Available online at www.sciencedirect.com

sc.sucs@p.“w

o

Mass Spectrometry

ELSEVIER International Journal of Mass Spectrometry 245 (2005) 14-25

www.elsevier.com/locate/ijms

Review

Rovibronic photoionization dynamics of asymmetric-top molecules

S. Willitsch?, F. Merk®-*
& Department of Chemistry, University of Oxford, Chemistry Research Laboratory, Mansfield Road, Oxford OX1 3TA, UK
b Physical Chemistry, ETH Zurich, 8093 Zurich, Switzerland

Received 2 May 2005; accepted 20 June 2005
Available online 26 July 2005

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 spectr
whenever the photoionization can be interpreted in a single-determinantal picture. In more complicated situations, the model can be used 1
identify configurational mixing in the neutral or the cationic state and to detect rovibronic interactions between the ionization channels. Various
aspects of the model are illustrated by examples including studies of the photoionization and photoelectron spectra of k€@eneoZoide
(O3), ethylene (GH4) and amidogen (NH).
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
analytical and spectroscopic applications such as mass spec-
Photoionization represents a powerful method for the trometry, photoionization spectroscopy, resonance-enhanced
generation of molecular cations and is used in many multiphoton-ionization (REMPI) spectroscopy and photo-
electron spectroscopy. Whereas the dynamical details of the
* Corresponding author. ionization process are only of secondary importance in mass
E-mail address: frederic.merkt@ethz.ch (F. Merkt). spectrometric studies, the production of the cations and

1387-3806/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
d0i:10.1016/j.ijms.2005.06.004



S. Willitsch, F. Merkt / International Journal of Mass Spectrometry 245 (2005) 14-25 15

their subsequent mass analysis being usually at the center ofmolecules enables and justifies a discussion of the underly-
interest, the photoionization dynamics is a key aspect of the ing photoionization dynamics, and we review in this article
spectroscopic applications of photoionization: It determines recent progress in the study of their photoionization dynam-
which quantum states of the cation can be produced or stud-ics. Rotationally resolved PFI-ZEKE photoelectron spectra
ied from a given quantum state of the parent neutral speciesare analyzed in the framework of a theoretical mq@e|42]
and governs the intensity distribution of photoelectron for the rovibronic photoionization intensities of asymmet-
spectra[1-4]. A detailed understanding of the photoion- ric tops which is an extension of the model developed by
ization process is therefore important for the production Buckingham et al. for diatomic molecul¢s]. This model
of state-selected molecular cations which is a prerequisitehas been at the heart of most approaches followed to date
for the study of state-selected ion—molecule reactions to calculate the rovibronic structure of photoelectron spec-
[5-9]. tra ab initio [43-47] Two aspects of the model particu-
The investigation of the rovibronic photoionization larly attractive for the chemist and central to the present
dynamics of a wide range of polyatomic molecules by article are that (i) it links the rotational structure of the
photoelectron spectroscopic methods has become possibl@hotoelectron bands to the properties of the molecular or-
with the development of pulsed-field-ionization zero-kinetic- bital from which ionization occurs and (ii) it highlights the
energy (PFI-ZEKE) photoelectron spectrosc¢p@—-17] In relationship between the photoionization dynamics of the
conventional photoelectron spectroscopy, the molecules aremolecule and the internal molecular dynamics of the cation
ionized with radiation of a fixed frequency and the photo- core.
electron kinetic energy, which corresponds to the difference  The main features of the model are best illustrated with
between the photon energy and the internal energy of thethe example of the photoionization of,H48]. Removing
cationic core, is measurgd8]. In contrast, in PFI-ZEKE an electron from the 1e4 orbital leads to the formation of

photoelectron spectroscopy the parent neutral molecules argne X 25+ H{ ion and can be viewed as the creation of a
excited with a tunable light source to very high Rydberg (1sqgg) hole in the core. By assuming that the angular mo-
states located just below the ionization thresholds associatetnentum characteristics of the photoionizing radiation is fully
with the accessible quantum states of the cation. The high Ry-transferred to the photoelectron, the conservation of angular
dberg states (with principal quantum numberg 100) are  momentum requires the vector addition of the ion total angu-
ionized by electric field pulses and the field ionization yield |ar momentum without spitv* and the electron hole angular

is recorded as a function of the excitation energy to give the momentuny” to be equal to that of the neutral molecNé
PFI-ZEKE photoelectron spectrufh0,13,19] In this way, prior to ionization:

a spectral resolution of better than 1cthcan be routinely
achieved which is sufficient to resolve the rovibronic struc- ¢ + N* = N”. (1)
ture of many diatomic and symmetric polyatomic molecules.

The majority of polyatomic molecules, however, exhibits The (1sog) orbital of H, can be viewed as af’=0 or-
low symmetry, have three distinct rotational constants and bital centered halfway between the two protons, with only a
are thus asymmetric-top molecules. Because of the low sym-very weak¢” = 2 contribution. Eq(1) thus predicts that the
metry, the density of non-degenerate rotational states is muchmain rotational branches of the photoelectron spectrum are a
higher in asymmetric-top than in symmetric-top molecules. dominantvt — N” = 0 branch and weakéNt — N”/| = 2
Moreover, the photoionization symmetry selection rules are branches as confirmed by experim@®—-51] This orbital
usually less restrictive, and resolving the rotational structure approximation also enables one to predict, in this case, that
in the photoelectron spectra of asymmetric tops is notoriously the angular distribution of the photoelectron should be very
difficult, particularly for molecules with small rotational con-  similar to that expected following photoionization out of an
stants. The experimental data on the rovibronic photoioniza- s orbital of an atom. This prediction is also confirmed by
tion dynamics of asymmetric tops has therefore remained angle-resolved photoionization experiments emtblecules
scarce up to date, the main exceptions being the triatomic[52].
hydrides HO [20-27] H»S [28-30] CH; [31,32]and NH The orbital approximation outlined here is not suitable
[33] and formaldehyde $CO [34] which all have unusu-  to describe the energy dependence of the photoionization
ally large rotational constants. Partially resolved rotational dynamics and fails to describe the effects of shape resonances
contours have been analyzed in the photoelectron spectra oind Cooper minima on the rotational structure of photoelec-
larger asymmetric tops such as, for instance, fluorobenzeneron spectrgs3-57] It does, however, provide a useful frame-
[35] andr-butylbenzeng36]. The recentimprovementofthe  workto discuss rotational intensities in photoelectron spectra:
resolution of PFI-ZEKE photoelectron spectroscopy to better it assists in the assignment of vibronic symmetries, it enables
than 0.1 cm? [19] enabled the observation of the rovibronic one to detect anomalies in the photoionization dynamics
structure in the spectra of a wider range of asymmetric tops and it helps to reveal vibronic interactions in the molecular
such as CHCO[37,38], CoH4 [39,40]and G [41]. cations. These aspects are at the focus of this article, and

The growing body of experimental data on the rovibra- examples will be presented in Sectinillustrating each
tional structure of photoelectron spectra of asymmetric-top point.
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2. Rovibronic photoionization selection rules and toionization selection and propensity rules are derived from
intensities the correlation diagrams. The model offers the advantage of
providing some information on relative intensities, but the
Photoionization entails an electronic transition between construction of the correlation diagrams can prove laborious
a bound and a continuum state. The main difficulty in the in practical situations. The model has been applied in the
formulation of a model for rovibronic photoionization inten- analysis of the photoionization of NO 8, NbO and NH;
sities lies in the treatment of the photoelectron which, in the [30,72]
asymptotic range, is only weakly coupled to the cationiccore.  The most general set of rovibronic photoionization selec-
In PFI-ZEKE photoelectron spectroscopy, the molecules aretion rules is obtained by invoking the conservation of parity
excited to a pseudo-continuum of very high Rydberg states in and nuclear spin symmetry, resulting in the symmetry condi-
which the electron is weakly bound. In diatomic molecules, tion[73]
the transition can usually be described as occurring between " " "
aHund’s case (a) or (b) type angular momentum coupling sit- Te @ Ive® Itye D I’ )
uation in the initial state and a type (d) coupling situation in expressed in the relevant molecular symmetry (MS) group
the final state. The absorption cross section varies smoothly[74]. In Eq. (3), I'.- is the symmetry of the photoelectron
through the ionization thresholdis8] so that intensity mod-  partial wave which in the asymptotic range reduces to its par-
els for direct photoionization can equally well be applied ity (+ for event partial waves and- for odd¢ partial waves),
to transitions to the pseudo-continua of very high Rydberg /* denotes the dipole moment representation of the rele-
states that are probed in PFI-ZEKE photoelectron spectro-yant molecular symmetry group arjwe and ]*r’\;e stand for
scopic experiments, provided that the coupling between thethe rovibronic symmetries of the cationic and neutral states,
different ionization channels are adequately taken into ac- respectively. Conservation of the total angular momenjum

count[12,59,60] upon ionization leads to the additional restriction for a single-
In a single-determinantal description of photoionization, photon excitation proce§g1]:

the wavefunction of the final state of the transitigncan
be factorized intays = g ¢+ Wherepe— ande™ stand for AJ=Jt—J ——p— § 0 _ } L+ § (4)
the wavefunctions of the photoelectron at long range and 2 2 2
of the cation core, respectivelye- can be determined by  where¢ stands for the orbital angular momentum quantum
solving the corresponding scattering equation (see, e.g., Refnumber of the photoelectron partial wave atdandJ* for
[45]) or using multichannel quantum defect theory (MQDT) the total angular momentum quantum numbers (excluding
[61-64] The differential photoionization cross section of an nuclear spins) of the neutral and cationic states, respectively.
isotropic (non-aligned, non-oriented) sample can be formu-  The main advantage of the rotational selection rules de-
lated aq1,65] rived from Eg.(3) for a given vibronic transition is their
do o strict validity and their ease of implementation. They have
tot ﬂ(l + BP,(cos)) Z Hoe- T IRIe 2. (2) successfully been applied to the analysis of the PFI-ZEKE
ds2 photoelectron spectra of a number of polyatomic molecules
In Eq. (2), oot is the total photoionization cross sectiom?d  such as NQ [75], NH3 [76], CgHg [73,77] CgHg-rare gas
the infinitesimal solid-angle elemenk, the second-order  clusterd78], H,O[73], CH,CO[37,38], CHz [32], NH2 [33]
Legendre polynomial and the sum runs over all degenerateand GH4 [39,40] However, the drawback of these selection
initial and final states. By suitable modifications, [E2).can rules is that they provide only limited information on the pho-
also be extended to calculate differential and integral pho- toionization dynamics (i.e., intensities) and primarily help to
toionization cross sections of aligned and oriented samplespredict the even- or odé-nature of the photoelectron par-
[66—69] tial waves associated with a given rovibronic photoionization
For the analysis of the molecular photoionization dynam- transition.
ics, EQ.(2) can be used to numerically calculate photoioniza- Up to date, several numerical models for the calculation
tion intensities or to derive photoionization selection rules. of rovibronic photoionization intensities based on E2)
The evaluation of Eq2) was used by Dixit and McKo{70] have been described in the literature. They generally dif-
and Xie and Zarg71] to derive rovibronic photoionization  fer in the approximations that are introduced in the evalu-
selection rules for diatomic molecules. A similar approach ation of Eqg.(2). In their pioneering work on the theory of
was followed by Lee et al. to determine selection rules for the the rotational structure in photoelectron spectra of diatomic
photoionization of HO [23]. A method to derive rovibronic  molecules, Buckingham et al. introduced a set of approxi-
selection and propensity rules for transitions to high Rydberg mations to evaluate E¢2) which enabled the calculation of
states whichis in principle generally applicable to polyatomic relative rovibrational intensities of photoelectron bands with-
molecules was introduced in the form of the “compound state out the need to solve the scattering problem explicitly. When
model” by Muller-Dethlefs[72]. In this model, the wave-  applied within the so-called orbital approximatifit], the
functions of the Rydberg electron in the close-coupling and model relates the rotational structure observed in photoelec-
asymptotic regimes are correlated diagrammatically and pho-tron bands to the properties of the molecular orbital from
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which the electron is ejected and thus provides a physically rovibronic assignment of the spectral features and the de-
appealing interpretation of the photoionization dynamics al- termination of the vibronic symmetry of the cationic states.
ready mentioned in the introduction. The original derivation The original derivation was restricted to diatomic molecules
was restricted to diatomic molecules and its extension to treatand the generalization to asymmetric tops, detailed in Refs.
the photoionization of asymmetric tof39,42] will be dis- [39,42]is briefly outlined here.
cussed in Sectio8. The electronic and vibrational angular momenta are not
McKoy and co-workers developed a full ab initio treat- constants of motion in asymmetric-top molecules. In the ab-
ment of Eq.(2) where the Lippmann—Schwinger scattering sence of spins, or whenever the effects of spins can be ne-
equation is solved numerically (see, el¢.3,45-47). The glected (which is often the case in asymmetric §&8), the
model has successfully been applied to analyze the rotationatotal angular momentum without spM is used. The pho-
structure of the PFI-ZEKE photoelectron spectra of a variety toionization process can thus be treated as a transition from
of molecules such asN79], NO [80-82] CO[79], H20 a Hund’s case (b) to a Hund’s case (d) type angular momen-
[23-25] HCI [57], OH [83,84] SH [85], HBr [86], H,CO tum coupling schemg?2]. For the evaluation of the elec-
[34], CHz [34] and G [87]. While providing a rather detailed  tronic transition moment, it is assumed that (i) the electronic
and complete picture of the photoionization dynamics, such wavefunction can be described with a single Slater deter-
ab initio calculations are computationally demanding and do minant, (ii) ionization occurs out of a single molecular or-
not enable simple predictions of the rotational structure of a bital, and (iii) the molecular orbital structure does not change
photoelectron spectrum as are often needed by experimentalupon the removal of an electron. Under these assumptions,
ists in the assignment procedure of their spectra. which are often referred to as the frozen-core Hartree-Fock
A recent approach to calculate the rotational structure of approximation, the electronic transition moment reduces to
photoelectron spectra using H&) was introduced by Ford  a one-electron integral involving the molecular orbifgl
and Miller-Dethlefq[88,35]and is reminiscent of the orbital ~ from which ionization occurs and the photoelectron contin-
approximation of the BOS model but introduces different uum orbital. This corresponds to the orbital approximation
approximations in the evaluation of the electronic transition introduced in Ref[1]. ¢, is decomposed into its angular
moment. The initial state of the photoionizing transition is momentum components in a single-center expansion in the
treated as a Rydberg-like state on which the cationic statemolecular center of mass:
is projected. This projection is interpreted as a "spectator

orbital” from which the photoelectron is removed. In some © %)
cases this approximation can be fairly accurate, in others lessfe” = > b Rarer ()Y (9, 9), ®)
so because typical initial states of photoionization transitions 7] <e”

in polyatomic molecules are usually valence states with

little Rydberg character. The determination of the spectator ith the expansion coefficien@ﬁ;?,, the radial functions
orbital requires some initial knowledge of the cationic Ry¢(r) and the spherical harmoni&s: (9, ¢). " denotes
electronic structure, e.g., from an ab initio calculation. The the orbitalindex and” and)” stand for the guantum numbers
physical interpretation of the photoionization dynamics of the orbital angular momentum and its projection on the
that emerges from this treatment is quite similar to the one molecular axis, which is identified with theor ¢ inertial axis
drawn from the orbital approximation of R€fl], namely  gepending on whether the asymmetric top is near-prolate or
that the rotational structure of the photoelectron bands near-oblate, respectively. The asymmetric-top wavefunctions

can be related to the properties of the orbital from which |k, k) are expanded in a basis of symmetric-top functions
the electron is removed which is in this case the spectator|yx)

orbital.
INK.Kc) = > cgt " |NK) (6)
K

3. Rotational line strengths in the photoelectron
spectra of asymmetric-top molecules ) ) -
with the expansion coeﬁ|C|enh§¥K“K". In Eq.(6), K, and

The advantage of the orbital approximation lies in the fact K« represent the asymmetric-top quantum numberskahe
that it provides an intuitive interpretation of the photoion- duantum number of the projection Bf on the internuclear
ization process and of the rotational intensity distribution in axis. With these approximations, the total ionization cross
photoelectron spectra. It also represents a valuable aid in theS€Ctiono at energyE is calculated to bg39,42]

" E¢"—-1 E¢"+1
00t 0 P [(UF V)2 ey oty QUICEIZ [€1FL T2+ (€ + DIFL P
2 ™

with Q€)= N +1) |2 g pr(=D)F e 7 e _K+ A K

N*KXKf N'K/K' <N+ e N")
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In Eq.(7),

el 8)

p// — X// exp{ }(ZN// + 1)
represents the weighting factor of the initial rovibronic level
of the neutral state with spin-statistical weight, and E”
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particular vibronic band can be performed when the factors
%]

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

if the single-center expansion coefficienlg,;),, are already

a//
BE//A)// =

E("-1
E//

E.0('+1

ICE P ES 2+ (@ + DIES (10)

represents the energy with respect to the lowest level. Thegnown, the factors

vibrational part of the transition moment is contained in the
factor|(vt|v")|2. Ff;f,, represents a radial transition integral
of the form

o
FEY, = /o Re(E, )Ry (r)rdr. (9)
where R, (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 3 symbol in the angular factof(¢”): the
change of the rotational angular momentRn= N upon
photoionization is caused by the angular momentum compo-
nents ¢”, ") 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-

tational fine structure observed in photoelectron bands. This3.

physical picture, already illustrated in the introduction with
the example of B, is a direct result of the orbital approxi-

mation and represents the salient feature of the model which4.

can thus adequately be termed “orbital ionization model”.

Eq. (7) also offers a means to reconstruct the angular
momentum componentg’(, A”") of the photoelectron from
experimental dat§48]. The 3j symbol in Q(¢") is differ-
ent from zero only iffAN| = |[NT — N”| < ¢” andAK =
KT — K’ = )" hold. Hence, the maximum value 6&f can
be determined from the rotational transition with the max-
imum value of AN, and the different observedK,, AK,
components allow one to derive the relevaitomponents
of the single-center expansion using E6). Note that the
condition|AN| < ¢” is more restrictive than the general ex-
pression Eq(4).

Eq.(7) constitutes a complete, though approximate, rovi-
bronic intensity model for the photoionization of asymmetric
tops. The simulation of the rovibronic structure of photo-
electron spectra can be performed if the vibrational factors
[(vt|v”)|2, the expansion coefficients of the single-center ex-

pansioan’ff,Q, and the radial transition integraﬁji,, are
calculated, for instance with ab-initio methods. In many sit-

E("+1

@) _
b o l//

@) = %]
can be treated as adjustable parameters. In this way/Eq.
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:

2w +)F

n

"_
FE,Z

(€71 Fr (11)

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.
Determination of the molecular constants (ionization
energies, rotational constants, centrifugal distortion
constants, etc.) by a fit to the experimentally determined
line positions.
Determination of the different rotational branches of
the photoelectron spectrum and hence of the angular
momentum propensity rules.
Analysis of the valence orbitals of the neutral parent
molecule and qualitative determination of their angular
momentum components in the core region to provide an
initial set of BE‘,“,;),, parameters and simulate the relative
rotational spectral intensities using Ka@).
5. Iterative refinement of tthfi;),, parameters (and identifi-
cation of possible systematic deviations) until agreement
between simulated and observed spectra is achieved.

2.

The simple physical picture of photoionization dynamics
which is the result of the orbital ionization model is a
direct consequence of the approximations introduced in the
evaluation of the transition moment, i.e., the frozen-core
Hartree-Fock approximation. Consequently, if the neutral,
the cationic, or both states are subjectto configuration interac-
tion or if the molecular geometry changes significantly upon
ionization, the vibronic intensities calculated using EQ.
will deviate from the observed ones: If additional electronic
angular momentum components are introduced into the elec-
tronic wavefunction by configurational mixing, rotational

uations only a transition to a single cationic electronic state transitions can be observed which are not compatible with
is considered and only the relative intensities of the rovibra- the assumption that ionization occurs out of a single orbital.
tional components are of interest. In this case, the vibrational In this case, the configuration interaction can be detected on
intensities are determined by the factart [v”)|2 which can ~ the basis of simulations using E¥), and the deficiency of

in a first approximation be expressed as a Franck-Condonthe model can be compensated by introducing suitBEﬁié,
factor [ [; |(vf|v§’>|2, where the product is over all normal parameters to account for the additional angular momentum
modes. An analysis of the relative rotational intensities of a contributions. These parameters in turn provide informa-
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tion on the configurations that are mixed in (see Section ionization from the intermediate state compared to the ion-
5.4). ization from the ground neutral state, as has been shown in a
The main limitation of the model is that interactions recent PFI-ZEKE photoelectron spectroscopic study on the
between the photoelectron and the cationic core are not takerX * 3B, ground state of NEI [94]. Alternatively, by keeping
into account; the photoelectron merely acts as a “spectator”the ionization laser frequency fixed and tuning the frequency
that is not influenced by the dynamics of the ionic core ofthe laser forthe excitation to the intermediate state it is pos-
[12], the coupling between different ionization channels sible to record excitation spectra of selected species which
mediated by the electron—ion core interaction at short rangehave recently been used to study the rotational structures of
being neglected. In PFI-ZEKE photoelectron spectroscopy, conformers of polyatomic molecul§36].
the effects of channel interactions on rovibrational intensity ~ The PFI-ZEKE photoelectron spectrometers and exper-
distributions are well documentdt2] and primarily arise  imental procedures used in our investigations have been
from the coupling of the pseudo-continua of high Rydberg described in detail in previous publicatiof0,75,91,19]
states that are probed in a PFI-ZEKE experiment with Briefly, PFI-ZEKE photoelectron spectra are recorded by
lower Rydberg states belonging to different ionization pulsed-field ionization of high Rydberg statgH0] after
channels. These channel interactions can also be viewedsingle-photon excitation from the neutral ground vibronic
as resulting from the scattering of the Rydberg electron at state using broadly tunable vacuum-ultraviolet (VUV) radia-
the dipole or higher multipoles of the molecular core in the tion sources. The VUV radiation is generated by resonance-
short-range region of the electron-ion collisif8i,26,24] enhanced difference- or sum-frequency mixing in a Krypton
and typically lead to a change of the partial wave character or Xenon gas jet using either the output of two pulsed dye
of the photoelectron and to the appearance of additional laserq75,90]or two pulse-amplified cw ring dye lasggxl].
rovibronic transitions in the spectra. The bandwidths obtained in the VUV using these two differ-
The importance of intensity perturbations caused by chan- ent laser systems are 0.1 cfrand 0.008 cm?, respectively.
nel interactions tends to decrease with increasing size of theThe combination of these narrow-bandwidth laser systems
molecules and with increasing spectral resolution. The rea-with carefully designed sequences of electric field pulses
sons are the short lifetimes and the resulting large resonanceor the pulsed field ionization allows PFI-ZEKE photoelec-
widths of low Rydberg states in larger polyatomics which tron spectra to be recorded at a spectral resolution of up to
cause channel interactions to average out in many cases ang.06 cn ! [19].
the fact that accidental degeneracies betweenrdRyd-
berg states and the pseudocontinua of high Rydberg states
become rare with decreasing width of the field-ionization S- Applications of the orbital ionization model
window. Among the examples presented in Seclipimten-
sity perturbations induced by autoionization were found to J-1. Dependence of rotational line intensities on
play only a minor role except in the case of the triatomic molecular orbital properties

hydrides[22,23,32,33]as will be discussed in Secti@n3.
A simple example illustrating the formalism discussed in

SectiorBis the photoionization of ketene GBO, a molecule
4. Experimental of Coy symmetry[37]. The PFI-ZEKE photoelectron spec-
trum of theX*A1(0, 0, 0) — X 2B4(0, 0, 0) photoelectron
A variety of experimental techniques can be employed band of CHCO is displayed irFig. 1(a). In this transition,
to achieve rotational resolution in PFI-ZEKE photoelectron the electron is removed from the highest occupied molecu-
spectra. The most direct approach is single-photon excita-lar orbital (HOMO) 2. Ketene is a near prolate asymmet-
tion from the vibronic ground state using tunable narrow- ric top (the asymmetry parametend$ = —0.997) in which
bandwidth vacuum-ultraviolet (VUV) or extreme-ultraviolet the A” rotational constant{” = 9.0988 cnt™) is more than
(XUV) radiation source§90,91] Whenever VUV sources  an order of magnitude larger than tBé andC” constants
are not available, resonant multiphoton excitation schemes(B” = 0.34377 cntl, €”=0.33074 cm?) [95] so that only
are used (see, e.g., R{88]). Resonant schemes rely on the the K; =0 and 1 levels are appreciably populated in the
existence of suitable intermediate states and offer the advanlow temperature environment of the supersonic expansion
tage of considerably reducing the rotational line density in the (Trot = 5K). The largeA” and A* constants lead to the
PFI-ZEKE photoelectron spectra by selecting a single rota- grouping of the lines into three distinct bands observedgn
tional level in the first excitation step. The assignment of the 1(a) corresponding to thetransitioﬁgK[,I, =01, lpand 3 on
spectra is thus facilitated and rotational resolution can often which differentAN branches are superimposed. Within the
be achieved with light sources of moderate bandwidth such asframework of our intensity model, it can be concluded from
pulsed dye lasers and synchrotrons, as has been demonstratédle observed branchegA(K,| ~ |AK| = 1 and|AN| < 2)
in recent studies using IR-VUY40,92] and VUV-UV [93] that the single center expansion of the 2isbital must be
(1 + 1) excitation sequences. Moreover, itis also possible to dominated by {’, ") = (1, £1) and (2 +1) components.
take advantage of the different Franck-Condon factors for the This is readily verified by inspection of the brbital shown
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=
o

(@) Kixn=0, 1 |Bgili:8(fﬂ| = 1: 0.8 was found to best reproduce the ex-
61— an=0 perimental spectrum. The agreement between the observed

- and experimental spectrum is quantitative; in particular de-
AN AN axmfan tails like the relative line intensities within theV = +1 and

21 23880 :"Ajﬂ;,fw +2 branches of th&,, = 2; component are reproduced
c

1 AN=0 n m
MM’L A M correctly.
o o e e A s - _—_
5.2. Assigning the vibronic symmetry of photoelectron

L bands with the orbital ionization model

12

A more complicated case is found in the photoionization
of ozone @ which also serves as an example to illustrate how

N MMM the analysis of the photoionization dynamics can assist in the
3 }J‘Nd\_,r\_,«

TNN{W M vibronic assignment of photoelectron bands. Ozone has been

0= ) i s : ; the subject of many theoretical and experimental investiga-

© 8‘8’8 - tions, and it has already b_een_ recognized in early ab-ir_1itio
1 calculations that configuration interaction must be taken into

account for a correct description of its ground state elec-

T tronic wavefunction (see, e.g., Ref86—-98). Fig. 2 shows

a schematic representation of the relevant molecular orbitals

Wfb ‘ of O3 together with the most important configurations con-
ok U] m_f_,wLMM__,{ : Urr\_ . tributing to theX 1A;, X 2A; and A" 2B, states as pre-
77520 77530 77540 77550 77560 77570 T7580 dicted by theory[98,41] Because of configuration interac-

tion, theX " state of @ is not formed by ionization out of the

) HOMO, the 1a orbital. Instead, th& " state wavefunction
Fig. 1. (a) PFI-ZEKE photoelectron spectrum of t4€'A1(0, 0,0) — is dominated by the contribution from the Baionization

o+ 2 aye . . Rk . .
X" “B1(0,0,0) photoelectron transition of ketene @&IO. The spectral  of the main neutral ground state configuration. Similarly, the
branches are labeled by the asymmetric-top quantum nunkeis the

. . . ~ .
neutral (") and cationic (+) states, respectively, using the notaign, and leading configuration of thé " state wavefunction is pre-

the changes in the total angular momentum without spth= Nt — N”. dicted to arise from 4;)1 ionization (seeFig. 2)_- S_tUd|es
The values ofv+ are indicated below the assignment bars. (b) Simulation DY conventional photoelectron spectroscopy indicated that
of the experimental spectrum using a simple model in which the line inten- the first two cationic electronic states are almost degenerate

sities are determined by the populations of the lower states and weighting [99’1001 However, the resolution achieved in these investi-
coefficients for the rotational branches (see text). (c) Simulation of the ex- i 0o \yas not sufficient in order to determine whether the
perimental spectrum using the orbital ionization model. Inset: schematic 9 . 2 .
representation of the highest occupied molecular orbital)(@bCH,CO. ground state Is théAl or the“B; component. The eXPE”'
mental confirmation of the theoretical prediction thatxhe

in the inset inFig. 1(c): The two outer p atomic orbitals form  state is oA electronic symmetrj101-103]has only been
acontribution of ", ") = (2, £1) character and the central  achieved recently by the analysis of the rotational structure of
p atomic orbital is well described by an angular momentum the high-resolution PFI-ZEKE photoelectron spectrum which
component of (H:1). also showed that the origins of thé” andA ™ states are only

In Fig. 1(b), a simulation of the rotational structure based Separated by 1089.7 cth [4]_] This confirmation was per-

on a simple “Boltzmann” model is shown in which the rel-  formed on the basis of symmetry assignments and of simu-
ative rotational intensities are determined by the weights of |ations of the bands using the orbital ionization model.

PFI signal (arb. units)

12
I

-1
Wavenumber / cm

the neutral states as expressed in(By.To reproduce the ex- The rotational structures of the origin bands of the
perimental spectrum, the relative intensities of A% com- X1A; — X12A; andX 1A; —> AT 2B, transitions are
ponents were scaled according to the schefnen| + 1) = displayed inFig. a) and (b), respectively. Their rotational

I(AN)/3. Although the overall intensity distribution is pre-  gyryctures are very different because of the different rota-
dicted quite satisfactorily with this crude model, the sim- tiona| constants in the final state, the different selection rules
ulated spectrum deviates from the observed one in severalaysed by the different electronic symmetries of the cationic
details. The relative intensities of theN = 0 branches of  gtates and the differences in the photoionization dynamics.
the K., = 01 and 2 bands are not simulated correctly, and |y 3 single-determinantal picture of the electronic wave-
neither are theAN=1 and 2 components of thk;, = 21 function, theX ™ 2A; state arises by ionization out of the
band.Fig. 1(c) shows a simulation of the spectrum using 6a molecular orbital (see above). This orbital possesses a
Eqg. (7) assuming that the single-center expansion of the complex angular momentum composition as can be seen
2y molecular orbital consists of two dominant contribu- from its form depicted irFig. 2 Consequently, the single-
tions ¢”, ") = (1, +1) and (2 +1). The ratio of coefficients  center expansion only converges slowly and a total of seven
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RA, e 8 A"B, from the two outer p orbitals from which a distorted d-like
orbital can be formed by adding a (1,0) component to account
™ @/QQ ‘_“ % "_“ 'ﬁ_ + "_" + .H'_ for the tilt of the p orbitals.

The fact that two different sets difffk), coefficients must

|
I
I
QJ/\Q I b d in the simulati f the two bands indicates clearl
1a, —_— —_— PR
_H_ I % _T_ %_T_ e used in the simulations of the two bands indicates clearly
|
|
|
|
|
|
|
|

that the ionization occurs primarily out of two different or-

+ + % _AH_ + % bitals and hence that two differen_t ellect_ronic statgs are in-

volved. The analysis of the photoionization dynamics turns

4b, w % _ﬁ_ _%_ _H_ +_ _f_ _H_ _$_ out to be the key to the assignm_ent of the rotational structure
72% 4% 5%

81% 10%

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

Fig. 2. Schematic representation of the outer valence molecular or- S is GIA dthat the first ited elect .

bitals of ozone @ and dominant electronic configurations of the states groun.d lonic state is 1andthatthe firstexcited electronic

X 1A1, X 2A; andA™T 2B, (from Ref.[41]). The percentage numbers de-  State IS ofB, symmetry.

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

69% 7%

5.3. Intensity perturbations

angular mo(lglasntum components’s (()é:l))— (0, 0) (with co- The intensity distribution of PFI-ZEKE photoelectron
efficient [By | = 0.16), (1,0) (Byo"| =0.29), (141) bands can be subject to perturbations caused by the interac-
(|B(l6j£| =0. 29) (2,0) (B(Gal)| =0. 29) (241) ( Bg&ﬁ tion between different ionization channels, i.e., electronic, vi-

0.29), (2:2) (| Bgej:]%| — 0.24) and (3£1) (| Bgﬁilﬂ — 0.29) brational or rotational autoionization or predissociafb?.
T . St o A class of molecules the PFI-ZEKE photoelectron spectra of
are needed in the simulation of the" “A(0,0,0) band \ ic are systematically influenced by channel interactions
(Iower.trace ofF|g. 3a)). Because' of the high number. of are the triatomic hydrides X3 The spectra of O [20], CH,
terms in the single-center expansion and the congestion of[32] and N [33] all show rotational transitions which are
the experimental spectrum, ti%",), coefficients could only  formally forbidden within an atomic picture of ionization. As
be determined with an accuracy of about 20%. an exampleFig. 4shows the PFI-ZEKE photoelectron spec-
In contrast, thel* 2B, state is formed by ionization out  trum of theX2B1(0, 0, 0) —> a* *A1(0, 0, 0) transition in
of the 4by orbital which shows a considerably simpler orbital NH,. Thed* 1A, state of NI—}F arises by the removal of the
angular momentum composition (séig. 2). The rotational  single electron from the Ztmolecular orbital of NH which
intensity distribution of thed ™ 2B,(0, 0, 0) band could be s a p orbital on the nitrogen atom and predominantly corre-
reproduced by assuming only two angular momentum com- sponds to a{’, »”) = (1, &1) component in a single center
ponents{”, A") = (1, 0) and (2 1) with equal weights (see  expansion (see inset Fig. 4). By applying the atomic se-
bottom trace oFig. 3(b)). The (2 +1) component originates  lection rule¢ = ¢” & 1, the photoelectron is expected to be

IO_ T ' = : A ' T ] wE T T T T T T T T T ]
(a) Oy Oy 1y 3 2y L (b) ]
I T

8

PFI signal (arb. units)

101010 101020 101030 101040 101050 102095 102100 102105 102110 102115 102120 102125

Wavenumber / cm’!

Fig. 3. Upper traces: PFI-ZEKE photoelectron spectra of (a) tKéA1(0, 0, 0) — X 2A1(0, 0, 0) and (b) theX 1A1(0, 0, 0) — A* 2B,(0, 0, 0) transitions
of Oz. Lower traces: simulations using the orbital ionization model. The assignment bars indicate rotational transitions in the nqg,azgom NK+ K+ The
differences in the observed rotational structures of the bands can be attributed to different rotational constants and selection rules abewdiffeeta t
molecular orbitals from which the photoelectron is ejected (insets). The analysis of the photoionization dynamics enables the unambigueuns @ssignm
cationic vibronic states of these transitions (adapted from[R&].)
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Fig. 4. (a) PFI-ZEKE photoelectron spectrum of tK&B1(0, 0, 0) —>
at1A1(0, 0, 0) transition of NH. The assignment bars indicate rotational
transitions in the notatloW”,,K,, — NK+ + The asterisks label "forbid-

den” rotational transitions assouated ‘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

2 d_o _T+ _H_ %
(b) which assumes ionization out of the;Itmolecular orbital of NH (in-

set) which corresponds to an almost pufé, ¢.”) = (1, +1) single-center Fig. 5. Schematic representation of the outer valence molecular orbitals
i . . . . o 2

orbital and hence only contains transitions associated with even photoelec-?‘:rezthylene GHs and configurations of the cationic stats 2Bsu and

tron partial wave components. The lines labeled wt” correspond to a 39

transition to a highly excited bending level ¥F 3B, ground state of Nl§1

(adapted from Ref33].)
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5.4. Studying the internal dynamics of the cation core

ejected as a superposition of s and d partial waves. The sim**"'8 the orbital ionization model

ulation of the rotational intensities using the orbital ioniza-
tion model (lower trace ofFig. 4) assumes ionization out of
a(’,2") = (1, +£1) orbital and hence does not include the
rotational transitions corresponding to oégbhotoelectron
waves. In this case, the rotational selection rtlé§, = odd
andA K. = even can be derive®3] and indeed, the major-
ity of the rotational lines irFig. 4 are found to obey these
propensity rules.

However, a few transitions with K, = evenandA K, =
odd can be observed (marked by asteriskBim 4) which
correspond to odd-photoelectron partial wave components L ot
and cannot be reconciled with ionization from a p-type orbital The X 'Ag — X™ 2B, photoelectron band shows a long
using the atomic selection rufe= ¢/ & 1. The odd parity of  ifregular progression in the torsional modgwhich is in-
the partial-wave components associated with the “forbidden” dicative of a non-planar equilibrium geometry of the cationic
transitions indicates an interaction of the photoelectron with ground state and a strongly anharmonic torsional potential
odd moments of the ion core, primarily with the dipole. These (seeFig. 2of Ref.[39]). An analysis of the vibrational pro-
transitions gain intensity by a rotational channel interaction gression revealed that the torsional motion inXfestate of
that can be interpreted as a scattering of the Rydberg electrorC2Hj is governed by a double-well potential with a barrier
at the dipole moment of the cation cq22,26,24,33]In this of ~ 360 cnT?! at the planar geometry and that the lowest
case, the differences between the simulated and experimentawo states effectively constitute a tunneling p®]. This
spectra enables one to detect intensity perturbations and taleviation from planarity of the molecule upon ionization can
identify the corresponding channel interactions. be explained by vibronic coupling with the first excited elec-

One should note that the “forbidden” transitions discussed tronic stateA ngg along the torsional coordinafte04,105]
above are allowed by the general rovibronic photoionization This interaction also accounts for the observation of photo-
selectionrules E{3). Inthe case of HO, they were predicted  electron bands with an odd number of torsional quanta in the
by elaborate calculations as arising either from the interaction cationic state (with vibrational symmetriés™ = A,) which
between ionization continy23-26]or from the interaction are forbidden within the framework of the Franck-Condon
between bound Rydberg states and ionization con{i22ia approximation.

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 @H,4 [39]. Ethylene is the prototypical
molecule exhibiting a double bond; it is a planar asymmetric
top with Do, symmetry. Its mostimportant valence molecular
orbitals are depicted iRig. 5. The electronic ground state of
CoHZ X 2Bg,is formed by ionization out of the Bhorbital.
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Fig. 6. PFI-ZEKE photoelectron spectra of thefadA40° — X 2B3,0° and (b)X 1A40° — X 2B3,4! transitions of GH,. The transition to the4torsional

level is forbidden within the Franck-Condon approximation and gains intensity by vibronic coupling/ﬁt?ﬁgg electronic state of Q—Ij{. The vibronic
coupling is reflected by the rotational structure of the band. Insets: schematic representations of the molecular orbitals from which ionirs(adeapted

from Ref.[39].)

The high-resolution PFI-ZEKE photoelectron spectrum 6. Conclusions
of the lowest two torsional bands’ 47t = Ag) and 4
(IF = Ay) is presented in the upper tracesFag. 6(a) and

lection rulesAK, = odd andAK_. = even hold[39]. The

49 band, the electron is ejected from theylbrbital which
predominantly corresponds to aff'(1”) = (1, +1) orbital
in a single-center expansion (sEig. 5. The simulation of

lower trace ofFig. 6(@) only contains this leading angular

distribution of the 4 band (shown in the upper trace feify.
6(b)) cannot be reconciled with ionization out of aX1)

photoelectron is ejected out of af21) single-center orbital

the unambiguous characteristic of thegd molecular orbital
from which ionization to theé\ ™ ngg state of the cation oc-

curs (seeFig. 5. The photoionization dynamics thus indi-

from planarity leads to a mixing of the 3pand 1, orbitals

ences in the rotational intensity distributions for tRead 4

3j symbol in Eq.(7) for the ¢”,2”) = (1, £1) and (2+1)

single-center orbitals.

Recent progress in the experimental and theoretical study
(b), respectively. The rotational structure of these two bands of the rovibronic photoionization dynamics of asymmetric-
is different, although in both cases the same rotational se-top molecules was reviewed. High-resolution PFI-ZEKE
photoelectron spectra of GO, Oz, NH, and GH,4 were
differences in the rotational intensity distribution can thus analyzed in terms of a theoretical model for rovibronic pho-
only be accounted for by an additional propensity rule which toionization intensities of asymmetric tops which is based on
can be understood by considering the properties of the molec-a previous model for diatomic molecules developed by Buck-
ular orbitals from which ionization occurs. In the case of the ingham etal[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-
the spectrum using the orbital ionization model shown in the retically predicted rotational intensity distributions confirms
the physical interpretation of the photoionization dynamicsin
momentum contribution. In contrast, the rotational intensity terms of the molecular orbital from which ionization occurs.
This picture does not only provide a physically
straightforward interpretation of the rotational structure of
single-center orbital. Instead, a simulation assuming that thephotoelectron spectra of a wide range of molecules for
which the ionization dynamics can be described in a single-
gives good agreement with the observed spectrum (lowerdeterminantal approximation, but it also provides a frame-
trace ofFig. 6b)). This angular momentum composition is 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

cates that the bands with an odd number of torsional quantathe vibronic symmetry of photoelectron bands as illustrated

in the cationic state gain intensity by vibronic coupling to in Section5.2with the example of @ Second, a comparison

the A™ 2B, state along the torsional coordinate. (Deviation Petween the experimental photoelectron spectra and spectra
simulated on the basis of the orbital approximation allows one

because the molecule loses its inversion center.) The differ-{0 detect intensity perturbations caused by interactions be-
tween different ionization channels (see Sectd). Third,

bands can therefore easily be explained with the orbital ion- the model can be used to identify vibronic interactions in the

ization model: they are caused by the different values of the Cation, and, in favorable cases such asig(Sectior5.4), to
unambiguously detect intensity anomalies caused by vibronic

coupling 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) specitf6]

and conventional photoelectron spectra, but can also be used[

in the context of resonant multi-photon ionization (REMPI)

[19] U. Hollenstein, R. Seiler, H. Schmutz, M. Andrist, F. Merkt, J. Chem.
Phys. 115 (2001) 5461.

[20] R.G. Tonkyn, R. Wiedmann, E.R. Grant, M.G. White, J. Chem. Phys.
95 (1991) 7033.

21] F. Merkt, R. Signorell, H. Palm, A. Osterwalder, M. Sommauvilla, Mol.
Phys. 95 (1998) 1045.

schemes. In this case, the rotational intensity distributions [22] R.D. Gilbert, M.S. Child, Chem. Phys. Lett. 287 (1991) 153.
of the photoelectron bands reflect the angular momentum [23] M.-T. Lee, K. Wang, V. McKoy, J. Chem. Phys. 97 (1992) 3108.

structure of the intermediate state.

The presentresults demonstrate that a detailed understand-

ing of the photoionization dynamics of larger asymmetric

tops can be reached by the resolution and the analysis of

[24] M.-T. Lee, K. Wang, V. McKoy, L.E. Machado, J. Chem. Phys. 97
(1992) 3905.

[25] M.-T. Lee, K. Wang, V. McKoy, J. Chem. Phys. 97 (1992) 3108.

[26] M.-T. Lee, K. Wang, V. McKoy, R.G. Tonkyn, R.T. Wiedmann, E.R.
Grant, M.G. White, J. Chem. Phys. 96 (1992) 7848.

the rotational structure of the photoelectron bands. To study [27] W.L. Glab, P.T. Glynn, P.M. Dehmer, J.L. Dehmer, K. Wang, B.V.

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) spectroscopy08,76]will prove useful.
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