobenzoic acid: (a) Observed; (b) 
Calculated with B3LYP/6-311++G basis set.                                         
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benzene. The only frequency which satisfies the criteria for mode 12 and yet cannot be considered as C-H 
in-plane bending vibration occurs near 805 cm−1 as strong ir absorption in MNBA. This frequency retains its es-
sential CCC bending nature despite its mixing with several other vibrational frequencies. In benzene, mode 1 at 
990 cm−1 is a pure stretching vibration as it is totally symmetric and widely separated from C-H stretching mod-
es. As these restrictions are removed in substituted benzenes, mode 1 can mix with several of the bending modes 
and also with the lower frequencies of the substituent stretching modes. Hence, a pure mode corresponding to 
mode 1 of benzene cannot be expected. The only frequency which contains good amount of C-C stretching cha-
racter and at the same time cannot be considered as C-H bending or CCC bending occurs around 655 cm−1 in 
MNBA. It mixes with several other vibrational modes, as can be seen from Table 4. 

4.2.4. C-X [X = Cα (acid), N, C' (Methyl)] Stretching and in-Plane Bending Vibrations 
Modes 13, 7a and 7b are designated as C-Cα, C-N and C-C' stretching vibrations, whereas the modes 15, 9b and 
9a represent the corresponding in-plane bending vibrations, respectively in MNBA. The ir absorption near 1201 
cm−1 has its origin in the stretching vibration of C-Cα bond and assigned to mode 13 in the present molecule un-
der investigation. Mode 13 has C-Cα stretching character to the extent of 38% and mixes with mode 3 and 
ν(Cα-OH). The band near 265 cm−1 (scaled calculated value) is attributed to C-Cα in-plane bending mode 15. It 
has 24% C-Cα in-plane bending character and mixes with several other fundamentals as reported in Table 4. 

The strong ir absorption around 1138 cm−1 is identified as C-N stretching vibration 7a, whereas that near 338 
cm−1 (scaled calculated value) is ascribed to the C-N in-plane bending mode 9b in MNBA. Their mixed nature 
can be seen from Table 4. 

The band at 1293 cm−1 (scaled calculated value), with 19% C-C' stretching nature, is assigned to C-C' stret-
ching mode 7b. This vibration mixes with C-C stretching vibration 14 and C-H in-plane bending mode 18b. The 
Raman shift near 343 cm−1 is attributed to C-C' in-plane bending mode 9a. This mode derives 25% PED from 
C-C' in-plane bending mode and mixes with several other vibrations as reported in Table 4. 

4.2.5. C-H Stretching Vibrations 
Vibrations 2, 20a and 20b are known as C-H stretching vibrations in the titled molecule under investigation. 
They generally appear in a narrow spectral region 3000 - 3100 cm−1 in substituted benzenes. Further, the vibra-
tional pair 20a and 20b, is usually strong in the infrared spectrum, whereas mode 2 is strong in Raman scattering 
(see Ref. 8, p. 21). Hence, ir bands at 3090 and 3065 cm−1 are assigned to the modes 20a and 20b, respectively, 
whereas the Raman shift around 3087 cm−1 is attributed to mode 2. According to normal coordinate analysis, as 
expected, these modes are pure, as each of them has 99% C-H stretching character and do not mix even among 
themselves. 

4.2.6. C-H Out of Plane Bending Vibrations (Aromatic Nucleus) 
In tri-substituted benzenes, there are three out-of-plane C-H bending vibrations designated as modes 5, 11 and 
17b. The phase relations are: +2, −1, −1 for mode 5; +1, +1, +1 for mode 11; 0, +2, −2 for mode 17b. The +ve 
and –ve sign indicate increase or decrease, respectively, of internal coordinates involved. Thus, identified ir ab-
sorptions near 830, 744 and 948 cm−1 are assigned to the modes 5, 11 and 17b, respectively in MNBA. PED 
presented in Table 4 shows that the C-H out-of-plane bending character of modes 5 and 11 is 84%, whereas that 
of 17b is 65%. Further, vibrations 5 and 11 do not mix with any other mode, while mode 17b mixes with ring 
torsion vibration 16b to the extent of 17%. 

4.2.7. CCCC Torsional Vibrations 
These are also known as ring torsions. There are three of them designated as modes 4, 16a and 16b in benzene 
and its derivatives. In mode 4, alternate CC torsion angles are either increasing or decreasing. In mode 16a, 
these angles change in the ratio +2, −1, −1, +2, −1, −1, whereas in vibration 16b, they change in the ratio 0, +2, 
−2, 0, +2, −2. Thus identified, according to the results of normal coordinate analysis, mode 4 appears near 699 
cm−1 as a strong ir absorption. It mixes with ω(Cα=O) and mode 10b (Cα is the carbon atom of the acid group 
and same as carbon atom number 7 in Figure 2). The absorptions near 560 and 485 cm−1 having 34% and 52% 
ring torsion character are attributed to modes 16a and 16b, respectively. Other modes mixing with them can be 
understood from Table 4.  
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4.2.8. C-X [X = Cα (Acid), N, C' (Methyl)] Out-of-Plane Bending Vibrations 
In MNBA, C-Cα, C-N and C-C' out-of-plane bending vibrations, associated with substituent acid, nitro and me-
thyl groups, are designated as modes 10b, 17a and 10a, respectively. The Raman shifts near 196, 172 and 291 
cm−1 are assigned to the modes 10b, 17a and 10a, respectively, on the basis of results of normal coordinate 
analysis. Table 4 reveals their mixed nature. 

4.2.9. Vibrations of the Acid Group 
There are six in-plane vibrations and three out-of-plane vibrations that have their origin in the acid group of 
MNBA. These are, ν(Cα=O), ν(Cα-OH), δ(OH), ν(O-H), δ(Cα=O), δ(Cα-OH), ω(OH), ω(Cα=O) and τ(CCα). The 
most important characteristic feature of this group is that a very strong ir band appears in the range 1690 - 1800 
cm−1, that has its origin in the carbonyl stretching vibration of the acid group. Thus, the very strong ir absorption 
at 1698 cm−1 is assigned to Cα=O stretching vibration in MNBA. It has 80% carbonyl stretching character. The 
stretching and in-plane bending vibrations, ν(Cα-OH) and δ(OH), of the acid group generally appear in the range 
1200 - 1450 cm−1 depending on whether monomeric, dimeric or other hydrogen bonded species are present. 
Usually, δ(OH) appears at higher frequency than that of ν(Cα-OH). Moreover, these bands overlap with other 
bands that are due to aromatic nucleus or aliphatic chain vibrations making unambiguous assignment difficult. 
On the basis of results of normal coordinate analysis the ir absorption at 1425 cm−1 is found to have 61% of 
δ(OH) character. Hence, it is attributed to δ(OH). But, it is important to note that it mixes with C-C stretching 
mode 19b of the ring to the extent of 16%. The ir band around 1319 cm−1 having 29% of Cα-OH stretching cha-
racter is attributed to ν(Cα-OH). It strongly mixes with modes 12 and 14 as can be seen from Table 4. All ben-
zoic acids, being hydrogen bonded in the solid state, are characterised by a strong ir absorption, in the region 
2200 - 3500 cm−1, attributable to ν(O-H) with a few superimposed maxima that have their origin in C-H stret-
ching vibrations. MNBA is no exception. The centre of the band is around 2970 cm−1. We preferred not to in-
clude this in our calculations. The value predicted by DFT near 3627 cm−1 for ν(O-H) corresponds to free mole-
cule in the gaseous state. Assignment of remaining vibrations of this group can be understood from Table 4. 

4.2.10. Vibrations of the Methyl Group 
There are six in-plane and three out-of-plane vibrations that can be associated with the methyl group of MNBA. 
These are νs(CH3), νas(CH3), νas(CH3)a", δs(CH3), δas(CH3), δas(CH3)a", γ(CH3), γ(CH3)a" and τ(CCʹ). On the ba-
sis of the results of normal coordinate analysis, they are assigned to the bands at 2945, 2977R (R indicates Ra-
man shift), 2990, 1370, 1445, 1515C (C indicates scaled calculated value), 1010, 1031R and 86 cm−1, respec-
tively. These results agree with those of other methyl substituted benzenes [39] (and also see Ref.8, pp 395). The 
important observations that are worth mentioning are: 

1) The three C-H stretching vibrations of the methyl group are pure modes as they do not mix with even 
among themselves and derive 93% to 99% PED from the corresponding C-H stretching vibration. 

2) The symmetric deformation of the methyl group, along with its out-of-plane asymmetric deformation and 
methyl torsion should also be considered as pure as they do not mix with any other fundamental vibration. It is 
to be noted that they derive 82% - 84% PED from the relevant vibrational fundamental. 

3) The in-plane asymmetric deformation of the methyl group gets predominant part of PED (79%) from 
δas(CH3). However, it mixes with C-C stretching mode of the ring 19a to the extent of 17%. 

4) The in-plane rocking vibration of the methyl group exhibits γ(CH3) character to the extent of 52%. It mixes 
with mode 1 and mode 12 to a considerable extent (see Table 4). 

5) The out-of-plane rocking mode of the methyl group has γ(CH3)a" nature to the extent of 66% and mixes 
with δas(CH3)a" to the extent of 19%. 

4.2.11. Vibrations of the Nitro Moiety 
There are four in-plane and two out-of-plane vibrations that can reasonably expected to have their origin in the 
nitro moiety. These are νs(NO2), νas(NO2), δ(NO2), γ(NO2), ω(NO2) and τ(CN).  

The symmetric stretching vibration of the nitro group occurs around 1354 cm−1. It has about 37% symmetric 
stretching character of the nitro group and acquires additional PED contributions from mode 14 and C-N stret-
ching vibration 7a in MNBA. 

The absorption at 1533 cm−1 could be assigned to the asymmetric stretching mode of the nitro group. It has 
about 69% of NO2 asymmetric stretching nature and mixes with modes 19b to the extent of 16%.  
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The band near 761 cm−1 is due to the deformation of the NO2 group to the extent of 28%. It mixes with mode 
1 and mode 12 to considerable extent. 

The band near 532 cm−1 is mainly due to rocking vibration of the nitro group. However, it has to be described 
as a mixed mode as there are PED contributions from modes 6b and 9b. 

The assignment of ω(NO2) and τ(CN) can be understood from Table 4.  

4.3. First Order Hyperpolarizability 
Calculation of total molecular dipole moment µt and its components, total molecular first order hyperpolarizabil-
ity βt and its components of MNBA were made at B3LYP/6-33++G level using GAUSSIAN 09W Program 
package. The results are summarized in Table 5. 

The first order hyperpolarizability is a measure of non-linear optical (NLO) effects. NLO effects arise due to 
interaction of incident electromagnetic fields with media (NLO materials). The effect is manifested as genera-
tion of new fields that differ in phase, frequency, amplitude or other propagation characteristics that differ from 
those of the incident fields [40]. NLO effects are important in providing the key functions of frequency shifting, 
optical modulation, optical switching, optical logic, optical memory for the emerging technologies in the area of 
telecommunications, signal processing and optical inter-connections [41]-[44]. Hence, DFT has been extensive-
ly used to investigate the organic NLO materials [45]-[49].  

Urea is a prototypical molecule used in the NLO properties of molecular systems. Hence, it was used fre-
quently as a threshold value for the purpose of comparison. The calculated values of µt and βt for the title com-
pound are 1.5802 Debye and 3.66 × 10−30 cm5/esu, whereas, the corresponding values for Urea are 1.3732 
Debye and 0.3728 × 10−30 cm5/esu, respectively. Thus we find that the total dipole moment of the title com-
pound is approximately 1.1 times greater than that of Urea and the total first order hyperpolarizability of the title 
molecules is 9.8 times greater than that of Urea. Hence, it can be concluded, on the basis of the magnitude of the 
first order hyperpolarizability, the title compound may be a potential applicant in the development of NLO ma-
terials. 

5. Conclusion 
A complete vibrational analysis of 4-methyl-3-nitrobenzoic acid is performed using the DFT method at B3LYP/  

 
Table 5. Values of dipole moment, µ (in Debye) and first order hyperpolarizability, β (in 10−30 cm5/e.s.u) 
of 4-methyl-3-nitrobenzoic acid.                                                              

Type of component Value with B3LYP/6-311++G 

µx 0.883 

µy 1.2814 

µz −0.5843 

µt 1.5802 

βxxx −139.047 

βxxy −378.159 

βxyy 219.875 

βyyy −60.230 

βxxz 11.4849 

βxyz −3.733 

βyyz 9.092 

βxzz 1.599 

βyzz 22.057 

βzzz −22.35 

βt 3.66 
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6-311++G level of theory. The effect of methyl-, nitro- and acid groups on the structure of the title compound is 
discussed. All the fundamental frequencies of the molecule are assigned unambiguously based on the PED and 
eigenvectors obtained from normal coordinate analysis. The assignment of various vibrational modes is con-
firmed by the quantitative agreement between the calculated and observed band intensities. It is demonstrated, 
beyond any reasonable doubt, that the title compound exhibits NLO properties. 
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