
10.5.12  lecture PCIII 

 
Chemische Bindung und 

Molekulare Spektroskopie 
(Lehramt) 

 

Schwingungsspektroskopie 



Whereabouts 

infrared 



describing molecular vibrations 

• Classical model : simple Harmonic 
Oscillator (SHO) 

• Quantum SHO (QSHO) 

• first example with potential energy in 
Hamiltonian operator  

• Difference between classic/QM models 
:Zero Point Energy (ZPE) 
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Classical model 
(Harmonischer Oszillator) 

𝐹 = −𝑘𝑥 , 𝐹 = 𝑚𝑎 = 𝑚
𝑑2

𝑑𝑥2
  

𝑑2

𝑑𝑥2
+
𝑘

𝑚
 𝑥 = 0 

Hook‘s law      Newton‘s second law  

𝟐: oscillation frequency 

𝑥 𝑡 = 𝐴(sin𝑡 + 𝑏) 

𝑂𝑆𝐶 =
1

2
 
𝑘


  (Hz),  𝜇 =

𝑚1𝑚2

𝑚1+𝑚2
   

 
𝜇 = 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑚𝑎𝑠𝑠 (𝑅𝑒𝑑𝑢𝑧𝑖𝑒𝑟𝑡𝑒 𝑀𝑎𝑠𝑠𝑒) 
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1D-problem 2D-problem 



Quantum SHO (QSHO) 
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- free particle : 𝑉 𝑥 = 0 

- particle in box: 𝑉 𝑥 = 0 

- vibration : 𝑉 𝑥 = 1 2 𝑘 𝑥
2 

Quantized systems 

 

𝑣𝑖𝑏  = 𝑓 𝑥 . exp (−
𝛼𝑥2

2
)  (𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑤𝑎𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛)  

  

𝐸𝑣𝑖𝑏 =  𝑣𝑖 +
1

2
ℎ

3𝑁−6

𝑖=1

 , 𝑣𝑖 = 0,1,2,3       𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑞𝑢𝑎𝑛𝑡𝑢𝑚 𝑛𝑢𝑚𝑏𝑒𝑟  

𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑢𝑙𝑒 ∶  ∆𝑣 = ∓1 
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Solutions to the problem : 

What makes difference between systems is the potential term definition  



classical vs.quantum mechanics, 
energy curves 

Inter-nuclear distance (𝑥) 𝑥𝑒  

A 

A 

B1 

B1 B2 

B2 

E2 

E1 

𝐸 

𝐸 = 1 2  𝑘(𝑥 − 𝑥𝑒)
2 

𝑥 = 𝑥𝑒  → 𝐸 = 0 

- 𝒁𝑷𝑬 ∶ 𝒁𝒆𝒓𝒐 𝒑𝒐𝒊𝒏𝒕 𝒆𝒏𝒆𝒓𝒈𝒚 = 𝟏 𝟐 𝒉 
-𝐚𝒍𝒍𝒐𝒘𝒆𝒅 𝒂𝒏𝒅 𝒇𝒐𝒓𝒃𝒊𝒅𝒅𝒆𝒏 𝒕𝒓𝒂𝒏𝒔𝒊𝒕𝒊𝒐𝒏𝒔 (𝒔𝒆𝒍𝒆𝒄𝒕𝒊𝒐𝒏 𝒓𝒖𝒍𝒆𝒔) 
-t𝒓𝒂𝒏𝒔𝒊𝒕𝒊𝒐𝒏 𝒆𝒏𝒆𝒈𝒊𝒆𝒔 = 𝒉  
 
 

𝐸𝑣𝑖𝑏 = (𝑣𝑖 +
1

2
)ℎ 

𝐸 

𝑣 = 0 1
2 ℎ 

𝑣 = 3 

𝑣 = 2 

𝑣 = 1 3
2 ℎ 

5
2 ℎ 

7
2 ℎ 

𝑥𝑒  Inter-nuclear distance (𝑥) 
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(a) classical mechanics (b) quantum mechanics 



QHSO- wave functions 
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Hermite polynomials 



Normal modes 
(Normalschwingungen)  
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𝑙𝑖𝑛𝑒𝑎𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒: 3𝑁 − 5   
 
𝑛𝑜𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒: 3𝑁 − 6 

 
𝑏𝑎𝑠𝑖𝑐 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡𝑠: 

1,2)𝑠𝑡𝑟𝑒𝑡𝑐ℎ𝑖𝑛𝑔 𝑠𝑦𝑚𝑚 − 𝑎𝑠𝑦𝑚𝑚  
(Symmetrische/Asymetrische 
  Streckschwingung) 
 
3)𝑏𝑒𝑛𝑑𝑖𝑛𝑔 
(𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝑠𝑠𝑐ℎ𝑤𝑖𝑛𝑔𝑢𝑛𝑔𝑒𝑛  
Oder 𝐵𝑖𝑒𝑔𝑒/𝐵𝑒𝑢𝑔𝑒𝑠𝑐ℎ𝑤𝑖𝑛𝑔𝑢𝑛𝑔𝑒𝑛) 
 
𝑠𝑡𝑟−𝑎𝑠𝑦𝑚𝑚 > 𝑠𝑡𝑟−𝑠𝑦𝑚𝑚 > 𝑏𝑒𝑛𝑑  

 

picture adapted from http://www.ptli.com 



Example1: linear carbon dioxide 
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𝑠𝑡𝑟−𝑎𝑠𝑦𝑚𝑚 = 2282.0 𝑐𝑚
−1 

𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 561.5 𝑐𝑚
−1 

≠ 𝑛𝑜𝑟𝑚𝑎𝑙 𝑚𝑜𝑑𝑒𝑠 ∶ 3𝑁 − 5 = 4, 
𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍  𝒗𝒂𝒍𝒖𝒆𝒔 ∶ 𝑠𝑡𝑟−𝑎𝑠𝑦𝑚𝑚 = 2349 𝑐𝑚

−1 > 𝑠𝑡𝑟−𝑠𝑦𝑚𝑚= 1340 𝑐𝑚
−1 > 𝑏𝑒𝑛𝑑𝑖𝑛𝑔= 667 𝑐𝑚

−1 

𝑷𝒐𝒊𝒏𝒕𝒔 𝒕𝒐 𝒓𝒆𝒎𝒆𝒎𝒃𝒆𝒓:  𝒍𝒊𝒏𝒆 𝒊𝒏𝒕𝒆𝒏𝒔𝒊𝒕𝒚, 𝒅𝒆𝒈𝒆𝒏𝒆𝒓𝒂𝒄𝒚  

IR spectrum is calculated using ORCA software , http://www.thch.uni-bonn.de/tc/orca/ 
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Example2: non linear water 

𝑏𝑒𝑛𝑑𝑖𝑛𝑔 = 1618.4 𝑐𝑚
−1 

𝑠𝑡𝑟−𝑠𝑦𝑚𝑚 = 3613.1 𝑐𝑚
−1 

𝑠𝑡𝑟−𝑎𝑠𝑦𝑚𝑚 = 3778.5 𝑐𝑚
−1 

≠ 𝑛𝑜𝑟𝑚𝑎𝑙 𝑚𝑜𝑑𝑒𝑠 ∶ 3𝑁 − 6 = 3, 
𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍  𝒗𝒂𝒍𝒖𝒆𝒔 ∶ 𝑠𝑡𝑟−𝑎𝑠𝑦𝑚𝑚 = 3755.9 𝑐𝑚

−1 > 𝑠𝑡𝑟−𝑠𝑦𝑚𝑚= 3657.1 𝑐𝑚
−1 > 𝑏𝑒𝑛𝑑𝑖𝑛𝑔= 1594.7 𝑐𝑚

−1 

IR spectrum is calculated using ORCA software , http://www.thch.uni-bonn.de/tc/orca/ 


