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Abstract

The occurrence of radicals in various reactive environments and the importance of the ionization energy as a thermochemical
property has motivated a large number of experiments on radicals using photoelectron-spectroscopy (PES). In this review we
summarize and discuss PES of radicals performed at a resolution of better than 1 meV, with a focus on experiments applying
zero kinetic energy (ZEKE)-spectroscopy and other methods based on the pulsed field ionization (PFI) of molecular Rydberg
states. The basic physics of PFI, as well as the typical experimental set-up will be described. Subsequently the spectra of
selected radicals will be discussed, emphasizing the scientific interest motivating the experiments. Particular attention is given
to the methods used to generate the respective radical. (Int J Mass Spectrom 216 (2002) 131–153) © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

In this paper we review investigations of radi-
cals by high-resolution photoelectron-spectroscopy
(PES), with an emphasis on experiments using zero
kinetic energy (ZEKE) PES and related techniques
that build on the pulsed field ionization (PFI) of Ry-
dberg states. In this context high-resolution means
that the low-frequency vibrational structure and, at
least for small molecules, the rotational structure of
the corresponding ions is resolved, which requires
a resolution of better than 1 meV. Since the energy
resolution of conventional PES is typically limited
to 10–15 meV [1,2], one can only achieve this goal
by applying more advanced technology, in particular
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ZEKE-spectroscopy, which is therefore in the center
of this review.

Isolated radicals appear as reactive intermediates in
high-energy environments, like combustion engines,
hydrocarbon crackers, the atmosphere and interstellar
space. Often the chemistry of such systems is dom-
inated by a few key radical species. From the view-
point of basic research, radicals show rather interesting
structural properties, making them model compounds
to investigate the dynamics of chemical reactions.

Let us first summarize what sort of information
can be gathered from high-resolution photoelectron-
spectra:

• PES yields accurate ionization energies (IEs). The
IE is one of the most important thermochemical
quantities, since binding energies can be extracted
through thermochemical cycles [3], as depicted in
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Fig. 1. Bond dissociation energies can be calculated from thermochemical cycles when ionization (IE) and appearance energies (AE)
are sufficiently well known. AEs are mostly obtained from mass spectrometry, while accurate IEs are measured by high-resolution
photoelectron-spectroscopy.

Fig. 1. The second quantity necessary to complete
the cycle, the appearance energy (AE), is typically
available from mass spectrometry. However, it was
recently demonstrated that accurate AEs can also
be obtained from ZEKE-spectroscopy [4], as will
be discussed below.
• Detailed structural information is necessary to iden-

tify the cations of radicals (which are themselves
in most cases closed-shell species!) in high-energy
environments, like interstellar space, where radi-
cals are long-lived due to the low collision fre-
quency, but can easily be ionized by the high-energy
background radiation, thus becoming important for
ion–molecule chemistry.
• In some cases cations of radicals show (or are

expected to show) non-classical structures. Well-
resolved spectra should permit to extract accurate
data on the potential energy surface of such species.
• From high-resolution photoelectron-spectra infor-

mation not only on the cation but also on the neutral
can be deduced. For example, radicals often possess
a number of low-lying electronic states that show
non-adiabatic couplings. If photoelectron-spectra
are recorded by resonant excitation via such inter-
mediate states, the spectra will reveal details on the
intermediate state coupling.

Due to the importance of radicals, many of them
were investigated already by conventional PES [5,6].
Considerable information can be obtained in partic-
ular when the spectra are deconvoluted in a Franck–
Condon (FC) analysis [6]. Since some 15 years,
however, ZEKE-spectroscopy permits to overcome
many of the limitations of PES [7,8], in particular the
difficulty of obtaining an accurate energy calibration.

The physics behind ZEKE-spectroscopy, the tech-
nology and several applications in molecular spec-
troscopy have been described in various articles
[8–13,141]. In contrast, we will here survey the in-
vestigations of open-shell species with a particular
focus on results obtained in the last couple of years.
Nevertheless we will first summarize the present pic-
ture of the mechanism of ZEKE-spectroscopy. This
is followed by an introduction of the typical experi-
mental set-up as well as of the various methods for
generating radicals. We will then briefly summarize
the theoretical and computational approaches to ana-
lyze ZEKE-spectra. Finally we will discuss the spec-
troscopy of a selected number of radical species. We
do not include the vast number of conventional PES
experiments here, with the exception of a few studies
that achieved rotational resolution of small radicals
and thus qualify as high-resolution experiments.
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Most authors of reviews are selective with respect
to the material to be included, the present one being
no exception. Thus, two classes of open-shell systems
have been deliberately excluded from the review. The
first are metal clusters, who are often high-spin sys-
tems and might therefore be considered to be radicals
as well. In any case they are, like most radicals, re-
active intermediates. However, ZEKE-spectroscopy of
metal clusters is often driven by motivations different
from those in the spectroscopy of molecules. In addi-
tion this field was reviewed quite recently [14]. The
second class are anions, who are also reactive interme-
diates, many of them with an unpaired electron. They
are excluded because the techniques used to study an-
ions deviate from the way ZEKE is done usually, and
because of differences in the physics of the process
and in the selection rules. Several articles on various
aspects of the photoelectron- and ZEKE-spectroscopy
of anions provide the interested reader with more in-
sight [15,16].

2. Pulsed field ionization: the physics behind
ZEKE-spectroscopy

The physics underlying ZEKE-spectroscopy was a
matter of considerable debate over more than a decade
after the introduction of the technique. In the last cou-
ple of years, however, a generally accepted picture
of the mechanism has emerged [17,18]. Originally
ZEKE was thought to be a new variant of threshold
photoelectron-spectroscopy (TPES) [19,20]. In TPES
a time-of-flight electron analyzer is fixed at zero ki-
netic energy and the light source tuned over the ioniza-
tion threshold. Thus, a signal appears only when the
photon energy is exactly in resonance with an eigen-
state of the ion. The new idea, introduced in 1984, was
to use a field-free delay time before the electrons are
extracted from the ionization region by a pulsed dc
field [7]. During this delay time on the order of 1�s
all kinetic electrons leave the interaction region. The
electrons with zero kinetic energy were assumed to
stay behind and to be accelerated by the pulsed field to-
wards the detector. The use of pulsed extraction fields

led immediately to an increase of resolution by two
orders of magnitude as compared to conventional PES.

In the late 1980s it was demonstrated that
ZEKE-spectroscopy does not rely on the detection
of free electrons, but rather on the PFI of high-n
Rydberg states, a few cm−1 below the ionization
threshold [21]. For this reason the technique is some-
times referred to as PFI or PFI-PES. Since in these
high-n states the electron is far away from the core, it
has a no influence on its structure, which is therefore
identical to the cation. Due to accidental stray fields
present in most apparatuses all kinetic electrons, in-
cluding those with zero kinetic energy are removed
from the interaction region during the delay time.
However, the fact that optically prepared high-n low-l
Rydberg states are long-lived was rather surprising,
since back-of-the envelope calculations showed that
molecular Rydberg states should decay by predis-
sociation or autoionization in significantly less than
1�s [22,23]. After several years of controversial ex-
periments and stimulating discussions a consistent
picture has been developed [17]. There is a general
agreement that the unexpectedly high stability of the
Rydberg states is due to (a) stray fields present in
most of the experiments [22–25] and (b) interactions
between Rydberg states and nearby ions [26–29], i.e.,
time-varying electric fields. The former leads to a
mixing of thel, the latter to a mixing of theml quan-
tum number, and thus to the formation of Rydberg
states with high-n, -l, and -ml . These states do not de-
cay on the time scale of the experiment, because of a
low probability for core-electron interactions leading
to autoionization or predissociation. Expressed in a
more formal language,l andml are not good quantum
numbers in the presence of electric fields. However,
the eigenstates can always be expressed as a super-
position of l and ml states, with a large contribution
originating from states with highl and ml quantum
numbers. The mixing leads to an increase in lifetime
by a factor of roughlyn2.

The situation is summarized in Fig. 2, which de-
scribes a Rydberg series converging onto the rotational
ground state of the cation, N+ = 0. The highest-lying
Rydberg states in a narrow region roughly 1–2 cm−1
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Fig. 2. The highest-lying Rydberg states, 1–2 cm−1 below the ionization threshold, are often ionized by stray fields during the delay
time. The next group of states, down to 6–8 cm−1 below the threshold contribute to the ZEKE-signal. Below this region the density of
Rydberg states decreases and the probability of decay during the delay time increases rapidly. The width of the signals,�E, depends on
the magnitude of the extraction field and on the laser bandwidth. The measured ionization energy is shifted by�IE relative to the true IE.

below the ionization limit are ionized by stray fields
and removed during the delay time; thus they do not
contribute to the signal. This leads to a slight red-shift
of the measured ionization energy. The next group of
states, comprising a range of approximately 6 cm−1,
become long-lived due tol and ml mixing. These
states are ionized by PFI and contribute to the sig-
nal. They constitute the detection window. The width
of the ZEKE peak,�E, and thus the spectral resolu-
tion are determined by the magnitude of the extraction
field; very small pulsed fields ionize only a small re-
gion of Rydberg states, resulting in a small�E. The
difference between the onset of the ZEKE peak and
the true ionization threshold yields�IE, the error in
the ionization energy.

Although the peak width�E is proportional toF1/2,
the square root of the extraction field, over a certain
range, it does not become larger than 6–8 cm−1, even
with large extraction fields, provided that a narrow-
bandwidth laser is used. First, Rydberg states below
this energy range decay faster, and second the density
of states, scaling withn3, diminishes rapidly. Rydberg
states withn � 150 thus do not contribute signifi-
cantly to the signal. Thus, the roughly 6–8 cm−1 broad
region below the ionization threshold, withn ranging
roughly from 150 to 300 that gives rise to the ZEKE
signal is sometimes referred to as the “magic region.”

It is also evident that the best spectral resolution and
the most accurate IEs are obtained when the region of
field ionized Rydberg states becomes as small as possi-
ble. To achieve this goal Müller-Dethlefs and cowork-
ers used multistep staircase extraction fields [30,31],
while Merkt and coworkers reduced stray fields as
much as possible and applied very small extraction
fields [32,33] in order to obtain high-resolution and
accurate IEs. When the experiments are carried out
this way, the spectral resolution is at present limited
by the bandwidth of the light source (0.1–0.2 cm−1).
However, the resolution can only be optimized at the
cost of signal size, because the largest signals are ob-
tained when the whole “magic region” is field ionized
and detected at once. Since in investigations of radicals
the experimentalist is often starving for signal, spectra
are generally recorded at a somewhat lower resolution
between 1 and 6 cm−1, or roughly 0.1–1 meV.

3. The experimental set-up

Experiments on radicals are best performed in
molecular beams in order to isolate the radical from
its environment and to suppress bimolecular reac-
tions. Since ZEKE is an inherently pulsed technique,
pulsed beams are used in the majority of experiments.
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Fig. 3. ZEKE experiments are typically performed in pulsed molecular beam machines. Laser excitation occurs under field-free conditions
in the interaction region of a simple time-of-flight mass spectrometer. After a field-free delay time of roughly 1�s, during which all kinetic
electrons escape from the interaction region, a pulsed electric field is applied, field ionizing the high-lying Rydberg states populated by
the laser and accelerating the electrons towards the detector.

A typical set-up for ZEKE-spectroscopy is depicted
in Fig. 3. A precursor, diluted in 1–2 bar of a rare gas,
is expanded through a pulsed valve into the vacuum.
Typically one of the radical sources discussed below is
attached to the faceplate of the valve. In the subsequent
adiabatic expansion the radicals formed in the source
are internally cooled by collisions with the carrier gas
atoms and then enter the collision-free regime where
the radicals are frozen and no further interactions occur
[34].

After passing through a skimmer the beam enters
the second chamber, where the spectroscopic experi-
ment is performed. In the ionization region the molec-
ular beam is crossed by one or two laser beams for
excitation and ionization. After a delay time of around
1�s a negative pulse (typically, but not necessarily,
between 1 and 10 V/cm) is applied to one of the elec-
trodes. The Rydberg states are field ionized and all
electrons are accelerated towards a detector. The elec-
tron signal is recorded as a function of laser wave-
length.

Often rather simple time-of-flight mass spectrom-
eters are used for electron detection. One has to be

aware, though, that electrons are sensitive to the mag-
netic field of the earth, thus proper magnetic shield-
ing has to be used. On the other hand, several groups
demonstrated excellent spectral resolution with very
short flight tubes of a few centimeter length [35,36].
In this case magnetic shielding is superfluous. Al-
ternatively other devices for electron detection, like
magnetic bottles [37–40], are sometimes employed in
ZEKE-spectroscopy.

Beside ZEKE-spectroscopy several related tech-
niques exist that rely on the PFI of Rydberg states, the
most important being mass analyzed threshold ion-
ization (MATI) [41–44]. Here the corresponding ions
are detected instead of the electrons, yielding mass
information in addition to the spectroscopic informa-
tion, clearly a big advantage when reactive molecules
are studied that can only with difficulties be gener-
ated cleanly. The underlying physics is the same as
for ZEKE. In fact, often the term PFI spectroscopy is
used for both, and several other related, methods in
order to emphasize the similar mechanism. We prefer
to use the acronyms ZEKE or MATI to make clear
whether electrons or ions are detected.
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MATI also has some disadvantages as compared
to ZEKE. Due to the higher masses of ions as com-
pared to electrons the difference in velocity between
prompt ions and ions originating from field ioniza-
tion is rather small. The separation between the two,
straightforward in ZEKE, where you just have to wait
long enough, requires a sequence of pulses and offset
fields in MATI. In addition the signals obtained upon
MATI are smaller than those obtained by ZEKE, be-
cause due to the larger offset fields a larger range of
Rydberg states is field ionized during the wait time
(see Fig. 2). Therefore, only two radicals have been
studied by MATI, CD3 and ND4, which will both be
discussed below. The spectral resolution achievable in
MATI is in principle similar to ZEKE [44], but in prac-
tice often inferior due to experimental difficulties.

4. The generation of radicals

Spectroscopy on radicals poses significant chal-
lenges to the experimentalist. It is still difficult to
generate radicals cleanly and in a high enough num-
ber density to perform spectroscopic experiments. In
addition it is often unavoidable to generate, beside the
species of interest, a second fragment from the pre-
cursor that can in principle interfere in the spectrum.
Typically a chemical bond in a suitable precursor is
cleaved by means of pyrolysis, photolysis or elec-

Fig. 4. Various radical sources can be coupled to pulsed molecular beams. In flash pyrolysis (left-hand trace) the precursor flows through an
electrically heated SiC tube. During the residence time of around 10�s enough energy is deposited in the molecule to cleave the thermally
most labile bond. In photolysis (center trace) the precursor molecule is excited into a directly dissociative state by laser excitation. In an
electric discharge source (right-hand trace) the flow of the precursor gas closes the circuit, leading to a discharge that causes fragmentation
of the precursor and generation of the radical. In all three sources the radicals are cooled in the subsequent supersonic expansion.

tric discharges. Modern experiments are generally
performed in supersonic beams in order to avoid re-
active collisions. Since ZEKE is an inherently pulsed
technique, it is ideally combined with pulsed radical
sources and pulsed molecular beams.

Pyrolysis is a rather old technique and is quite com-
monly applied in conventional PES (see [6] for a sum-
mary). In earlier experiments vapor at low pressure
was passing under effusive flow conditions through a
heated tube coupled directly to the ionization region
of the spectrometer. Under these conditions secondary
reactions, leading to the destruction of the radicals
and/or the formation of unwanted side products, were
unavoidable. The problems are largely solved in a
high pressure flash pyrolysis source coupled with a
supersonic expansion, introduced in the mid-1980s
[45,46]. In this design, depicted in the left-hand trace
of Fig. 4, an electrically heated silicon carbide tube
with a length of 10–20 mm and a diameter of 1 mm is
mounted onto a molecular beam source with an orifice
of 0.6–0.8 mm. A suitable precursor, diluted in 1–2 bar
of a rare gas is expanded through this nozzle into the
vacuum. Under these conditions a fast flow velocity
of the gas is achieved, which leads to short contact
times with the heated wall on the order of some 10�s
and correspondingly few secondary reactions. A va-
riety of radicals and carbenes has been generated by
this method in high number density [3,6,47]. Flash
pyrolysis sources have been successfully combined
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with a variety of other spectroscopic techniques over
the last couple of years, like microwave spectroscopy
[48] or translational energy spectroscopy [49].

The selectivity of the method is demonstrated in
Fig. 5, using the generation of the propargyl radical,
C3H3, by flash pyrolysis of propargyl bromide as an
example. Photoionization mass spectra recorded with
121.6 nm VUV light were obtained with the pyrolysis
source off (upper trace) and on (lower trace). As vis-
ible, the precursor is almost quantitatively converted
and no side products are visible. A radical density of
more than 1014 cm−3 is achieved at the exit of the py-
rolysis source.

Photolysis is probably the most common method
for the generation of radicals. It relies on the laser
excitation of the precursor molecule to an electronic
state that dissociates directly into the radical of in-
terest plus a second fragment. Especially for organic
radicals iodides are often used as precursors because
they generally have dissociative states in the UV that
can conveniently be excited with the fourth harmonic

Fig. 5. Photoionization mass spectra (λion = 121.6 nm) illustrating
the generation of propargyl, C3H3, by flash pyrolysis of C3H3Br.
With the pyrolysis source off (upper trace), only little fragmentation
of the precursor is evident. When the pyrolysis source is turned
on (lower trace), a signal due to propargyl appears, whereas the
precursor signal disappears almost completely.

of a Nd:YAG laser at 266 nm or a 248 nm excimer
laser. Photolysis can easily be coupled to supersonic
beams by focusing the laser a few mm behind the
pulsed valve orifice, as depicted in the center trace of
Fig. 4. The radicals will then be internally cooled in
the subsequent expansion. Alternatively the photoly-
sis is often performed in the ionization region itself
and can then also be coupled with an effusive source.
In this case hot radicals with a significant amount of
internal energy are probed in the subsequent spectro-
scopic experiment. While this is tolerable in experi-
ments on small radicals where rotational resolution is
obtained, it might lead to spectral congestion and as-
signment ambiguities in investigations of larger rad-
icals. Sometimes the same tunable laser system used
to record the ZEKE-spectra is also used to photolyze
the precursor in the first place. In this case the band
intensities in the spectrum depend not only on the ab-
sorption cross-section of the radical, but also on the
cross-section of the precursor.

The general disadvantage of photolysis is the need
for a laser as the light source in order to obtain a high
enough photon flux for efficient radical generation.
This makes the technique more expensive than pyroly-
sis, but also more difficult due to the need for accurate
temporal synchronization between photolysis- and
spectroscopy-laser. It is also conventional wisdom
that the duty cycle of an experiment scales with the
square of the number of lasers involved. In addi-
tion one photolysis-laser is not enough to set-up a
general radical source. Although many radicals have
good precursors dissociating upon 266 nm excita-
tion, many other, in particular inorganic radicals are
not accessible at this wavelength, and require, e.g.,
193 nm excimer radiation. Thus, a tunable system is
required for a general photolysis source. Neverthe-
less many radicals, in particular oxygen-containing
species, have been successfully generated by photol-
ysis [50,51].

Electrical discharges are also commonly utilized to
generate radicals. They are easily coupled to super-
sonic jet sources [52], and radical yields are often
quite good. A typical set-up for a pulsed electric dis-
charge [53,54] is depicted in the right-hand trace of
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Fig. 4. An insulating teflon block with a small channel,
containing two electrodes, is mounted onto the pulsed
valve. When the valve opens, and the molecules pass
through the channel, the circuit is closed and bonds in
the precursor are cleaved in the occurring discharge.
Similar designs have been reported by other groups as
well [55]. Discharge sources often suffer from a lack
of selectivity, with many side products being present.
Thus, they are the source of choice if one is interested
in thermochemically unfavorable radicals, that are of-
ten not available by any other technique. Nevertheless
recent IR laser diode studies successfully employed
discharge sources [56] to generate allyl [57] and ethyl
[58] in high number densities of more than 1014 cm−3.
The authors also claim clean generation with little or
no side products. Due to the MHz resolution, spec-
tral congestion is avoided in these experiments and the
rotationally resolved bands can be unambiguously as-
signed to a particular species. Discharge sources have
been employed in conventional PES, but to the au-
thors best knowledge no ZEKE-spectra have yet been
reported employing them.

Many other techniques for the generation of
radicals have been reported. For example, laser vapor-
ization of metal rods is the method of choice for pro-
ducing metal clusters or metal-containing molecules
[59,60]. Dyke and coworkers used another interesting
approach, abstraction of hydrogen from closed-shell
molecules by fluorine atoms in a flow reactor, to
produce radicals for PES [5]. This source, like many
others, works well under effusive conditions, but is
not easily combined with supersonic pulsed beams.
There is only one example of a radical studied by
ZEKE-spectroscopy that was generated in a continu-
ous source, the OH radical, which will be discussed
below.

4.1. Excitation schemes

There are three techniques to optically excite
molecules into high-lying Rydberg states, depicted
in Fig. 6: (1) one-photon VUV excitation (center),
(2) resonant (left-hand side) and (3) non-resonant
(right-hand side) multiphoton excitation. All three

Fig. 6. Three different schemes are used to excite the molecules
into a high-n Rydberg state. In experiments on stable molecules
resonant two- or multiphoton excitation with two different laser
colors (dashed and full arrow) via selected intermediate states
is commonly used, simplifying the ZEKE-spectra. For radicals
the more general one-photon excitation scheme (dash-dot arrow)
is often preferential, because intermediate electronic states are
either unstable or not well characterized. In several experiments
non-resonant multiphoton excitation schemes (dotted arrows) have
been successfully applied.

of them have been applied to study radicals by
ZEKE-spectroscopy.

In most ZEKE experiments, spectra are recorded
by resonant multiphoton excitation (REMPI). A first
laser, fixed at a resonant excitation frequency, pop-
ulates a selected intermediate vibronic or rovibronic
state, a second tunable laser subsequently promotes the
molecule into a high-lying, long-lived Rydberg state.
This scheme has two advantages: first, intermediate
state selection reduces the number of lines and thus
the complexity of the spectrum; second, by recording
ZEKE-spectra through different intermediate states a
larger part of the ionic potential energy surface can be
explored. This scheme, successfully applied to many
stable molecules and diatomic radicals, does unfortu-
nately not work for most polyatomic radicals, because
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often the excited electronic states are short-lived, or
simply not well characterized. One-photon excitation
by tunable VUV radiation is thus a more general ap-
proach [61,62]. Due to the low ionization energy of
most polyatomic radicals, difference frequency mix-
ing in a gas cell is the method of choice for record-
ing rotationally resolved ZEKE-spectra. However, it
is still difficult to produce VUV radiation on a labo-
ratory scale that is tunable over a large enough range
to sample a number of vibrational states. Alternatively
synchrotron light sources provide VUV and XUV light
tunable over a wide range for ZEKE-spectroscopy
[63,64]. One has to deal though with the challenges
associated with carrying out experiments at large scale
facilities. The third excitation scheme is non-resonant
two- or multiphoton excitation from the neutral ground
state [65]. Since only one tunable laser is required the
scheme is particularly simple. However, modulation of
the spectra by accidental intermediate resonances [66]
and competing processes of higher photon order might
interfere in the experiments. Despite these disadvan-
tages ZEKE-spectra of several closed-shell molecules
and radicals have been obtained this way.

4.2. Theory and computation of ZEKE-spectra

Since all molecular properties are continuous at
the ionization threshold, two different approaches
can be used to interpret the spectra. One comes from
“above,” i.e., from higher energies, considering the
ZEKE electrons as very low energy photoelectrons,
the other one comes from “below,” i.e., from lower
energies, and discusses ZEKE-spectra as optical spec-
tra with transitions terminating in a final state with
pure Hund’s case (d) angular momentum coupling.
Both approaches yield in principle the right answer.

Rotational selection rules, based on angular mo-
mentum conservation, are relaxed relative to usual
bound–bound spectroscopy, because in addition to the
rotational quantum number of the initial and the fi-
nal state the angular momentum of the electron has
to be taken into account. Thus, transitions with�N
or �K > 1 are observed, due to the angular mo-
mentum� carried away by the outgoing electron. In a

ZEKE-spectrum of a diatomic molecule one thus ob-
tains [67]

�Jmax= �+ 3
2 (1)

In an atomic-like picture of photoionization [68] a
p-electron (l = 1) is ejected into the d- or s-continuum
(� = 2, 0), or in terms of bound–bound spectroscopy,
excited into high-lying s- or d-Rydberg series. Thus,
from the maximum change in angular momentum
observed in the spectrum one can gather information
on properties of the ejected electron. Note that from
a spectroscopic point of view the experiment is over,
once the electron is excited to the high-n state. The
subsequent processes, includingl- and ml-mixing,
as well as the PFI, have to be considered as parts
of the detection scheme and do not influence the
spectroscopy.

Of course parity conservation holds strictly. When
the initial (neutral) and the final (ionic) state are de-
scribed by pure Hund’s case (b) coupling parity con-
servation can be expressed as

�N + � = odd (2)

In an atomic picture of photoionization, a p-electron
with odd parity is ejected into s- or d-continuum chan-
nels with even parity, thus transitions with�N = odd
are expected to dominate the spectrum. Although an
electron in a molecule generally has to be described
by a distribution ofl-values, such a simplified descrip-
tion is in many cases at least qualitatively appropriate.

In symmetric and asymmetric rotors the selection
rules for�K, or �Ka and�Kc, respectively, are corre-
spondingly relaxed. The selection rules for symmetric
rotors become�K = even instead of�K = 0 for par-
allel transitions, and�K = odd instead of�K = ±1
for perpendicular transitions in ZEKE and PES. For a
more extensive discussion of symmetry selection rules
underlying ZEKE-spectroscopy, we refer to [69,70].

Vibrational selection rules on the other hand are
still a matter of debate. The vibrational structure
of photoelectron-spectra should be governed by the
FC principle, with only totally symmetric vibrations
appearing. In numerous cases, however, significant
deviations have been observed [71], in some cases
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even a complete breakdown of the FC picture [72,73].
Thus, non-totally symmetric vibrations do appear in
ZEKE-spectra and intensity patterns are observed
that cannot always be explained within a simple
FC-framework. On the other hand, the ZEKE-spectra
of many molecules can readily be explained in the
FC picture. We will discuss this subject below with
special reference to radicals.

For a detailed description of the ionization dynam-
ics two different approaches are applied, multichannel
quantum defect theory (MQDT) and ab initio meth-
ods, the former corresponding to an approach from
“below,” the latter to an approach from “above.”
Quantum defect theory (QDT) relies on the concept
of a highly excited electron moving in the Coulomb
potential of the ion core [74]. The small probabil-
ity of finding the electron in the core region leads
to non-coulombic components that are responsible
for processes like predissociation and autoioniza-
tion, treated separately as short range interactions.
In MQDT [75] the photoabsorption is regarded as
the scattering of an electron off the core into in-
dependent channels, each channel corresponding to
one Rydberg series. The short range interactions
are described by a scattering matrix that contains
the quantum defects, describing the deviation of a
Rydberg state from Coulombic behavior. The basic
physical picture of MQDT is well suited for a calcu-
lation of ZEKE-spectra. Since it explicitly calculates
interactions between the various channels (i.e., Ry-
dberg series), it can account for the irregularities in
the intensities due to Rydberg state coupling that are
observed in some ZEKE-spectra. However, it requires
that the quantum defects are known from experiment
or calculation, or that at least a good guess is avail-
able. For anything larger than a diatomic this is still
a tedious task.

The ab initio method was originally developed to
calculate conventional photoelectron-spectra at rota-
tional resolution. It relies on the calculation of tran-
sition matrix elements between a bound state and the
product of an ionic state and a free electron wave
function [76,77]. The ab initio approach from “above”
does not take final state interactions due to coupling of

Rydberg states into account, and occasionally failed to
predict accurate intensities in ZEKE-spectra. On the
other hand an impressive accuracy was obtained in
calculations of the photoelectron- and ZEKE-spectra
of various polyatomic molecules that are still out of
reach of a detailed MQDT analysis.

4.3. Discussion of selected radicals

In the following sections high-resolution photo-
electron-spectra of several radicals will be discussed.
Of course the selection, as well as the depth of the
discussion is a matter of personal choice. As men-
tioned, metal clusters [14] and metal oxides [78] are
not considered. On the other hand, we will discuss
several complexes of metal atoms with organic radi-
cals. The IEs of all species discussed in this review
are listed in Table 1. However, it is not our intention
to summarize all available spectroscopic constants.
Instead we will focus on the chemical and physical
relevance, i.e., describe what makes a given radical

Table 1
Ionization energies of radicals obtained by ZEKE-spectroscopy or
high-resolution conventional photoelectron-spectroscopya

Radical Ionization energy (cm−1) Reference

NO 74721.7 [21]
NO2 77316 [83]
OH 104989 [84]
OD 105085 [84]
NH 108692 [93]
SH 84057 (SH+X3
−1) [87]
SH 93925 (SH+a1�) [40]
ND4 37490.7 [97]
C6H5–CH2 (benzyl) 58468 [106]
C6H5–CD2 58418 [106]
C6D5–CD2 58386 [106]
CH3 79349 [99]
CD3 79287 [100]
C3H3 69953 [36]
C3H5 65762 [125]
CH3S 74726 [130]
Mg–CH3 53265 [101]
Zn–CH3 58661 [101]
Cd–CH3 57105 [102]
Zn–C2H5 56384 [103]

a Metal clusters and metal oxides have been excluded, but some
complexes of metal atoms with organic radicals are listed.
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so interesting. We will also discuss experimental as-
pects, in particular the method of generation of the
radical, because this is the most interesting aspect for
people who want to enter this field.

4.4. Inorganic radicals

In the present context we consider all radicals that
do not contain any carbon atoms as inorganic. Most
of them are small diatomics with doublet electronic
ground states, permitting the comparison with accurate
calculations. In addition a few experiments on larger
radicals exist.

4.4.1. NO and NO2

NO and NO2 served as model cases for open-shell
systems for a long time. However, since both
molecules are commercially available in bottles, the
usual challenge in radical spectroscopy, the clean
generation, does not exist. Thus, despite being rad-
icals both molecules cannot be considered to be
reactive intermediates in the true meaning of the
word. NO was the first molecule to be investigated
by ZEKE-spectroscopy [7,21,79], so a vast amount of
experiments were carried out over the last 15 years.
In the lower trace of Fig. 7, the ZEKE-spectrum

Fig. 7. The ZEKE spectrum of NO, recorded by non-resonant two-photon excitation from the electronic ground state with a simulation
assuming a rotational temperature of 2.5 K given for comparison. A change in angular momentum of up to�J = 7/2 is apparent.

of the X+2
+ cationic ground state of NO is
shown, obtained by non-resonant two-photon ion-
ization [80] from the2�1/2 electronic ground state,
which nicely illustrates several characteristics of
ZEKE-spectroscopy. A simulated spectrum is shown
in the upper trace, assuming a rotational temperature
of 2.5 K. Due to the low temperature that can usually
not be obtained when the radicals have to be gen-
erated by any of the sources described above, only
transitions originating from the two lowest rotational
levels, J ′′ = 1/2 andJ ′′ = 3/2 are observed. The
appearance of transitions into ionic rotational states
up to N+ = 4 illustrates the more relaxed angu-
lar momentum selection rules in PES. The expected
maximum change in angular momentum,�Jmax, is
�Jmax= �+3/2 [67,69,70]. As the unpaired electron
in the2�1/2 electronic ground state of NO was calcu-
lated to be an electron predominately of d-character
[76], which can be ejected into the� = s-, d- or
g-continuum, a�Jmax of 11/2 is calculated. While the
maximum change observed in the spectrum in Fig. 7
is �J max= 7/2, weak�J max= 9/2 transitions were
observed for higherJ′′ states, only populated in some-
what warmer spectra [80]. One can thus conclude
that the electron is predominately ejected into the s-
and d-continuum channels. Since each rotational level
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in NO is split into e/f sublevels with opposite parity
that were not resolved in the experiments, parity is
automatically conserved.

ZEKE-spectra of NO2 [81–83] have also been re-
ported. The focus in this work was an investigation
of coupling phenomena between Rydberg series con-
verging onto different vibrational states of the ion.

4.4.2. OH and OD
The OH radical is ubiquitous in many reactive en-

vironments, ranging from combustion engines to the
atmosphere and interstellar space. Thus, OH and OD
were among the first species to be investigated by
ZEKE-spectroscopy. Due to the large rotational con-
stants it is straightforward to accomplish rotational res-
olution. The OH radical is the only species discussed
in this paper that was not produced in a pulsed source,
but rather in a continuous fashion. It was generated in
a flow discharge source through a rapid reaction of H
atoms with NO2, according to

H+ NO2→ OH+ NO

The hydrogen atoms were produced in a flowing mi-
crowave discharge from a mixture of H2 and He. The
ZEKE-spectra of the v+ = 0 band of OH+ and OD+

radical were obtained by one-photon ionization using
coherent VUV radiation [84]. In experiments using
conventional PES the OH radical has been generated
by photolysis of H2O2 at 248 nm and formic acid at
222 nm [85,86].

4.4.3. SH
The SH radical was produced photolytically from

H2S by exciting the precursor into the directly dis-
sociative A1B1 state. ZEKE-spectra of the X+3
−

ionic ground state were recorded using a non-resonant
two-photon scheme [87]. Here the same laser served
as source for photolysis of H2S in the ionization re-
gion, and for ZEKE-spectroscopy. Since the SH radi-
cals were not cooled in a supersonic expansion and no
intermediate state was selected, a large number of ro-
tational transitions were observed and not all of them
could be assigned unambiguously.

As a comparison, a second experiment on SH, aimed
at an investigation of the excited a+1� states of SH+

and SD+, shows the power of intermediate state se-
lection [40]. The radicals were also produced in the
ionization region and are thus internally hot. In a first
step, however, they were excited to various rotational
levels of the intermediate2� Rydberg state. Since
the electronic structure of this state corresponds to an
a+1� core with an additional 3d� Rydberg electron,
the cross-section to the excited state of the cation,
9867 cm−1 above the ionic ground state is very high.
To the best of our knowledge this is the only ZEKE
investigation of a radical aimed at an excited elec-
tronic state of the cation. Individual rotational states
of the cationic a+1� state were resolved. The spec-
tra, given in Fig. 8, demonstrate a typical property of
many ZEKE-spectra. It is often observed that rota-
tional transitions associated with a decrease in angular
momentum,−�N appear with higher intensities than
the corresponding+�N transitions. In the spectrum

Fig. 8. ZEKE-PFI spectra of the a+1� state of SH+, obtained by
[2+1′] excitation via various rotational levels N′ of the [a1�]3d�
2� state. The spectra show an intensity asymmetry: transitions
associated with a decrease in angular momentum appear with
a higher intensity than transitions associated with an increase
(reproduced with permission from [40]).
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originating from N′ = 3 (bottom trace) the�N = −1
transition into the N+ = 2 state is considerably more
intense than the�N = +1 transition into the N+ = 4
state. In the spectra originating from N′ = 4 and 5
the �N = −2 transition represents the most intense
peak in the spectrum, while the peaks corresponding
to �N = +2 are only barely recognizable. This ef-
fect is often explained by a coupling of Rydberg states
converging to different states in the ion [18,88,89].
In the excitation step one populates in addition to the
high-n Rydberg states converging to the N+ = N− 2
rotational state of the ion also low-n Rydberg states
converging to higher N+ states of the ion. These low-n
states can couple to the continuum of high-n states
and contribute additional intensity to the transitions
associated with a decrease of angular momentum. In
the case of SH, however, the intensity assymetry was
also observed in conventional photoelectron spectra,
where such couplings are not present. For a complete
discussion of additional factors relevant in the spectra
of SH I refer to Ref. [86].

4.4.4. Conventional photoelectron-spectra
of small radicals

de Lange and coworkers demonstrated that a spec-
tral resolution of less than 10 cm−1 can be obtained in
a magnetic bottle time-of-flight photoelectron spec-
trometer under optimized conditions, sufficient to
resolve rotationally excited states in the cation [90].
Therefore, for some diatomic radicals rotationally re-
solved spectra of the ionic ground state were obtained
by conventional PES rather than ZEKE-spectroscopy
[86], examples being OH [85], SH [91,92] and NH
[93,94]. Due to the comparable accuracy, the mea-
sured IEs have been included in Table 1. In addition
vibrationally resolved spectra have been obtained
for the ClO radical [95]. Since the only constraint
on the energy of the laser is that it has to be suf-
ficient to ionize the molecule, the spectra can be
recorded through selected intermediate states with
one laser only. The advantage of a magnetic bottle
is its high collection efficiency of around 30–50%.
Thus, for conventional PES of reactive intermedi-
ates, which can only be produced in small number

densities, it is superior to conventional time-of-flight
analyzers.

Typically the radicals were generated photolytically
in the ionization region of the spectrometer, leading to
vibrationally and rotationally hot radicals. In this type
of experiment this is not necessarily a disadvantage:
first, it is much easier to achieve rotational resolution
for high-J states, and second, spectral congestion is
avoided by intermediate state selection. Since each
spectrum is obtained at a fixed frequency, the relative
peak intensities are independent on the absorption
cross-section of the precursor.

As an example, we will discuss the rotationally re-
solved spectrum of the NH cation [93], given in Fig. 9.
Formally NH, termed imidogen, with its X3
− ground
state is not a radical, but should rather be regarded
as the simplest nitrene. It has been produced by pho-
tolysis from HN3, yielding electronically excited NH
in its a1� state. The experimental spectrum obtained
by [2 + 1] REMPI through the f1�(3p�) v′ = 0,
N′ = 13 Rydberg state is given on the left-hand side
of Fig. 9. Transitions into the v+ = 1 state are small
compared to transitions into the v+ = 0 state, due to
the similar geometry of intermediate state and cation.
Interestingly the spectrum is dominated by even�N

Fig. 9. Experimental (left-hand trace) and ab initio calculated
(right-hand trace) conventional photoelectron-spectra of NH. The
spectrum was recorded through the f1� (v′ = 1, N′ = 13) inter-
mediate state (reproduced with permission from [94]).
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transitions (�N = 0, ±2), although ionization of a
p-electron should be associated with odd�N transi-
tions due to parity conservation.

An important aspect of rotationally resolved con-
ventional photoelectron-spectra is the possibility for a
direct comparison with ab initio calculations that take
the wave function of the ejected electron into account.
A calculated spectrum is given for comparison on the
right-hand side of Fig. 9. As visible, the agreement be-
tween theory and experiment is rather convincing. The
calculations [94,96] demonstrated that the intensity
pattern is governed by the presence of Cooper-minima,
i.e., by a sign change of the radial part of the transi-
tion moment function at low electron energies. Since
this sign change occurs in the d-continuum the asso-
ciated odd�N transitions are rather small, and even
�N transitions dominate the experimental spectrum.

In addition to the information on the ion and on the
photoionization dynamics, information on the geome-
try and the electronic character of the exited electronic
states of the neutral radical has been obtained from
the experiment.

Fig. 10. Part of the rotationally resolved ZEKE-spectrum of ND4, with a simulation based on the rotational constants ofB0 = 2.8560 and
B0
+ = 2.9855 cm−1 given for comparison. Transitions associated with a decrease in rotational angular momentum�N appear to the red

of the spectrum shown here (reproduced with permission from [97]).

4.4.5. ND4

One of the most intriguing ZEKE experiments in
the last couple of years has been the study of the
ND4 radical [97]. The ammonium radical, NH4, is of
long standing interest to theoreticians and experimen-
talists alike, since it is a Rydberg-molecule, consist-
ing of a NH4

+ core and a distant 3s Rydberg electron.
The 2A1 electronic ground state is unstable with re-
spect to dissociation into NH3 + H with vibrational
state lifetimes of less than 1�s. The deuterated am-
monium radical, ND4, on the other hand has a life-
time of more than 10�s, making it more accessible to
the experimentalist. The ND4 radical was generated
from ammonia-clusters that were photodissociated at
202.3 nm according to

(ND3)2→ ND4+ ND2

Due to the low ionization energy of 37490.7 cm−1 the
radical could subsequently be ionized by a single pho-
ton from a frequency-doubled dye laser. A part of the
spectrum of the ND4+X+1A1 ← ND4X 3s2A1 tran-
sition is given in the upper trace of Fig. 10, with a
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simulation in the lower trace for comparison. Note
that−�N transitions appear to the red of the spec-
trum shown in the figure. A fascinating aspect of this
investigation was the determination of the structure
of the neutral ground state of ND4 in addition to the
structure of the cation from an analysis of the rota-
tionally resolved band. Rotational constants ofB0 =
2.8560 andB0

+ = 2.9855 cm−1 were obtained. From
these values N–D bond lengths ofr0 = 1.0483 and
r0
+ = 1.0253 Å were deduced for the neutral and the

ionic ground state, under the reasonable assumption
of tetrahedral symmetry in both states.

Signorell et al. [97] also recorded MATI spectra of
ND4 for comparison. Resolution and signal to noise
ratio were, however, inferior to the ZEKE-spectra.

4.5. Organic radicals

Studies on organic radicals are often motivated by
their importance in combustion reactions. However,
investigations pose considerable challenges to the ex-
perimentalist. First of all the generation process has
to be carried out more carefully, because more side
products are possible. Many organic radicals do not
possess long-lived excited electronic states, rendering
resonant excitation difficult, if not impossible. For a
discussion of electronically excited states of radicals,
see [50,98]. If one ionizes the radical directly from
the ground-state by either one-photon or non-resonant
two-photon excitation, care has to be taken that the
radicals are vibrationally cold since the large number
of vibrational modes can easily lead to spectral con-
gestion even at high-resolution. Nevertheless a num-
ber of important organic radicals have been studied by
ZEKE-spectroscopy over the last couple of years.

4.5.1. Methyl, CH3

The methyl radical appears in hydrocarbon com-
bustion and is also believed to be an important in-
termediate in the growth of diamond thin films by
chemical vapor deposition. It was the first polyatomic
radical to be studied by ZEKE-spectroscopy with
rotational resolution [99]. It was produced by flash
pyrolysis of azomethane, CH3NNCH3 in Ar at around

1300 K. ZEKE-spectra were recorded using tunable
VUV radiation around 126 nm produced by resonant
difference-frequency mixing in Kr via the 5p5/2← 4p
two-photon transition at 2×216.67 nm. Fig. 11 shows
the experimental spectrum in the upper trace. The
lower trace shows a spectrum obtained from ab initio
calculations [77] assuming a rotational temperature of
250 K. As visible the agreement between theory and
experiment is excellent. Like the2A ′′2 ground state of
the neutral, the X+2A ′1 of the cation is planar and can
be described as an oblate rotor. The various branches
are labeled with respect to the�N = N+ −N′′ quan-
tum number. The spectrum is dominated by parallel
transitions with�K = K+−K ′′ = 0, each of the�N
lines consisting of many closely spaced�K subband
lines. The computations [77] confirm the dominance
of �K = 0 transitions and computed the�K = ±2

Fig. 11. Rotationally resolved one-photon ZEKE-spectrum of
methyl, CH3. The lower trace shows a simulation based on ab ini-
tio calculations. Each of the�N transitions assigned in the spec-
trum consists of closely spaced�K = 0 subbands (reproduced
with permission from [77]).
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subbands to be less than 10% in intensity. Therefore,
they are not labeled in the spectrum. There is some
disagreement on the low energy side of the spec-
trum, at some of the P- and O-branch transitions with
�N = −1,−2 in the computed spectrum. In methyl,
like in diatomics, transitions with negative�N gather
intensity due to rotational autoionization of Rydberg
states converging onto rotationally excited states of
the ion as described above.

4.5.2. CD3

The CD3 radical deserves attention, because it is
one of the few radicals studied by the MATI technique
so far [100], a variant of ZEKE where the ions instead
of the electrons are detected after field ionization of
the Rydberg states.

The radical was produced by photodissociation
of CD3I in the ionization region and subsequently
excited to the ionization threshold using a [2+ 1′]
scheme. Since CD3 is formed with a lot of transla-
tional energy a rather complicated arrangement of
extraction grids was used to detect the field ionized
ions. Despite all efforts a spectrum could only be
recorded via the Q-branch of the intermediate 3pz

state. The signal was too small to select any isolated
rotational level. The case of CD3 shows, on the other
hand, that an investigation of organic radicals by
MATI is possible, thus utilizing the additional mass
information.

4.5.3. Complexes of alkyl radicals with metal atoms
ZEKE-spectra have also been reported for com-

plexes of the methyl radical with a number of metal
atoms, M· · ·CH3, M being Mg, Zn [101] or Cd
[102]. The spectra were used to construct molec-
ular orbital (MO) diagrams from the experimental
data. The possibility to correlate MO with bands in
photoelectron-spectra was one of the driving forces
behind the development of PES in the 1960s. For
metal-containing compounds with their high density
of electronic states this correlation requires a resolu-
tion that can only now be achieved. The complexes
were produced by laser vaporization of the bare metal
in the presence of either CH3CN or Sn(CH3)4, both

entrained with the carrier gas. In addition to the
methyl complexes also the zinc monoethyl complex,
ZnC2H5, has been studied by ZEKE [103]. Based
on an MO model derived from the data, the authors
predict a decrease of the relative bond strengths of
metal–carbon bonds with an increase in the size of
the alkyl radical.

4.5.4. Benzyl, C6H5CH2

The benzyl radical was the first organic radical to
be investigated by ZEKE-spectroscopy [104–106]. It
was generated by photolysis of toluene at 193 nm.
Benzyl is one of the few radicals that have long-lived
excited states, studied before by laser-induced fluo-
rescence. Therefore, the experiments could be carried
out as [1+ 1′] experiments through various interme-
diate vibronic states, yielding an ionization energy
of 58,468 cm−1, as well as frequencies of several
modes of the X+1A1 cationic ground state. Of par-
ticular interest in benzyl is the vibronic coupling
between the A2A2 and B2B2 intermediate states,
mediated by modes of b1 symmetry. Since the inter-
mediate state wave function cannot be separated into
an electronic and a vibrational part, non-totally sym-
metric modes can appear in the ZEKE-spectrum. In
a simple picture the mixed vibronic character of the
intermediate state will be projected onto the cationic
ground state, i.e., in addition to modes of a1 symme-
try the appearance of b1 modes responsible for the
intermediate state coupling is expected [107]. In ad-
dition to the ring/CCH bending modeν21, two more
modes were identified to couple the intermediate
states strongly, theν28b1 in-plane ring deformation
mode, and the (ν17(a2) + ν36(b2)) combination band
of an out-of-plane CCH bending and an out-of-plane
wagging of the CH2-group. Theν29 mode on the
other hand, corresponding to in-plane rocking mo-
tion of the CH2-group, appeared only weakly in the
ZEKE-spectrum and thus seems to be less important
for the vibronic coupling mechanism, in contrast to
earlier assumptions. The ZEKE-spectra also gave ev-
idence for vibronic coupling between the A2A2 and
the C2A2 states, mediated by the totally symmetric
ν13 ring deformation vibration.
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Fig. 12. The ZEKE-spectrum of the propargyl radical, C3H3, from 69,900 to 74,200 cm−1. The spectrum is dominated by the origin band,
with several bands visible that correspond to vibrationally excited ionic states. Their energy relative to the origin band, as well as the
assignments are given in the spectrum (reproduced with permission from [36]).

4.5.5. Propargyl, HC≡C–CH2

The propargyl radical, C3H3, is thought to be a cen-
tral intermediate in the formation of soot. Interest in
the structure of the cation also originates from the ob-
servation of C3H3

+ in flames [108] and from the pos-
sible role it might play in interstellar chemistry as a
precursor to propadienylidene, H2CCC, through low
energy electron attachment [109].

No structured intermediate state permitting reso-
nant excitation is known in the radical. Therefore,
the ZEKE spectrum was recorded via non-resonant
one-color two-photon ionization [36] using a single
frequency-doubled dye laser. The ZEKE spectrum of
propargyl from 69,900 to 74,000 cm−1 is shown in
Fig. 12. The most intense feature is the origin band,
centered around 69,950 cm−1, indicating a relatively
small geometry change upon ionization. Since an elec-
tron is removed from a non-bonding carbon p-orbital
upon ionization, this can be readily understood in a
qualitative picture. The IE of 69,953± 10 cm−1, cor-
responding to 8.673 eV, is in excellent agreement with
an earlier experimental value of 8.67± 0.02 eV ob-
tained from conventional photoelectron-spectra [110]
as well as with the ab initio value of 8.65 eV [111].

Several transitions into excited vibrational states
of the ion appear with significantly lower intensity
as compared to the origin band. Some bands, like
the acetylenic C–H stretchν1 and the C–H2 stretch
ν2 are readily assigned, while for others the ab initio
frequencies obtained from coupled-cluster calcula-
tions [111] proved to be helpful. In contrast to the
calculations discussed earlier, these calculations do
not take the wave function of the free electron into
account and thus offer no detailed insight into the
ionization dynamics. Only the assignment of the
components of the Fermi-resonance doublet around
2100 cm−1 is not clear yet. The better agreement
with the calculations is obtained upon assigning the
higher energy band at 2122 cm−1 to the C–C stretch,
31, and the lower one to the 6171 combination band.
In a recent matrix isolation study, however, the re-
verse assignment was suggested [112]. Overall the
calculated and experimental frequencies match within
1% for the fundamentals and 2% for combination
bands and overtones. The ZEKE-spectrum of propar-
gyl can be well understood within the FC picture:
only totally symmetric fundamental vibrations ap-
pear, and even the relative intensities observed in the
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spectrum are comparable to the ones calculated in
[111].

4.5.6. Allyl, C3H5

Allyl is currently the best understood hydrocarbon
radical. High-resolution IR diode-laser spectra of the
electronic ground state [57,113] as well as absorption
[114,115] and REMPI-spectra [116–118] of electron-
ically excited states are available. Considerable inter-
est was also directed on the dynamics of allyl. The
primary photophysical process upon photoexcitation
were studied by time-resolved PES [119–121], the
photodissociation dynamics and unimolecular frag-
mentation were investigated by Doppler-spectroscopy
[122] and translational energy spectroscopy [49] of the
photofragments. Allyl thus serves as the model system
for the spectroscopy and dynamics of radicals. Being
a C3 hydrocarbon, its chemistry is also of relevance in
combustion processes where allyl is considered to be
an intermediate in the formation of soot and polyaro-
matic hydrocarbons [123].

An earlier photoelectron spectrum yielded the IE of
allyl [124], but little structural information was avail-
able beyond that. It was therefore reinvestigated by
ZEKE-spectroscopy in our group [125]. Allyl can be
generated at high number density by flash pyrolysis
of 1,5-hexadiene. This precursor cleaves into two al-
lyl units and produces no other side products. An effi-
cient generation of allyl from allyl iodide by photolysis
[126] or in an electric discharge [57] was also reported.

The ZEKE-spectra were recorded through various
vibronic levels of the resonant intermediate B2A1,
C2B1 and D2B2 states. This is remarkable because the
lifetimes of these states were measured to be on the
order of 20 ps and less [120]. Two ZEKE-spectra are
shown as representative examples in Fig. 13; the up-
per trace shows the spectrum recorded in a [1+ 1′]
through the C 000 band, in the lower trace the [2+1′]
spectrum recorded through the B 00

0 state is depicted.
The [1+1′] spectrum is remarkably simple and domi-
nated by a single transition into the ionic origin band.
Since the experimentally determined geometry of the
C-state [117] is very similar to the calculated geome-
try of the ionic ground state [125,127], such a simple

Fig. 13. The ZEKE-spectrum of allyl, C3H5, recorded by [1+ 1′]
excitation through the C-state origin (upper trace) is dominated by
a single transition to the ionic origin and shows little vibrational
activity. In contrast, the spectrum obtained by [2+ 1′] excitation
through the B-state origin (lower trace) shows considerable activity
in low-frequency modes, indicating a change in geometry upon
ionization.

spectrum is expected from FC considerations. Only the
fundamental of the C–C–C bending vibrationν7

+ ap-
pears weakly in addition because of a slight decrease
in the CCC angle upon ionization. This picture was
confirmed by several other spectra recorded through
various other intermediate vibronic bands.

The spectrum recorded through the B-state ori-
gin, on the other hand, shows considerable activity
in low-frequency modes. With the aid of ab initio
calculations the two bands were assigned to theν9

+

and ν12
+ fundamentals of a2 and b1 symmetry, re-

spectively. The two modes correspond to conrotatory
and disrotatory motion of the –CH2 groups out of
the molecular plane. Their appearance thus indicates
a geometry change along both coordinates upon ion-
ization. Interestingly, an earlier REMPI study already
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suggested a non-planar geometry of the B 00
0 state

from a rotational band contour analysis [117,128].
The ZEKE-spectrum thus confirms the non-planar
geometry of the B state origin and provides another
example for the possibility to deduce information on
the neutral radical from high-resolution spectra of
the ion. The double minimum potential along theν9

and ν12 modes appears as a consequence of strong
vibronic coupling between the close-lying B, C and
D states (pseudo-Jahn–Teller interaction) [129].

4.5.7. CH3S
The only organic radical containing a heteroatom

that has been investigated by ZEKE-spectroscopy
so far is the sulfur-containing compound CH3S. Its
X+3A2← X2E1/2,3/2 transition into the ionic ground
state was investigated using non-resonant two-photon
excitation [130]. The radical was produced photolyt-
ically from either the thiol CH3SH or the disulfide
H3CSSCH3 in the ionization region, thus the radical
was internally hot. Rotational temperatures of 250 K
(thiol-precursor) and 800–900 K (disulfide-precursor)
were estimated for the radical. Also both spin–orbit
components of the electronic ground state were pop-
ulated, with relative intensities depending on the
precursor employed. Despite these difficulties, rea-
sonable rotational constants have been obtained for
the ionic ground state from a fit of the rotational band
contours.

4.5.8. Measurements of appearance energies
of radicals by ZEKE-spectroscopy

As depicted in Fig. 1 the determination of ac-
curate bond dissociation energies requires not only
accurate IEs, but also an equally high accuracy in
the determination of appearance energies (AE). Re-
cently such accurate AEs have been obtained for
CH3

+ and C2H+ from PFI measurements of CH4 and
C2H2, respectively [4]. In these measurements, car-
ried out at a synchrotron beamline of the Advanced
Light Source in Berkeley, the breakdown curves for
CH4/CH3

+ and C2H2/C2H+ coincided with step-like
features in the ZEKE-spectra of the parent molecules
at energies of 14.323 (CH4) and 17.3576 eV (C2H2),

permitting to extract accurate 0 K AEs. Although
these are ZEKE-spectra of stable molecules rather
than radicals, the experiments were driven by one of
the motivations behind the high-resolution PES of rad-
icals, namely the determination of accurate bond dis-
sociation energies, and thus deserve to be mentioned
here. In the future we will probably see experiments
where both of the properties shown in Fig. 1 that are
necessary to evaluate bond energies are measured by
ZEKE-spectroscopy or other methods based on PFI.

4.5.9. ZEKE-spectroscopy and the Franck–Condon
principle

As mentioned above several ZEKE-spectra cannot
be analyzed within a simple FC picture. Transitions
into formally symmetry forbidden non-totally sym-
metric vibrations of the cation are often observed
[131–133], and sometimes, e.g., for Ag2, even a com-
plete breakdown of the FC picture occurs [72,73]. On
the other hand, the spectra of many radicals discussed
in the preceding sections are readily understood
within the FC-framework. In the ZEKE-spectrum of
propargyl no symmetry forbidden vibrations show up,
and the measured intensities are well represented by
simple calculations that do not even take the electron
wave function into account [111]. In allyl and benzyl
on the other hand the appearance of non-totally sym-
metric modes can be explained by vibronic coupling
in electronically excited states of the neutral, i.e., in
the initial state.

Several possible reasons for anomalous relative
vibronic band intensities, among them the presence
of Cooper-minima and shape resonances, and inter-
actions between Rydberg series were summarized
recently [134]. Deviations from the FC pictures have
also been observed in conventional PES and were
attributed to the interaction of forbidden states with
allowed continua [135]. Most experiments are per-
formed on stable closed-shell molecules that yield
open-shell cations upon ionization, with relatively
low-lying excited states. Just like in the case of ro-
tation, low-n Rydberg states converging onto excited
electronic states of the cation might thus be able to
couple to the continuum of high-n states converging
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to the electronic ground state. Such a mechanism,
namely spin–orbit autoionization, was invoked to ex-
plain the unexpected intensity of the two2E1/2 and
2E3/2 spin–orbit states in the ZEKE-spectra of CO2

[136]. Rydberg states converging onto excited elec-
tronic states of the cation might also couple to high-n
Rydberg states converging to a formally forbidden vi-
brational mode of the cationic ground state, giving it
spectral intensity this way. The argument is probably
equivalent to the suggestion of Cockett et al. to treat
the occurrence of formally forbidden vibrations as a
vibronic coupling problem and to use the full wave
function of the cation in a discussion of vibronic
selection rules instead of separating them into an
electronic and a vibrational part [133]. This seems to
be appropriate because in naphthalene, for example,
the D1 state is less than 1 eV above the D0 state [133].

The photoionization of radicals, on the other hand,
leads to the formation of closed-shell cations, with the
next excited state being several eV away in energy. In
allyl, for example, the first excited state of the ion is
about 5 eV above the IE [137]. The density of Rydberg
states converging onto the excited ionic state is negligi-
ble in the region of the ionization threshold, rendering
vibronic interactions much less likely than in stable
molecules. Of course other possibilities for intensity
perturbations in radicals still remain. Unusual vibra-
tional intensities were observed in the ZEKE-spectra
of NO2 and assigned to couplings between Rydberg
states converging onto different rotational and vibra-
tional states of the cation [81–83,134]. Although it re-
mains to be confirmed in the future, it is nevertheless
possible that the ZEKE-spectra of radicals are more
likely to be amenable to a simple FC-analysis than the
spectra of stable molecules.

4.5.10. Outlook
There is still a large number of interesting radicals

that just wait to be studied by ZEKE-spectroscopy.
Among them are systems like ethyl or vinyl that are
expected to have a non-classical cationic structure.
In the case of vinyl information on the non-classical
structure was already extracted from conventional
photoelectron-spectra [138]. The superior resolution

of ZEKE-spectroscopy permits to explore the poten-
tial energy surface in more detail and allows for a
much better theoretical description of these species.
Another interesting class are small carbenes, that play
an important role in astrochemistry [139], but are also
popular as model compounds for theory [140]. And
there is of course a large number of radicals contain-
ing O, N or Si atoms that are important in all kinds
of reactive environments. It is hoped that the present
review serves as a starting point for people who reach
out for investigations of so far unexplored radicals,
using ZEKE or other methods based on PFI.

5. Summary

New techniques based on the PFI of Rydberg
states, like ZEKE-spectroscopy, permit to record
photoelectron-spectra at an unprecedented resolution.
The technique has matured over the last 15 years and
now allows to choose the systems to be studied by their
chemical relevance. Radicals are such a class of inter-
esting molecules because of their role in the chemistry
of reactive environments, like combustion engines,
chemical vapor deposition or interstellar space. The
size of the systems studied by ZEKE-spectroscopy
ranges from diatomics to medium sized organic rad-
icals like allyl or benzyl. Beside accurate IEs and
structural information on the cation, information on
the neutral radical can be obtained from the spectra.
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