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Vibrational spectra of poly atomic molecules 

 

Vibrational spectra are occurred in infrared region which is having range from 2.5 

micrometer to 15 micrometer (wavelength). The wavenumbers are expressed as reciprocal 

of centimeter or wavelength i.e. 

Wavenumber (cm-1) = 1/ wavelength (cm) 

 In 1800, Sir William Herschel found that if he placed a thermometer beyond the red 

region of the spectrum of the sun, the spectrum was obtained by dispersing the rays of the sun 

using a prism, the thermometer warmed up more than when it was placed in the visible 

region. With this observation, Herschel discovered infrared radiation.  

Study of the absorption of molecules in the infrared (i.r. or IR) region started at the 

beginning of the XXth century. The instrument that determines the absorption spectrum for a 

compound is called an infrared spectrometer or IR spectrometer. There are two types of 

infrared spectrometer used in the organic laboratory: 

1. Dispersive infrared spectrometer 

2. Fourier transform infrared spectrophotometer (FTIR) 

Up until the 1940s, IR spectroscopy was used in just a few physics labs, principally to 

investigate the structure of molecules. Using spectrometers was a complex task requiring a lot 

of effort and time; for example, infrared spectra were recorded point by point.  

At the same time, spectrometers were extremely sensitive to even small fluctuations, 

for example that of the temperature of the measuring room. During WWII the need to use 

infrared radiation arose, which led to quick development of infrared detectors. The 

spectrometers built with the new sources and detectors were much less cumbersome, the 

simplicity and speed of the measurements made IR spectrometers one of the most important 

analytical tools in the hands of chemists.  

Imagining a molecular bond vibration with the traditional ball and spring model 

(Figure 1a) and its resultant harmonic oscillator depiction (Figure 1b) allows us to calculate 

the selection rules for vibrational transitions to be  

υ2 - υ1= ± 1 

Where υ1 is vibration quantum number for first energy level and  

υ2  is vibrational quantum  number for second energy level 

As for any harmonic oscillator,  



When a bond vibrates, its energy of vibrational is continually and periodically 

changing from kinetic to penitential energy and back again. 

The total amount of energy is proportional to the frequency of vibration, 

Eosc = hvosc 

Where vosc is frequency of vibration for oscillator 

 

  

 

Figure 1: a. Ball and spring model used to approximate molecular vibrations.  

                 b. Depiction of the calculated energy levels of a molecular vibration using 

the Harmonic Oscillator approximation. 

All atoms of a molecule oscillate with the same frequency and in phase. There are stre

tching‐ (change of bond length) and deformationvibrations (change of bond angle) existing. T

hey can be symmetric and antisymmetric.       

Examples:     Normal modes of vibration of CO2 :       Normal mode of vibration of H2O:   



Selection rules for Raman spectra 

 

In atomic and molecular spectra, a selection rule describes how the probability of 

transitioning from one level to another cannot be zero. It has two sub-pieces: a gross 

selection rule and a specific selection rule. Selection rules specify the possible transitions 

among quantum levels due to  

Absorption of electromagnetic radiation  

Or emission of electromagnetic radiation. 

For vibrational Raman spectroscopy, the gross selection rule is that the polarizability ( E = 

αP ) of the molecule should change as it vibrates.  

The specific selection rule for vibrational Raman spectroscopy is  

∆v = ±1 i.e. 

∆v = v2 – v1 = 1 or 

∆v = v2 – v1 = -1 

∆v = 0 are not allowed 

Where the ∆v = 1 corresponds to Stokes lines and  

 ∆v = −1 corresponds to Anti-Stokes lines. 

Similar, the specific selection rule for rotational Raman spectroscopy is  

∆J = ±1 i.e. 

∆J = j2 – j1 = 1 or 

∆J = j2 – j1 = -1 

Where j1 is rotational quantum number for first energy level and 

J2 is rotational energy level for second energy level 

The Stoke and Anti-Stoke lines showing given below 

 



 

 

Selection rules for infrared spectra 

 

For a particular vibration to be infrared active there must be a change in the dipole 

moment of the molecule during the vibration. 

In other words transition dipole moment must not be zero. 

Homonuclear diatomic molecules (like N2, O2 etc.)  are inactive in the infrared 

spectrum.  They do not have a dipole moment to start with and during the vibration also the 

dipole moment is zero. eg: H2, O2, N2etc. 

Heteronuclear diatomic molecule such as CO, NO are active in IR 

Symmetrical polyatomic molecules such as CO2, the symmetric stretching vibration 

is infrared inactive whereas the asymmetric stretching vibration is IR active 

∆ν= ±1, 

Transition can take place between Adjacent vibrational levels such as; 

0 to 1,  

1 to 2 etc. 



Complementary of Raman and infrared spectra 

 

The infrared (i.e. IR) and Raman spectroscopies are complementary. A molecule 

without a permanent electric dipole moment does not absorb radiation and hence cannot be 

studied by IR absorption. Equations show that this restriction does not hold for Raman 

spectroscopy. However, a different condition, the change of the polarizability of the molecule 

is needed to get Raman scattering which condition is not a prerequisite for IR absorption. 

Thus, molecules can show up partly complementary faces in the two spectra.  

The complementary character of the two spectroscopies can be demonstrated by the 

vibrational modes of the CO2 molecule (as per the below Fig. ) 

 

1. In symmetrical stretch, the dipole moment of the molecule does not change (this 

mode is called, IR inactive") but the polarizability of the molecule does change 

(the mode is „Raman active"). 

2.  In asymmetrical stretch, the case is opposite: the dipole moment changes (IR 

active) but the polarizability does not (Raman inactive).  

The banding can occur either in the plane or out of the plane. The deformation 

vibrations of the CO2 are degenerate and appear in the same region (666 cm-1) in the IR 



spectrum. There is no change in the polarizability of the molecule; therefore the bending 

vibrations are Raman inactive.  

The water has strong absorption in two regions of the IR spectrum: around 1500 cm-1 

and 350 cm-1. Unfortunately, vibration spectra of many important biomolecules fall into these 

sections and are overlapped by the strong bands of the water. To obtain data in these regions, 

dried samples or samples in D2O are used, but both methods can affect the function of the 

biomolecule.  

A clear advantage of the Raman spectroscopy over the infrared spectroscopy is that 

the radiation can be entirely in the visible range, so the complications arising from needing to 

select a range of infrared-transparent sample cells and from the strong absorption of the water 

are avoided. In below Table, the most important differences between the two spectroscopies 

are listed. 

Table: Differences between Raman and conventional infrared spectroscopies. 

 



Raman spectroscopy is often considered to be complementary to IR spectroscopy. 

Infrared radiation causes molecules to undergo changes in their vibrational and rotational 

motion. When the radiation is absorbed, a molecule jumps to a higher vibrational or rotational 

energy level. 

 

Normal mode of CO2 molecule 

 

Normal modes of vibration:   

Diatomic molecules can perform only one single vibration motion. The number of pos

sible vibrational modes of multiatomic molecules like CO2, H2O 

etc.  can be calculated in the following way:  

1. each single atom can move to 3N spatial coordinates i.e. x, y, z 

for N number of atoms.  

2. Therefore a system of N points of mass has 3N degrees of freedom available.   

3. In three of corresponding these movements (like px, py, pz 

), however, the atoms do not shift themselves relative to one another, but they all 

move  in the same direction,  

4. Thereby simultaneously changing the position of the center of mass.     

Degree of freedom: 

The minimum number required coordinates, which are completely, explain the motion 

of body or particles in a particular system that is called degree of freedom. For examples: 

In plane (x, y),  

Cylindrical, spherical, rigid body etc.  

The number of vibrational degrees of freedom is showing by 

For nonlinear molecules  

Degree of freedom (df) = 3N- 6 and 

For linear molecules.  

Degree of freedom (df) = 3N- 5   



A linear three atomic molecule like CO2 has 4, a nonlinear three atomic molecule like

 H2O has 3, NH3,NH4  and N2O4 have 6,9 and 12 independent vibrational coordinates, respe

ctively.     

Types of vibrations:   

The simplest types , or mode , of vibrational motion in a molecule that are infrared  

active  those, that give rise to absorption are 

1. The stretching modes and 

2. Bending modes. 

The terms scissoring, rocking, wagging and twisting are commonly used in the 

literature to describe the origin of infrared bands. 

In any group of three or more atoms, at least two of which are identical, there are two 

modes of stretching: 

1. Symmetric mode 

2. Asymmetric mode 

Example of such grouping are: - CH3, - CH2 -, -NO2, -NH2 and anhydrides. 

All atoms of a molecule oscillate with the same frequency and in phase. There are stre

tching‐ (change of bond length) and Deformationvibrations (change of bond angle) existing.  

They can be symmetric and antisymmetric.       

Examples:     Normal modes of vibration of CO2 :        

                      Normal mode of vibration of H2O:   

Calculation of stretching frequencies for different types of bonds: 

1. For C = C bond (where C- Carbon) 

ῡ = 
𝟏

𝟐𝝅𝒄
 √𝑲/µ  

= 4.12 √𝑲/µ   …………………………………………………………………(1) 

Here , K = 10 * 105 dynes/cm (Force constant) and  

 Reduce mass,  µ = 
𝑴𝒄 𝑴𝒄

𝑴𝒄 𝑴𝒄
 ,  

here Mc is atomic weight of carbon 



= 
(𝟏𝟐)(𝟏𝟐)

𝟏𝟐 𝟏𝟐
  

µ = 6 

Putting value of K and µ in the equation 1 then  

ῡ = 4.12 √𝑲/µ 

ῡ = 1682 cm-1 (Calculated) 

ῡ =1650 cm-1 (Experimental) 

2. For C – H  bond (where C – Carbon and H- Hydrogen) 

ῡ = 
𝟏

𝟐𝝅𝒄
 √𝑲/µ  

= 4.12 √𝑲/µ   …………………………………………………………………(1) 

Here, K = 10 * 105 dynes/cm (Force constant) and 

 Reduce mass , µ = 
𝑴𝒄 𝑴𝑯

𝑴𝒄 𝑴𝑯
 

Here Mc is atomic weight of carbon and MH is atomic weight of hydrogen  

= 
(𝟏𝟐)(𝟏)

𝟏𝟐 𝟏
  

µ = 0.923 

Putting value of K and µ in the equation 1 then  

ῡ = 4.12 √𝑲/µ 

ῡ = 3032 cm-1 (Calculated) 

ῡ = 3000 cm-1 (Experimental) 

3. For C - D bond (where C- Carbon and D – Deuteron ) 

ῡ = 
𝟏

𝟐𝝅𝒄
 √𝑲/µ  

= 4.12 √𝑲/µ   …………………………………………………………………(1) 

Here , K = 10 * 105 dynes/cm (Force constant) and  



Reduce mass, µ = 
𝑴𝒄 𝑴𝑫

𝑴𝒄 𝑴𝑫
 

Here Mc is atomic weight of carbon and MD is atomic weight of deuteron   

= 
(𝟏𝟐)(𝟐)

𝟏𝟐 𝟏𝟐
  

µ = 1.71 

Putting value of K and µ in the equation 1 then  

ῡ = 4.12 √𝑲/µ 

ῡ = 2228 cm-1 (Calculated) 

ῡ = 2206 cm-1 (Experimental) 

Normal mode of CO2 and H2O explain given below:           

 


