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Molecules in highly excited rotational states

J ~100



H,Te Rigid Rotor Energy Levels [E(Jxk:)-E(J o)




Actual H,Te Energy Levels [E(Jx.x.)-E(J 0)]
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Rotational Energy Level Clusters

1972
1978
1978
1991

1992
1993
1994
1996

1997
2000

Dorney and Watson
Zhilinskii and Pavlichenkov
Harter and Patterson

Lehmann

Kozin et al
Kozin and Jensen
Jensen and Bunker

Kozin et al

Jensen et al

Jensen

CH, 8-fold and 6-fold clusters
H,O 4-fold clusters (E,)
Rotational energy surfaces and clusters

Local mode theory and clusters

H,Se 4-fold clusters observed
H,Se 4-fold cluster theory (E,,)
H,X 4-fold cluster symmetry

H,Te 4-fold clusters (exp and theory)

Review paper on 4-fold clusters

Review paper on LMT and clusters
[Mol. Phys. 98, 1253-1285 (2000)]



Are there similar effects for
XH; molecules — say PH,?



We investigate by variational
rotation-vibration calculations

Basis functions:

) =|J, K, m)|v,,,, J,K)PYO(E)<PYO(E) < PY(E) <V (&, E0)

* + 1

" it Two-dimensional
orse osclllators isotropic harmonic

Rigid rotor
eigenfunctions

Numerov-Cooley
solution of inversion
Schrodinger
equation for

V(o) =V(p,c, =0)

oscillators for doubly
degenerate bending
vibrations

Hougen-Bunker-Johns theory:
Eckart & Sayvetz conditions

— ﬁuc = expansion in the &




Programs: XY3 and TROVE

(Theoretical Rotation-Vibration Energies)

XY 3: Rotation-vibration energies for
pyramidal, ammonia-type
molecule In isolated electronic
state.

[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.

TROVE: Rotation-vibration energies for
any molecule in isolated electronic
state.

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



Variational rotation-vibration
calculations for PH,

J < 80
Vibrational basis set:

<6

end —

2, +v, +v)+v.  +V,

Potential energy surface:

cc-pwCVTZ [1]
refined by fitting to experimental
vibrational term values [2]

[1] D. Wang,Q. Shi, and Q.-S. Zhu, J. Chem. Phys., 112, 9624 (2000)

[2] S.N. Yurchenko et al., Chem. Phys. 290, 59 (2003)




Yes, there are six-fold clusters!
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Watson-type Hamiltonian for PH,
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“Cluster spread”, vibrational
ground state of PH,

0 20 40 60 80



Rotational coordinates

xyz is molecule-fixed; XYZ is space-fixed

Z

Z 0

* (6,0, y) define orientation of molecule (xyz) relative to
laboratory (XYZ).
* (6, ) define orientation of Z axis relative to molecule (xyz).



For a rovibronic eigenstate @ .
F,(0.0)=[ (@) ®,sin0 av
/\

Integration over all vibronic coordinates and @

Is the probability distribution for the orientation
of the Z axis relative to the molecule.



“Top cluster states” for J = m = 40,
vibrational ground state of PH,



Primitive cluster states | J PCS)

First symmetrize, e.q.

ph % (|1 PCS) + |2 PCS) + [3 PCS) + |4 PCS) + |5 PCS) + [6 PCS))
ph % (11 PCS) + 2 PCS) +[3 PCS) - [4 PCS) - [5 PCS) - |6 PCS))

with similar expressions for the E functions....




60

70

80




60

70

80




70

80




70




60 70




PH,; intensity calculations

N Experiment Theory
Ab initio (CCSD(T)/aug-cc-pVTZ) 2500 C 000
dipole moment surfaces 20000 Vo - 200000 Vo
15000} L 15000
Rotation-vibration 10000 10000
wavefunctions from 2000 ]h 30
. . i A i |
the variational 800 900 1000 1100 1200 1300 %00 900 1000 1100 1200 1300
calculation 25000———————— 25000
TE 200000 V4 - 200000 U4
: a I
Experimental data 2 B 1200
£ 10000| - 10000,
from L. R. Brown, 8
_ E 5000 - 5000
R. L. Sams, I. Kleiner, N * N 7
C. Cottaz. and L Sagui 800 900 1000 1100 1200 1300 800 900 1000 1100 1200 1300
. ’ . ’ 400 : : : 400 : x :
J. Mol. Spectrosc. 215, ol 2vs — 1y ol Vg — 1y
178-203 (2002) |
200 . 200
100 ' 1004
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PH, cluster transitions

(A)
Kc = 0, Al/AQ
1.F

2, E
/ 3,A2/A1

35 AI/AQ
4. F

65 AZ/Al

Large line strengths
at high J

Can the lower states
be populated somehow?

wavenumber /[cm™!]

line strength / D?
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Also similar effects for
XHD, or XH,D molecules,
say PHD, or PH,D?



PH,D rotational energies: TROVE calculations
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XH,D: Cluster-free molecules
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PHD, rotation energies: TROVE calculations
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XHD,: Molecules with rotational energy cluster formation

o

/ [hcem™
|"IIRIIIII

/ [hcem™
IlH II
ﬁﬁ
|

f
f
(

o

204

II
|

II '|:H|II
‘I

|

= e | TS T
o4l T T= = | o 40| e e

II
Il
I

-60 i -
-80- - = =2 - =

|
|
max
|
|
|
1
1l
|
|
1
|
|

max
V=

I
[
et

T
¢

_80- E.Eziizé - L

0JK — E

|

|

|

|

Il

|
0K — B

|

|

|

|

III||

1

1

|

|

|

1

-100 — T

I
I

-100+— —

=U.J,

0 10 20 30 40 50 60

E,

0 10 20 30 40 50 60 70

E,

<

_20)-

/ [h cem™!

_4()-

0,J,K

max

-604

v

-804

0K — I

-100 —

E,

J
A
01002030 405060



Thanks & Acknowledgments

The principal doer:

Sergei N. Yurchenko, Wuppertal, Ottawa,

Mulheim, Dresden
Other doers:

Miguel Carvajal, Huelva
Hal Lin, Denver
Serguei Patchkovskii, ottawa

A fellow ponderer:
Walter Thiel, Milheim

Thanks for support from the European Commission,
the German Research Council (DFG), and the Foundation
of the German Chemical Industry (Fonds der Chemie).



