Molecules in highly excited rotational states
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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
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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)PV(E) < WL (E) < PI(E) <P (&,,.E)

Baszs

eigenfunctio

oscillators for doubly
degenerate bending
vibrations

Two-dimensional
Rigid rotor Morse oscillators . . .
ns \ I isotropic harmonic

Numerov-Cooley
solution of inversion

Schrodinger Hougen-Bunker-Johns theory:
equation for Eckart & Sayvetz conditions

o(p)=V(p,s, =0) ~ g _
= T,,.= expansion in the &

[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.



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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L. Fusina, G. Di Lonardo, J. Mol. Struct. 517-518, 67 (2000)




“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....
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Expectation value analysis

oy = £(H,PH,)
a, = Z(H,PH,)
oy = Z(HPH,)

1 PCS)
1 PCS)



1 PCS ) ﬁ average geometry
\

J=0

93.4°

C,, geometrical symmetry C. geometrical symmetry
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Semi-classical theory

(jn — 8Hrv / 8pn : Stationary states
Prn = —OH/0gn, | =0
jOé — {JaaHrv}

Jo = /J(J+1)sinb; cosp;
J, = \/J(J+1)sind; sin¢;
J, = \/J(J+1) cosby.




Rotational energy surface

EJ(QJa ¢J) = HI“V(Ja Gn = G, Pn = Dn, 07, CbJ)

VJ(J+1) sinf; cos ¢y
VJ(J +1) sinf; sin ¢,
VJ(J+1) cosfy.

Ju
Jy
J

The rotational energy surface is a radial plot of
E,— E (mn) as a function of 6,4,



Rotational energy surface, J = 20

6=92° ‘ 0=94°

For a rigid PH; molecule:

E.(Jrigid)(eJa b5) — E.(Irigid) (Prmin, Pmin) = |Be — Ce| J(J + 1) sin® 6



Rotational energy surface, J = 40

‘ 6= 98°




Rotational energy surface, J = 60

z 6=108°




Rotational energy surface, J = 80




Rotational energy surface, J =100




Rotational energy surface, J =120




“Cluster spread”, vibrational
ground state of PH,

J=20 J=40 J=60
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