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The Jahn-Teller effect in CH,” characterized
by high-resolution photoelectron spectroscopy

H.J. Worner, R. Van der Veen and F. Merkt, ETH Zurich, Switzerland

1. Introduction and motivation
2. PES of CH, and symmetry considerations

3. Tunneling calculations
4. Experimental assignment of rovibronic symmetries
5. Rotations in the ground state of CH, and comparison with experimental results

6. A two-dimensional model for large-amplitude motion
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The methane cation: Introduction and motivation

One of the simplest organic cations
Spectroscopically uncharacterized (except ESR spectra in a matrix)

Highly fluxional molecule (like CH,)
Model system for the Te(e+t,) Jahn-Teller effect

Test for ab initio theory (PES) and tunneling in high dimensionality

lonization potential of methane is important in thermochemical cycles.
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The Jahn-Teller effect in CH,’

* CHy = Jahn-Teller active modes
) T,®T,=A+E+T,+T,
: - The Jahn-Teller problem is denoted
p py’p.z:_-:. 0,54 T2 ®(e+t2+t2)
T { L T
SRR
Possible equilibrium geometries in T, ®(e+t,) :
%‘1@ D,,or C,, in linear coupling
C,, with quadratic coupling
C e |

orbitals
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The potential energy surface of CH,’
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Topology of the potential energy surface What is the molecular symmetry group?

CNPI : G, = S,®C,

S,: E, (123), (12)(34), (12), (1432)

. Gy E, (123), (12)(34), (W), (1962)
X, (130)°, (12X34)7, (12)°, (1432)°

For non-interconverting enantiomers
the MS group is T (M)
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M.N. Paddon-Row, D.J. Fox, J.A. Pople, K.N. Houk and D.W. Pratt, JACS, 107, 7696 (1985)
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PFI-ZEKE-PE spectrum of methane

PFI-ZEKE photoelectron signal

o

AlE El 1A, 1A, Prediction from 1D-model for pseudorotation

102000.00 102500.00 103000.00 103500.00 104000.00

-1
wavenumber / cm

R. Signorell and F. Merkt, Faraday Discussions 115, 205 (2000)
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Vibronic calculations: a tunneling treatment

Basls set. ¥, (0 =y, O [ 0,(q,") n=1-6

=|n)

X)

secular equation: [ |W)=E|¥)
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The T, ® (e + t2) Problem

The Hamiltonian is expressed in the diabatic electronic basis {I¢). ). )}

2 2
H:—h—z 0 5
2m — Q¢

Ty v

C.+U(Q)
with

1
UuQ) = E (§GFQF72Ca + FFQFVCFW) , yel', I'=sE 1T .
'y

C. : unit matrix, C,, : Clebsch-Gordan matrices
F.: linear coupling constant, G- quadratic coupling constants and harmonic frequencies

Diagonalization of the 3x3 Hamiltonian matrix:
adiabatic electronic wavefunction depending on O,
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. . Min. n |n)
Matrix elements: 1
1 7 (&) +1m)
Hym = (n]m) (xn[H|Xm) (1€) +10)
1
3 72C1€) + )
Snm = (n|m) {(Xn|Xm) 4 B+
_ L (1) — 1))
Secular equation: 6 L(ln+10)
Hi; —E  Hp—SipFE 0 Hiz —S12E Hiz —SipF Hip — SioF H,-F Hyy — SE 0 —(His —S12E)  Hio—Si2E  His— SioF
Hi2 —S12E  Hi1—E  Hip—Si2F 0 Hiz —Si12F Hia — Si2F Hyy - SuF H, - B —(Hys — S12E) 0 —(Hys— S12F) Hip — S1oF
0 Hiz =S Hiy—FE  Hipg —Si2E Hip—SppE Hips —SpoF . 0 —(Hys — S15E) Hy - E Hip — S1oF Hyp— SioE  Hyp — SpoF 0
Hiz — Si2E 0 Hi2 =SB Hii—FE  Hig —SipE Hig —SppB —(Hys — S1F) 0 Hyy — S1oF Hy - B —(Hi2 — S12E) Hys— SioFE
Hiz =S12F Hio =Sl Hiz = S1F Hiz =SB Hu—F 0 Hip =S1pE —(Hi2 —S12E)  Hip— S12E —(Hiz = Si2F) Hiy —F 0
Hiz —S12E Hiz —S12E Hiz —S12E Hip — SipF 0 Hiy-FE Hyy — SpoF Hip — S1oF Hyp — SioF Hys — SioF 0 Hy; - E
Eigenvalues:
Hy +4Hpo E H B, — Hyp — 2Hyo H11 + 2H12 E H11 - 2Hl2
AL — T o > — 1111, E — _ T, = , Ty b
1+ 4812 1 2812 ! 1 —|— 2812 1 - 2812
E
:/ T2 - A T1
A e )
A, A
2

Without geometric phase With geometric phase
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“ZEKE-dip” spectroscopy IR+VUV PFI-ZEKE-PE spectroscopy

Experimental setup CH 5 —
VUV generation:
sum-frequency CH. 3
mixing in Xe 2v,tv, ] y - - v
CH, 0" —t=" T
A2 ~3000cm™ _}\
Dye Laser 3 832 nm ﬂ L KTA mmmmmmmm— "
|
‘ Probe § -
532 nm £ Chamber "
7 our-Wave- Meth 1
Mixing-Chamber Monochromator emane -
1
|
\ \Dump :
Dye Laser 2 470-440 nm 1) Pumps E
Magnetic
355 nm Shielding bump Jeen '
£ Dye Laser 1 | BBO 248 nm cprimp TN
Digital Oscill ke
igital Oscillloscop
N Nd:YAG /

Computer -
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Energy level diagram : depletion experiments

.
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Results of the depletion ("ZEKE dip”) experiments

PFI-ZEKE electrons

time-of-flight

R(0)
Eﬂ A A// - .

é — IRon
g — IR off
— |IRon
w — IR off

101740 101760 101780 101800 101820 101840

-1
wavenumber / cm

A T.=Ao0rA,J=0 T . =TorT, J=1 E r.=E s=2
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Results of the IR+VUV two-photon experiments

| IlA 'T I T T T |
T
T A

— E T A A
20
2 0 EE VUV _
2  =A | excitation
8 Viaww
E
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Q.
E - | 2-photon
= . W/WVWMMMWMW eXCitation
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via R(2)

101740 101760 101780 101800 101820 101840
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Experimental level scheme

(not field corrected) lonization energy of methane:

101840 | ——— EE— 101753.0 £ 1.0 cm’
(Signorell et al.: 101773 £ 35 cm’)

101820

-1

_ The rovibronic ground state has T-symmetry
confirming our tunneling calculations

101800 - including the geometric phase.

This level structure proves that
CH," has a C,, equilibrium geometry
— — (incompatible with D, or C,, geometries)

wavenumber / cm

101780

101760 —_— .
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Rotation

2
Principal axis system \Xﬂ\; B e
for one minimum ~he =Gl T By + A

3

.V);
N

Global axis system \ 27

. H 1, 1 N | JN .2
forall minima >< i = GO (Rt d) 3B (k) AT
1 A2 A2 1 PN A A A2
= 5(C+DB) (Jx +Jy ) +5(C - D) (Jny + Jny) +AJ.
2 2
y N
LX 45
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Rotation-tunneling: an effective rovibronic Hamiltonian

-1 0 1 0O 1 -1
0 1 -1 1 0 -1
1[-1 0 -1l 0 1 1
= 1170t __
Hrve = U H U U 21/0 1 1|1 0 1
1 1 Of-1 1 0
1 -1 0 1 1 0
T, T
Min. Type of distortion Asymmetric top Hamiltonian
1 (23)/z-distortion  HI'/hc = 1(C' + B) (J gy 2) L(C - B) (J J,+ JyJ ) Al
2 (13)/y-distortion  HEg'/he = L(C + B) (J ‘v 2) +1(C-B) (J Iy + J, J) +AJ} -
~ N 1
3 (14)/-z-distortion Ht/he = L(C + B) (J gy 2) L(C - B) (J I, + Jyd ) A
4 (24)/-y-distortion HE/he = L(C'+ B) (J gy 2) L(C - B) (J Jo+ Jod ) +AJ)] - 0
5 (12)/a-distortion  HE/he = L(C'+ B) (J gy 2) +1(C-B) (J J.+J.J ) + A ==
6 (34)/-z-distortion HE'/hc = 1(C'+ B) (J ‘i 2) L(C - B) (J J.+ J.J ) v AJS

H... : add tunneling splitting 6 to diagonal and diagonalize : rovibronic energies
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Rotational level pattern in the ground state of CH,”

FKe
B 2 —
1 . —  AFE+2T +2T,
1
2 A2
B —
LA T AAET 4T,
A1 BZ 1 Fev = T1
B,
AB
2
A,
“i A _
B, —— A +E+2T 42T,
1_wev = BZ e—
AFE+T, +T,
> T 1_‘ev = T2

Static distortion (C,,) Increasing tunneling splitting & Free pseudoz-rotation (T,)
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Comparison with theoretical predictions

N T ' | ' T ' ' ' ' T ' T ' |
| A-symmetry T-symmetry
2 . .
= T
5 = T,
3 2 5
- 0 "qé T, T
T
| | | | | | If:? 01 1 222 22 333333 3 |
101720 101740 101760 101780 101800 101820 101840 101720 101740 101760 101780 101800 101820 101840
wavenumber /cm_1 wavenumber /cm'1
I T [ T [ i [ i |
1
E-symmetry Constants / cm':
E
E IE / he 101753(1)
2 A 6.94
(6]
E ] B 5.27
0
C 3.78
J+=|1 L2 2 33 3 | | | 8 85(1)
101720 101740 101760 101780 101800 101820 101840

-1
wavenumber /cm
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2D- model for pseudorotational motion: T&®(e+t,) in linear coupling

k
H=H0(e)+H0(t2)+ £
W+ Hg

Mapping onto a sphere:

e-modes

e :%(300526 —1)

q. = qgsinze cos 24

t,-modes
q. = qgsin 20 sin¢
q, =9 gsin 20 cos

q. = qgsinze sin 2¢

kT
7\4 _ (DT HT
where kE
(DE HE
M.C.M. O'Brien, Phys. Rev. 187, 407 (1969)
‘ C3v
®C,
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Pseudorotational motion

1. M'=3/4 and o=,
The sphere is an isoenergetic miniumum subspace. The kinetic energy operator takes the simple form:
2 2 2 2 2 2 2 2 2
f:_ﬁ(x) (82+ 82+ 82+ 82+ 82):_‘h_oazvg
2 0qy, 0q; 0q. Oq, Oq; 6g~ "

2. M'#3/4 andlor oo,
The rotational symmetry is lost. The potential terms must be totally symmetric.

Simplest form:
ACKSR ARNETVARS
3. quadratic coupling

The lowest order term accounting for quadratic coupling is:

7
V,©,9) =Y, —\E(Yf +77)
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Linear coupling only

D. minima C. minima
2d 3v

E/(hbar’ o /6q")

200 -100 0 100 200

o/(hbar’® /6q°)
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Linear + quadratic coupling
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Two-dimensional vibronic calculation for the methane cation

§=6cm’

T.T A1T2ET2T1 Tz

102000.00 102500.00 103000.00
-1
wave number / cm
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Conclusions

Experiment

The symmetry (N',I"..) of the lowest rovibronic levels of CH,” has been determined experimentally.
The tunneling splitting in the rotationless ground state of the methane cation is determined to be 8.5(1) cm’™.
The ionization potential of methane is determined to be 101753(1) cm”.

Rovibronic calculations with an effective Hamiltonian

The effect of the geometric phase on the rotational structure has been established for the first time.
This calculation enabled the complete assignment of the origin band of the PFI-ZEKE-PE spectrum.

2D vibronic calcuations on a sphere

The Jahn-Teller vibronic problem in the ground state of CH,” has been solved in 2 dimensions.
These calculations describe the large-amplitude motion of the hydrogen atoms in CH," .
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Transformation to an adiabatic basis:

(x"\ (cos®cosd cosOsing —sinO | x)

!

y'|=| -—sing cCos( 0 y
\z') \sinbcosd sinOsing cosO )\ z)

|z') =sinB cos¢ | x)+sin6 sin¢ | y) +cosb | z)

Properties under inversion: g's remain unchanged, electronic ket changes sign

Ty, 0,0) =By ,0,0) >v,,0,0)=Y"0,0)
LIjve :\V el“'j vib — |Z'>\|] vib

Y . should be single-valued in parameter space.

Since y,, changes sign upon inversion v, must also change sign.
--> Only odd values of / are allowed
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Comparison with one-dimensional model:
1D ‘2 o 2D

Electron Signal (arb. units)
3
E
h—

A, || E E | | A, A]|
0] [0}
T, T, AT, BT, T, T
N 1 " 1 " 1 L . L . L 1 . 1 L 1
101650 101850 102050 102250 101700.00 101800.00 101900.00 102000.00 102100.00 102200.00

-1 -
Wave Number / cm wave number / cm !
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Outlook : understanding the higher vibronic states

F
Alp
A

&b LE
w2
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g E E A F g A
io) E E q,F I m
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= :
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m .
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Other molecular ions exhibiting the T®(e+t,) Jahn-Teller effect

H, in T, configuration
SiH,": c, symmetrical minimum predicted (JT + PJT effect) : Frey and Davidson, JCP, 89,4227(1988)

+
CH, y | + —*

N —F

Further applications of the theoretical model

Charged fullerenes have T,G,H electronic states interacting with g and h modes.

Some of the problems (e.g. T®h in C,;) are very similar to T&(e+t));
C,, is believed to be responsible for the superconducting properties of K,C,, and Rb,C,,.

C,, is probably a G&(g+h) problem and is experimentally almost unexplored...
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