
A little spectroscopy 



Internuclear separation (R) 



Rotation Spectra 

Classical Mechanics: 
Where I is the 
moment of inertia* 
and ω the angular 
momentum 

Quantum Mechanics: 

Quantize L with a 
value of ħJ where ħ 
= h/2π and J is an 
integer specifying 
the state 

The energy difference between 2 successive orders: = ħ/I ~ 10-3 to 10-4 eV 
Compare to  translational energy at room temp 3/2 k T = ~ 10-2 eV 

* I for 2 masses a distance R :  I =  m1 m2/(m1+m2) R2 



Rotational transitions: 
wavelength spacing 

What is the wavelength spacing between rotational lines? 



Rotational transitions: 
wavelength spacing 

What is the wavelength spacing between rotational lines? 



Vibrational states 

For the lowest states – can approximate as a simple harmonic oscillator. 
 
  
Quantum Mechanics:  

Where νk is the mode frequency and v an integer – the vibration quantum number 

What is the separation between vibrational states? 



Consider CO  

Lowest Energy State: E  = hν = hv1/2  
Wavenumber (ν/c) = 2127 cm-1 or 4.7 um 

The 1-> 0  and 2 -> 1 transition lines 
emit radiation at this same wavelength 

The 2->0 lines emit radiation at what frequency? 



Consider CO  

Lowest Energy State: E  = hν = hv1/2  
Wavenumber (ν/c) = 2127 cm-1 or 4.7 um 

The 1-> 0  and 2 -> 1 transition lines 
emit radiation at this wavelength 

The 2->0 lines emit at 2 x 2127 cm-1 = 4254 cm-1 or 2.35 um  



How many vibrational modes 
of an N>2 molecule? 

Think in terms of degrees of freedom 



How many vibrational modes 
of an N>2 molecule? 

 
A molecule with N atoms has a total of 3N degrees of freedom  
(each nucleus can be independently displaced in three perpendicular directions).  
 
Three of these degrees of freedom correspond to translational motion of the center of mass.  
 
For a nonlinear molecule, three more degrees of freedom determine the orientation of the 
molecule in space, and thus its rotational motion.  
 
This leaves 3N - 6 vibrational modes.  
 
A linear molecule has just two rotational degrees of freedom. 
 
This leaves 3N - 5 vibrational modes. 



CO2 

How many vibrational bands does CO2 have?  
Are we missing any?  

Do they all interact with radiation?  



CO2 

Symmetric Stretch ν1 
No electric dipole 

No radiative interaction 

Asymmetric Stretch ν2 
4.26 μm 
2349 cm-1 

Bend ν2 & ν4 
15.0 μm 
667 cm-1 

Famous Greenhouse warming transition! 



CH4  

ν1 
3.2 μm 

3025.5 cm-1 

ν3 
3.3 μm 

3156.8 cm-1 

ν2 
6.3 μm 

1582.7 cm-1 

ν4 
7.3 μm 

1365.4 cm-1 

Strong band seen in the spectra of all the giant planets and 
Titan, in non-LTE.   Remind me to show you cool Titan data.  



CH4  

ν1 
3.2 μm 

3025.5 cm-1 
(inactive) 

ν3 
3.3 μm 

3156.8 cm-1 

ν2 
6.3 μm 

1582.7 cm-1 

ν4 
7.3 μm 

1365.4 cm-1 



H2O 



H2O 

ν3 
2.7 μm 

3755.9 cm-1 

ν2 
6.3 μm 

1594.8 cm-1 

ν1 
2.7 μm 

3657.1 cm-1 



Vibration-Rotation spectra 



Rotation transitions: 
Selection rules --- 

Also:  
 
ΔJ = 0  
 
For spherical 
top molecules 
 
Not diatomic 
molecules 



CO spectrum 



Methane ν3 spectrum 



Cross sections of common 
molecules 







Earth’s IR emission spectrum 





Optical reflection spectra 









Summary 


