And now
for something
completely ditferent...

(Picture courtesy
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The Wuppertal monorail




The general scheme of things
(at least in this lecture....)
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Simulated rotation-vibration spectra
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Nuclear-motion programs developed:

MORB'D (Morse Oscillator Rigid Bender Internal Dynamics, 1988)

triatomic molecule in isolated electronic state

REN N ER (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
g J




TROVE: Theoretical ROVibrational
Energies:
Variational calculations of rotation-
vibration for a general polyatomic
molecule in an isolated electronic state

Select a reference: |Merriam-Webster's Collegiate Dictionary v/ Merriam-Webster
4 AUTHORITY & INNOVATION

ea
IEntryw d 1=
Mlain Entry: trove [ |
Itm\te Fronunciation: trav
Function: noun
Saarch Claar Swalling Hal Etymoclogy: short for treasure trove
| | Speling telp | Date: 1888

2 : a valuable collection : TREASURE; afso :HAUL, COLLECTION

@ iwié Click on a word to view it 1 : DISCOVERY, FIND
ave) -

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

A
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Rz' — RCM + 8_1(97 (ba X) [RS/IS (I‘)]
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Different molecules

transformations?

A MORBID HAMILTONIAN FOR TRIATOMICS 485

If we now let @ be a four-dimensional column vector containing the three angular
velocities w,, w,. w.. and w, = p (see Section (2.3) of Ref. (1)), the classical kinetic
energy is given by Eq. {17} of HBJ, which we quote

. . [aAl T
T=ralet 5 w,STATMMOAS + o, %v‘ MAS +;STG S (4

. Lap |

ENE

IJE-—u

The 4 X 4 1 matnx is given by Fo. (20) of HBJ, the G matnx is given by Eq. (3.22)
of Ref. (6); M is a9 % 9 diagonal matrix with Afy, = My = My = my, May = Mss
= Mee = ., and Mo = My = Mee = wssand M7 (= x. ¥, 2)is a 9 < 9 Meal and
Polo matrix that forms vector cross products (24). Superscript T denotes transposition
of the maurix.

The first step in transforming Eq. (14) into a quantum mechanical kinetic energy
Operator is 1o express it in terms of the coardinates and their conjugate momenta J,
= 31 /6w, and P = 97765, This is done by following the procedure described in
Chapter L] of Ref (253, and the resuli is
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with the following definitions: The 4 3 4 g matrix is the inverse of the symmetrical

matrix I' whose elements are given by
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for & = x, p, z. The quzntity a s 4 nine-dimensional column vector analogous to d,
holding the nine components of the a;{(p) vectors. Finally, the vibrational angular
momenta p, are given by

different
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rym Ay = Fand @ = A,0dA,. The geometric parameters are defined by gy =43 -

where I s the eleetronic potential. Symmetrised angular basis functions for £ can be written {11]
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where [JMK ) is a rotation matrix element [27] and @, an associated Legendre polynomial [28] The
total parity is given by (— 1Y'7 with p =4 or | for ¢ or f states, respectively, & is the projection of the
totat angular momentum, /. along the body-fixed 2 axis which can be chosen parallel to either #) or r,.

(3}

Letting H acton |/, k. p). multiplving from the left by £/, X', p'| and integrating over all angular
coordinates vields an clfective, diagonal in p, Hamilionian {11]
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Different molecules

transformations?

Virational energy levels of ammonia 489

subsequently deriving the kinetic energy operator coused
substantial afgebraic problems, One significant outcome
of this research s that we now believe that if we were to
repeat all our work on the derivation of kinetic energy
aperators for three- and Tour-atom molecules using the
necessary distinet coordinate systems, we would use the
Podolsky formalism described in section 3.1, This neads
only the evaluation of the Wilson G muairix and the
Jacobnan 7. Thus we believe that our advocacy of the
chain rule approach [107is not optivnum for these prob-
lerrs.

S.C would like to acknowledge financial support
from the Leverhulme Trust and from the US Office of
Naval Research, in particular the encouragement of Dr.
Peter Schnudt is much appreciated. N.C.H. would like
to acknowledge support from Professor K Hirao (or a
visit to Tokyo, where this rescarch commenced.

Appendix A
The kinetic energy operator for ammonia
The vibration-vibration terms are the Wilson ¢ [21]
The contribution {0 the Hamiltonian is twice this 1 &/,
and every term is nwltiplied by — %
1L, ~'—. (A1)
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Pesonen, Miani, and Halonen

TABLE 1. Ammonia geometry and inversion energy calculated using many basis sets and the CCSINT) method and the B3LYP density functional.*

Number basis reg (A g (Deg) ELS {au) ra (A) Ej () Ay fem™ 1)
B3LYPIDEVP 20 LOIS 868 106.6311 565640405 1004190 565548674 21033
72 1013 §37 106.4766 565847253 0996617 56576286 4 1852.1
15 1.013 049 107.2203 565888575 0997438 56.581 5367 1606.7
29 1027316 103.5536 564028022 1005 140 56.388 6572 3104.5
50 1.023 670 105.9298 564255199 1.005 433 56.416 255 20334
7 1014 098 105.6518 ~564731973 0995127 —56.4630008 22379
115 1.014 950 106.3911 564805626 0.997501 564717392 1936.5
COSI(TY ee-pVQZ 145 1012 407 106.1759 ~56.4930530 0094873 —S564838236 20256
COSD(TY aug-ccpVOZ 218 1012769 106.5304 564957324 0995978 56487226 1 1866.9
Expt 1011 6° 106.68" 1884.7°

“Number basis is the number of Gaussian basis functions in the ab witio caleulation; 7, and 6, are the bond length and valence angle for ammania in its
equilibrium pyramidal configuration: r,, is the bond length for ammonia in its planar configuration: £\% and £ are the total energy (clectronic plus nuclear

repulsion) for ammonia in the

that of the saddle point

"Taken f

m Ref. 37.

“Taken from Ref. 9.

and planar

where
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The Jacobian for the two-dimensional problem is given by

J=2r55, t

where 6= 27/3 —

1
)
37 8

aJ o
(EEy
" CRa oy

27
38,08,"

(5,59

ag'Ss

sin® ¢

3 cos®

cal metric tensor elements are

gG1S= —

252520
gl =

—t
My my o N

1

I 1+cos8—2cos?d)
my I+cos#

sin ¢

_, 985 a1

#12cos 4

/3 and r=R,+ 8, /\3. The recipro-
2
—C0s #,

1+2cosd
2my 1+cost

I cosf—cos2d

3, 98,

(14}

(15}

(16}

The first and the second derivatives of the Jacobian with
respect to §; and S, and the first derivatives of the recipro-
cal metric tensor elements are given as supplementary

material. ™

By applying 1'Hospital’s rule, it is seen that there are no

singularitie:

in the equations expre:

g the Jacobian, the

g-tensor matrix elements and their derivatives, even though
many of these terms possess the indeterminate form 0/0.
This can create some numerical instabilities that will be dealt

with later.

4 15 the difference between the energy of the minimum of the PES and

B. Potential energy surface

Before calculating the bidimensional PES, we tested
some basis sets (o be used both with the CCSI(T) ab initio
method and the B3LYP density functional approach. The re-
sults together with a comparison with experimental data®” are
reported in Table I. As it can be seen, there is a large im-
provement in the calculation of the inversion barrier when
diffuse functions are added to the basis set. The basis sets,
which were selected for the calculations, are the aug-ce-
pVTZ, ce-pVQZ, and aug-ce-pVQZ bases of Dunning and
coworkers *** The acronyms cc-pVXZ indicate correlation
consistent polarized valence X zeta basis set, where X reads
T (triple) or Q {quadruple) in our case. The prefix “aug™
means augmented and refers to the presence of diffuse func-
tions necessary to describe accurately molecular anions,
Rydberg states or, as in the present case, the lone pair of
electrons present in ammonia. The time required for the com-
putation of the energy at one point of the PES is about 15
min with the aug-cc-pVTZ basis set, 1 h with ce-pVQZ, and
about 8 h with the largest basis set we tried, aug-cc-pVQZ.
All calculations have been performed on an SGI ORIGIN
2000 computer at the CSC computer center in Helsinki using
the GAUSSIAN 98 program *

‘With the smallest basis set {aug-cc-pVTZ), we calculated
a grid of 630 points (45 for the §; coordinate and 14 for §,).
With the cc-pVQZ basis, we calculated 208 single points (16
% 13), whereas 162 points have been caleulated for the aug-
ce-pVQZ basis set (18X 9).

The most important regions of the PES are the two
minima and the region around the saddle point, but because
we have to calculate integrals involving highly exited states,
it is also important to have a good description of the PES
quite far from these regions. We could determine how large
the grid should have been after some preliminary tests were
made with the smallest basis sets. We decided to calculate a
grid within the following boundaries:

0.6 A=r=235 A, (n

e =9=120°. (18)

Downloaded 13 May 2002 to 132.246.100.42. Redistribution subject to AIP license or copyright, see hitp:liojps.aip.org/icpoljcper.jsp



One transformation for all molecules?

7,—L2

N_
(;2% i+v)\11:Exp
VAR \ N

\\
Laboratory fixed J\ N P
Cartesian Body fixed internal \.
coordinate system‘l/ coordinate system !
]

= The coordinate transformation is part of the program
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TROVE input/output: Example for PHs

(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
Nmodes 6

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

SYMGROUP C3v(M)
MOLTYPE XY3

ZMAT
P 0000 30.9737620
H 1000 100782505
H 1200 100782505
H 1230 100782505
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
enercut  40000.

END

(how many polyads we calculate)

DIAGONALIZER
SYEVR
uplimit  20000.
END

Equilibrium
re 1
alphae 0
End

1.41472670
93.5650 deg

POTEN

NPARAM 304

POT_TYPE poten_xy3_morbid_10
COEFF list (powers or list)

ve 1 0.00000

fal 0 0.00000000
fa2 1 298640.22539958
fa3 1 -657821.88828746

Gamma

A2
A2
A2
A2
A2

esliesliesMiesliesMesMiesliesMesMiesliesMesMieslesMesMeslesMesiesMesMesiesMes

DN B~ W -

[c BN e RV VS S

i value

3367.019766
3434.732694
4374.979251
4432.311782
4551.397155

1120.428678
2124.197672
2246.161352
2332.278613
3127.037913
3251.100085
3326.893359
3354.040233
3438.080699
3447.234128
4127.595304
4254.655503
4321.461208
4363.730368
4438.742531
4454.002539
4467.354459
4488.128547
4539.100532
4556.932983
4565.116007
4574.932525
4660.179762

j k t quanta
(Al1; 00 0)(A2;
(Al; 00 0)(A2;
(Al1; 00 0)(A2;
(Al1; 00 0)(A2;
(Al1; 00 0)(A2;
(Al; 000 (E; O
(Al; 000 (E; O
(Al; 000 (E; O
(A1; 000(E; O
(A1; 000(E; O
(A1; 000(E; O
(A1; 000(E; O
(A1; 000(E; O
(A1; 000(E; O
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 000 (E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;
(A1; 00 0)(E ;

— O OO OO OO OO OO oo

SO O OO

[N eBoBoNoNeNeNeXe)

S OO OO OO o oo OO0

SO O OO

—_ o~ OO = O OO0

—_— N = = = OO == O = OO =

—_—— O = O

S W= NO O —OO

SO =~ NN, OO h—=1NDOO

-_o O O O

—_O OO WO OoON —

S OO OO, ODNNDNO —~=O W

O N W = N

1))
0)

1)
)]




TROVE: Summary

Variational calculations

Approximate kinetic energy operator

OpenMP parallelization

Accuracy & Efficiency

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

FBR method (not DVR)

For one large amplitude motion

Black-box program

Intensity simulations

Robust symmetrization

Lanczos diagonalization
(large matrices)

Automatic labeling of the levels

Vibrational contraction
of the basis set

Basis sets:

Harmonic oscillator

Morse oscillator
“Numerov-Cooley” solutions



1D vibrational basis functions

= Harmonic oscillator functions
= Morse oscillator functions

= Numerical function generated by Numerov-Cooley integration

1D ;1D tr. ;1D
H %S — Ez'ssr (0

str. 1s




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

« DEWE and GENIUSH (A. G. Csaszar and E. Matyus)
« 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



Intensity [cm/mol]

TROVE for NH,: Absorption intensities at

T=300K, 3.25 million transitions
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Ammonia line list simulations

HITRAN

Intensity [cm/mol]

10'
100

TROVE
0 1000 2000 3000 4000 5000 6000 7000 8000
Wavenumber [cm]

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




Intensity [cm/mol]

Absorption spectrum of NH; at

T=300K
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Intensity [cm/mol]

Absorption spectrum of NH; at
T=300K

3x10°
2107 -
5
£ 1x10’4
£
[&]
= 0
:':_q
c N
S 1x10°-
c
300000 - 21077
] k10’
200000 -
100000 4
oy
1)}
100000 -~
200000 4
300000 4

150

Wavenumber [cm™]|

2000

)
300000 !
— 200000 - HITRAN
o
£
£ 100000 - H | | | .
~ |
> 0 | . . T
2 | B
@ 100000 A s
<
200000 -
TROVE
300000 . T T .
1175 1180 1185 119.0 119.5 120.0
Wavenumber [cm™]

6(

Wavenumber [cm™]



Intensity [cm/mol]

Absorption spectrum of NH; at
T=300K (2v,/v, bands)
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Intensity [cm/mol]

Absorption spectrum of NH; at
T=300K (2v,/v, bands)

Improvements under way!
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Torsional splittings and anomalous
intensities in HSOH

Two enantiomer minima

Internal rotation about the SO bond, strongly coupled
to the rotation about the a axis (associated with K,)

*Torsional splittings

torsional splitting




HSOH: Torsional potential

2 2
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Tson/ degrees

Torsional splittings show
strong variation with K,




HOOH, HSSH, HNCNH:
Splittings “stagger” with K,

7 | Example: HNCNH

Experiment: M. Birk, M. Winnewisser,

J. Mol. Spectrosc. 136, 402 (1989)
Semi-empirical explanation by Hougen
g oon and co-workers for HOOH and HSSH:

wieng e | J- 1. OUGEN, Can. J. Phys. 62, 1392 (1984).
e e e ) T. Hougen, B.M. DeKoven, J. Mol. Spectrosc.
98, 375 (1983).

0,002

0.000 + i 1 t =
d 1 ) 3 4
s

Fig. 13, Dependence of the torsional doublet splitting on K, The doublel splitting averaged over all J.
values wis obtained from the line positions of the °(% branch for K, = 0, the "Ry, branch far K, = 1 o &,
=4, the "Ry, and "(y branches for K, = 5 and &, and from an analysis of the linewidth for K, = 7, For &,
= R the sphitting is identical o that far K, = 7 within the experimental aceuracy. For K, = 9. no beoadening
of the * Ry, lines due 1o torsional doubling could be detected.




HSOH: No staggering, more complicated
variation

l_|' 0.003 1 1 1 1 1 1

=

o

—

o0 + +

= 0.002 . _
£ * Experiment
&

— +

= 0.001- !

2

Z -

=

Cologne Terahertz spectrometer

00 OOO 1 N 1 N I v I B I v 1

First observation (for K, < 3) in 2003

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).




Ab initio potential energy surface +
TROVE calculation of torsional splittings

Ab initio potential energy surface:

« CCSD(T) method

* 105000 data points with aug-cc-pVTZ basis set,
energies up to 20000 cm-' above equilibrium

* 10168 data points with aug-cc-PV(Q+d)Z basis set,
energies up to 12000 cm-' above equilibrium

« Simultaneous, weighted fitting to all data points, 762
parameters varied, standard error 2.8 cm-’

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

R.
S.

l.
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
~12000 points
CCSD(T)/aug-cc-pV(Q+d)Z
J=0...40, yHSOH <42

3 2500, - T
é 2000_ - 4000, I Full 6D calculations I
— 15001 8 ]
;25 ' 5 o HSRB approach I
= 1000 g% 20004 -
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SRB approach: expansion around MEP

Wyra = [0)[0)10)[0)[0) D0 OO umson, Tuor) s K, Tror)

VHSOH Ttor I, Trot

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 rotation-torsion levels:

Splitting (cm'1)

Term values (cm'1)

Basis set: 1,50y < 42

Ka Ko r obs calc exp-calc calc exp exp-calc
4 0O 4 A' 10.04696 10.05037 -0.00341
4 0O 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



Torsional splitting / cm™!

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
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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 I, moments of inertia Ig/l, ., = 1/3.
Pretend that tgoy € [-37,37]

Molecule formally has C;, (M) symmetry

Do quantum mechanics under this assumption.

Subject results to ,reality check®: A 2r 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)



Semi-empirical alternative approach,
following ideas of Hougen:

Tuson € [-3m,37]

< 6 x 6 matrix:
O W. 0 0 0 W
L, R, L R L R w. @ W, 0 0 0
e — T/éad R 0O W, 0 W. 0 0
0 0 W. O W 0
0O 0 0 W, 0 W
W, 0 0 0 W O

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



HSOH splittings (2009):

The torsional splittings of HSOH in the ground state for each K

K Arac Observed®/MHz Calculated®/MHz
0 2|We + W 64.5 63.9
1 2|We+ W, /2 — Dy 37.8 333
2 zJ{wc — W /2+2Dg ) +3W2/4 52.1 50.9
3 2|We+ W, — 9D, /2(W, + W) 62.9 63.5
4 zJ{wc —W,/2—4Dy)* +3W2/4 57.2 57.3
5 zJ{wc — W /2+5Dg) +3W2/4 490 492
6 2|We + W, — 3605, /2(W, + W,) 62.1
7 2\/(We — W2 — 7D ) + 3W2/4 616
8 2\/(We — We/2 + 8D ) + 3W2/4 486
9 2|We + W, — 81D75/2(W, + W) 59.9

10 zJ{wc — W,;/2—10D,) + 3W?2/4 66.6

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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