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Predicting wavenumbers of vibrational spectra, its use in spectroscopy 
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For the wavenumber calculations, many Quantum Chemical methods are available today, implemented in a 

large variety of programme packages. The present communication gives a brief resume of the results obtained 

for some compounds of medium size, and the accuracy reached with them. It is concluded that the basis set 

has little influence, but the 6-31G* and 6-310** have the most adequate cost-effective relationship. © Anita 

Publication All right reserved. 

1 Introduction 

The availability of computer software and memory, and a wide variety of laser sources, has opened 

up new vistas in the field of spectroscopy. Thus it has now become possible to study the vibrational spectra of 

many compounds, in the neutral and ionic forms, which are important in many fields of biology, medicine, 

chemistry and physics. The versatility of Raman spectroscopy, together with its ease of sampling via coupling 

to fibre optics, macro optical arrangements and microscopes, allied to the properties of being nondestructive, 

non-invasive and very often highly selective and the ability to sample through glass which permit to be used 

to study the species in all physical forms including solution, have converted Raman spectroscopy in a very 

powerful analytical technique.The reliable prediction of spectra can be used to identify a molecule or to 

confirm the identity of a product. It is specially important for the identification of experimentally observed 

reactive intermediates for which the theoretically predicted wavenumbers can serve as fingerprints. 

From a practical point of view, the main disadvantage of vibrational spectroscopy is the lack of a 

direct spectra-structure relation. This make it impossible or difficult to determine the structure of a molecule 

only from its vibrational spectrum, except in very small molecules, and mainly restricts the vibrational spec-

troscopy to the identification of known molecules, and the detection of some characteristic functional groups 

(carbonyl, amide etc.). This lack of the vibrational spectroscopy can be removed in principle if it is comple-

mented with theoretical methods. If a method that could predict the vibrational spectra reliably is found, it 

could then be used to calculate the expected spectra of the proposed structures. Comparison with the ob-

served spectra would then confirm the identity of a product, even that of a completely new molecule, and in 

Some cases its conformation also. In addition, if vibrational spectroscopy is complemented with other ana-

lytical methods, in particular mass spectrometry, the number of possible structures could be restricted to a 

reasonably small number, by providing summary formulas and some information about the functional groups, 

and thus reduce the theoretical task. 

Until recently, the spectroscopists have attempted to interpret the vibrational spectra of complex 

molecules, by a transposition of the results of normal coordinate analysis of simpler molecules, often aided 

by qualitative comparisons of the spectra of isotopically substituted species, and the polarizations of the 

Raman bands. However, by this way the interpretation of all the bands observed in the spectra is risky, owing 

to the fact that while some of the assignments may be credible, other can be highly speculative. Further, the 
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modes assigned to these vibrations are often grossly oversimplified in an attempt to describe them as group 

wavenumbers in localized bond systems. The use of adequate quantum-chemical methods for predicting the 

wavenumber of the spectra remarkably reduces the risk in the assignment and can accurately determine the 

contribution of the different modes in an observed band. As a consequence, this procedure appears today to 

be used extensively [1-12]. 

However, the computation of the vibrational spectrum of a polyatomic molecule of even modest size 

is lengthy. In spite of the tremendous advances made both in theoretical methods and computer hardware, the 

most accurate quantum chemical methods are still too expensive and cumbersome to apply as routine re-

search. Thus, one may be forced to work at a low level, and consequently, one must expect a large overesti-

mation of the calculated wavenumbers. This overestimation 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, solvent effects, etc, and can be remarkably reduced with the use of transferable empirical param-

eters for the force fields, or for the calculated wavenumbers. These empirical parameters, called scale factors. 

are therefore designed to correct the calculated harmonic wavenumbers to be compared with the anharmonic 

wavenumbers found by the experimemt. The scale factors are a consequence of the deficiency of the theoreti-

cal approach and potentially allow vibrational wavenumbers (and thermo chemical information) of useful 

accuracy to be obtained from procedures of moderate computational cost only. Widespread application to 

molecules of moderate size is then possible [3]. 

Only the most expensive methods available today are accurate enough without empirical correc-

tion to predict spectra to the required accuracy. However, they are limited to very small molecules. Further 

advantage in the future in computer hardware and theoretical methods might as well be possible to predict 

accurate spectra without empirical corrections. 

The present communication gives a brief resume of the results obtained with some compounds of 

medium-size, and the accuracy reached with them. Results are only shown corresponding to ground state and 

to the IR range, 3500-300 cm
-1

. 

2 Computational Methods 

For the wavenumber calculations, many Quantum Chemical methods are available today [1] 

implemented in a large variety of programme packages. For molecules of moderate size, can be used ab initio 

calculations with wavefunctions based HF and MP2, and Density Functional Theory (DFT) [1] methods. 

Among these theoretical methods, the DFT methods are more 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 (B3) in combination with the correlation functionals of Lee, 

Yang and Parr (LYP), Perdew 1986 (P86), Perdew and Wang's 1991 (PW91) lead to the best results. Several 

basis sets can be used, but to get accurate results the simple 6-310*
.
 or the 6-31C**  gives the best computer 

costly effectively relationship. 

For large molecules, only the semiempirical methods can be employed for the computation of 

vibrational wavenumbers for their inherent low computational cost. 

3 Result and Discussion 

In column 4th and 6th of Table 1 are listed the root mean square errors (rms) obtained in the calculated 

wavenumbers of two standard molecules of medium-size (benzene and aniline), with different methods and 

basis set. With HF and MP2 a very large rms error, between 114-171 cm
-1

, is noted. It is due to the fact that 

wavenumbers are usually calculated using the simple harmonic oscillator model, and therefore, they are 

typically higher than the fundamentals observed experimentally. Thus they appear in general overestimated 

[3], by about 10-20% at the HF level, and by about 5-10% at the MP2 level. 
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Table 1. Coefficients of the scaling equation and root-mean-square (rms) errors obtained in 
the calculated and scaled wavenumbers of benzene and aniline molecules. 

 

Methods Coeff. equation♣ rms. benzene rms. aniline 

a b Cale. Scaled Cale. scaled 

HF/6-31G* -4.0 0.9103 171 29 164 23.9 
HF/6-31G** -8.6 0.9162 163 29 158 24.3 
HF/6-31++0** -6.2 0.9153 163 29 156 24.3 
MP2/6-31G** 83.4 0.9088 114 53   

B3P86/6-31G* 25.0 0.9473 73 12 69 13.1 

B3P86/6-31G** 27.2 0.9476 70 13 67 13.4 
B3LYP/6-31G* 23.3 0.9519 65 9 61 11.8 
B3LYP/6-31G** 22.1 0.9543 62 8.8 59 11.2 
B3LYP/6-311+G(2d,p) 20.8 0.9601 53 7.4 49.7 10.4 
B3LYP/6-311++G(2d,p) 28.5 0.9574   49.6 12.4 

B3PW91/6-31G** 24.8 0.9501 68 12 64.7 12.8 
B3PW91/6-311+G(2d,p) 25.2 0.9554   54.7 10.8 

MPW1PW91/6-311+G(2d,p) 24.6 0.9499   64.1 10.5 
 
♣v(scaled) = a + b ·ω 

With DFT methods, the wavenumbers are closer to the experimental ones than by HF and MP2. The 

rms errors appear remarkably lower, between 50-70. However, they continue being very large for the accuracy 

required for the assignment. A simple procedure to improve these results is through the scaling. Different 

procedures [3-5] can be used to scale the wavenumbers, but those ones, which use a scale equation give rise 

to the best accuracy/ complexity relationship [4]. 

In the scaling equation procedure,  the  scaling  is  carried out  using  a equation determined in an 

analogous, but simpler  molecule at  the  same level of  theory. For the  present  molecules, the specific scale 

equations required at each computational level appear listed in the 2nd  and  3rd  columns of Table 1. Due to 

the specificity of this procedure, a remarkable improvement  in  the  predicted   wavenumbers  is reached, 

especially in the low-wavenumber range. The rms error obtained  following  this  scaling  procedure  in 

benzene and  aniline  molecules are  collected in  the 5
th
 and 7

th
 columns. It can  be  noted that  the error drops 

between 7-8 times with the scaling. The best results are also obtained with the DFT methods. The lowest 

error corresponds to the B3LYP/6-3 I 1+G (2d,p) level,  although the  relationship accuracy/ computational-

cost appears optimum for the B3LYP/6-3 IC level. 

With semiempirical methods, omitted in Table 1, the errors are remarkably larger. In general AM1 

overestimates the predicted values while by PM3 and SAM 1 some of the values appear strongly overestimated 

or underestimated. Thus, these methods only should be used for large molecules. 

Table 2 shows, as example, the result obtained using the scaling equation procedure in three 

difluorobenzonitrile molecules at the B3LYP/6-31G** level. It can be observed that the experimental Raman 

wavenumbers can be predicted more adequately with the use of this scaling procedure. The absolute error 

obtained is in general lower than 40 cm
-1

, and the rms error close to 16 cm
-1

. 

Table 3 collects the rms errors obtained in the calculated and scaled wavenumbers of several 

compounds at the B3LYP/6-31G** level.The drop in the errors is ca.three times with the scaling. It can be 
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noted that in general the errors increase according to the complexity of the molecule. Some large errors in the 

scaling, like in 5-fluorouracil [6], are due to the lack of accurate experimental wavenumbers. 

4 Summary and Conclusion 

DFT methods have shown a more reliable prediction for the calculated wavenumbers than with the 

expensive HF and MP2 methods. The most cost effective are the B3-based DFT procedures. The LYP 

correlation functional was slightly better than the P86 and PW91. The basis set has little influence, but the 6-

31G* and 6-31G** have the most adequate  cost-effective relationship. The best relation was obtained 

with the B3LYP/6-31G*. 
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