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Electromagnetic spectrum 
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Energy levels 
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Width and shape of spectral lines 
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Rotational – vibrational spectrum 

Simulation of vibration-rotation  line spectrum of carbon monooxide 
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Line broadening 

hν 
1 hν 

n 

Δε = width of spectral line 

Heisenberg's uncertainty principle 
τ – particle lifetime on the energy level 
Δε - width of spectral line 
 
Δε τ ≥ h / 2π 
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Line broadening – Doppler effect 
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Doppler effect 
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Beer–Lambert law 

I0 
I 

T =  
𝐼

𝐼0
  

Transmitance Absorbance 

𝐴 = 𝑙𝑜𝑔
1

𝑇
 

Detector 
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Harmonic oscillator 

F = −𝑘𝑞 
F = Force acting on the system 
k =  constant  strength 
q =  r - r0        

r0 position at equlibrum 
r  position at the moment 

q (t) = Qcos2πνt 
Q = amplitude  

  ν = frequency     

 

k 
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Reduced mass 

k 1
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1

1
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1
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𝑚1𝑚2

𝑚1 + 𝑚2
 

Bond Energies   Reduced mass 
 
CH3―CH3 368 KJ/mol  (12*12)/(12+12) = 6 
 
CH3―H 431 KJ/mol  (12*1)/(12+1) = 0.92  
 
CD3―D 442 KJ/mol   (12*2)/(12+2) = 1 .71 
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Quantum harmonic oscillator 

- 
ℎ2

8π2𝑚𝑟𝑒𝑑
 
𝑑2Ψ

𝑑𝑞2
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1

2
 𝑘𝑞2Ψ = 𝐸Ψ  

Schrodinger  Equation for harmonic  oscillator 
 

𝐸𝑜𝑠𝑐 =  
𝑕

2π

𝑘

𝑚𝑟𝑒𝑑
ν +

1
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Quantum number 
υ = 0, 1, 2 

Δ𝐸𝑜𝑠𝑐 = 𝐸ν+1 − 𝐸ν =
ℎ

2π

𝑘

𝑚𝑟𝑒𝑑
 

Selection rule Δν = +/- 1 
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Quantum harmonic and 

anharmonic oscillator 
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Anharmonic oscillators 

𝐸𝑜𝑠𝑐 𝑎𝑛ℎ =  
𝑕

2π
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Equation of potential energy 
 of anharmonic oscillator 

U(𝑞) = 
1

2
 𝑓 𝑞 𝑞2 

x -anharmonism factor 
k0 - constant  strength for υ =0 

Δ𝐸𝑜𝑠𝑐 = 𝐸ν+1 − 𝐸ν =
ℎ

2π

𝑘0

𝑚𝑟𝑒𝑑
 1 − 2𝑥(ν + 1)  

Selection rules Δν = +/- 1, +/-2, +/-3, …. 
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Overtones 

Fundamental band 
 
 
 
1-st overtone band 
 
 
 
2-nd overtone band 
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Overtones 

γ out of plane Car – H 

Overtones or combinational bands 
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Overtones 

(γ) out of plane C=CH2   883 cm-1 Overtone 1783 cm-1 
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Degrees of freedom 

N – atomic molecule has 3N degrees of freedom 

Translational Energy 
 
 
 1 atom has three translational  
dergees of freedom  
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Degrees of freedom of molecule 

Number of vibrational degree of freedom  is  (2N – 5) for linear  molecule  

Translational Energy 
Molecule also has three translational  
degrees of freedom  

Rotational Energy 
Two atomic (linear ) molecule 
has two  rotational  
degrees of freedom  

Vibrational Energy 
Two atomic (linear ) molecule 
has one vibrational  
degree of freedom  
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Degrees of freedom of molecule 

Number of vibrational degree of freedom  is  (3N – 5) for linear  molecule  

Translational Energy 
3N atomic linear molecule also has three translational  degrees of freedom  

Rotational Energy 
3N atomic linear molecule has two  
Rotational degrees of freedom  

Vibrational Energy 
Three atomic linear  molecule 
has 4 vibrational degree of 
freedom  
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Degrees of freedom of molecule 

Number of vibrational degree of freedom  is  (3N – 6) for non-linear  molecule  

Translational Energy 
3N atomic nonlinear molecule also has three translational  degrees of freedom  

Rotational Energy 
3N atomic non-linear molecule has three  
rotational degrees of freedom  

Vibrational Energy 
3N atomic non-linear molecule 
molecule has (3N-6) vibrational  
degree of freedom  
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Vibrational modes - water 

asymmetric stretch 
νas OH    3756 cm-1

 

symmetric stretch 
νs OH   3657 cm-1

 

Scissoring bend 
δs HOH 1595 cm-1

 

The angle between the bonds does not change 
The angle  
between  bonds change 
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Vibrational modes - classification 
Vibration with change of bond length   
 
--    streching vibration νs  and νas     (vibration in plane) 
 
 
 
 

Vibration with change of an angle between the bonds 
  
--   in-plane scissoring (bending) δs  

--   in-plane bending  (rocking) ρ 
--   out-of-plane bending (wagging) ω 
--   out-of-plane bending (twisting) τ 
 
 
Classification in terms of symmetry (symmetric  / asymmetric) 
 
Classification in terms of plane of vibrations ( in plane / out of plane (γ) ) 
 
 
Greek small letters υ (Nu), δ (Delta), ρ (Rho), ω (Omega), τ (Tau), γ (Gamma) 

Dr hab Sławomir Makowiec 2021 23 



Vibrational modes for CH2 
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Vibrational modes for CH2 

Symmetrical streching  νs  

Asymmetrical streching  νas  

In-plane scissoring  δs  In-plane bending  ρ 

Out-of-plane bending (twisting) τ Out-of-plane bending (wagging) ω 
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Probability of vibrational transition   

 Intensity of absorbtion 

𝐼 ≈ dmn
2 

Intensity of absorbtion is propotional to square of 
transition moment (transition dipol moment) dmn 

- transition between an initial state m and a final state n. 

dmn =  𝛹
∗
𝑚 𝜇 𝛹𝑛 𝑑𝑞

+∾

−∾
 

 

dmn transiton moment between wave functions 𝛹m and 𝛹n 
 
𝜇  - dipol moment operator 
q - position 

𝐼 ≈ 
𝑑μ

𝑑𝑞 𝑞=0

2
 

Intensity of absorbtion is propotional to square of  
the derivative of the dipol moment with respect  
to the normal coordinate of vibration 

𝑰𝒇 𝒕𝒉𝒆  
𝒅𝝁

𝒅𝒒

𝟐
= 𝟎     𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒎𝒂𝒈𝒏𝒆𝒕𝒊𝒄 𝒘𝒂𝒗𝒆 𝒊𝒔 𝒏𝒐𝒕 𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒅 
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Vibrational modes of CO2 

𝑑μ

𝑑𝑞
= 0 Band inactive in IR 

𝑑μ

𝑑𝑞
≠ 0 

𝑑μ

𝑑𝑞
≠ 0 

𝑑μ

𝑑𝑞
≠ 0 
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Changes of dipol moment -vibrations 
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Vibrations - changes of dipol moment 
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Classification of bands 
 
 
1. Fundamental bands  
       excitation from ground state to the lowest-energy excited state. 

 
2. Overtone Bands  
      excitation from ground state to higher energy excited states,. 
 
3. Combination Bands  
     excitation is a sum of the two interacting bands νcombination = ν 1 + ν2. 

 
4. Difference Bands  
    excitation   is a difference between the two interacting bands νdif = ν 1 - ν2. 
    (Simultaneous absorption on one oscillator and emission from the second oscillator 
 
5. Fermi Resonance 
    Coupling of a fundamental vibration  with an overtone 
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Fermi Resonance 
Fundamental 
vibration 

Overtone 

Resulting bands 

Before  Fermi resonance After  Fermi resonance 
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Fermi Resonance - ketones 

Overtone of CH2 

bending modes 

Normal mode of C=O 

stretch 

IR spectrum of cyclopentanone in: 
A. CCl4 B. CS2  C. CHCl3 D. Thin film  
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Fermi Resonance – acyl chlorides 
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