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Abstract 

In this paper we describe the various methods of computation of wavenumbers for an accurate 
assignment of the vibrational spectra. DFT methods have shown a more reliable prediction for the calculated 
wavenumbers than with the expensive HF and MP2 methods. 

The different scaling procedures for the wavenumbers are also described very briefly. For benzene 
derivatives, the procedure selected for scaling depends on the size of the organic molecule and the accuracy 
required for the predicted frequencies. The scaling equations procedures gives rise to a more noticable 
improvement in the predicted wavenumbers, than when a single overall scale factor is used. 
Keywords: DFT methods, Benzonitrile, B3LYP 
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Introduction 
In this paper we give some methods for predicting the wavenumbers of the spectra. 
From a practical point of view, the main disadvantage of vibrational spectroscopy is the lack of a 

direct spectra-structure relationship. This makes it impossible or difficult to determine the structure of a 
molecule from its vibrational spectrum and it restricts vibrational spectroscopy to the identification of known 
molecules and the detection of some characteristic functional groups. The motivation for predicting 
vibrational spectra is to make vibrational spectroscopy a more practical tool [1]. 

The theoretical prediction of vibrational spectra has been of practical importance for the 
identification of known and unknown compounds and has become important part of spectrochemical and 
quantum chemical investigations [2,3]. Until recently, the spectroscopists have attempted to interpret the 
vibrational spectra of complex molecule by a transposition of the results of normal coordinate analysis of 
simpler molecule, often aided by qualitative comparison of the spectra of isotropically substituted species 
and the polarizations of the Raman band. However, to make such assignments for all the bands in the spectra 
is risky, owing to the fact that while some of the assignments may be credible, and other can be highly 
speculative. Further, the modes assigned to these vibrations are often grossly oversimplified in an attempt 
to describe them as group wavenumbers in localized bond systems. 

Unfortunately an experimental spectrum can be very difficult to assign, even when the identity of 
the molecular species is certain, often because of the complexity resulting from many effects, such as Fermi 
resonance, and solvent effects, etc. However, computation methods can be used to help in the assignments 
of the bands of the spectra. The use of adequate quantum chemical methods and scaling procedures 
remarkably reduced the risk in the assignment and can accurately determine the contribution of different 
modes in an observed band. However, in general, the computation of the vibrational spectra of a polyatomic 
molecule of even modest size is lengthy. Inspite of tremendous advances made both in the theoretical 
methods and computational hardware, the most accurate of the quantum chemical methods are still too 
expensive and cumbersome to apply as routine research. 

 
Computational Methods 

The semiempirical procedures AMI (Austin Model 1) [4], and PM3 (Parametric Method 3) [5] 
included in many programs packages, like the GAUSSIAN [6], MOPAC [7] and AMPAC5.0 [8] series, 
which are among the mostly used and complete ones, while SAM1 (Semi-Ab-initio Model 1) [9] appear 
only in AMPAC 5.0. The keywords OPT and FREQ are utilized for optimization and wavenumber 
calculations, respectively with the GAUSSIAN series, while the PRECISE and FORCE keywords 
correspond to the MOPAC and AMPAC series. In GAUSSIAN the option TIGHT was used in the full 
optimization, while the EF routine was employed for minimum search in the MOPAC and AMPAC series 
until a gradient norm lower than 0.001. 

Although semiempirical methods are little accurate, they are potentially attractive for the 
computation of vibrational wavenumbers, because of their inherent low computational cost. Among these 
methods, AMI proves to be the best for wavenumbers computations. AMI is a well-balanced and reliable 
method for standard organic chemistry of the elements C, H, N, and O, while PM 3 is preferable with 
molecules containing P and S. PM 3 is a reparametrization of AMI using different techniques and 
parametrization data sets from those used in AMI. PM 3 performs better for nitro compounds and 
hypervalent molecules than AMI, and for systems with lone-pairs on adjacent atoms [10], however it fails 
dramatically in the description of the structure of many systems [11], especially with N atom and COO 
groups, calculating non-planar structures when they are planar. Due to this fact, the PM 3 method should not 
be used except for special cases. The most modern semiempirical method, the SAM1, although can gives 
accurate values for geometry, it fails in the calculation of the wavenumbers and leads to very large errors. 

Ab initio calculations [12] with wavefunction-based HF and MP2, and Density Functional Theory 
[13] (DFT) methods should be used for molecules of moderate size. They appear included in the GAUSSIAN 
series of program packages. 

A basis set is a set of functions used to create the molecular orbitals, which are expanded as a linear 
combination of such functions with the weights or coefficients to be determined. In modern computational 
chemistry, quantum chemical calculations are typically performed within a finite set of basis functions. In 
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these cases, the wavefunctions under consideration are all represented as vectors, the components of which 
correspond to coefficients in a linear combination of the basis functions in the basis set used. The operators 
are then given as matrices, (rank two tensors), in this finite basis. When molecular calculations are carried 
out, it is common to use a basis composed of a finite number of atomic orbitals, centered at each atomic 
nucleus within the molecule. Initially, these atomic orbitals were typically slater orbitals, which 
corresponded to set of functions, decays exponentially with distance from the nuclei. Later, it was realized 
by Frank Boys [14] that these slater type orbitals could turn be approximated as linear combinations of 
Gaussian orbitals instead. Because it is easier to calculate overlap and other integrals with Gaussian basis 
functions, this led to huge computational savings. There are hundreds of basis sets composed of Gaussian 
type orbitals (GTOs). The smallest of these are called minimal basis sets, and they are typically composed 
of the minimum number of basis functions required to represent all of the electrons on each atom. The largest 
of these can contain literally dozens to hundreds of basis functions on each atom. 

The most common addition to minimal basis sets is probably the addition of polarization functions, 
denoted by an asterisk symbol, *. Two asterisks, **, indicate that polarization functions are also added to 
light atoms (hydrogen and helium). These are auxiliary functions with one additional node. For example, 
the only basis function located on a hydrogen atom in a minimal basis set would be a function approximating 
the 1s atomic orbital. When polarization is added to this basis set, a p-function is also added to the basis set. 
This adds some additional needed flexibility within the basis set, effectively allowing molecular orbitals 
involving the hydrogen atoms to be more asymmetric about the hydrogen nucleus. This is an important result 
while considering accurate representations of bonding between atoms, because the very presence of the 
bonded atom makes the energetic environment of the electron spherically asymmetric. Similarly, d-type 
functions can be added to a basis set with valence p-orbitals, and f-functions to a basis set with d-type 
orbitals, and so on. Another common addition to basis sets is the addition of diffuse functions, denoted by a 
plus sign '+'. Two plus signs, '++' indicate that diffuse functions are also added to light atoms (hydrogen and 
helium). These are very shallow Gaussian basis functions, which more accurately represent the "tail" portion 
of the atomic orbitals, which are distant from the atomic nuclei. These additional basis functions can be 
important when considering anions and other large, "soft" molecular systems [15-19]. 

For obtaining accurate results, several basis sets can be used, but the simple 6-31G* or the 6-31G** 
gives the best computer cost/effective relationship, and thus they were established as satisfactory for the 
comparisons. For large molecules, computations are prohibitively expensive in time and computer memory 
consuming, even with a small basis set. 

DFT methods are most recommended to be used than HF and MP2 because they lead to more 
accurate wavenumbers and at lower computational cost. The hybrid methods with the Becke's three-
parameter exchange functional [20] (B3) in combination with the correlation functionals of Lee, Yang and 
Parr [21] (LYP), Perdew 1986 (P86) [22], Perdew and Wang's 1991 (PW91) [23], and modified Perdew-
Wang 91 (MPW1PW91) [24] give the best results [25]. 

 
Scaling Factors 

The difference between the computed and the experimental characteristic frequencies may be due to 
many different factors that are usually not even considered in the theory, such as anharmonicity, errors in 
the computed geometry, Fermi resonance etc. Even solvent effects may lead to systematic differences 
between computed and observed frequencies. The introduction of scaling factors is capable of accounting 
for all these various effects. 

It has been observed in literature [26, 27] only with density functional methods the frequencies are 
closed to the experimental. The B3LYP is the best for this purpose. The 6-31G* or 6-31G** basis set are 
the most appropriate, due to the small improvement obtained with its increase. However, the results obtained 
with DFT methods do not adequately reproduce all the experimental patterns of the frequencies with enough 
accuracy. The use of scale factors solves this problem, improving the predicted frequency. 

To improve the computed wavenumbers, three procedures with which to scale them can be used 
satisfactorily [28-30]: A single overall scale factor for the calculated level, a scaling equation determined at 
each level and specific scale factors for each mode and level. 
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The computed wavenumbers of a molecule at a specific level of theory can be scaled with a single 
overall scale factor (or correction factor), which differs for the different levels of theory. This procedure is 
generally used in the literature to scale the calculated wavenumbers. 

In general with this procedure of scaling a remarkable reduction of the error is obtained. An 
additional reduction of the error can be reached using the next (and new) procedure of scaling. 

The scaling equation procedures developed by Palafox [28-30] represents a compromise between 
accuracy and simplicity, and therefore, it was the only procedure used in Table 6 for scaling the 
wavenumbers. The errors obtained in the predicted wavenumbers are very small. 

The procedure with specific scale factor for each mode is based on the assumption that the ratios 
between experimental and computed wavenumbers are fairly constant for each type of characteristic 
wavenumber. It is thus possible to derive for a known experimental spectrum a scale factor, for each 
characteristic wavenumber by taking the average of the ratios between the experimental and computed 
wavenumbers, calv  /exp  and to use them for predicting or assigning unknown spectra. 

The introduction of different scale factors for distinct types of vibrational modes removes the error 
which is systematic and associated with the same mode in related molecules, improving the accuracy of the 
methods, especially the semiempiricals in which the error drops to about half. 

This procedure of scaling has been tested with semiempirical methods in the ring modes of several 
benzene derivatives with biological and pharmaceutical applications [31-33]. 

 
Molecule Studied : Benzonitrile Molecule 

A comprehensive study of semiempirical, ab initio, and density functional methods in calculating 
and describing the vibrational frequencies of benzene has been made by Palafox [28]. Table 1 shows the 
values of absolute error, )( .expscaled v   in cm–1, obtained in the scaled frequencies of the benzene ring 

modes using a single overall scale factor. Table 2 [28] summarize the scaling equations for the benzene ring 
modes. Values of the absolute error )( .expscaled v   in cm–1, obtained in the scaled frequencies of the 

benzene ring modes using the scaling equations of Table 2 are given in Table 3 [28]. Table 4 lists the mean 
absolute deviation (MAD), the rms 

 
Fig. 1. (a) Benzene    Fig. 1. (b) Benzonitrile 

error, the standard deviation (std Dev.), and the greatest positive and negative deviations from experiment. 
In parentheses appears the number of the ring mode, according to Wilson notation, in which is observed the 
largest error in the frequencies. 

Here we consider the example of benzonitrile molecule. Benzonitrile and its derivatives are important 
compounds used in many fields of chemistry and biochemistry. Due to its importance, numerous studies in 
the standard bibliography have been carried out. From the geometric point of view, its high symmetry 
simplifies the calculations and discussion of the parameters. 
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TABLE-I 

Values of the absolute erros, )( .expscaled v   in cm–1, obtained in the scaled frequencies of the benzene ring modes using a single overall scale factor. 

Ring 
Mode 

Semiempirical Ab initio Density functional methods 

Wilson 
no. 

AM1 
×0.9532 

PM3 
×0.9761 

HF/6-
31G** 

×0.8953 

HF/6-
31G** 

×0.8992 

MP2/6-
31G** 

×0.9427 

MP2/6-
311G** 
×0.9496 

SVWN/ 
6-31G** 
×0.9833 

BP86/6-
31G** 

×0.9914 

BLYP/ 
6-31G** 
×0.9945 

Becke3P8 
6/6-31G* 
×0.9558 

Becke3P8 
6/6-31G** 

×0.9558 

Becke3LY 
P/6-31G* 
×0.9614 

Becke3LY 
P/6-31G** 

×0.9614 

Becke3PW 
91/6-31G** 

×0.9573 
1 223 208 –22 –19 –30 –29 15 –8 –12 –9 –9 –11 –12 –11 
2 –19 –63 –39 –41 2 3 17 27 32 9 7 16 10 7 
3 –84 –154 0 0 –42 –52 –60 –32 –15 –29 –37 –17 –22 –34 
4a –118 –103 –3 0 –196 –289 7 24 32 6 7 12 12 7 
5 –25 10 28 31 –129 –133 –29 –30 –21 –21 –21 –19 –16 –18 
6a 10 3 –5 –4 24 10 –2 23 35 6 5 15 14 6 
7 –18 –70 –49 –51 –4 –4 11 18 22 2 0 7 1 –1 
8 84 141 8 13 –32 –39 16 –14 –21 –3 –8 –8 –12 –8 
9 –13 –58 –19 –20 –31 –39 –36 –21 –13 –22 –29 –17 –21 –26 

10 2 –18 14 17 –47 –47 –28 –24 –17 –19 –21 –16 –15 –18 
11a 35 21 19 20 31 13 –4 26 42 14 12 20 21 15 
12 –30 –57 –28 –24 –54 –52 –45 –34 –24 –39 –41 –29 –31 –40 
13 –22 –75 –59 –61 –14 –14 2 8 13 –8 –10 –2 –7 –11 
14 –5 –37 –99 –95 66 69 90 33 12 15 13 –3 –5 10 
15 –26 –25 –78 –78 –25 –36 –34 –14 –2 –17 –25 –11 –16 –22 
16a –44 –51 12 14 6 –4 4 19 28 12 11 18 18 11 
17 –24 –12 18 24 –109 –105 –48 –45 –39 –37 –34 –35 –31 –31 
18 54 4 –16 –14 –24 –29 –6 –10 –10 –10 –13 –10 –12 –13 
19 21 26 –5 –4 –40 –51 –28 –23 –12 –19 –26 –12 –18 –25 
20 –19 –64 –40 –42 4 3 18 26 30 10 7 15 10 7 
               

rms 67 80 38 38 65 82 33 25 24 18 20 16.5 16.9 19 
               
               

a With the scale factors corresponding to the low-frequency modes, from Ref. [28]: ×0.09061 (HF/6-31G*), ×0.9089 (HF/6-31G**), ×1.0214 (MP2/6-31G**), ×1.0127 (MP2/6-311G**), 
×1.0079 (SVWN), ×1.0512 (BP86), ×1.0620 (BLYP), ×0.9923 (B3P86), ×1.0013 (B3LYP), ×0.9930 (B3PW91). 
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Table 2. Scaling equations for the benzene ring modes. 
 

Methods Equations 
Correlation 
coefficient, r 

   
Semiempirical   

MNDO calculatedscaled 8729.04.89 vv   0.9977 

AM1 calculatedscaled 9529.06.1 vv   0.9977 

PM3 calculatedscaled 9898.07.0 vv   0.9960 

SAM1 calculatedscaled 0692.15.71 vv   0.9920 

SCF   

HF/4-21G* calculatedscaled 9128.08.3 vv   0.9993 

HF/6-21G* calculatedscaled 9103.00.4 vv   0.9994 

HF/6-21G** calculatedscaled 9162.06.8 vv   0.9994 

HF/6-21++G** calculatedscaled 9153.02.6 vv   0.9994 

Post-SCF   

MP2/6-31G** calculatedscaled 9088.04.83 vv   0.9981 

MP2/6-311G** calculatedscaled 9156.03.97 vv   0.9972 

MP2/TZ2P+f calculatedscaled 9360.04.41 vv   0.9995 

Density Functional   

SVWN/6-31G** calculatedscaled 9692.03.30 vv   0.9994 

SLYP/6-31G** calculatedscaled 9811.08.27 vv   0.9991 

BP86/6-31G** calculatedscaled 9752.07.32 vv   0.9998 

BP86/6-311G(2d,1p) calculatedscaled 9819.08.28 vv   0.9999 

BLYP/6-31G calculatedscaled 9530.06.31 vv   0.9996 

BLYP/6-31G** calculatedscaled 9791.02.27 vv   0.9999 

Becke3P86/6-31G* calculatedscaled 9473.00.25 vv   0.9999 

Becke3P86/6-31G** calculatedscaled 9476.02.27 vv   0.9999 

Becke3LYP/6-31G* calculatedscaled 9519.03.23 vv   0.9999 

Becke3LYP/6-31G** calculatedscaled 9543.01.22 vv   0.9999 

Becke3LYP/6-311G** calculatedscaled 9614.08.17 vv   0.9999 

Becke3LYP/6-311G(2d,1p) calculatedscaled 9616.06.18 vv   0.9999 

Becke3LYP/6-311+G(2d,1p) calculatedscaled 9597.02.21 vv   1.0000 

Becke3PW91/6-31G** calculatedscaled 9501.08.24 vv   0.9999 
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TABLE-3 

Values of the absolute erros, )( .expscaled v   in cm–1, obtained in the scaled frequencies of the benzene ring modes using the scalling equations of Table 2. 

Ring 
Mode 

Semiempirical Ab initio Density functional methods 

Wilson 
no. 

MNDO AM1 PM3 
SAM

1 
HF/6-
31G** 

MP2/6
-

31G** 

MP2/
6-

311G** 

MP2/
TZ 

2P+f 

SVWN
/ 6-

31G** 

SLYP/
6-

31G** 

BP86/6
-31G** 

BP86/6-
311G 

(2d,1p) 

BLYP/
6-

31G** 

B3P86 
/6-

31G* 

B3P86/
6-

31G** 

B3LYP 
/6-

31G* 

B3LYP
/6-

31G** 

B3LYP/
6-

311G** 

B3LYP/
6-311G 
(2d,1p) 

B3LYP/
6-311+G 
(2d,1p) 

B3 
PW91/

6-
31G** 

1 141 221 223 293 –9 25 34 1 31 39 9 6.0 –1 8 9 2 2 8 –0.3 –0.6 7 
2 3 –22 –21 –36 8 –7 –10 2 2 0 9 9.8 11 7 8 9 9 11 9.5 8.8 8 
3 –63 –86 –138 –136 17 2 –1 –23 –48 –57 –21 –7.1 –9 –16 –21 –6 –10 –4 5.1 4.9 –19 
4 –96 –120 –95 –137 –3 –169 –232 –25 9 11 3 9.5 2 –1 2 0 0 6 7.1 –1.6 1 
5 37 –27 23 –150 41 –71 –66 –16 –13 –16 –13 –17.4 –9 –4 –2 –5 –1 6 –7.6 –5.8 –1 
6 16 8 5 –22 –7 37 48 2 5 3 10 13.8 12 3 5 7 7 10 11.9 12.5 4 
7 6 –21 –29 –59 –3 –13 –16 –5 –3 –6 1 1.9 1 –1 1 0 1 3 2.1 2.2 0 
8 –11 82 165 202 35 5 2 –27 23 37 –7 –14.4 –18 8 6 0 –2 –9 –8.7 –11.4 5 
9 4 –15 –44 –19 –7 18 17 –18 –22 –28 –7 –6.4 –4 –8 –12 –5 –8 –9 –6.0 –5.6 –10 

10 42 0 –7 59 25 12 21 4 –9 –12 –5 –6.3 –2 –2 –1 –1 0 0 –1.3 –1.5 1 
11 88 33 30 79 17 36 44 7 1 –2 8 2.7 13 7 8 9 10 6 4.6 3.1 10 
12 –86 –32 –45 –14 –14 0 11 4 –29 –31 –18 –2 –13 –23 –22 –16 –16 –18 –0.3 0.2 –23 
13 2 –25 –34 –68 –13 –22 –26 –4 –12 –14 –9 –7.7 –7 –10 –9 –9 –8 –7 –7.3 –7.1 –9 
14 –105 –7 –20 79 –81 108 117 100 100 123 44 21.1 18 28 29 7 7 –8 –14.2 –9.7 25 
15 –45 –28 –10 –29 –66 25 21 –6 –20 –28 0 1.8 7 –2 –7 1 –2 –3 –0.6 0.3 –6 
16 12 –46 –46 –61 8 44 55 22 19 18 22 21.0 22 18 20 20 20 17 18.8 17.3 18 
17 27 –26 0 –85 34 –51 –38 –9 –30 –37 –27 –28.0 –26 –20 –15 –21 –15 –5 –17.8 –8.2 –13 
18 52 52 18 54 –3 29 33 9 10 11 6 3.8 2 6 5 3 2 –1 –0.6 –0.7 4 
19 –38 19 46 98 15 0 –5 –25 –18 –15 –14 –11.8 –8 –7 –12 –3 –7 –12 –3.7 –6.0 –9 
20 6 –21 –23 –46 7 –5 –9 8 4 1 8 9.3 9 8 8 8 9 10 9.2 8.9 9 

                      
rms 59 67 77 109 29 53 65 26 30 36 16 12.3 12 12 13 9.0 8.9 8.9 8.7 7.4 12 
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TABLE-4 

Errors obtained in the calculated and scaled frequencies of the benzene ring modes by the different procedures, methods, and levels. 

Method 

Calculated frequencies Scaled frequencies with an overall factor Scaled frequencies with the scaling equations 

rms MAD stdDev 
Largest error 

rms MAD stdDev 
Largest error 

rms 
MA
D 

stdDev 
Largest error 

Positive Negative Positive Negative Positive Negative 

Semiempirical                
MNDO 174 127.9 118.5 351 (20) –109 (4) – – – – – 59 44.0 39.5 141 (1) –105 (14) 
AM1 105 82.9 64.7 283 (1) –89 (4) 67 43.8 50.3 223 (1) –118 (4) 67 44.6 49.7 221 (1) –120 (4) 
PM3 79 48.2 62.7 237 (1) –125 (3) 80 60 53.4 208 (1) –154 (3) 77 51.1 57.6 223 (1) –138 (3) 
SAM1 125 102.4 72.4 277 (1) –195 (13) – – – – – 109 86.3 67.2 293 (1) –150 (5) 

                
SCF                
HF/4–21G* 166 140.6 88.8 308 (2) – – – – – – 33 21.8 24.4 41 (5) –90 (14) 
HF/6–31G* 171 145.1 90.0 316 (2) – 38 28.0 25.5 19 (11) –99 (14) 29 20.3 20.5 41 (5) –82 (14) 
HF/6–31G** 163 140.0 84.4 299 (2) – 38 28.6 25.2 31 (5) –95 (14) 29 20.6 20.8 41 (5) –81 (14) 
HF/6–31++G** 163 138.9 85.2 301 (2) – – – – – – 29 20.9 20.6 52 (5) –80 (14) 

                
Post–SCF                
MP2/6–31G** 114 84.8 76.0 210 (20) –207 (4) 65 45.5 47.0 66 (14) –196 (4) 53 33.9 40.4 108 (14) –169 (4) 
MP2/6–311G** 106 70.8 78.7 166 (2,20) –294 (4) 82 51.0 63.9 69 (14) –289 (4) 65 40.3 51.4 117 (14) –232 (4) 
MP2/(TZ2P+f) 84 55.7 62.8 174 (20) –23 (4) – – – – – 26 21.1 15.8 100 (14) –27 (8) 

                
Density Functional                
SVWN/6–31G** 43 31.8 28.9 114 (14) –38 (3) 33 25.0 22.1 90 (14) –60 (3) 30 20.4 21.7 100 (14) –48 (3) 
SLYP/6–31G** 40 30.7 25.6 122 (14) –60 (3) – – – – – 36 24.4 27.1 123 (14) –57 (3) 
BP86/6–31G** 27 20.6 17.8 54 (2) –37 (17) 25 22.9 9.2 33 (14) –45 (17) 16 12.0 10.0 44 (14) –27 (17) 
BP86/6–311G(2d,1p) 20 17.0 11.4 37 (2,20) –40 (17) – – – – – 12.3 10.1 7.1 21.1 (14) –17.4 (5) 
BLYP/6–31G 62 39.8 47.4 127 (20) –25 (11) – – – – – 25 16.1 19.0 90 (14) –32 (8) 
BLYP/6–31G** 22 18.5 16.5 49 (2) –34 (17) 24 21.6 10.6 42 (11) –39 (17) 12 9.7 6.9 22 (16) –26 (17) 
Becke3P86/6–31G* 73 53.0 49.6 152 (2,20) – 18 15.3 10.1 15 (14) –39 (12) 12 9.3 7.5 28 (14) –23 (12) 
Becke3P86/6–31G** 70 50.2 49.4 150 (2) – 20 16.8 11.4 13 (14) –41 (12) 13 10.1 7.5 29 (14) –22 (12) 
Becke3LYP/6–31G* 65 47.6 44.6 140 (2) – 17 14.6 7.6 20 (11) –35 (17) 9.0 6.6 6.1 20 (16) –21 (17) 
Becke3LYP/6–31G** 62 45.2 42.4 134 (2) – 17 15.2 7.4 21 (11) –31 (12,17) 8.8 6.8 5.5 20 (16) –16 (12) 
Becke3LYP/6–311G** 53 38.8 35.9 116 (2) – 21 19.3 7.3 17 (4) –36 (12) 8.9 7.6 4.6 17 (16) –18 (12) 
Becke3LYP/6–311G(2d,1p) 52 37.7 35.6 113 (2,20) – – – – – – 8.7 6.8 5.5 19 (16) –18 (17) 
Becke3LYP/6–311+G(2d,1p) 53 37.8 37.0 116 (2,20) – – – – – – 7.4 5.8 4.6 17.3 (16) –11.4 (8) 
Becke3PW91/6–31G** 68 48.9 46.9 144 (2,20) – 19 16.0 10.2 15 (11) –40 (12) 12 9.1 7.1 18 (16) –23 (12) 
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Table 5. Optimized geometrical parameters at B3LYP/6-311++G (3df,pd) level of the benzonitrile 
molecule 
 

Bond lengths (Å) Bond angles (degree) 

C1-C2 1.3990 C2-C1-C6 120.03 

C2-C3 1.3865 C-C2-C 119.72 

C3-C4 1.3910 C-C3-C 120.20 

C4-C5 1.3908 C-C4-C 120.13 

C5-C6 1.3867 C-C5-C 120.20 

C1-C6 1.3989 C-C6-C 119.72 

C1-C7 1.4299 C6-C1-C7 119.99 

CN 1.1522 C2-C1-C7 119.99 

  C1-C2-H1 119.58 

  C3-C2-H1 119.69 

  C-C-H2 119.68 

  C-CN 179.96 

 
The hybrid B3LYP method appears as one of the most accurate method today and is used primarily 

in the standard literature [2, 3, 12, 34, 35]. Table 5 shows the optimized bond length and bond angles in the 
benzonitrile molecule at B3LYP/6-311++G (3df,pd) level. In the benzonitrile molecule, the benzene ring 
appears a little distorted with larger C1-C2 and C1-C6 bond lengths and shorter C2-C3 and C5-C6, and 
angles out of the rectangular hexagonal structure. It is due to the effect of substitution of hydrogen with 
cyanogen group on the benzene ring. 

The experimental, calculated and scaled wavenumber at B3LYP/6-31G** level of the BN molecule 
are listed in Table 6. To improve the calculated wavenumbers, we used the scaling equation procedure. The 
difference between the observed and scaled wavenumber values of most of the fundamental is very small, 
and therefore the assignments seem to be correct. 
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Table 6. Vibrational assignments of benzonitrile molecule 
 
S.No. Calculated Scaled Experimental Characterization 

1. 3220.1 3095 3071 2,  (C–H) 

2. 3207.9 3083 3080 20a,  (C–H) 

3. 3217.1 3092 3039 20b,  (C–H) 
4. 3199.8 3076 –– 7a,  (C–H) 

5. 1657.4 1604 1599 8a,  (C=C) 
6. 1630.2 1578 1584 8b,  (C=C) 

7. 1534.3 1486 1492 19a,  (C=C) 

8. 1486.4 1441 1448 19b,  (C=C) 
9. 1335.6 1297 1337 14,  (C=C) 

10. 1363.1 1323 1289 3,  (C–H) 

11. 1053.5 1027 1027 18a,  (C–H) 

12. –– –– 381 15,  (C–H) 

13. 1191.6 1159 –– 9b,  (C–H) 

14. 1109.7 1081 –– 18b,  (C–H) 

15. 774.1 761 769 1,  (CCC) 

16. 1016.5 992 1001 12,  (CCC) 

17. 465.4 466 461 6a,  (CCC) 

18. 637.7 631 629 6b,  (CCC) 

19. 1010.0 986 987 5,  (C–H) 

20. 777.5 764 758 11, (C–H) 

21. 980.9 958 978 17a,  (C–H) 

22. 942.3 921 –– 17b,  (C–H) 

23. 704.2 694 686 4,  (CCC) 

24. 410.3 414 401 16a,  (CCC) 

25. 391.9 396 548 16b,  (CCC) 

26. 3189.6 3066 3042 13,  (C–H) 

27. 1205.9 1173 1178 9a,  (C–H) 

28. 861.0 844 848 10a,  (C–H) 

29. 1225.2 1191 –– 7b,  (C–CN) 

30. 570.1 566 –– 10b,  (C–CN) 

31. 2349.0 2264 2232  (C=N) 
32. 165.3 180 ––  (C=N) 

33. 147.1 162 162  (C=N) 
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Conclusion 
General application of ab initio and DFT methods has been limited to considerably small molecules. 

For larger molecules, more than 30 heavy atoms, calculations have been prohibitably expensive in computer 
memory and time consuming even with a small basis set. Although the fast advancement in the computer 
facilities could soon exceed it. 

DFT methods have shown a more reliable prediction for the calculated wavenumbers than with the 
expensive HF and MP2 methods [28]. 

The scaling equations procedure gives rise to a more noticable improvement in the predicted 
wavenumbers, than when a single overall scale factor is used [2, 3,28]. 

For the computed wavenumbers of the semiempirical methods it is not recommended to use a single 
overall scale factor or a scaling equation, instead specific scale factors for each mode should be used     [2, 
3, 28]. 

For benzene derivatives, the procedure selected for scaling depends on the size of the organic 
molecule and the accuracy required for the predicted frequencies [28]. If the benzene derivative has less than 
20-30 atoms, DFT methods and 6-31G* basis sets can be used for calculating frequencies. If the accuracy 
required is not very high (the errors in the predicted frequencies could be between 0 and 4%), then the use 
of the scaling equation is the simplest and easiest procedure, and among the DFT methods, the most cost 
effective is the B3LYP/6-31G*. If the accuracy required is high, then, with B3LYP should be used with 
large basis sets and specific scale factors for each mode [28]. 
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