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The Wuppertal monorail 
     



The general scheme of  things 
    (at least in this lecture….) 

Simulated rotation-vibration spectra 

Potential energy surface(s) 
Dipole moment surface(s) ... 
 
in general obtained from ab initio calculations 

PROGRAMS MORBID, 

RENNER, DR, TROVE 



Nuclear-motion programs developed: 
   

MORBID  (Morse Oscillator Rigid Bender Internal Dynamics, 1988) 

 triatomic molecule in isolated electronic state 

RENNER  (Renner Effect, 1995) 

 triatomic molecule in Renner-degenerate states 

DR (Double Renner, 2004) 

 triatomic molecule in double-Renner-degenerate states 

TROVE  (Theoretical ROtation-Vibration Energies, 2007) 

 (in principle) any molecule in isolated electronic  state 

 



  TROVE: Theoretical ROVibrational 

Energies:  

Variational calculations of rotation-

vibration for a general polyatomic 

molecule in an isolated electronic state 

S.N. Yurchenko, W. Thiel,  and P. Jensen, J. Mol. Spectrosc. 245 126 (2007) 



Hamiltonian: Coordinate transformation 

Laboratory fixed 
Cartesian 
coordinate system 

Body fixed internal   
coordinate system 



Different molecules – different 

transformations? 



Different molecules – different 

transformations? 



Laboratory fixed 
Cartesian 
coordinate system 

Body fixed internal   
coordinate system 

 
 The coordinate transformation is part of the program 

 

One transformation for all molecules? 



(CALCULATION OF VIBRATION ENERGIES FOR PH3) 

 

KinOrder  4   (Max order in the kinetic energy expansion) 

PotOrder  8   (Max order in the potential energy expansion) 

 

Natoms 4       (Number of atoms) 

Nmodes 6       (Number of modes = 3*Natoms-6) 

 

SYMGROUP   C3v(M) 

MOLTYPE    XY3     

 

ZMAT 

    P   0  0  0  0   30.9737620 

    H   1  0  0  0   1.00782505 

    H   1  2  0  0   1.00782505 

    H   1  2  3  0   1.00782505 

END 

 

(ACTIVE SPACE CUTOFFS:) 

PRIMITIVES 

  Npolyads    12       (how many polyads we calculate) 

  enercut    80000.   (energy cut in the primitive matrix for the diagonalization) 

END 

 

CONTRACTION 

  Npolyads       10       (how many polyads we calculate) 

  enercut       40000.  

END 

 

DIAGONALIZER 

  SYEVR      

  uplimit    20000. 

END 

 

Equilibrium 

re          1       1.41472670 

alphae      0      93.5650 deg 

End 

 

POTEN 

  NPARAM   304 

  POT_TYPE  poten_xy3_morbid_10 

  COEFF  list  (powers or list) 

  ve           1          0.00000 

  fa1          0          0.00000000 

  fa2          1     298640.22539958 

  fa3          1    -657821.88828746 

……………………………………… 

 

 Gamma    i       value             j  k  t   quanta 

 

  A2       1   3367.019766   ( A1 ;  0  0  0) ( A2 ;   0   0   0   0   2   1) 

  A2       2   3434.732694   ( A1 ;  0  0  0) ( A2 ;   0   0   1   0   1   0) 

  A2       3   4374.979251   ( A1 ;  0  0  0) ( A2 ;   0   0   0   0   3   1) 

  A2       4   4432.311782   ( A1 ;  0  0  0) ( A2 ;   0   0   1   0   2   0) 

  A2       5   4551.397155   ( A1 ;  0  0  0) ( A2 ;   0   0   1   1   0   1) 

 

  E        1   1120.428678   ( A1 ;  0  0  0) ( E  ;   0   0   0   0   1   0) 

  E        2   2124.197672   ( A1 ;  0  0  0) ( E  ;   0   0   0   0   2   0) 

  E        3   2246.161352   ( A1 ;  0  0  0) ( E  ;   0   0   0   1   0   1) 

  E        4   2332.278613   ( A1 ;  0  0  0) ( E  ;   0   0   1   0   0   0) 

  E        5   3127.037913   ( A1 ;  0  0  0) ( E  ;   0   0   0   0   3   0) 

  E        6   3251.100085   ( A1 ;  0  0  0) ( E  ;   0   0   0   2   0   1) 

  E        7   3326.893359   ( A1 ;  0  0  0) ( E  ;   0   0   1   1   0   0) 

  E        8   3354.040233   ( A1 ;  0  0  0) ( E  ;   0   0   0   3   0   0) 

  E        9   3438.080699   ( A1 ;  0  0  0) ( E  ;   0   0   1   0   1   0) 

  E       10   3447.234128   ( A1 ;  0  0  0) ( E  ;   0   0   1   0   1   0) 

  E       11   4127.595304   ( A1 ;  0  0  0) ( E  ;   0   0   0   0   3   1) 

  E       12   4254.655503   ( A1 ;  0  0  0) ( E  ;   0   0   0   2   0   2) 

  E       13   4321.461208   ( A1 ;  0  0  0) ( E  ;   0   0   1   1   1   0) 

  E       14   4363.730368   ( A1 ;  0  0  0) ( E  ;   0   0   0   4   0   0) 

  E       15   4438.742531   ( A1 ;  0  0  0) ( E  ;   0   0   1   0   2   0) 

  E       16   4454.002539   ( A1 ;  0  0  0) ( E  ;   0   0   1   0   2   0) 

  E       17   4467.354459   ( A1 ;  0  0  0) ( E  ;   0   0   0   1   0   3) 

  E       18   4488.128547   ( A1 ;  0  0  0) ( E  ;   0   0   0   2   1   1) 

  E       19   4539.100532   ( A1 ;  0  0  0) ( E  ;   0   0   1   2   0   0) 

  E       20   4556.932983   ( A1 ;  0  0  0) ( E  ;   0   0   1   1   0   1) 

  E       21   4565.116007   ( A1 ;  0  0  0) ( E  ;   0   0   1   1   0   1) 

  E       22   4574.932525   ( A1 ;  0  0  0) ( E  ;   0   0   2   0   0   0) 

  E       23   4660.179762   ( A1 ;  0  0  0) ( E  ;   1   0   1   0   0   0) 

 

TROVE input/output: Example for PH3 



Variational calculations For a general molecule of 
arbitrary structure, arbitrary 
basis sets or coordinates 

Black-box program 

Robust symmetrization 

Vibrational contraction  
of the basis set 

OpenMP parallelization 

Intensity simulations 

Basis sets: 
Harmonic oscillator 
Morse oscillator 
“Numerov-Cooley” solutions 

Accuracy & Efficiency 

Approximate kinetic energy operator 

Lanczos diagonalization  
(large matrices) 

FBR method (not DVR) 

Automatic labeling of the levels 

For one large amplitude motion  

 TROVE: Summary 



1D vibrational basis functions 
 

☞Harmonic oscillator functions 
 

☞Morse oscillator functions  
 

☞Numerical function generated by Numerov-Cooley integration 



• DEWE and GENIUSH (A. G. Császár and E. Mátyus) 

• MULTIMODE (J. Bowman and S. Carter) 

• T.  Carrington 

• H. Guo  

• N. C. Handy and S. Carter 

• D. Lauvergnat and A. Nauts 

• D. W. Schwenke 

• J. Tennyson 

• … 

 

Other programs/contributors in this area 
(Not  exhaustive . No ranking intended…) 



HITRAN = EXPERIMENT 

TROVE = THEORY 

 TROVE for NH3:  Absorption intensities at 
T=300K, 3.25 million transitions 



Ammonia line list simulations 

S. N. Yurchenko, R. J. Barber, A. Yachmenev, W. Thiel,  Per Jensen, J. Tennyson, J. Phys. Chem. (2009). 



HITRAN 

TROVE 

 Absorption spectrum of  NH3 at  

   T = 300 K 



 Absorption spectrum of  NH3 at  

   T = 300 K 



 Absorption spectrum of  NH3 at  

T = 300 K (22/4 bands)  



Improvements under way! 

 Absorption spectrum of  NH3 at  

T = 300 K (22/4 bands)  



•Two enantiomer minima 

•Internal rotation about the SO bond, strongly coupled 

to the rotation about the a axis (associated with Ka) 

•Torsional splittings 

Ka=0 
J0,J d0 

torsional splitting 

 Torsional splittings and anomalous 

intensities in HSOH 
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Torsional splittings show 

strong variation with Ka 
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HSOH: Torsional potential 



HOOH, HSSH, HNCNH:  

Splittings “stagger” with Ka 

Example: HNCNH 
Experiment: M. Birk, M. Winnewisser,  

J. Mol. Spectrosc. 136, 402 (1989) 

 

Semi-empirical explanation by Hougen 

and co-workers for HOOH and HSSH: 
J.T. Hougen, Can. J. Phys. 62, 1392 (1984). 

J.T. Hougen, B.M. DeKoven, J. Mol. Spectrosc. 

  98, 375 (1983). 

 

 



HSOH: No staggering, more complicated  

variation 

Experiment 

M. Behnke, J. Suhr, S. Thorwirth, F. Lewen, H. Lichau, J. Hahn, J. Gauss, K.M.T. Yamada, G. Winnewisser, J. Mol. Spectrosc. 221, 121 

(2003) 

G. Winnewisser, F. Lewen, S. Thorwirth, M. Behnke, J. Hahn, J. Gauss, and E. Herbst, Chem. Eur. J 9, 5501 (2003) 

O. Baum, M. Koerber, O. Ricken, G. Winnewisser, S. N. Yurchenko, S. Schlemmer, K. M. T. Yamada, and T. F. Giesen, J. Chem. Phys. 129, 

224312 (2008). 

Cologne Terahertz spectrometer 

First observation (for Ka  3) in 2003 



Ab initio  potential energy surface + 

TROVE calculation of  torsional splittings 

R. I. Ovsyannikov, V.V. Melnikov, W. Thiel, Per Jensen, O. Baum, T. F. Giesen, and S. N. Yurchenko, J. Chem. Phys. 129, 154314 (2008). 

S. N. Yurchenko, A. Yachmenev, W. Thiel, O. Baum, T. F. Giesen, V. V. Melnikov, and Per Jensen: J. Mol. Spectrosc. 257, 57 (2009).  

Ab initio potential energy surface:  
 

• CCSD(T) method 

• 105000 data points with aug-cc-pVTZ basis set, 

energies up to 20000 cm-1 above equilibrium 

• 10168 data points with aug-cc-PV(Q+d)Z basis set, 

energies up to 12000 cm-1 above equilibrium 

• Simultaneous, weighted fitting to all data points, 762 

parameters varied, standard  error 2.8 cm-1 



~12000 points 

CCSD(T)/aug-cc-pV(Q+d)Z 

S. N. Yurchenko, A. Yachmenev, W. Thiel, O. Baum, T. F. Giesen, V. V. Melnikov, and Per Jensen: J. Mol. Spectrosc. 257, 57 (2009).  

HSOH: Ab initio 
TROVE  

J = 0 … 40, vHSOH ≤ 42 

Full 6D calculations 

SRB approach 

SRB approach: expansion around MEP 

s 



HSOH rotation-torsion levels: 

experiment vs TROVE J K a K c  obs calc exp-calc calc exp exp-calc

4 0 4 A' 10.04696 10.05037 -0.00341              

4 0 4 A" 10.04911 10.05252 -0.00341 0.00215 0.00215 0.00000

4 1 3 A" 16.35885 16.36110 -0.00225              

4 1 3 A' 16.36011 16.36236 -0.00225 0.00126 0.00126 0.00000

4 1 4 A' 16.21151 16.21314 -0.00164              

4 1 4 A" 16.21277 16.21440 -0.00163 0.00126 0.00127 0.00000

4 2 2 A" 34.99521 34.99509 0.00011              

4 2 2 A' 34.99698 34.99694 0.00004 0.00184 0.00177 -0.00007

4 2 3 A' 34.99506 34.99495 0.00011              

4 2 3 A" 34.99683 34.99679 0.00004 0.00184 0.00177 -0.00007

4 3 1 A' 66.17016 66.17467 -0.00452              

4 3 1 A" 66.17226 66.17681 -0.00455 0.00213 0.00210 -0.00004

4 3 2 A" 66.17016 66.17467 -0.00452              

4 3 2 A' 66.17226 66.17681 -0.00455 0.00214 0.00210 -0.00004

4 4 0 A' 109.79888 109.82657 -0.02770              

4 4 0 A" 109.80079 109.82854 -0.02774 0.00196 0.00192 -0.00004

4 4 1 A" 109.79888 109.82657 -0.02770              

4 4 1 A' 109.80079 109.82854 -0.02774 0.00196 0.00192 -0.00004

Term values (cm
-1

) Splitting (cm
-1

)

Basis set: HSOH ≤ 42 



Experiment 

Theory 

Cologne Terahertz spectrometer 

TROVE calculations 

R. I. Ovsyannikov, V.V. Melnikov, W. Thiel, Per Jensen, O. Baum, T. F. Giesen, and S. N. Yurchenko, J. Chem. Phys. 129, 154314 (2008). 

O. Baum, M. Koerber, O. Ricken, G. Winnewisser et al., J. Chem. Phys. 129, 224312 (2008). 

HSOH torsional splittings 



Semi-empirical alternative approach,  

following  ideas of  Hougen: 
 
J.T. Hougen, Can. J. Phys. 62, 1392 (1984). 

J.T. Hougen, B.M. DeKoven, J. Mol. Spectrosc.  98, 375 (1983). 

 

Ratio of Ia moments of inertia ISH/Itotal  1/3. 

 

Pretend that tHSOH  [-3,3] 

 

Molecule formally has C3v(M) symmetry 

 

Do quantum mechanics under this assumption. 

 

Subject results to „reality check“: A 2 rotation of the SH moiety relative to 

OH moiety must leave wavefunction unchanged. 

 
 

 

K.M.T. Yamada, G. Winnewisser, and P. Jensen, J. Mol. Struct., 695-696, 323 (2004) 



K.M.T. Yamada, G. Winnewisser, and P. Jensen, J. Mol. Struct., 695-696, 323 (2004) 

tHSOH  [-3,3] 

6  6 matrix: 

Semi-empirical alternative approach,  

following  ideas of  Hougen: 
 
 



HSOH splittings (2009): 
 

K. M. T. Yamada, Per Jensen, S. C. Ross, O. Baum, T. F. Giesen, and S. Schlemmer, J. Mol. Structure 927, 96-100 (2009). 
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