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Molecular beam photoelectron spectroscopy of allene

Z.Z. Yang !, L.S. Wang, Y.T. Lee, D.A. Shirley 2, S.Y. Huang and W.A. Lester Jr.

Department of Chemistry, University of California

and Materials and Chemical Sciences Division, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA

Received 7 June 1990

High-resolution Hel (584 A) photoelectron spectra of allene rotationally cooled in a seeded supersonic molecular beam were
obtained. Vibrational structure was completely resolved in the first band (X ?E), which involved a strong Jahn-Teller effect. A
series of ab initio double-zeta multiconfiguration self-consistent field (DZ MCSCF) calculations were carried out for the ground
state, and a twist angle of 52° was derived for the ground ionic state. Vibrational fine structure was resolved for the first excited
ionic state (A2E), and assigned to combinations of two symmetric vibrations, »,(a,) and »,(a, ), with vibrational frequencies of

1320(6) and 1030(6) cm™', respectively.

1. Introduction

High-resolution photoelectron spectroscopy (PES)
of allene is of special interest, both because its unique
molecular geometry with two perpendicular © orbit-
als is a prototype of the D,4 molecular point group,
and because its ground-state PE spectrum provides
a typical example of the Jahn-Teller effect involving
nondegenerate vibrations. In spite of this interest, no
very-high-resolution PE spectrum has been available
until now, especially beyond the first band.

Baker, Turner and Brundle [1] first studied the
Hel PE spectrum of allene. They pointed out the in-
volvement of the Jahn-Teller effect in the ground
ionic state. Using the MINDO/2 method, Haselbach
[2] optimized the equilibrium geometry of the al-
lene cation and found that a D, symmetry with a di-
hedral angle of 38° between the two CH, groups was
most energetically favorable for the ground ionic
state. Thomas and Thompson [ 3] measured a slightly
higher-resolution PE spectrum of allene, and sug-
gested that the complex vibrational structure of the
first band involved the Jahn-Teller effect, mainly
coupled through the torsional mode v,(b,;). Ce-
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derbaum et al. treated the theory of Jahn-Teller ef-
fect induced by nondegenerate vibrations [4-6], and
applied it to the PE spectrum of allene [4], finding
qualitative agreement with the available low-reso-
lution experimental spectrum,

Using a supersonic molecular beam with rota-
tional cooling, we have obtained a very-high-reso-
lution Hel PE spectrum of allene. Vibrational struc-
ture was completely resolved for the first band. In
addition, vibrational fine structure was resolved in
the second band for the first time, allowing us to de-
rive vibrational frequencies for the excited state of
the cation. We have also performed a series of ab in-
itio DZ MCSCF calculations to model the diabatic
torsional potential energy curves of the ground state,
and obtained a twist angle between the two CH,
groups in the cation.

2. Experimental

The apparatus has been described in detail before
[7]. The main feature was the coupling of a super-
sonic molecular beam source to a high-resolution
hemispherical energy analyzer with a multichannel
detector. For better rotational cooling, a seeded al-
lene sample (5% allene in He ) was used. The allene/
He beam, expanded through a 0.10 mm nozzle and
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skimmed by a 0.9 mm diameter conical skimmer,
crossed perpendicularly with the photon beam from
a He discharge lamp. The photoelectrons were de-
tected at 90° with respect to both the molecular beam
and the photon beam. The spectrum is shown in fig.
1. Three separate scans were taken through the known
spectral region (one scan from 9.5 to 11.25 €V, two
scans from 13.2 to 18.6 ¢V). Each scan was accom-
plished within 2 h to minimize the energy scale shift,
and was followed by an Ar* PE spectrum for cali-
bration. Four complete spectra were collected and
added together to achieve better statistical accuracy.
The resolution was 12 meV as measured with the
Ar* 2Py, peak. The energy scale shift was about 2
meV within each scan.

3. Computational method

To calculate the torsional potential energy curves
of the ground ionic state, we used the ab initio mul-
ticonfiguration self-consistent field (MCSCF)
method, with a double-zeta (DZ) basis set compa-
rable to Pople’s 3-21G set [8]. A total of 210 con-
figurations were obtained by allowing five electrons
to be distributed among six orbitals. Geometry op-
timization was carried out with the HONDO pro-
gram [9], which included a Newton-Raphson or-
bital optimization procedure [10].
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Fig. 1. The Hel photoelectron spectrum of allene. The arrows in-
dicate some background contributions from N,.
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4. Results and discussion

The 4a,3b,1e2e molecular orbitals are accessible
with the Hel line [11]. The 2e orbital is composed
of the two perpendicular C-C n orbitals, the le or-
bital is mainly from a m-type combination of the
C-H o orbitals with some contribution from the
C-C n orbitals, the 3b, orbital is mainly from the
C-C o orbitals, and the 4a, orbital is mainly of C 2s
character. Fig. 1 shows the PE spectrum with the as-
signments. Clearly, the X ?E and A °E bands show
well-resolved vibrational structure. The B?B, and
C2A, bands involve continuum dissociations, and
no fine structure was resolved even under the cur-
rent high-resolution conditions. In the following, we
shall focus mainly on the first two bands.

4.1. The X°E band

The first band of the allene PE spectrum is dis-
played in fig, 2, It shows a pronounced progression,
with sharp lines in the region from 9.65 to 10.15 eV
and then two humps, each with fine structure. The
main spectral features are labeled with numbers, and
the minor spectral features and small shoulders are
labeled with primed or double-primed numbers. The
ionization potentials are given in table 1. The X ’E
ground state results from ionization of the 2¢ orbital.
According to the Jahn-Teller theorem [12]}, this
doubly degenerate state is not stable against certain
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Fig. 2. The Jahn-Teller active X ?E band of the allene photoelec-
tron spectrum.
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Table |
The jonization potentials (IPs) for the X E ground state of the
allene cation

Peak No. IP (eV) ¥
1 9.6878
I 9.7456
2 9.7803
3 9.8700
3 9.909
4 9.9539
5 9.9970
5 10.0250
5" 10.0466
6 10.0906
7 10.1494
7 10.1673
7" 10.1890
8 10.2146
8 10.2277
8” 10.2408
9’ 10.2746
9 10.3004
9~ 10.3213

10 10.3525

10 10.3705

10" 10.3873

11 10.4314

12 10.4620

13 10.495

14 10.533

15 10.572

16 10.633

17 10.692

18 10.755

19 10.810

20 10.866

21 10.934

® The uncertainty is +0.002 eV. The extended accuracy is
meaningful only for peak spacings.

asymmetric vibrations and the molecule will con-
sequently be distorted to a lower symmetry in this
state. In most cases, degenerate vibrations are cou-
pled in Jahn-Teller distortions. However, it has been
shown that only nondegenerate vibrations are active
for D,4 molecules [4].

Cederbaum et al. [4-6] have studied the theory of
the Jahn-Teller effect induced by nondegenerate vi-
brations and calculated the PE spectra of allene [4].
They found that the Jahn-Teller effect in the ground
state of the allene cation was caused by coupling with
the torsional mode v,(b,) and the antisymmetric
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stretching mode »,(b,). They pointed out that the
torsional vibration was dominant and that the an-
tisymmetric stretching played an important role in
modulating the coupling of the torsional motion.
They found that the ground-state allene ion was non-
planar with a twist angle of 52°. Their spectral sim-
ulation was in qualitative agreement with the then
available PE spectrum, and the vibronic coupling was
concluded to be responsible for the complex vibra-
tional structure of the first band.

Cederbaum et al. also simulated a high-resolution
spectrum with a 5 meV fwhm linewidth. It is re-
markable that the calculated spectral features agree
with the main features in our high-resolution spec-
trum very well up to ~10.3 eV, even though they did
not use the correct ionic spectroscopic constants.
However, above 10.3 eV, it seems that we have re-
solved more spectral features than the simulation can
account for. As pointed out before and shown in fig.
2, the vibrational structure at low energies was dom-
inated by the torsional »,(b,) mode, while the com-
plicated vibrational structure at higher energies was
mainly modulated by the coupling of the antisym-
metric 7, (b,) mode. The disagreement at the higher
energies implies either that the »;(b,) coupling was
not sufficiently accounted for in the calculation or
possibly that more modes are involved. Thus, the
current spectrum should provide a better calibration
for the theoretical vibronic coupling calculations.

To understand further the nature of the vibronic
coupling in the X %E state, we have performed a se-
ries of ab initio DZ MCSCF calculations on the tor-
sional potentials. The results are shown in fig. 3,
which plots the potential energy versus the torsional
angle relative to planar geometry. The solid curves
correspond to the bond lengths C'-C?2=C>-C3=1.35
A, the optimized value at the potential minimum.,
The dashed curves are based on unequal bond
lengths: C'-C?=1.32 A and C2-C3=1.40 A, that is,
by including the coupling of the antisymmetric
stretching mode. The following conclusions can be
drawn from fig. 3. Firstly, over a large region near
the potential minimum, the solid curve is lower than
the dashed one. Thus the torsional mode dominates
the low energy levels, as shown in fig. 2. Secondly,
the potential energy minimum for the solid curve is
at 52.2°, which is in excellent agreement with the vi-
bronic calculation [4]. Thirdly, at 90°, the dashed
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Fig. 3. Potential energy curves for the Jahn-Teller active X °E
ground state of the allene cation versus twist angle. The solid
curves represent the two components of the 2E state with
C'-C?=C%-C*=1.34 A. Note the state is degenerate at 90° where
the cation has D,y symmetry. The dashed curves represent the
two components of the 2E state for the optimized bond lengths at
90° with C'-C2=1.32 A and C2-C*=1.40 A. Note that the en-
crgy gap between the two components at 90° goes to zero as the
two C=C bond lengths become equal for D, symmetry.

curves, which have two unequal C=C bond lengths,
arc scparated, indicating involvement of the »,(b,)
mode in the Jahn-Teller coupling. This supports the
earlier vibronic calculation [4]. Finally, two shoul-
ders in the upper potential curves were observed,
which have not been reported before. They should
be due to avoided curve crossings with the first ex-
cited state A E, which is also subject to Jahn—Teller
distortions.

A previous calculation on neutral allene [13]
found a torsional rotation barrier of about 2.3 eV.
From fig. 3, we can see that the barrier is reduced to
about 0.6 ¢V in the cation. Thus, the perpendicular
7 bonding is substantially weakened upon removal
of a & electron.

4.2. The A’E band

This band was not well resolved previously. The
current spectrum is shown in fig. 4. More than one
vibrational progression is resolved and the assign-
ments are also given in fig. 4. The vibrational struc-
ture is basically composed of combinations of the
v,(a, ) and v;(a,) symmetric vibrations. The », mode
is mainly the CH, scissoring motion and »; involves
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Fig. 4. The fine structure and assignments of the A 2E band of the
allene photoelectron spectrum.

mainly the C-H and C=C=C symmetric stretch mo-
tions [14].

The A 2E state results from ionization of the le or-
bital, which, as stated before, is composed mainly of
the m-type combination of the C-H ¢ bonds plus
some contribution from the C=C n bonds. When an
electron is ionized from this orbital, the C-H bonds
are equally weakened. Thus, it is not surprising that
the v, and v; symmetric vibrations are strongly ex-
cited. It is important to point out that there is no
Jahn-Teller effect in the A ’E state because the two

Table 2
The ionization potentials (IPs) and assignments for the A 2E state
of the allene cation

IP (eV) ® Assignment
(v 12 v3)
14,1053 000
14.2335 00 1
14.2689 010
14.3629 00 2
14.3949 011
14.4300 020
14.4922 003
14,5239 01 2
14.5511 0 21
14.6098 0 0 4
14.6464 013
14.6805 0 2 2

*) The uncertainty is £0.002 eV. The extended accuracy is
meaningful only for peak spacings.
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Table 3
Spectroscopic constants of the allene cation
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State IP (eV)® vy(em—1)® vs(cm~ 1)V yy(em~1)®
X2E® 9.688(2) 745(5)
AZE 14.105(2) 1320(6) 1030(6)

2 The adiabatic ionization potential. ®* The fundamental vibrational frequency.
©} For convenience, we maintained the state labeling under the undistorted D4 symmetry.

vibrational modes excited upon photoionization are
symmetric and not Jahn-Teller active.

The 10nization potentials are given in table 2 with
the assignments. The derived vibrational frequen-
cies are 1320(6) and 1030(6) cm~! for », and v,
respectively. The spectroscopic constants obtained
from this work are summarized in table 3.

Acknowledgement

LSW would like to thank Anne-Marie Schmoltner
for supplying the allene/He sample. DAS thanks the
Alexander von Humboldt Foundation for support
through a Senior Scientist Award and Professor G.
Kaindl and Professor E. Matthias for their hospital-
ity during his stay in FB Physik, FU Berlin. This work
was supported by the Director, Office of Energy Re-
search, Office of Basic Energy Sciences, Chemical
Science Division of the US Department of Energy
under Contract No. DE-AC03-76SF00098.

References

[L11D.W. Turner, C. Baker and C.B. Brundle, Molecular
photoelectron spectroscopy (Wiley, New York, 1970).

[2] E. Haselbach, Chem. Phys. Letters 7 (1970) 428.

[3]1R.K. Thomas and H. Thompson, Proc. Roy. Soc. A 339
(1974) 29,

[41L.S. Cederbaum, W. Domcke and H. Koppel, Chem. Phys.
33 (1978} 319.

[5]L.S. Cederbaum, W. Domcke, H. K&ppel and W. von
Niessen, Chem. Phys. 26 (1977) 169.

[6]L.S. Cederbaum, H. Képpel and W. Domcke, Intern, J.
Quantum Chem. Quantum Chem. Symp. 15 (1981) 251.

[71J.E. Pollard, D.J. Trevor, Y.T. Lee and D.A. Shirley, Rev.
Sci. Instr. 52 (1981) 1837,

[8]J.S. Binkley, J.A. Pople and W.J. Hehre, J. Am. Chem. Soc.
102 (1980) 939.

[9] M. Dupuis, J. Rys and H.F. King, J. Chem. Phys. 65 (1976)
111

[10] L. Yaffe and W.A. Goddard III, Phys. Rev. A 13 (1958)
1682.

[11] K. Kimura et al., Handbook of Hel photoelectron spectra
of fundamental organic molecules (Halsted Press, New
York, 1981).

[12] H.A. Jahn and E. Teller, Proc. Roy. Soc. A 161 (1937) 220.

[13] S.Y. Huang, Ph.D. Thesis, University of California, Berkeley
(1988).

[14] R.C. Herman and W H. Shaffer, J. Chem. Phys. 17 (1949)
30;

G. Herzberg, Molecular spectra and moiecular structure, Vol.
2. Infrared and Raman spectra (Van Nostrand Reinhold,
New York, 1945).

13



