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Abstract

Recent progress in the study of the rovibronic photoionization dynamics of polyatomic molecules is reviewed with emphasis on the
photoionization dynamics of asymmetric tops. Rovibronic photoionization selection rules and propensities for angular momentum transfer
upon photoionization are discussed in the framework of an orbital ionization model in which the ionization is assumed to take place out of a
single determinantal electronic wavefunction. This model enables the quantitative analysis of the rotational structure of photoelectron spectra
whenever the photoionization can be interpreted in a single-determinantal picture. In more complicated situations, the model can be used to
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identify configurational mixing in the neutral or the cationic state and to detect rovibronic interactions between the ionization channels
aspects of the model are illustrated by examples including studies of the photoionization and photoelectron spectra of ketene (CH2CO), ozone
(O3), ethylene (C2H4) and amidogen (NH2).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Photoionization represents a powerful method for the
generation of molecular cations and is used in many

∗ Corresponding author.
E-mail address: frederic.merkt@ethz.ch (F. Merkt).

analytical and spectroscopic applications such as mass
trometry, photoionization spectroscopy, resonance-enha
multiphoton-ionization (REMPI) spectroscopy and pho
electron spectroscopy. Whereas the dynamical details o
ionization process are only of secondary importance in m
spectrometric studies, the production of the cations
1387-3806/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2005.06.004
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their subsequent mass analysis being usually at the center of
interest, the photoionization dynamics is a key aspect of the
spectroscopic applications of photoionization: It determines
which quantum states of the cation can be produced or stud-
ied from a given quantum state of the parent neutral species
and governs the intensity distribution of photoelectron
spectra[1–4]. A detailed understanding of the photoion-
ization process is therefore important for the production
of state-selected molecular cations which is a prerequisite
for the study of state-selected ion–molecule reactions
[5–9].

The investigation of the rovibronic photoionization
dynamics of a wide range of polyatomic molecules by
photoelectron spectroscopic methods has become possible
with the development of pulsed-field-ionization zero-kinetic-
energy (PFI-ZEKE) photoelectron spectroscopy[10–17]. In
conventional photoelectron spectroscopy, the molecules are
ionized with radiation of a fixed frequency and the photo-
electron kinetic energy, which corresponds to the difference
between the photon energy and the internal energy of the
cationic core, is measured[18]. In contrast, in PFI-ZEKE
photoelectron spectroscopy the parent neutral molecules are
excited with a tunable light source to very high Rydberg
states located just below the ionization thresholds associated
with the accessible quantum states of the cation. The high Ry-
dberg states (with principal quantum numbersn � 100) are
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molecules enables and justifies a discussion of the underly-
ing photoionization dynamics, and we review in this article
recent progress in the study of their photoionization dynam-
ics. Rotationally resolved PFI-ZEKE photoelectron spectra
are analyzed in the framework of a theoretical model[39,42]
for the rovibronic photoionization intensities of asymmet-
ric tops which is an extension of the model developed by
Buckingham et al. for diatomic molecules[1]. This model
has been at the heart of most approaches followed to date
to calculate the rovibronic structure of photoelectron spec-
tra ab initio [43–47]. Two aspects of the model particu-
larly attractive for the chemist and central to the present
article are that (i) it links the rotational structure of the
photoelectron bands to the properties of the molecular or-
bital from which ionization occurs and (ii) it highlights the
relationship between the photoionization dynamics of the
molecule and the internal molecular dynamics of the cation
core.

The main features of the model are best illustrated with
the example of the photoionization of H2 [48]. Removing
an electron from the 1s�g orbital leads to the formation of

the X̃+ 2�+
g H+

2 ion and can be viewed as the creation of a
(1s �g) hole in the core. By assuming that the angular mo-
mentum characteristics of the photoionizing radiation is fully
transferred to the photoelectron, the conservation of angular
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onized by electric field pulses and the field ionization y
s recorded as a function of the excitation energy to give
FI-ZEKE photoelectron spectrum[10,13,19]. In this way,
spectral resolution of better than 1 cm−1 can be routinel

chieved which is sufficient to resolve the rovibronic st
ure of many diatomic and symmetric polyatomic molecu

The majority of polyatomic molecules, however, exhi
ow symmetry, have three distinct rotational constants
re thus asymmetric-top molecules. Because of the low
etry, the density of non-degenerate rotational states is
igher in asymmetric-top than in symmetric-top molecu
oreover, the photoionization symmetry selection rules
sually less restrictive, and resolving the rotational struc

n the photoelectron spectra of asymmetric tops is notorio
ifficult, particularly for molecules with small rotational co
tants. The experimental data on the rovibronic photoio
ion dynamics of asymmetric tops has therefore rema
carce up to date, the main exceptions being the triat
ydrides H2O [20–27], H2S [28–30], CH2 [31,32]and NH2
33] and formaldehyde H2CO [34] which all have unusu
lly large rotational constants. Partially resolved rotati
ontours have been analyzed in the photoelectron spec
arger asymmetric tops such as, for instance, fluoroben
35] andn-butylbenzene[36]. The recent improvement of t
esolution of PFI-ZEKE photoelectron spectroscopy to b
han 0.1 cm−1 [19] enabled the observation of the rovibro
tructure in the spectra of a wider range of asymmetric
uch as CH2CO [37,38], C2H4 [39,40]and O3 [41].

The growing body of experimental data on the rovib
ional structure of photoelectron spectra of asymmetric
omentum requires the vector addition of the ion total a
ar momentum without spin�N+ and the electron hole angu

omentum��′′ to be equal to that of the neutral molecule�N ′′
rior to ionization:

′′ + �N+ = �N ′′. (1)

he (1s�g) orbital of H2 can be viewed as an�′′=0 or-
ital centered halfway between the two protons, with on
ery weak�′′ = 2 contribution. Eq.(1) thus predicts that th
ain rotational branches of the photoelectron spectrum
ominantN+ − N ′′ = 0 branch and weaker|N+ − N ′′| = 2
ranches as confirmed by experiment[49–51]. This orbita
pproximation also enables one to predict, in this case

he angular distribution of the photoelectron should be
imilar to that expected following photoionization out of
orbital of an atom. This prediction is also confirmed

ngle-resolved photoionization experiments on H2 molecules
52].

The orbital approximation outlined here is not suita
o describe the energy dependence of the photoioniz
ynamics and fails to describe the effects of shape reson
nd Cooper minima on the rotational structure of photoe

ron spectra[53–57]. It does, however, provide a useful fram
ork to discuss rotational intensities in photoelectron spe

t assists in the assignment of vibronic symmetries, it ena
ne to detect anomalies in the photoionization dyna
nd it helps to reveal vibronic interactions in the molec
ations. These aspects are at the focus of this article
xamples will be presented in Section5 illustrating each
oint.
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2. Rovibronic photoionization selection rules and
intensities

Photoionization entails an electronic transition between
a bound and a continuum state. The main difficulty in the
formulation of a model for rovibronic photoionization inten-
sities lies in the treatment of the photoelectron which, in the
asymptotic range, is only weakly coupled to the cationic core.
In PFI-ZEKE photoelectron spectroscopy, the molecules are
excited to a pseudo-continuum of very high Rydberg states in
which the electron is weakly bound. In diatomic molecules,
the transition can usually be described as occurring between
a Hund’s case (a) or (b) type angular momentum coupling sit-
uation in the initial state and a type (d) coupling situation in
the final state. The absorption cross section varies smoothly
through the ionization thresholds[58] so that intensity mod-
els for direct photoionization can equally well be applied
to transitions to the pseudo-continua of very high Rydberg
states that are probed in PFI-ZEKE photoelectron spectro-
scopic experiments, provided that the coupling between the
different ionization channels are adequately taken into ac-
count[12,59,60].

In a single-determinantal description of photoionization,
the wavefunction of the final state of the transitionϕf can
be factorized intoϕf = ϕe−ϕ+ whereϕe− andϕ+ stand for
the wavefunctions of the photoelectron at long range and
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toionization selection and propensity rules are derived from
the correlation diagrams. The model offers the advantage of
providing some information on relative intensities, but the
construction of the correlation diagrams can prove laborious
in practical situations. The model has been applied in the
analysis of the photoionization of NO, H2S, N2O and NH3
[30,72].

The most general set of rovibronic photoionization selec-
tion rules is obtained by invoking the conservation of parity
and nuclear spin symmetry, resulting in the symmetry condi-
tion [73]

Γe− ⊗ Γ +
rve ⊗ Γ ′′

rve ⊃ Γ ∗ (3)

expressed in the relevant molecular symmetry (MS) group
[74]. In Eq. (3), Γe− is the symmetry of the photoelectron
partial wave which in the asymptotic range reduces to its par-
ity (+ for even� partial waves and− for odd� partial waves),
Γ ∗ denotes the dipole moment representation of the rele-
vant molecular symmetry group andΓ +

rve andΓ ′′
rve stand for

the rovibronic symmetries of the cationic and neutral states,
respectively. Conservation of the total angular momentum�J
upon ionization leads to the additional restriction for a single-
photon excitation process[71]:


J = J+ − J ′′ = −� − 3

2
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f the cation core, respectively.ϕe− can be determined b
olving the corresponding scattering equation (see, e.g.
45]) or using multichannel quantum defect theory (MQD
61–64]. The differential photoionization cross section o
sotropic (non-aligned, non-oriented) sample can be fo
ated as[1,65]

dσtot

dΩ
= σtot

4π
(1 + βP2(cosθ)) ∝

∑
|〈ϕe−|〈ϕ+|�µ|ϕi〉|2. (2)

n Eq. (2), σtot is the total photoionization cross section,Ω
he infinitesimal solid-angle element,P2 the second-orde
egendre polynomial and the sum runs over all degen

nitial and final states. By suitable modifications, Eq.(2) can
lso be extended to calculate differential and integral

oionization cross sections of aligned and oriented sam
66–69].

For the analysis of the molecular photoionization dyn
cs, Eq.(2) can be used to numerically calculate photoion
ion intensities or to derive photoionization selection ru
he evaluation of Eq.(2) was used by Dixit and McKoy[70]
nd Xie and Zare[71] to derive rovibronic photoionizatio
election rules for diatomic molecules. A similar appro
as followed by Lee et al. to determine selection rules fo
hotoionization of H2O [23]. A method to derive rovibron
election and propensity rules for transitions to high Ryd
tates which is in principle generally applicable to polyato
olecules was introduced in the form of the “compound s
odel” by Müller-Dethlefs[72]. In this model, the wave

unctions of the Rydberg electron in the close-coupling
symptotic regimes are correlated diagrammatically and
here� stands for the orbital angular momentum quan
umber of the photoelectron partial wave andJ ′′ andJ+ for

he total angular momentum quantum numbers (exclu
uclear spins) of the neutral and cationic states, respect

The main advantage of the rotational selection rules
ived from Eq.(3) for a given vibronic transition is the
trict validity and their ease of implementation. They h
uccessfully been applied to the analysis of the PFI-Z
hotoelectron spectra of a number of polyatomic molec
uch as ND4 [75], NH3 [76], C6H6 [73,77], C6H6-rare gas
lusters[78], H2O[73], CH2CO[37,38], CH2 [32], NH2 [33]
nd C2H4 [39,40]. However, the drawback of these selec
ules is that they provide only limited information on the p
oionization dynamics (i.e., intensities) and primarily hel
redict the even- or odd-� nature of the photoelectron p

ial waves associated with a given rovibronic photoioniza
ransition.

Up to date, several numerical models for the calcula
f rovibronic photoionization intensities based on Eq.(2)
ave been described in the literature. They generally

er in the approximations that are introduced in the ev
tion of Eq.(2). In their pioneering work on the theory

he rotational structure in photoelectron spectra of diato
olecules, Buckingham et al. introduced a set of app
ations to evaluate Eq.(2) which enabled the calculation

elative rovibrational intensities of photoelectron bands w
ut the need to solve the scattering problem explicitly. W
pplied within the so-called orbital approximation[1], the
odel relates the rotational structure observed in photo

ron bands to the properties of the molecular orbital f
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which the electron is ejected and thus provides a physically
appealing interpretation of the photoionization dynamics al-
ready mentioned in the introduction. The original derivation
was restricted to diatomic molecules and its extension to treat
the photoionization of asymmetric tops[39,42] will be dis-
cussed in Section3.

McKoy and co-workers developed a full ab initio treat-
ment of Eq.(2) where the Lippmann–Schwinger scattering
equation is solved numerically (see, e.g.,[43,45–47]). The
model has successfully been applied to analyze the rotational
structure of the PFI-ZEKE photoelectron spectra of a variety
of molecules such as N2 [79], NO [80–82], CO [79], H2O
[23–25], HCl [57], OH [83,84], SH [85], HBr [86], H2CO
[34], CH3 [34] and O2 [87]. While providing a rather detailed
and complete picture of the photoionization dynamics, such
ab initio calculations are computationally demanding and do
not enable simple predictions of the rotational structure of a
photoelectron spectrum as are often needed by experimental-
ists in the assignment procedure of their spectra.

A recent approach to calculate the rotational structure of
photoelectron spectra using Eq.(2) was introduced by Ford
and Müller-Dethlefs[88,35]and is reminiscent of the orbital
approximation of the BOS model but introduces different
approximations in the evaluation of the electronic transition
moment. The initial state of the photoionizing transition is
treated as a Rydberg-like state on which the cationic state
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rovibronic assignment of the spectral features and the de-
termination of the vibronic symmetry of the cationic states.
The original derivation was restricted to diatomic molecules
and the generalization to asymmetric tops, detailed in Refs.
[39,42] is briefly outlined here.

The electronic and vibrational angular momenta are not
constants of motion in asymmetric-top molecules. In the ab-
sence of spins, or whenever the effects of spins can be ne-
glected (which is often the case in asymmetric tops[89]), the
total angular momentum without spin�N is used. The pho-
toionization process can thus be treated as a transition from
a Hund’s case (b) to a Hund’s case (d) type angular momen-
tum coupling scheme[62]. For the evaluation of the elec-
tronic transition moment, it is assumed that (i) the electronic
wavefunction can be described with a single Slater deter-
minant, (ii) ionization occurs out of a single molecular or-
bital, and (iii) the molecular orbital structure does not change
upon the removal of an electron. Under these assumptions,
which are often referred to as the frozen-core Hartree-Fock
approximation, the electronic transition moment reduces to
a one-electron integral involving the molecular orbitalφα′′
from which ionization occurs and the photoelectron contin-
uum orbital. This corresponds to the orbital approximation
introduced in Ref.[1]. φα′′ is decomposed into its angular
momentum components in a single-center expansion in the
molecular center of mass:

φ
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s projected. This projection is interpreted as a ”spec
rbital” from which the photoelectron is removed. In so
ases this approximation can be fairly accurate, in other
o because typical initial states of photoionization transit
n polyatomic molecules are usually valence states
ittle Rydberg character. The determination of the spec
rbital requires some initial knowledge of the catio
lectronic structure, e.g., from an ab initio calculation.
hysical interpretation of the photoionization dynam

hat emerges from this treatment is quite similar to the
rawn from the orbital approximation of Ref.[1], namely

hat the rotational structure of the photoelectron ba
an be related to the properties of the orbital from wh
he electron is removed which is in this case the spec
rbital.

. Rotational line strengths in the photoelectron
pectra of asymmetric-top molecules

The advantage of the orbital approximation lies in the
hat it provides an intuitive interpretation of the photoi
zation process and of the rotational intensity distributio
hotoelectron spectra. It also represents a valuable aid

σtot ∝ ρ′′|〈v+|v′′〉|2∑|λ′′|≤�′′ 1
2�′′+1Q(�′′)|C(α′′)

�′′λ′′ |2
[
�′′|FE,�′

α′′�′′

with Q(�′′) = (2N+ + 1)

[∑
K+K′′ (−1)K

+
c
N+K+

a K+
c

K+ c
N ′′K
K′′
α′′ =
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|λ′′|≤�′′
C

(α′′)
�′′λ′′Rα′′�′′ (r)Y�′′,λ′′ (ϑ, ϕ), (5)

ith the expansion coefficientsC(α′′)
�′′λ′′ , the radial function

α′′�′′ (r) and the spherical harmonicsY�′′,λ′′ (ϑ, ϕ).α′′ denotes
he orbital index and�′′ andλ′′ stand for the quantum numbe
f the orbital angular momentum and its projection on
olecular axis, which is identified with thea orc inertial axis
epending on whether the asymmetric top is near-prola
ear-oblate, respectively. The asymmetric-top wavefunc
NKaKc〉 are expanded in a basis of symmetric-top funct
NK〉

NKaKc〉 =
∑
K

c
NKaKc
K |NK〉 (6)

ith the expansion coefficientscNKaKc
K . In Eq. (6), Ka and

c represent the asymmetric-top quantum numbers andK the
uantum number of the projection of�N on the internuclea
xis. With these approximations, the total ionization c
ectionσ at energyE is calculated to be[39,42]

(�′′ + 1)|FE,�′′+1
α′′�′′ |2

]
N+ �′′ N ′′

−K+ λ′′ K′′

)]2
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(7)
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In Eq.(7),

ρ′′ = χ′′ exp

{
− E′′

kBT

}
(2N ′′ + 1) (8)

represents the weighting factor of the initial rovibronic level
of the neutral state with spin-statistical weightχ′′, andE′′
represents the energy with respect to the lowest level. The
vibrational part of the transition moment is contained in the
factor|〈v+|v′′〉|2. FE,�

α′′�′′ represents a radial transition integral
of the form

FE�
α′′�′′ =

∫ ∞

0
R�(E, r)Rα′′�′′ (r)r3dr. (9)

whereR�(E, r) denotes the radial part of the photoelectron
partial wave and� its orbital angular momentum quantum
number.

Eq.(7) allows a straightforward interpretation of the pho-
toionization dynamics of asymmetric tops which can be in-
ferred from the 3j symbol in the angular factorQ(�′′): the
change of the rotational angular momentum�R ≡ �N upon
photoionization is caused by the angular momentum compo-
nents (�′′, λ′′) of the molecular orbital from which ionization
occurs. In other words, the removal of an electron creates an
orbital angular momentum ”hole” which can couple to the
rotational angular momentum and is responsible for the ro-
t This
p ith
t xi-
m hich
c l”.

ular
m
e
e
K

b ax-
i
c s
o
c ex-
p

ovi-
b tric
t to-
e tors
| r ex-

p
c sit-
u tate
i ibra-
t ional
i
i ndon
f al
m f a

particular vibronic band can be performed when the factors

B
(α′′)
�′′λ′′=|C(α′′)

�′′λ′′ |2[�′′|FE,�′′−1
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n�′′ |2] (10)

in Eq. (7) are treated as effective parameters which are fit-
ted to the experimentally observed spectrum. Alternatively,

if the single-center expansion coefficientsC
(α′′)
�′′λ′′ are already

known, the factors

b
(α′′)
�′′λ′′ = [�′′|FE,�′′−1

n�′′ |2 + (�′′ + 1)|FE,�′′+1
n�′′ |2] (11)

can be treated as adjustable parameters. In this way, Eq.(7)
can be used as an empirical model for relative rotational pho-
toionization intensities which allows one to extract valuable
information on the photoionization dynamics from experi-
mental data. The following procedure can be adopted for
the interpretation of the rotational structure of photoelectron
bands:

1. Assignment of the electronic symmetry and of the
rotational transitions using the rotational selection rules
derived from Eq.(3) and determination of the rotational
energy levels.

2. Determination of the molecular constants (ionization
energies, rotational constants, centrifugal distortion
constants, etc.) by a fit to the experimentally determined
line positions.
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he example of H2, is a direct result of the orbital appro
ation and represents the salient feature of the model w

an thus adequately be termed “orbital ionization mode
Eq. (7) also offers a means to reconstruct the ang

omentum components (�′′, λ′′) of the photoelectron from
xperimental data[48]. The 3j symbol inQ(�′′) is differ-
nt from zero only if|
N| = |N+ − N ′′| ≤ �′′ and
K =
+ − K′′ = λ′′ hold. Hence, the maximum value of�′′ can
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mum value of
N, and the different observed
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omponents allow one to derive the relevantλ′′ component
f the single-center expansion using Eq.(6). Note that the
ondition|
N| ≤ �′′ is more restrictive than the general
ression Eq.(4).

Eq.(7) constitutes a complete, though approximate, r
ronic intensity model for the photoionization of asymme

ops. The simulation of the rovibronic structure of pho
lectron spectra can be performed if the vibrational fac
〈v+|v′′〉|2, the expansion coefficients of the single-cente

ansionC
(α′′)
�′′λ′′ and the radial transition integralsFE�

α′′�′′ are
alculated, for instance with ab-initio methods. In many
ations only a transition to a single cationic electronic s

s considered and only the relative intensities of the rov
ional components are of interest. In this case, the vibrat
ntensities are determined by the factor|〈v+|v′′〉|2 which can
n a first approximation be expressed as a Franck-Co
actor

∏
i |〈v+

i |v′′
i 〉|2, where the product is over all norm

odesi. An analysis of the relative rotational intensities o
. Determination of the different rotational branches
the photoelectron spectrum and hence of the an
momentum propensity rules.

. Analysis of the valence orbitals of the neutral pa
molecule and qualitative determination of their ang
momentum components in the core region to provid

initial set of B(α′′)
�′′λ′′ parameters and simulate the rela

rotational spectral intensities using Eq.(7).

. Iterative refinement of theB(α′′)
�′′λ′′ parameters (and identi

cation of possible systematic deviations) until agreem
between simulated and observed spectra is achieved

The simple physical picture of photoionization dynam
hich is the result of the orbital ionization model is
irect consequence of the approximations introduced i
valuation of the transition moment, i.e., the frozen-
artree-Fock approximation. Consequently, if the neu

he cationic, or both states are subject to configuration int
ion or if the molecular geometry changes significantly u
onization, the vibronic intensities calculated using Eq.(7)
ill deviate from the observed ones: If additional electro
ngular momentum components are introduced into the

ronic wavefunction by configurational mixing, rotatio
ransitions can be observed which are not compatible
he assumption that ionization occurs out of a single orb
n this case, the configuration interaction can be detecte
he basis of simulations using Eq.(7), and the deficiency o

he model can be compensated by introducing suitableB
(α′′)
�′′λ′′

arameters to account for the additional angular mome
ontributions. These parameters in turn provide infor
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tion on the configurations that are mixed in (see Section
5.4).

The main limitation of the model is that interactions
between the photoelectron and the cationic core are not taken
into account; the photoelectron merely acts as a “spectator”
that is not influenced by the dynamics of the ionic core
[12], the coupling between different ionization channels
mediated by the electron–ion core interaction at short range
being neglected. In PFI-ZEKE photoelectron spectroscopy,
the effects of channel interactions on rovibrational intensity
distributions are well documented[12] and primarily arise
from the coupling of the pseudo-continua of high Rydberg
states that are probed in a PFI-ZEKE experiment with
lower Rydberg states belonging to different ionization
channels. These channel interactions can also be viewed
as resulting from the scattering of the Rydberg electron at
the dipole or higher multipoles of the molecular core in the
short-range region of the electron-ion collision[81,26,24]
and typically lead to a change of the partial wave character
of the photoelectron and to the appearance of additional
rovibronic transitions in the spectra.

The importance of intensity perturbations caused by chan-
nel interactions tends to decrease with increasing size of the
molecules and with increasing spectral resolution. The rea-
sons are the short lifetimes and the resulting large resonance
widths of low Rydberg states in larger polyatomics which
c s and
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ionization from the intermediate state compared to the ion-
ization from the ground neutral state, as has been shown in a
recent PFI-ZEKE photoelectron spectroscopic study on the
X̃+ 3B1 ground state of NH+2 [94]. Alternatively, by keeping
the ionization laser frequency fixed and tuning the frequency
of the laser for the excitation to the intermediate state it is pos-
sible to record excitation spectra of selected species which
have recently been used to study the rotational structures of
conformers of polyatomic molecules[36].

The PFI-ZEKE photoelectron spectrometers and exper-
imental procedures used in our investigations have been
described in detail in previous publications[90,75,91,19].
Briefly, PFI-ZEKE photoelectron spectra are recorded by
pulsed-field ionization of high Rydberg states[10] after
single-photon excitation from the neutral ground vibronic
state using broadly tunable vacuum-ultraviolet (VUV) radia-
tion sources. The VUV radiation is generated by resonance-
enhanced difference- or sum-frequency mixing in a Krypton
or Xenon gas jet using either the output of two pulsed dye
lasers[75,90]or two pulse-amplified cw ring dye lasers[91].
The bandwidths obtained in the VUV using these two differ-
ent laser systems are 0.1 cm−1 and 0.008 cm−1, respectively.
The combination of these narrow-bandwidth laser systems
with carefully designed sequences of electric field pulses
for the pulsed field ionization allows PFI-ZEKE photoelec-
t up to
0
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ause channel interactions to average out in many case
he fact that accidental degeneracies between low-n Ryd-
erg states and the pseudocontinua of high Rydberg
ecome rare with decreasing width of the field-ioniza
indow. Among the examples presented in Section5, inten-
ity perturbations induced by autoionization were foun
lay only a minor role except in the case of the triato
ydrides[22,23,32,33], as will be discussed in Section5.3.

. Experimental

A variety of experimental techniques can be emplo
o achieve rotational resolution in PFI-ZEKE photoelec
pectra. The most direct approach is single-photon ex
ion from the vibronic ground state using tunable narr
andwidth vacuum-ultraviolet (VUV) or extreme-ultravio
XUV) radiation sources[90,91]. Whenever VUV source
re not available, resonant multiphoton excitation sche
re used (see, e.g., Ref.[88]). Resonant schemes rely on
xistence of suitable intermediate states and offer the a
age of considerably reducing the rotational line density in
FI-ZEKE photoelectron spectra by selecting a single

ional level in the first excitation step. The assignment o
pectra is thus facilitated and rotational resolution can o
e achieved with light sources of moderate bandwidth su
ulsed dye lasers and synchrotrons, as has been demon

n recent studies using IR-VUV[40,92] and VUV-UV [93]
1 + 1′) excitation sequences. Moreover, it is also possib
ake advantage of the different Franck-Condon factors fo
d

ron spectra to be recorded at a spectral resolution of
.06 cm−1 [19].

. Applications of the orbital ionization model

.1. Dependence of rotational line intensities on
olecular orbital properties

A simple example illustrating the formalism discusse
ection3is the photoionization of ketene CH2CO, a molecul
f C2v symmetry[37]. The PFI-ZEKE photoelectron spe

rum of theX̃1A1(0, 0, 0) → X̃+2B1(0, 0, 0) photoelectro
and of CH2CO is displayed inFig. 1(a). In this transition

he electron is removed from the highest occupied mol
ar orbital (HOMO) 2b1. Ketene is a near prolate asymm
ic top (the asymmetry parameter isκ′′ = −0.997) in which
heA′′ rotational constant (A′′ = 9.0988 cm−1) is more than
n order of magnitude larger than theB′′ andC′′ constant
B′′ = 0.34377 cm−1, C′′=0.33074 cm−1) [95] so that only
he K′′

a = 0 and 1 levels are appreciably populated in
ow temperature environment of the supersonic expan
Trot = 5 K). The largeA′′ and A+ constants lead to th
rouping of the lines into three distinct bands observed inFig.
(a) corresponding to the transitionsK+

aK′′
a

= 01, 10 and 21 on
hich different
N branches are superimposed. Within

ramework of our intensity model, it can be concluded fr
he observed branches (|
Ka| ≈ |
K| = 1 and|
N| ≤ 2)
hat the single center expansion of the 2b1 orbital must be
ominated by (�′′, λ′′) = (1, ±1) and (2, ±1) components
his is readily verified by inspection of the 2b1 orbital shown
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Fig. 1. (a) PFI-ZEKE photoelectron spectrum of theX̃ 1A1(0, 0, 0) →
X̃

+ 2B1(0, 0, 0) photoelectron transition of ketene CH2CO. The spectral
branches are labeled by the asymmetric-top quantum numbersKa in the
neutral (”) and cationic (+) states, respectively, using the notationK+

aK′′
a

and

the changes in the total angular momentum without spin
N = N+ − N ′′.
The values ofN+ are indicated below the assignment bars. (b) Simulation
of the experimental spectrum using a simple model in which the line inten-
sities are determined by the populations of the lower states and weighting
coefficients for the rotational branches (see text). (c) Simulation of the ex-
perimental spectrum using the orbital ionization model. Inset: schematic
representation of the highest occupied molecular orbital (2b1) of CH2CO.

in the inset inFig. 1(c): The two outer p atomic orbitals form
a contribution of (�′′, λ′′) = (2, ±1) character and the central
p atomic orbital is well described by an angular momentum
component of (1,±1).

In Fig. 1(b), a simulation of the rotational structure based
on a simple “Boltzmann” model is shown in which the rel-
ative rotational intensities are determined by the weights of
the neutral states as expressed in Eq.(8). To reproduce the ex-
perimental spectrum, the relative intensities of the
N com-
ponents were scaled according to the schemeI(|
N| + 1) =
I(
N)/3. Although the overall intensity distribution is pre-
dicted quite satisfactorily with this crude model, the sim-
ulated spectrum deviates from the observed one in several
details. The relative intensities of the
N = 0 branches of
theK+

aK′′
a

= 01 and 21 bands are not simulated correctly, and

neither are the
N=1 and 2 components of theK+
aK′′

a
= 21

band.Fig. 1(c) shows a simulation of the spectrum using
Eq. (7) assuming that the single-center expansion of the
2b1 molecular orbital consists of two dominant contribu-
tions (�′′, λ′′) = (1, ±1) and (2, ±1). The ratio of coefficients

|B(2b1)
2,±1:B(2b1)

1,±1| = 1 : 0.8 was found to best reproduce the ex-
perimental spectrum. The agreement between the observed
and experimental spectrum is quantitative; in particular de-
tails like the relative line intensities within the
N = +1 and
+2 branches of theK+

aK′′
c

= 21 component are reproduced
correctly.

5.2. Assigning the vibronic symmetry of photoelectron
bands with the orbital ionization model

A more complicated case is found in the photoionization
of ozone O3 which also serves as an example to illustrate how
the analysis of the photoionization dynamics can assist in the
vibronic assignment of photoelectron bands. Ozone has been
the subject of many theoretical and experimental investiga-
tions, and it has already been recognized in early ab-initio
calculations that configuration interaction must be taken into
account for a correct description of its ground state elec-
tronic wavefunction (see, e.g., Refs.[96–98]). Fig. 2 shows
a schematic representation of the relevant molecular orbitals
of O3 together with the most important configurations con-
tributing to theX̃ 1A1, X̃+ 2A1 and Ã

+ 2B2 states as pre-
dicted by theory[98,41]. Because of configuration interac-
tion, theX̃+ state of O+

3 is not formed by ionization out of the

HOMO, the 1a2 orbital. Instead, thẽX+ state wavefunction
i
o the
l e-
d
b that
t erate
[ sti-
g r the
g ri-
m
s n
a re of
t hich
a y
s r-
f imu-
l

the
X e
d al
s rota-
t rules
c ionic
s ics.
I ve-
f he
6 es a
c seen
f e-
c even
s dominated by the contribution from the 6a−1
1 ionization

f the main neutral ground state configuration. Similarly,
eading configuration of thẽA

+
state wavefunction is pr

icted to arise from 4b−1
2 ionization (seeFig. 2). Studies

y conventional photoelectron spectroscopy indicated
he first two cationic electronic states are almost degen
99,100]. However, the resolution achieved in these inve
ations was not sufficient in order to determine whethe
round state is the2A1 or the2B2 component. The expe
ental confirmation of the theoretical prediction that theX̃+

tate is of2A1 electronic symmetry[101–103]has only bee
chieved recently by the analysis of the rotational structu

he high-resolution PFI-ZEKE photoelectron spectrum w
lso showed that the origins of theX̃+ andÃ

+
states are onl

eparated by 1089.7 cm−1 [41]. This confirmation was pe
ormed on the basis of symmetry assignments and of s
ations of the bands using the orbital ionization model.

The rotational structures of the origin bands of
˜ 1A1 −→ X̃+ 2A1 and X̃ 1A1 −→ Ã

+ 2B2 transitions ar
isplayed inFig. 3(a) and (b), respectively. Their rotation
tructures are very different because of the different
ional constants in the final state, the different selection
aused by the different electronic symmetries of the cat
tates and the differences in the photoionization dynam
n a single-determinantal picture of the electronic wa
unction, theX̃+ 2A1 state arises by ionization out of t
a1 molecular orbital (see above). This orbital possess
omplex angular momentum composition as can be
rom its form depicted inFig. 2. Consequently, the singl
enter expansion only converges slowly and a total of s
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Fig. 2. Schematic representation of the outer valence molecular or-
bitals of ozone O3 and dominant electronic configurations of the states
X̃ 1A1, X̃

+ 2A1 andÃ
+ 2B2 (from Ref.[41]). The percentage numbers de-

note the relative contributions of the configurations to the CASSCF wave-
functions of these states.

angular momentum components (�′′, λ′′) = (0, 0) (with co-
efficient |B(6a1)

0,0 | = 0.16), (1,0) (|B(6a1)
1,0 | = 0.29), (1,±1)

(|B(6a1)
1,±1| = 0.29), (2,0) (|B(6a1)

2,0 | = 0.29), (2,±1) (|B(6a1)
2,±1| =

0.29), (2,±2) (|B(6a1)
2,±2| = 0.24) and (3,±1) (|B(6a1)

3,±1| = 0.29)

are needed in the simulation of thẽX+ 2A1(0, 0, 0) band
(lower trace ofFig. 3(a)). Because of the high number of
terms in the single-center expansion and the congestion of

the experimental spectrum, theB
(α′′)
�′′λ′′ coefficients could only

be determined with an accuracy of about 20%.
In contrast, thẽA

+ 2B2 state is formed by ionization out
of the 4b2 orbital which shows a considerably simpler orbital
angular momentum composition (seeFig. 2). The rotational
intensity distribution of theÃ

+ 2B2(0, 0, 0) band could be
reproduced by assuming only two angular momentum com-
ponents (�′′, λ′′) = (1, 0) and (2, ±1) with equal weights (see
bottom trace ofFig. 3(b)). The (2, ±1) component originates

from the two outer p orbitals from which a distorted d-like
orbital can be formed by adding a (1,0) component to account
for the tilt of the p orbitals.

The fact that two different sets ofB(α′′)
�′′λ′′ coefficients must

be used in the simulations of the two bands indicates clearly
that the ionization occurs primarily out of two different or-
bitals and hence that two different electronic states are in-
volved. The analysis of the photoionization dynamics turns
out to be the key to the assignment of the rotational structure
of these bands. The determination of the angular momentum
composition of the ground state orbitals provides unambigu-
ous information on the electronic assignment, namely that the
ground ionic state is of2A1 and that the first excited electronic
state is of2B2 symmetry.

5.3. Intensity perturbations

The intensity distribution of PFI-ZEKE photoelectron
bands can be subject to perturbations caused by the interac-
tion between different ionization channels, i.e., electronic, vi-
brational or rotational autoionization or predissociation[12].
A class of molecules the PFI-ZEKE photoelectron spectra of
which are systematically influenced by channel interactions
are the triatomic hydrides XH2. The spectra of H2O[20], CH2
[32] and NH2 [33] all show rotational transitions which are
f As
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t
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s
i rre-
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d attribu tt
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ig. 3. Upper traces: PFI-ZEKE photoelectron spectra of (a) theX̃ 1A1(0,

f O3. Lower traces: simulations using the orbital ionization model. The

ifferences in the observed rotational structures of the bands can be
olecular orbitals from which the photoelectron is ejected (insets). Th

ationic vibronic states of these transitions (adapted from Ref.[41].)
ormally forbidden within an atomic picture of ionization.
n example,Fig. 4shows the PFI-ZEKE photoelectron sp

rum of theX̃2B1(0, 0, 0) −→ ã+ 1A1(0, 0, 0) transition in
H2. Theã+ 1A1 state of NH+

2 arises by the removal of th
ingle electron from the 1b1 molecular orbital of NH2 which
s a p orbital on the nitrogen atom and predominantly co
ponds to a (�′′, λ′′) = (1, ±1) component in a single cen
xpansion (see inset inFig. 4). By applying the atomic se

ection rule� = �′′ ± 1, the photoelectron is expected to

X̃
+ 2A1(0, 0, 0) and (b) theX̃ 1A1(0, 0, 0) → Ã

+ 2B2(0, 0, 0) transitions
ment bars indicate rotational transitions in the notationN ′′

K′′
aK′′

c
→ N+

K+
a K+

c

. The

ted to different rotational constants and selection rules as well as tohe differen
ysis of the photoionization dynamics enables the unambiguous assigent of the
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Fig. 4. (a) PFI-ZEKE photoelectron spectrum of theX̃ 2B1(0, 0, 0) −→
ã+ 1A1(0, 0, 0) transition of NH2. The assignment bars indicate rotational
transitions in the notationN ′′

K′′
aK′′

c
→ N+

K+
a K+

c

. The asterisks label ”forbid-

den” rotational transitions associated with odd photoelectron partial wave
components that arise by a rotational channel interaction. These channel
interactions can be detected by a comparison with the simulated spectrum
(b) which assumes ionization out of the 1b1 molecular orbital of NH2 (in-
set) which corresponds to an almost pure (�′′, λ′′) = (1, ±1) single-center
orbital and hence only contains transitions associated with even photoelec-
tron partial wave components. The lines labeled with ”X̃+” correspond to a
transition to a highly excited bending level ofX̃

+ 3B1 ground state of NH+2
(adapted from Ref.[33].)

ejected as a superposition of s and d partial waves. The sim-
ulation of the rotational intensities using the orbital ioniza-
tion model (lower trace ofFig. 4) assumes ionization out of
a (�′′, λ′′) = (1, ±1) orbital and hence does not include the
rotational transitions corresponding to odd-� photoelectron
waves. In this case, the rotational selection rules
Ka = odd
and
Kc = even can be derived[33] and indeed, the major-
ity of the rotational lines inFig. 4 are found to obey these
propensity rules.

However, a few transitions with
Ka = even and
Kc =
odd can be observed (marked by asterisks inFig. 4) which
correspond to odd-� photoelectron partial wave components
and cannot be reconciled with ionization from a p-type orbital
using the atomic selection rule� = �′′ ± 1. The odd parity of
the partial-wave components associated with the “forbidden”
transitions indicates an interaction of the photoelectron with
odd moments of the ion core, primarily with the dipole. These
transitions gain intensity by a rotational channel interaction
that can be interpreted as a scattering of the Rydberg electron
at the dipole moment of the cation core[22,26,24,33]. In this
case, the differences between the simulated and experimental
spectra enables one to detect intensity perturbations and to
identify the corresponding channel interactions.

One should note that the “forbidden” transitions discussed
above are allowed by the general rovibronic photoionization
selection rules Eq.(3). In the case of HO, they were predicted
b ction
b n
b

Fig. 5. Schematic representation of the outer valence molecular orbitals
of ethylene C2H4 and configurations of the cationic statesX̃

+ 2B3u and
Ã

+ 2B3g.

5.4. Studying the internal dynamics of the cation core
using the orbital ionization model

Because the rovibronic structure of photoelectron bands
depends on the properties of the molecular orbital from which
ionization occurs, configuration interactions and vibronic in-
teractions can strongly influence the photoionization dynam-
ics. An illustrative example can be found in the photoion-
ization of ethylene C2H4 [39]. Ethylene is the prototypical
molecule exhibiting a double bond; it is a planar asymmetric
top withD2h symmetry. Its most important valence molecular
orbitals are depicted inFig. 5. The electronic ground state of
C2H+

4 X̃+ 2B3u is formed by ionization out of the 1b3uorbital.

The X̃ 1Ag −→ X̃+ 2B3u photoelectron band shows a long
irregular progression in the torsional modeν4 which is in-
dicative of a non-planar equilibrium geometry of the cationic
ground state and a strongly anharmonic torsional potential
(seeFig. 2of Ref. [39]). An analysis of the vibrational pro-
gression revealed that the torsional motion in theX̃+ state of
C2H+

4 is governed by a double-well potential with a barrier
of ≈ 360 cm−1 at the planar geometry and that the lowest
two states effectively constitute a tunneling pair[39]. This
deviation from planarity of the molecule upon ionization can
be explained by vibronic coupling with the first excited elec-
tronic statẽA

+ 2B3galong the torsional coordinate[104,105].
T oto-
e n the
c
a don
a

2
y elaborate calculations as arising either from the intera
etween ionization continua[23–26]or from the interactio
etween bound Rydberg states and ionization continua[22].
his interaction also accounts for the observation of ph
lectron bands with an odd number of torsional quanta i
ationic state (with vibrational symmetriesΓ +

v = Au) which
re forbidden within the framework of the Franck-Con
pproximation.



S. Willitsch, F. Merkt / International Journal of Mass Spectrometry 245 (2005) 14–25 23

Fig. 6. PFI-ZEKE photoelectron spectra of the (a)X̃ 1Ag00 → X̃
+ 2B3u00 and (b)X̃ 1Ag00 → X̃

+ 2B3u41 transitions of C2H4. The transition to the 41 torsional

level is forbidden within the Franck-Condon approximation and gains intensity by vibronic coupling to theÃ
+ 2B3g electronic state of C2H+

4 . The vibronic
coupling is reflected by the rotational structure of the band. Insets: schematic representations of the molecular orbitals from which ionization occurs (adapted
from Ref.[39].)

The high-resolution PFI-ZEKE photoelectron spectrum
of the lowest two torsional bands 40 (Γ +

v = Ag) and 41

(Γ +
v = Au) is presented in the upper traces ofFig. 6(a) and

(b), respectively. The rotational structure of these two bands
is different, although in both cases the same rotational se-
lection rules
Ka = odd and
Kc = even hold[39]. The
differences in the rotational intensity distribution can thus
only be accounted for by an additional propensity rule which
can be understood by considering the properties of the molec-
ular orbitals from which ionization occurs. In the case of the
40 band, the electron is ejected from the 1b3u orbital which
predominantly corresponds to an (�′′, λ′′) = (1, ±1) orbital
in a single-center expansion (seeFig. 5). The simulation of
the spectrum using the orbital ionization model shown in the
lower trace ofFig. 6(a) only contains this leading angular
momentum contribution. In contrast, the rotational intensity
distribution of the 41 band (shown in the upper trace ofFig.
6(b)) cannot be reconciled with ionization out of a (1,±1)
single-center orbital. Instead, a simulation assuming that the
photoelectron is ejected out of a (2,±1) single-center orbital
gives good agreement with the observed spectrum (lower
trace ofFig. 6(b)). This angular momentum composition is
the unambiguous characteristic of the 1b3g molecular orbital

from which ionization to thẽA
+ 2B3g state of the cation oc-

curs (seeFig. 5). The photoionization dynamics thus indi-
c anta
i to
t tion
f
b iffer-
e
b ion-
i f the
3
s

6. Conclusions

Recent progress in the experimental and theoretical study
of the rovibronic photoionization dynamics of asymmetric-
top molecules was reviewed. High-resolution PFI-ZEKE
photoelectron spectra of CH2CO, O3, NH2 and C2H4 were
analyzed in terms of a theoretical model for rovibronic pho-
toionization intensities of asymmetric tops which is based on
a previous model for diatomic molecules developed by Buck-
ingham et al.[1]. It was demonstrated that the rotational struc-
ture of photoelectron bands contains important information
on the photoionization dynamics of the molecule. The good
agreement between the experimentally observed and theo-
retically predicted rotational intensity distributions confirms
the physical interpretation of the photoionization dynamics in
terms of the molecular orbital from which ionization occurs.

This picture does not only provide a physically
straightforward interpretation of the rotational structure of
photoelectron spectra of a wide range of molecules for
which the ionization dynamics can be described in a single-
determinantal approximation, but it also provides a frame-
work in which more complex situations can be discussed.
First, the close relationship between the rotational structure
observed in the photoelectron bands and the electronic struc-
ture of a molecule can be used to aid in the assignment of
the vibronic symmetry of photoelectron bands as illustrated
i n
b ectra
s one
t s be-
t
t the
c
u ronic
c

ates that the bands with an odd number of torsional qu
n the cationic state gain intensity by vibronic coupling
heÃ

+ 2B3g state along the torsional coordinate. (Devia
rom planarity leads to a mixing of the 1b3g and 1b3u orbitals
ecause the molecule loses its inversion center.) The d
nces in the rotational intensity distributions for the 40 and 41

ands can therefore easily be explained with the orbital
zation model: they are caused by the different values o
j symbol in Eq.(7) for the (�′′, λ′′) = (1, ±1) and (2, ±1)
ingle-center orbitals.
n Section5.2with the example of O3. Second, a compariso
etween the experimental photoelectron spectra and sp
imulated on the basis of the orbital approximation allows
o detect intensity perturbations caused by interaction
ween different ionization channels (see Section5.3). Third,
he model can be used to identify vibronic interactions in
ation, and, in favorable cases such as C2H4 (Section5.4), to
nambiguously detect intensity anomalies caused by vib
oupling in the cation.
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The present formalism is not only applicable to the
analysis of single-photon PFI-ZEKE photoelectron spectra,
mass-analyzed threshold-ionization (MATI) spectra[106]
and conventional photoelectron spectra, but can also be used
in the context of resonant multi-photon ionization (REMPI)
schemes. In this case, the rotational intensity distributions
of the photoelectron bands reflect the angular momentum
structure of the intermediate state.

The present results demonstrate that a detailed understand-
ing of the photoionization dynamics of larger asymmetric
tops can be reached by the resolution and the analysis of
the rotational structure of the photoelectron bands. To study
the photoionization dynamics of even larger molecules, new
spectroscopic methods which allow a further increase in res-
olution such as cross-correlation ionization energy (CRIE)
spectroscopy[107] or Rydberg-state-resolved threshold-
ionization (RSR-TI) spectroscopy[108,76]will prove useful.
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