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16.1 Molecular Vibrations

• molecular degrees of freedom are used to 
predict the number of vibrational modes
• vibrations occur as coordinated 
movement among many nuclei
• the harmonic oscillator approximation can 
be used to predict vibrational frequencies
• vibrational energy levels are used to 
show overtones and hot bands
• rough estimates of vibrational frequencies 
can be made by comparison to H2



Degrees of Freedom
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Nuclei connected by a bond are constantly traveling toward and 
away from each other in an oscillatory movement called a 
vibration.  

The number of vibrations that a molecule can have is predicted by 
the degrees of freedom of motion.  Each atom in a molecule has 
three degrees of movement, which correspond to the three axes in
space.  Thus, an N-atom molecule has 3N degrees of freedom.  

Locating the center of mass requires three degrees of freedom, 
while specifying the molecular orientation in space requires three 
angles from the center of mass.  Thus, a non-linear molecule has 
3N - 6 degrees of freedom left for vibrations.  

A linear molecule has an orientation which can be specified using 
only two angles.  As a result, linear molecules have 3N - 5 degrees 
of freedom.  



Normal Modes
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H2O has N = 3, thus there are 3×3 - 6 = 3 degrees of freedom.  
The normal modes, are shown above.  The names loosely 
describe the molecular changes created by the vibration.  

Most vibrations involve the concerted movement of several nuclei.  
This movement is treated as if it occurs along an axis, called the 
normal coordinate.  The vibrations are then called normal modes.
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CO2 has N = 3, thus there are 3×3 - 5 = 4 degrees of freedom.  
The bending modes are degenerate in energy, differing only in the 
direction in space that the vibration occurs.  



Harmonic Oscillator Approximation
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The harmonic oscillator approximation treats a diatomic as if the 
nuclei were held together by a spring.  The potential energy of a 
classical harmonic oscillator depends upon the square of the 
displacement from equilibrium and the strength of the spring.  All 
values of energy are allowed classically. 

The quantum mechanical solution to the harmonic oscillator 
equation of motion predicts that only certain energies are allowed,
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where k is the bond force constant, μ the reduced mass, and v the 
vibrational quantum number.  The energy difference between 
adjacent energy levels is the term in front of the parentheses. 
The vibrational frequency is then given by the following 
expression.
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Energy Level Diagram
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The energy levels for one normal mode 
are shown in the diagram.  Molecules are 
not true harmonic oscillators, thus the 
spacing between adjacent levels 
decreases as v increases.  

Normal infrared absorption occurs 
between the v = 0 and v = 1 levels.  
The v = 0 to v = 2, etc. transitions are called overtones.  They are 
forbidden transitions, thus have smaller peaks.  The v = 1 to v = 2 
transition is called a hot band.  It occurs because thermal energy 
populates v = 2 to some small extent.  As the temperature is 
increased, the peak becomes larger - thus the name.  

Just as in the ultraviolet and visible, infrared bands are broadened a 
couple hundred cm-1 by thermal population of rotational levels.   

A typical molar absorptivity is ~ 1 M-1 cm-1.  This means that 
infrared spectra are taken with a pure sample in a 1-mm cell.  



Estimating Vibrational Frequencies
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4,160 0.5ν μ∝

The highest vibrational frequency is 4,160 cm-1 for H2.  In theory 
there is no lower limit, but single bonded metals have very small 
frequencies, e.g. K2 = 93 cm-1.  

The vibrational force constant, k, should increase with the number of 
bonds.  Thus, we have F2 = 802, O2 = 1,580 and N2 = 2,360 cm-1.  

Vibrational frequencies can often be estimated by remembering the 
hydrogen frequency, and using the equation, 

Assume that a C—H stretch doesn't depend upon the other carbon 
bonds, and that k remains constant. For CH μ = 12/13.  
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The predicted frequency is fairly close to experimental values 
(3,000 - 2,800 cm-1).  



Infrared Inactive Modes
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In order for a vibrational transition to be infrared active, the motion 
along the normal coordinate has to change the molecular dipole 
moment.  

Homonuclear diatomics such as H2 or F2 have 1 mode, which is 
Raman active but not infrared active.  

For polyatomic molecules, vibrations which are symmetric are 
Raman active but not infrared active.  A simple example would be
the symmetric stretch of CO2.  Each bond is polar, but the vector 
sum is zero.  When the bonds stretch symmetrically the 
polarization of each bond changes, but the vector sum remains 
zero.  On the other hand, the asymmetric stretch compresses one 
bond and stretches the other bond.  The two bond polarities are 
not the same, and a dipole is created.  This mode is infrared active. 

Experimental determination of Raman and infrared activity for all 
vibrational modes is a great help in identifying molecular geometry.  


