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Theoretical rovibronic spectroscopy  

of small molecules  



Where is 

Wuppertal? 



Bergische Universität Wuppertal 



The Schwebebahn (monorail) in  Wuppertal 



Remote sensing experiments 
     ....astrophysics/chemistry 

     ....atmospheric research 

Determine what is there 

 

Determine how much is there 



To determine how much is there, we must know the 

line strengths of the rovibronic transitions in question. 

 

Line strength: Molecule-intrinsic transition probability 

 

 

 

 

Line strengths can be measured by laboratory  

spectroscopy of molecules at known concentrations. 

 

 

 

 

 

 

 

Remote sensing experiments 
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An example ... 
      

J. Vander Auwera, Université Libre de Bruxelles, B 

A. Perrin, Université Paris 12, F 

T. F. Giesen, University of Cologne, D 

W. Stahl, University of Aachen, D 



The experiments, in particular the determination of 

concentrations for unstable molecules, are difficult. 

 

So what about theoretical calculations of line 

strengths? 

 

Ingredients:  Ab initio potential energy surfaces 

   (PES) 

   Ab initio dipole moment surfaces 

   (DMS) 

 

 

 

 

 

 

Remote sensing experiments 
      





Starting point: 

The Born-Oppenheimer Approximation 

electronic coordinates 

nuclear coordinates 



Ab initio (electronic structure) calculation 

nuclear positions fixed in space 

r 

r 

VBO 



X 

Y 

Z 

(Xi,Yi,Zi) 

Ab initio calculation of dipole moment 

components 

Expectation value of dipole moment 

operator for electronic wavefunction 

 

 

 

A = X, Y, Z 

 

 



Nuclear-motion calculation 

„observable“ energy 

from ab initio calculation 

„ansatz“ for the wavefunction 
known basis function 

(harmonic oscillator, rigid rotor...) 



Variational nuclear-motion calculation 

„ansatz“ for the – initially unknown – 

wavefunction 

known basis function 

(harmonic oscillator, rigid rotor...) 

        is an eigenvalue of the matrix with the elements 

 

 

 

The eigenvector coefficients are 

 

 

 

 



Morse oscillators 
Two-dimensional  

isotropic harmonic  

oscillators for doubly  

degenerate bending  

vibrations 
Numerov-Cooley 

solution of  inversion 

Schrödinger 

equation for 

Rigid rotor 

eigenfunctions 
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[1]  H. Lin et al., J. Chem. Phys. 117, 11265 (2002) 

[2] S.N. Yurchenko et al.,  Mol. Phys. 103, 359 (2005) and references given there. 

Energies/wavefunctions from variational  

rotation-vibration calculations 

Basis functions: 

Hougen-Bunker-Johns theory: 

Eckart & Sayvetz conditions 

 Tnuc = expansion in the i 

 



Vibrational basis set: 

8)(2 321  bendinv Vvvvv

J ≤ 18 

   

 

CCSD(T)/aug-cc-pVTZ, 51816 points [2] 

extrapolated to CBS+ level (3814 points, 

complete basis set, relativistic effects) 

[1] S. N. Yurchenko, M. Carvajal, H. Lin, J. J. Zheng, W. Thiel, and P. Jensen, J. Chem. Phys. 122, 

104317 (2005).  

[2] H. Lin, J. J. Zheng, S. N. Yurchenko, P. Jensen, and W. Thiel, in preparation. 

Variational rotation-vibration  

calculations for NH3 

Dipole moment surfaces: 

Potential energy surface: 

   

 

CCSD(T)/aug-cc-pVTZ, 14400 points [1] 

Frozen-core-approximation 

Numerical finite-difference procedure 



“Molecular Bond” representation [1] for general use 

[1] S.-G. He, J. J. Zheng, S.-M. Hu, H. Lin, Y. Ding, X.-H. Wang, and Q.-S. Zhu, J. Chem. Phys. 

114, 7018 (2001). 

Electronically averaged dipole   

moment for NH3 expressed as 

Expansion in linearized displacement coordinates (14NH3) for  

use in present calculations 

All parameter values are available on request! 
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Vibrational transition moments for   
14NH3  

[1] P. Pracna, V. Špirko, and W. P. Kraemer, J. Mol. Spectrosc. 136, 317 (1989). 

[2] R. Marquardt, M. Quack, I. Thanopulos, and D. Luckhaus, J. Chem. Phys. 119, 10724 (2003). 



Vibrational transition moments for   
14NH3  

[1] P. Pracna, V. Špirko, and W. P. Kraemer, J. Mol. Spectrosc. 136, 317 (1989). 

[2] R. Marquardt, M. Quack, I. Thanopulos, and D. Luckhaus, J. Chem. Phys. 119, 10724 (2003). 



Absorption intensity simulation: XY3 molecules 

[1] S. N. Yurchenko, M. Carvajal, H. Lin, J. J. Zheng, W. Thiel, and P. Jensen, J. Chem. Phys. 122, 

104317 (2005).  

[2] S. N. Yurchenko, W. Thiel, M. Carvajal, H. Lin, and P. Jensen, Adv. Quant. Chem., in press.  



The 4 and 22 absorption bands of    
14NH3  

Experiment: C. Cottaz, G. Tarrago, I. Kleiner, L. R. Brown, J. S. Margolis, R. L. Poynter, H. M. Pickett, 

T. Fouchet, P. Drossart, and E. Lellouch, J. Mol. Spectrosc. 203, 285 (2000). 



The 1 and 3 absorption bands of    
14NH3  

Experiment: I. Kleiner, L. R. Brown, G. Tarrago, Q.-L. Kou, N. Picqué, G. Guelachvili, V. Dana, and 

J.-Y. Mandin, J. Mol. Spectrosc. 193, 46 (1999). 



The 24
0 and 24

2 absorption bands of    
14NH3  

Experiment: I. Kleiner, L. R. Brown, G. Tarrago, Q.-L. Kou, N. Picqué, G. Guelachvili, V. Dana, and 

J.-Y. Mandin, J. Mol. Spectrosc. 193, 46 (1999). 

Linelist for hot ammonia in preparation (University College London/ 

Max Planck Institute of Coal Research/BUW). 

 

Suitable for models of cool stars and substellar objects.  

 

Important for the eagerly anticipated Y-dwarf or ammonia stars,  

faint stars which should soon be detected with modern instrumentation. 



The 2 and 4 absorption bands of    

PH3  

Experiment:  L.R. Brown, R.L. Sams, I. Kleiner et al., J. Mol. Spectrosc. 215, 178 (2002) 

Theory:  S. N. Yurchenko, M. Carvajal, W. Thiel, and P. Jensen, J. Mol. Spectrosc. 239, 71 (2006) 



Born-Oppenheimer Approximation 

Beyond  

the Born-Oppenheimer Approximation 

expansion cofficients 
electronic wavefunctions 

from ab initio calculation 

known basis functions 

(harmonic oscillator, rigid rotor...) 



m=1 

m=2 

Rovibronic 

interaction 

Rovibronic 

interaction 

Beyond  

the Born-Oppenheimer Approximation 

matrix representation 

of rovibronic Hamiltonian 

for two interacting 

electronic states 



CH2  RENNER EFFECT 
+ 
 

 

L 
  
  1  P 

  2  D 

  3  F 

  ... 

0 S 

 

 

2 

 

 

P 



Isolated electronic state (Born-Oppenheimer approximation): 

Renner-degenerate states: 

Rovibronic wavefunctions for  

Renner-degenerate states 



CH2  Calculations 
 

 Ab initio potential energy functions from W. P. 

Kraemer, Per Jensen, and P. R. Bunker, Can. J. Phys. 

72, 871-878 (1994) 

 One parameter of the potential energy function has 

been adjusted to obtain agreement with experiment for 

the 3 vibrational term value in the  X 2A1 state. 

CH2  Experiment 

 X 2A1 3 band (Ka = 0  0 and 1  1) measured by M. 

Rösslein, C. M. Gabrys, M.-F. Jagod, and T. Oka, J. 

Mol. Spectrosc. 153, 738-740 (1992). 

 Photoelectron spectrum of CH2; S. Willitsch and F. 

Merkt: J. Chem. Phys. 118, 2235-2241 (2003). 

 A 2B1     X 2A1 electronic spectrum; J. L. Gottfried 

and T. Oka, J. Chem. Phys. 121, 11527 (2004)  
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CH2 
+ X 2A1 

~ 
N < 10     T = 300 K 

= 

2  band 



CH2 
+ X 2A1 

~ 
N < 10     T = 300 K 

= 

2  band 1/3 bands 

Lines observed by Oka 



 J. L. Gottfried and T. Oka,  

 J. Chem. Phys. 121, 11527 (2004)  
      

CH2 
+ 

X 2A1 A 2B1 
~ ~  

A(0,4,0)0X(0,0,0)1 

o-c =  −18 cm-1 

~ ~ 

A(0,3,0)1X(0,0,0)0 

o-c =  −53 cm-1 

~ ~ 
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