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Photoelectron Spectroscopy in Molecular Physical Chemistry 
Ingo Fischera and Stephen T. Prattb 

Photoelectron spectroscopy has long been a powerful method in the toolbox of experimental physical chemistry 
and molecular physics. Recent improvements in coincidence methods, charged-particle imaging, and electron 
energy resolution have greatly expanded the variety of environments in which photoelectron spectroscopy can be 
applied, as well as the range of questions that can now be addressed. In this Perspectives Article, we focus on 
selected recent studies that highlight these advances and research areas. The topics include reactive intermediates 
and new thermochemical data, high-resolution comparisons of experiment and theory using methods based on 
pulsed-field ionisation (PFI), and the application of photoelectron spectroscopy as an analytical tool to monitor 
chemical reactions in complex environments, like model flames, catalytic or high-temperature reactors.

Introduction 
In this Perspective, we will highlight recent developments that 
demonstrate the power of photoelectron spectroscopy (PES) to 
address current questions in gas-phase physical chemistry and 
related fields. To motivate the selection of topics included in the 
article, we start with a brief historical overview. Photoelectron 
spectroscopy (PES) can be traced back to the photoelectric 
effect,1-3 explained in 1905 by Einstein.4 Early on it was realised 
that the threshold frequency required to remove an electron 
from a metal, the work function, was a characteristic property 
of the material. The application of these concepts to gas-phase 
molecules proved to be difficult, however, because the energy 
required to remove a valence electron from these species (that 
is, the ionisation energy, IE) typically corresponds to a photon 
energy in the vacuum ultraviolet (VUV) region. 

Siegbahn and coworkers began developing x-ray photoelectron 
spectroscopy for studying the inner shells of atoms and 
molecules in 1957.5 Ultimately, this approach was developed 
into an analytical tool, electron spectroscopy for chemical 
analysis, or ESCA, for which Siegbahn was awarded the 1981 
Nobel Prize in Physics.6 In contrast, the development of valence-
shell photoelectron spectroscopy took somewhat longer. The 
first such spectra of gas-phase molecules were reported by 
Vilesov et al. in 1961.7 These experiments were performed using 
a continuum source and a monochromator, resulting in 
relatively low photon intensities. In 1962, Al Jobory and Turner 
developed a high-intensity He (I) discharge lamp that emitted 
light at 21.2 eV, and used it to record the photoelectron spectra 
and ionisation energies of a series of molecules by analyzing the 
kinetic energy of the photoelectrons based on their retardation 

in an electric field.8, 9 This development launched valence-shell 
photoelectron spectroscopy as a novel tool for physical 
chemistry.10

Well before the development of photoelectron spectroscopy, 
Koopmans11 showed that in the frozen-core Hartree-Fock limit, the 
first ionisation energy of the molecule corresponds to the negative 
of the energy of the corresponding highest occupied molecular 
orbital (HOMO) of the neutral molecule. More generally, the 
energies of bands in a photoelectron spectrum can be approximated 
by the energy of the molecular orbital (MO) from which the electron 
is ejected, IE  - E(MO). This realisation allowed the association of an 
experimental observable with the otherwise abstract concept of an 
MO and contributed to the widespread acceptance of MO theory.12- 

13 Since then, photoelectron spectroscopy has become an important 
tool to elucidate the electronic structure of molecules, to 
characterise their MO's experimentally, and to determine the 
structure of molecular ions. The sensitivity of PES to the character of 
electronic states is employed today in femtosecond spectroscopy to 
monitor time-dependent changes of electronic states.14-16

Subsequent developments of PES followed the original 
approach of using a fixed photon energy and recording the 
photoelectron signal as a function of the electron kinetic energy 
eKE (or momentum), see right-hand side of Figure 1. In 1967, 
however, Villarejo et al. demonstrated an alternative approach 
to PES in which only near-zero energy electrons, or "threshold 
electrons, were detected as the photon energy was 
continuously scanned.17 Soon thereafter, Baer, Peatman, and 
Schlag introduced a threshold electron detector with 
considerably improved collection efficiency and resolution.18, 19 

This approach to photoelectron spectroscopy is illustrated 
schematically on the left-hand side of Figure 1 and compared to 
conventional dispersive PES. As the photon energy is scanned 
through each ionisation threshold, a peak is observed in the 
threshold photoelectron spectrum (TPES). Subsequent 
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variations on TPES include pulsed-field ionisation-zero-electron-
kinetic-energy PES (PFI-ZEKE-PES),20, 21, 22 mass-analysed 
threshold ionisation (MATI)23, 24 and slow-PES (SPES).25 Note 
that in PFI-ZEKE and MATI spectroscopy, the electrons and ions 
are produced by excitation and delayed pulsed field ionisation 
of Rydberg states lying just below the ionisation threshold, 
rather than by direct photoionisation into an open continuum 
(see below). Up to a point, the principal limitation to the 
resolution of these approaches is the photon bandwidth, and 
with laser sources, even sub-cm-1 energy resolution becomes 
possible. 

Fig. 1 Comparison between threshold photoelectron spectroscopy (TPES) and 
its variants, which employ tunable radiation (left-hand side) with dispersive 
photoelectron spectroscopy using fixed-frequency light (right). In TPES, as the 
photon energy is scanned through each ionisation threshold, a peak is 
observed in the spectrum, while in dispersive PES the photoelectron signal is 
recorded at a fixed-photon energy as a function of the electron kinetic energy, 
eKE, and peaks are observed at energies corresponding to the population of 
the energetically accessible rovibronic states of the ion.

Each of the two basic types of PES has its own set of strengths and 
weaknesses. Dispersive PES (right-hand side of Figure 1) reveals what 
states of the ion are populated at a given photon energy and provides 
a map of the electronic structure of the cation. If the photon energy 
is tuned to a continuum resonance (for example, an Rydberg state 
based on a higher lying state of the cation,26 or a shape resonance in 
which the continuum electron is temporarily trapped by a centrifugal 
barrier in the molecule27), the spectrum shows how that resonance 
decays. Vibrational intensity distributions in the open continuum 
often follow Franck-Condon distributions, providing insight into the 
geometry change of the ion state relative to the neutral, and 
electronic band intensities can provide insight into the energy 
ordering of the relevant molecular orbitals. Furthermore, 
measurements of the angular distributions of the photoelectrons can 
provide insight into the continuum wave function and 
photoionisation dynamics.28 The principal challenge of dispersive PES 
is that it is difficult to measure electron kinetic energies with high 
resolution across a wide range of electron energies, particularly 
without sacrificing considerable electron signal. Nevertheless, 
dispersive analysers with exceptionally high resolution (~10-40 cm-1) 
have been developed,29, 30 and magnetic-bottle31, 32 and imaging 
spectrometers33 have largely solved the issue of collection efficiency.

Threshold photoelectron spectroscopy has the advantage that it is 
relatively straightforward to develop a very high-resolution detector 

of near-zero energy electrons, and as mentioned above the 
resolution of the technique is then at least in principle limited only 
by the photon bandwidth. By scanning the photon source, TPES 
peaks are observed whenever the photon energy is coincident with 
an ionisation threshold. PFI-ZEKE PES with laser sources typically can 
provide resolution significantly better than 1 cm-1, sufficient to 
resolve rotational structure in many molecular systems.34 The 
approach thus allows detailed spectroscopic studies of molecular 
cations, along with the characterisation of spin-orbit, vibronic, and 
non-covalent interactions in a wide range of systems. The downside 
of TPES is that the measurement is not made at a single photon 
energy. As the photon energy is scanned, the photoionisation matrix 
element can change both in magnitude and in composition with 
respect to the relevant electron partial waves (in other words, one is 
accessing a different state of the electron-ion system at each photon 
energy). Because the relative intensities of rotational peaks, 
vibrational bands, and even electronic bands can be affected by the 
changing photon energy, the interpretation of these intensities and 
the photoionisation dynamics that they reflect can be difficult. Note, 
however, that these intensity perturbations can also be a feature, as 
they can allow the population of ionic states that lie in the "Franck-
Condon gap" that is not accessible by direct ionisation processes, i.e., 
final states that would not be populated in dispersive PES due to 
small Franck-Condon factors. The vibrational enhancement has been 
explained by interaction with resonantly excited autoionising 
states.35 A second drawback of TPES is that angular distribution 
measurements on near-zero energy electrons (or electrons produced 
by field ionisation) are generally not very informative. 

Fig. 2 2D map of the full photoelectron spectrum of HBBH with the vibrational bands 
indicated by the red diagonals (left-hand side).36, 37 A horizontal slice at 0 eV eKE 
corresponds to a TPE spectrum, a vertical slice at a given photon energy to the PES. 
After rotation of the matrix the 2D map on the right-hand side is obtained. Summing 
up horizontal slices from 0 to 50 - 100 meV yields a slow photoelectron spectrum, 
SPES, which often provides a better signal/noise ratio.

Recording the full PES as a function of photon energy results in a 2D 
map of the photoelectron signal vs. photon energy (x-axis) and 
electron kinetic energy (y-axis).25 Figure 2 shows data obtained for 
HBBH as an example.36, 37 A horizontal slice through this map 
generates the photoelectron signal at a constant electron energy, 
and for zero (threshold) kinetic energy, this slice corresponds to the 
TPE spectrum. (Reference 25 provides an excellent example of this 
approach.) A vertical slice at a fixed photon energy corresponds to 
the PES at that energy. For a given final state of the ion, the electron 
energy will increase linearly with the photon energy, so that a 
diagonal slice of the 2D map correspond to the spectrum for 
producing that specific state, which is known as the constant ionic 
state (CIS) spectrum. The 2D map can be rotated to align the CIS 
spectra in the vertical direction.25 A horizontal slice through the 
rotated spectrum gives the final state distribution at a specific 
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electron energy, with the TPES spectrum still corresponding to the 
slice at zero kinetic energy. Because the signal for each final state is 
lined up along the vertical, the horizontal slices can be summed to 
provide better statistics without significantly affecting the overall 
resolution. The spectrum obtained by summing over kinetic energies 
near threshold (typically from zero to 50-100 meV) is known as the 
slow photoelectron spectrum (SPES).25 SPES and TPES have similar 
advantages/issues relative to PES, but because the SPES signal is 
integrated over a larger range of electron kinetic energies, the 
resulting signal-to-noise ratio can be significantly higher than with 
TPES, without significant degradation of resolution.

As a result of these considerations, both techniques find 
considerable use in modern gas-phase chemical physics. Indeed, with 
the development of velocity map imaging techniques for 
photoelectrons, high-quality threshold and dispersive photoelectron 
spectra can be obtained simultaneously, although the data 
acquisition is typically optimised for the relevant information desired 
in a particular experiment. In the context of physical chemistry, 
perhaps the most important development in recent years has been 
the blossoming of photoelectron-photoion coincidence (PEPICO) 
techniques in all their glory.38,39 These techniques allow the 
correlation of the ion mass and angular distribution with the 
corresponding photoelectron energy and angular distributions. For 
example, ion mass-selected (threshold) photoelectron spectra, ms-
(T)PES for different species can be extracted from the full data set. 
These techniques are therefore extremely valuable for studying 
photoelectron spectra of minor species in complex mixtures, such as 
those used to produce radicals, clusters, and other ephemeral 
species.

Numerous textbooks and monographs review the history of 
photoelectron spectroscopy40, 41, 26, 42,43 and its applications, and 
several recent reviews provide up-to-date surveys of selected 
aspects of the field.38,44, 45  Here, we will focus on recent 
developments and applications in which the PES of neutral 
molecules is applied to current problems in physical chemistry. 
We will not discuss photoelectron (photodetachment) studies 
of negative ions. Furthermore, although many important 
applications of PES involve inner-valence- and core-ionisation 
processes, we will focus on photoionisation from the outer-
valence orbitals below about 20 eV, where the molecular orbital 
approximation is generally valid.

Contributions covering other areas of photoelectron spectroscopy 
are planned for submission and these subjects will not be discussed 
here; they include the following areas: photoelectron spectroscopy 
as an element of key diagnostics in attosecond spectroscopy; 
photoelectron angular distributions, particularly in the molecular 
frame, which provide insight into the dynamics of electron-ion 
interactions and can be used to characterise alignment and 
orientation in chemical reactants and products; time-resolved 
photoelectron spectroscopy, which provides insight into how both 
electronic and heavy-particle structures change with time, as well as 
into the paths that reactants follow to products; and finally, 
applications of photoelectron spectroscopy to complex media, which 
address the energetics, dynamics, and kinetics of clusters, aerosols, 
microdroplets, and liquid jets. Most of the work discussed in these 

other perspectives involves dispersive photoelectron spectroscopy, 
and to balance this somewhat, the present Perspective focuses 
primarily on threshold photoelectron spectroscopy and its variants 
as well as methods based on pulsed field ionisation (PFI). 
Nevertheless, recent advances in coincidence measurements using 
dispersive photoelectron spectroscopy have considerable potential 
for elucidating the dynamics and kinetics of chemical reactions, and 
these are touched on in the present discussion.

Photoelectron spectroscopy has many applications in molecular 
physical chemistry. The method can provide accurate IEs of 
both stable molecules and reactive species such as molecular 
radicals. These ionisation energies can be used in 
thermochemical cycles to provide thermochemical information, 
such as accurate bond energies and heats of formation. In its 
very high-resolution forms, PES allows the detailed 
characterisation of electronic, vibrational, and even rotational 
energy levels, and is thus an excellent method to yield structural 
information on both neutrals and cations. In PEPICO 
measurements, photoelectron spectroscopy can be performed 
on mass-selected samples, and because the technique is based 
on monitoring charged-particles, it can provide high detection 
sensitivity. Thus, threshold-PEPICO (TPEPICO) measurements 
provide the means to produce state-selected ions for 
spectroscopy and the study of unimolecular and bimolecular 
reactions.  Finally, the combination of structural information 
and mass selectivity provided by PEPICO makes it suitable for 
the analysis of mixtures and characterisation of the products of 
chemical reactions in a wide range of reacting environments. In 
what follows, each of these applications is illustrated by using 
recent examples from the literature. 

Tools
Photoion-photoelectron threshold/coincidence spectroscopy

In PEPICO experiments, the photoelectron and photoion from 
each photoionisation event are correlated and detected in 
coincidence.38, 46, 47 In this manner, mass-specific photoelectron 
spectra and angular distributions can be recorded. While 
PEPICO methods have been employed since the 1970's, 
technological improvements on the last two decades have 
dramatically increased the range of their application. As 
discussed by Baer and Tuckett,38 the use of velocity map 
imaging detectors for both electrons and ions,48, 49 the 
implementation of multistart-multistop detectors for electrons 
and ions,50 and the incorporation of novel ion deflection and 
imaging techniques to minimise false coincidences49, 51 have all 
greatly enhanced the utility and power of the method. Several 
excellent recent discussions of these advances are available.38, 

52, 53 The photoelectron spectrum in PEPICO measurements can 
be generated by scanning the photon energy and detecting only 
threshold photoelectrons (TPEPICO), or by fixing the photon 
energy and recording the full photoelectron spectrum on the 
imaging detector. As discussed above the latter approach does 
not provide resolution as high as in the TPES approach, but 
isomeric identification has been demonstrated,54 and the 
method can be considerably faster than scanning the photon 
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energy.55 Furthermore, it is possible that the corresponding 
photoelectron angular distributions, which are also provided by 
this approach, may also help distinguish among multiple 
isomers.

Despite the recent improvements, PEPICO requires relatively 
low count rates per photon pulse and is thus typically combined 
with a continuous or high-repetition-rate photon source. For 
many applications, synchrotron radiation (SR) is employed.56 SR 
is emitted from bunches of electrons that circulate in a storage 
ring at velocities close to the speed of light, producing broadly 
tunable light pulses with a repetition rate of ~100 MHz, which 
make it highly suitable for coincidence measurements. In a 
typical facility, dedicated beamlines exist that use dispersive 
optics to offer radiation that is tunable over a wide energy 
range. In this manuscript, we will focus on work performed at 
VUV/ XUV beamlines that provide tunable light between 
roughly 5 and 50 eV. In comparison to lasers, SR has a 
significantly broader tuning range and a higher repetition rate. 
In contrast, VUV/XUV sources based on pulsed lasers can 
provide higher resolution as well as a higher peak power, and 
can also be performed in-house, rather than at an external 
research facility. 

Franck-Condon simulations

In several examples shown below, the vibrational structure of 
photoelectron spectra was modelled using Franck-Condon 
simulations. The Franck-Condon approximation follows from 
the separability of the wavefunction into electronic and 
vibrational components (Born-Oppenheimer approximation) in 
the neutral state and the continuum, and then writing the 
bound-continuum matrix element as a product of electronic 
transition matrix element and a vibrational overlap integral. If it 
is assumed that the electronic matrix element is independent of 
electron kinetic energy, the intensities of the vibrational bands 
are determined by the squares of the vibrational overlap 
integrals, i.e., the Franck-Condon factors. Typically, the Franck-
Condon factors (FCF) for the various vibrational transitions are 
calculated based on geometries and force constants obtained 
from ab initio computations. Easy-to-use programs are now 
available that allow the experimentalist to model photoelectron 
spectra.57-59  Starting from a computed IE, the simulated 
spectrum is usually shifted somewhat to provide the best fit to 
the experimental spectrum. Computed IEs can be accurate to 
within 0.1 eV when coupled-cluster theory (CCSD(T)) or 
composite methods like CBS-QB3 are used, but the IEs obtained 
by methods like MP2 or density functional theory (DFT) can 
deviate from the experimental value by several tenths of an 
eV.60 Assignment of a novel photoelectron spectrum to a given 
structure is thus based on two factors: a determination of the 
IE, which must be reasonably close to the computed value, and 
an appropriate description of the vibrational structure. As an 
example, the slow photoelectron spectrum of BH2, a textbook 
example for molecular orbital theory, is given in the upper trace 
of Figure 3, with a Franck-Condon simulation shown in blue in 
the lower trace.61 In its X 2A1 ground electronic state BH2 is a 
bent, near prolate asymmetric top (C2v) with bond angle ~129⁰, 

while the cationic state is a linear (D∞h) singlet (1Σg
+).  Therefore, 

a large change in the bending angle is expected and the long 
progression can be assigned as a  progression of the bending 2n

0

mode. In addition, combination bands with the symmetric 
stretch are visible, . However, when the geometry change 11

02n
0

is large, the first band in the spectrum needs not to coincide 
with the IE, because the origin band is weak due to the small 
overlap between two significantly displaced vibrational wave 
functions. In fact, the simulation shows negligible intensity for 
the origin transition, and the best match of relative intensities 
is achieved when the first recognisable peak in the experimental 
spectrum at 8.24 eV is assigned to the  fundamental rather 21

0

than the  transition. Based on the simulations, an IE of 8.12  00
0

0.02 eV was determined for 11BH2.61 Note that a value of 8.21 
eV was computed in this work by the CBS-QB3 method, and 
without the FC simulation the ionisation threshold might have 
been assigned incorrectly. 

The example shows the importance of spectral simulation for a 
reliable assignment. Using high-level computations, the 
photoelectron spectra of rather complicated systems can be 
described. Examples are cyclobutadiene, which is characterised 
by a pseudo-Jahn-Teller effect in the neutral and a E   Jahn-
Teller effect in the cation,62 and the ethane cation with its three 
strongly mixed electronic states.63 

Fig. 3 Slow photoelectron spectrum of BH2 (upper trace) compared with a Franck-
Condon simulation. The IE was derived from the best agreement between 
experiment and simulation. Figure taken from Ref 61 by permission of the RSC.

Applications
IEs of reactive molecules and thermochemistry

One significant application for data obtained from 
photoionisation experiments is the determination of bond 
dissociation energies (BDE), which, at 0 K, become equivalent to 
the dissociation energy, D0.64 This is accomplished via the 
thermochemical cycle depicted in Figure 4.65  When a suitable 
anchor is available, standard heats of formation, fH° can be 
derived. Data bases like the Active Thermochemical Tables 
(ATcT) systematically use new spectroscopic data to improve 
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the accuracy of thermochemical information.66  To determine 
the BDE for the M-X bond in a molecule, two properties must 
be known, the 0 K appearance energy for the fragment ion M+, 
AE0K(M-X, M+), given as a blue arrow and the ionisation energy 
of the radical M (orange arrow). If the dissociation process is 
barrierless, D0 can be calculated from these two quantities via 
(1):

Fig. 4 Dissociation energies, D0, can be determined by combining the 
appearance energy AE0K(MX, M+) of a molecule with the ionisation energy of 
the radical M, IE (M). Combination of the AE with the IE of the molecule IE 
(MX) yields D0

+ in the ion.

(1)𝐷0 = 𝐴𝐸0𝑘(𝑀𝑋, 𝑀 + ) ―𝐼𝐸(𝑀)

Alternatively, a combination of the AE with the IE of the 
molecule MX (green arrow) yields the dissociation energy D0

+ of 
the ion MX+. By choosing a photon energy and detecting 
threshold electrons in coincidence with the ion, the internal 
energy of the ion is determined (assuming the ionisation energy 
of the molecule is known). The fragmentation onset can then be 
characterised in detail. Accurate AEs are available from PEPICO 
experiments by monitoring the relative ratio of the parent ion 
MX+ and the fragment ion M+ in conjunction with threshold 
electrons, which yields a so-called breakdown diagram, see 
below. The approach is described in detail in recent review 
articles.38, 46, 67

While IEs of stable molecules are readily obtained and can be 
determined with very high precision when required (see section 
on “Structural information by high-resolution photoelectron 
spectroscopy” below), obtaining IEs of radicals and other 
reactive molecules, is more challenging, as has been pointed 
out previously.44, 68 First of all, radicals must be generated with 
a number density sufficient to perform gas-phase experiments. 
Second, in addition to the species of interest, reactions of this 
species and further fragmentation of the precursor are often 
unavoidable, and can produce undesired signals in conventional 
PES. Thus, mass information is beneficial for a reliable 
assignment. Finally, excited electronic states of reactive species 
are not always well-characterised and often found to be short-
lived.69 Therefore, resonant ionisation techniques may not be 
applicable, and one-photon ionisation with tunable VUV 
radiation is required. Progress in coincidence spectroscopy, 
which allows the generation of ion mass-selected (threshold) 
photoelectron spectra, ms-(T)PES, from the full PEPICO data set 
(see above) has to a large extent solved this problem. As a 
result, there is a large body of recent work on unstable and 

reactive molecules that have been studied using VUV 
synchrotron radiation. Note, however, that in some instances it 
can still be difficult to distinguish ions produced by 
photoionisation of neutral molecules from ions of the same 
mass produced by dissociative ionisation.70 Here, analysis of the 
ion kinetic energy available from the image is valuable, because 
fragments from dissociative photoionisation are associated 
with a considerable momentum distribution and can thus be 
distinguished from photoionised neutrals.71, 72  
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Fig. 5 The most frequently used radical sources combined with photoelectron spectroscopy are a) pyrolysis, b) photolysis in a side sampled flow reactor (with SR) or 
in c) a quartz reactor (very high-resolution experiments) and d) reactions in a fluorine atom discharge. Figures a) and b) taken from Ref. 73 by permission of Wiley.

The most commonly used approaches for the generation of 
reactive molecules are illustrated in Figure 5. Each of them has 
specific advantages and disadvantages. In pyrolysis sources, 
Figure 5a), radicals are generated thermally from suitable 
precursors.74 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. 
Originally, this approach was used to study excited electronic 
states of radicals.75-77 Allyl (C3H5) was the first ms-TPE spectrum 
recorded using SR.78 Since then, a variety of radicals and 
carbenes have been generated in high number densities and 
successfully studied by using this method. These species include 
(but are not limited to) CH3,79-81 CF3,82 C2H3,83, 84, C6H4 (ortho-
benzyne),85, 86 C7H6,87 C7H5,87 various isomers of C3H2,88, 89 
C9H7,90 C4H7,91 C4H5,91 C8H9, and C8H8,92 as well as nitrogen-
containing radicals like pyrrolyl93 and picolyl.94  In all these cases 
IEs were determined and vibrational structure was observed, 
despite the comparatively high temperatures of around 500 K. 
The major challenge in pyrolysis is often the identification and 
synthesis of a suitable precursor, thus chemical expertise is 
required. Recent examples are the TPE spectra of 
cyclopropenylidene, obtained from a quadricyclane95 and of 
cyclobutadiene, which was produced from the Pettit-complex 
Fe(C4H4)(CO)3.62 

Perhaps the most common method to produce radicals is 
photolysis. In SR experiments, side-sampled flow reactors are 
used (Figure 5b).96 The reactor consists of a quartz tube with a 
0.2 mm hole. A mixture of reactants (often bromides or 
iodides) and rare gas flows through this tube and is irradiated 
by laser light, which propagates collinearly down the reactor. It 
generates radicals that effuse through the small hole directly 
into the ionisation region of the spectrometer. Reactions of 
photolysis products with O2 is a convenient approach to 
generate oxy- or peroxy-species and thus often used to study 
species of interest to atmospheric chemistry. For example, MS-
TPE spectra of CH3OO,97 IO,98 and NCl299 were reported. A 
further advantage of a flow reactor is the possibility to 
investigate the kinetics of chemical reactions, see below. In 
high-resolution experiments with ns-lasers a simpler approach 

is often chosen, Figure 5c). Here, a quartz tube is mounted onto 
a molecular beam source and irradiated with a Nd:YAG or 
excimer laser. 100-103

Another common method for radical generation employs a 
microwave discharge, which can be used to produce radicals 
directly104 or, as in Figure 5d, to generate fluorine atoms (and 
other reactive species) that produce radicals through secondary 
reactions.105 The F-atoms then abstract H atoms from a sample 
molecule, see (2) and (3). The formation of HF is the 
thermodynamic driving force in this process, i.e.:

F2  2 F (2)

F + R-H  HF + R . (3)

The high reactivity of F permits the synthesis of species that are 
difficult to produce by any other means. In particular, Dyke and 
coworkers recorded a large number of photoelectron spectra of 
reactive molecules generated in a fluorine discharge using 
mostly dispersive PES,44 but in several cases also (non-mass 
selected) TPES, e.g. IF and CF2. 44,106 However, H-abstraction is 
generally not very selective. When inequivalent E-H bonds (E = 
element) are present in a precursor, several different species 
are often produced. In this situation, coincidence detection 
again comes to the rescue, greatly expanding the variety of 
species that can be studied. Recent examples of TPES or SPES 
include OH,49 NH,107 NH2,108 C2,109 C2H3

+,110 C2H5
+,70 C3Hx,111 

C2H,112 isomers of C4H5,113 and CH2NC,114 but also methoxy115 
and peroxy radicals116, 117, 118, 119, including the Criegee-
Intermediate CH2OO,114 as well as fundamental boron-
containing species like HBBH36 and BH2.61 In all cases, vibrational 
progressions were well resolved. 
 

Page 6 of 15Physical Chemistry Chemical Physics



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins

Please do not adjust margins

Fig. 6 The appearance energy AE0K(Bi(CH3)3, Bi(CH3)2
+) has been determined 

from a breakdown diagram (upper trace, here labelled E0). Combined with the 
IE of Bi(CH3)2 (lower trace) a Bi-CH3 bond dissociation energy is obtained. 
Upper trace: Redrawn with permission from Ref. 120, Copyright 2009, American 
Chemical Society. Lower trace: Reproduced from Ref. 121 with permission of 
the Royal Society of Chemistry.

As an example of a BDE determination, consider the homolytic 
dissociation of the first Me2Bi–CH3 bond in BiMe3, which is 
crucial to the radical chemistry of this compound and related 
species. From the breakdown diagram in the upper trace of 
Figure 6, an AE0K(Bi(CH3)3, Bi(CH3)2

+)=9.445 eV has been 
determined.120 Combined with the IE=7.27 eV of Bi(CH3)2 (lower 
trace), which has been generated by pyrolysis from Bi(CH3)3, a 
Me2Bi–CH3 homolytic bond dissociation energy of 2107 
kJ∙mol–1 was revealed, in agreement with computations.121 This 
measurement led to a revision of the previously reported value 
by more than +15% (+28 kJ∙mol–1). Note that the simulation in 
the lower trace of Figure 6 is based on computations that only 
include scalar relativistic effects and might therefore 
underestimate the change in the Bi-C bond length upon 
ionisation.    

Ionisation energies are in principle also accessible from simple 
ion yield spectra. Indeed, the precise determination of accurate 
IEs from PES, TPES, ZEKE and in particular PIMS remains a 
challenging task, and the optimum approach depends on the 
system of interest. However, for many molecules several 
isomers exist, which are often difficult to separate in the ion 
signal, but more readily distinguished in the photoelectron 
spectrum. As an example, the three isomers of the (pyrolytically 
generated) picolyl radical are given in Figure 7. IEs of 7.70 eV, 
7.59 eV and 8.01 eV were determined for 2-, 3- and 4-picolyl, 

respectively.94 The vibrational structure is due to an in-plane 
deformation mode of the aromatic ring, similar to the related 
benzyl radical.122 The radicals were generated by pyrolysis from 
aminomethylpyridine precursors via deamination. 

Fig. 7 Photoelectron spectroscopy allows the clear distinction of three isomers 
of the picolyl radical. (Figure taken from Ref. 82 by permission of Wiley-VCH).

Structural information by high-resolution photoelectron 
spectroscopy 
While ms-TPES is sufficiently accurate for many applications, 
higher resolution of around one cm-1 or less is sometimes 
required. For example, this situation arises when experimental 
data are compared to very sophisticated calculations on small 
molecules, as well as for weakly bound systems (van der Waals 
clusters), where even small errors in the IE can produce 
significant errors in the description of the system. Here, pulsed-
field ionisation-zero kinetic energy photoelectron spectroscopy 
(PFI-ZEKE-PES) with tunable laser-based light sources shows its 
value.40, 45, 123 In this method, molecules are excited into very 
high-lying Rydberg-states within a few cm-1 of the ionisation 
limit, and are subsequently ionised by a time-delayed electric 
field pulse. Because the highly excited Rydberg electron only 
weakly perturbs the molecular ion core, the rovibronic structure 
of the ion can be characterised in great detail. The method has 
two principal advantages over threshold photoelectron 
spectroscopy with conventional or synchrotron-based light 
sources. First, the ultimate resolution of narrow-band lasers is 
considerably higher than that achieved with monochromators 
and, in principle, allows considerably higher resolution in the 
photoelectron spectrum. Second, while many PFI-ZEKE 
experiments are performed using single-photon ionisation with 
VUV laser sources, resonance-enhanced ionisation schemes 
allow selective excitation and ionisation of not only particular 
species within a sample, but also specific rovibronic states of 
that species, providing significantly more detail in the 
experiments. Efforts to push the resolution and precision of PFI-
ZEKE have been reviewed previously, as have numerous 
applications of the method.45 Here, we briefly describe a few 
recent examples of the latter to provide a perspective on the 
range of current applications. 
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The high resolution of PFI-ZEKE has made it a powerful tool for 
determining ionisation thresholds and characterising the rovibronic 
structure of ions.45, 40 One of the key testing grounds of PFI-ZEKE 
methods has been the determination of the ionisation energy of 
molecular hydrogen, H2, which can be used in a thermodynamic cycle 
to determine the dissociation energy of H2. As discussed by Merkt et 
al.,45 over the years PFI-ZEKE spectroscopy has led to significant 
advances in the determination of ionisation thresholds, but for H2, 
new PFI-ZEKE measurements combining mm-wave spectroscopy of 
Rydberg states124 and modelling based on multichannel quantum 
defect theory now provide the most accurate determination of this 
value.125 For larger systems, PFI-ZEKE continues to produce 
impressive new information on the spectroscopy and rovibronic 
structure of molecular cations. For example, partially rotationally 
resolved PFI-ZEKE spectra of diacetylene allowed the experimental 
characterisation of the spin-orbit interaction in the 2g  ground state 
cation, and steps toward unravelling the Renner-Teller interactions 
in this system.126 PFI-ZEKE has also provided the key experimental 
data required for understanding the classic Jahn-Teller interactions 
in the ground state of the methane cation.127

Because the ionisation process projects the lower state 
wavefunction onto the ionic state surface, PFI-ZEKE can also 
provide considerable information on the rovibronic structure of 
the lower state. As an example, Wright and coworkers128, 129 
have recently used PFI-ZEKE, along with complementary 
techniques such as two-dimensional laser-induced 
fluorescence, to characterise the vibrational structure in the S1 
state of a series of para-substituted benzene molecules.129-131 
The goal of this work was to elucidate the effects that promoted 
intramolecular vibrational redistribution (IVR). The PFI-ZEKE 
studies allowed the characterisation of interactions among 
vibrational and torsional modes, and the determination of the 
roles of symmetry, density of states, and "serendipitous" near-
degeneracies of vibrational/torsional levels in IVR.

Although not technically photoelectron spectroscopy, mass-
analyzed threshold ionisation (MATI) spectroscopy23, 132, 133 is 
closely related to PFI-ZEKE spectroscopy. In MATI, however, the 
ion produced by the pulsed-field ionisation of neutral Rydberg 
molecules is mass analyzed and detected instead of the 
electron; nevertheless, the resulting spectra are similar to the 
corresponding PFI-ZEKE spectra. The advantage of MATI is that 
it simplifies the identification of the absorbing species by 
providing its mass, a feature of considerable utility in complex 
reaction mixtures. However, efficiently extracting the ions after 
the delayed pulse is more difficult than extracting the electrons, 
and typically results in reduced signal or requires a larger field 
pulse, which in turn results in lower signal-to-noise or reduced 
resolution. New methods continue to be developed to address 
these difficulties.133 MATI is closely related to threshold 
photoelectron photoion coincidence (TPEPICO) discussed 
above. In MATI, however, the coincident threshold/zero-energy 
photoelectron is implied rather than actually detected.

As an example, in a recent series of papers, Kwon and 
coworkers have performed a systematic series of MATI studies 
to characterise the conformer structure and strain in a series of 
saturated cyclic ethers: oxetane,134 tetrahydrofuran,135 and 
tetrahdropyran136 (C3H6O, C4H8O, and C5H10O, respectively). The 
experiments were performed using single-photon VUV 
ionisation, and provided information on both the ground state 
neutral and ground state cation, thus providing insight into how 
the potential surfaces and structures change with the removal 
of an electron from the lone-pair HOMO on the oxygen atom. In 
this work, the comparison of experiment with quantum 
chemical calculations was particularly helpful in assigning the 
vibronic structure, and low-dimensional potentials describing 
the torsional motions allowed simulations that reproduced the 
experimental data quite satisfactorily.

The work of Yang and coworkers provides an instructional 
example of the utility of MATI in the context of bond activation 
in hydrocarbons and amines.137, 138 For example, they studied 
the gas-phase reactions of La atoms with two C5H8 isomers, 1,4 
pentadiene and 1-pentyne, and used a combination of MATI 
and electronic structure calculations to identify radical 
complexes present in the reaction mixtures.139 They found a 
common La(C5H6) radical produced by dehydrogenation of both 
reagent hydrocarbons, and they used the comparison of the 
MATI spectrum with the calculations to determine the structure 
of the La(C5H6) species. Furthermore, both hydrocarbons also 
produced the La(C3H4) radical resulting from C-C bond cleavage 
and the elimination of C2H4. The resulting MATI spectra for both 
reagents were quite similar, and calculations showed that this 
common spectrum resulted from two different La(C3H4) 
isomers. Such measurements of the energies and structures of 
short-lived gas-phase species can provide considerable insight 
into catalytic mechanisms for bond activation at metal centers.

Recently, both PFI-ZEKE and MATI spectroscopy have been 
demonstrated for the positively charged atomic and molecular 
ions Mg+ and MgAr+.140, 141 This work, using positive ions as 
samples rather than neutrals, represents a significant extension 
of the types of species that can be characterised with these 
methods. An analysis of the line shapes and electric-field shifts 
for cations has also been presented, and the field-induced 
thresholds shifts were found to scale with the atomic number, 
Z, as Z1/2. In the cation experiments, neutral Mg atoms were 
produced by laser ablation, and the MgAr molecules were 
formed in the subsequent supersonic expansion used to form a 
molecular beam. The target ions were then prepared by either 
resonant two-photon ionisation (Mg) or ionisation from a 
metastable electronic state populated in the formation process 
(MgAr). The resulting singly charged ions were excited to high 
Rydberg states via resonant two- or three-color processes, and 
pulse-field-ionised to produce the observed spectra.

The ultimate resolution of PFI-ZEKE and MATI for cations is not 
expected to be quite as high as for neutral molecules, but an 
experimental resolution of ~2 cm-1 was demonstrated. This 
resolution is particularly useful for characterising 
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thermodynamically stable molecules such as MgAr2+. In 
particular, the resonant excitation process for MgAr+ allowed 
the modification of the rotational (and vibrational) distributions 
of the high Rydberg states and the resulting MgAr2+, and the 
resolution was sufficient to observe changes in the positions 
and rotational band contours in the PFI-ZEKE and MATI 
spectra.142 An accurate potential energy curve for MgAr2+ was 
derived from the data, giving insight into the underlying 
intermolecular interactions. The latter spectra also allowed the 
separation of the spectra for the 24MgAr+ and 26MgAr+ isotopes, 
which in turn allowed the assignment of the absolute 
vibrational quantum numbers in the doubly charged cation.

While the PFI-ZEKE and MATI spectra of MgAr+ were an 
experimental tour de force, rapid developments in VUV laser 
technology will likely soon allow the application of this 
approach to the study of a much wider range of molecular 
cations. Many doubly charged cations have a relatively high 
number of low-lying electronic states and unravelling the 
assignment using experiments can be challenging. PFI-ZEKE 
spectroscopy of cations suggests the possibility of recording 
spectra from multiple electronic states of the singly charged 
cation, which could provide insight into the assignment of such 
states.

State-selected ions for spectroscopy, dynamics, and kinetics

Since its original development, one of the principal applications of 
threshold PES and TPEPICO techniques has been for state-selected 
unimolecular and bimolecular reactions of ions. With the 
development of PFI-ZEKE and PFI-PEPICO techniques, the selectivity 
of the ion-preparation was considerably enhanced, as has been 
reviewed by Ng.47 In 1994, Mackenzie and Softley143 demonstrated 
the ability to study ion-molecule reactions of rotationally (and 
vibrationally) state-selected H2

+ prepared by ZEKE-PES. That work 
was recently advanced when Höveler et al.144 developed a related 
approach to investigate ion-molecule reactions at extremely low 
temperatures (0 - 30 K) with high precision by studying the reactions 
of H2 molecules in very high Rydberg states. Here, the Rydberg 
electron hardly perturbs the reaction dynamics, but minimises 
negative effects such as heating of ions by stray electric fields.

The reactions of spin-orbit- and electronic-state-selected ions can 
also be studied. For example, using PFI techniques, Chang et al.145 
have recently demonstrated resonance excitation schemes to 
produce J-selected V+ a (5DJ=0-4), a (5FJ=1-5), and a (3FJ=2-4) ions. 
Subsequently, Xu et al.146 have used these schemes to study the 
state-selected reactions of V+ with water. While the V+ + H2O cross 
sections do not appear to depend significantly on the total J within 
any of the spin-orbit states of V+, the reaction of H2O with V+ a (3FJ) 
ions had a substantially larger cross section than with V+ a (5DJ) and 
a (5FJ) ions. These studies thus contribute to the long-term effort to 
use reactant state-selection to control the outcome (or cross section) 
of chemical reactions. TPES and PFI techniques can also be used to 
study the spectroscopy of state-selected ions. For example, Jacovella 
et al.147 combined single-photon ionisation with MATI to produce 

rotational and spin-orbit-state-selected acetylene ions, and then 
recorded the infrared spectrum by using the large increase in 
reactivity of the vibrationally excited ions with H2. In particular, the 
reaction: C2H2

+(v3
+, J+) + H2  C2H3

+ + H is much faster for v3
+ = 1 than 

0, so infrared absorption from the ground vibrational level to v3
+ = 1 

leads to a significant signal at the C2H3
+ mass. This approach had been 

demonstrated previously by cooling C2H2
+(v3

+ = 0, J+) to very low 
temperatures in an ion trap.148 Note, however, that the approach 
based on PFI allows the study of J+-selected samples of C2H2

+.

Characterisation of Reaction Products 

More recently, there has been a shift toward using PEPICO 
techniques, in particular ms-TPES, to examine more complex 
reacting environments, particularly those in which isomeric 
specificity is required to unravel reaction mechanisms. 
Consequently, PEPICO has evolved into an analytical tool to 
probe elusive intermediates and reaction products in reactive 
environments. This includes kinetics experiments, catalytic 
reactors, model flames, shock tubes, and jet-stirred reactors. All 
these environments are characterised by the presence of a vast 
number of species – reactants, intermediates, and products. Even in 
a single-fuel flame, hundreds of different species can be present. 
Therefore, a method is required that can detect numerous species in 
parallel with high detection sensitivity, and also provide structural 
information. Due to the high sensitivity of charged-particle detection 
and the multiplexing-capability of photoionisation mass 
spectrometry, PIMS has been employed for online-monitoring of 
reaction intermediates using synchrotron radiation.149, 150  
Compounds were identified based on their IEs, which are derived 
from steps in the photoion yield signal (see upper trace of Figure 8 as 
an example). Although multiplexed PIMS can be used to distinguish 
isomers, that approach becomes challenging to use when there are 
multiple isomers of minor species in multi-component systems. The 
photoelectron kinetic energy in PEPICO experiments adds an 
additional dimension to the data that considerably enhances the 
information content of the measurement because different isomers 
have different photoelectron spectra.

As mentioned above, flame chemistry is highly complex, and even 
simple aromatic molecules and radicals exist in numerous isomeric 
forms that have comparable IEs. The picolyl radicals given in Figure 
7, which are possible intermediates in the combustion of N-
containing biofuels, provide an example of this structural complexity. 
This is particularly relevant for research that aims to unravel the 
mechanisms that form PAH and soot in flames, still one of the major 
topics in combustion research.  Here, structurally sensitive detection 
of the various aromatic molecules formed is required. Detection of 
ions alone does not always provide sufficient information to assign 
the photoion yield at a given mass to one structure. Photoelectron 
detection, on the other hand, is more sensitive to the molecular 
structure and often allows different isomers to be distinguished.
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Fig. 8 In a m-xylene flame, m/z 105 was identified, corresponding to xylyl 
radicals. The photoion signal (upper trace) does not permit identification of 
the product isomer. The TPE spectrum in the lower trace, on the other hand 
shows that meta-xylyl is the dominant product isomer and the band around 
7.05 eV assigned to a hot band. The Figure was published in Ref. 151, Copyright 
Elsevier, 2017 

An example is given in Figure 8. Due to complexity of combustion 
processes, reactions are often carried out under controlled 
conditions. A fuel-rich meta-xylene (m/z 106) model flame was 
coupled to a molecular beam/mass spectrometry setup, with the aim 
of detecting polycyclic aromatic hydrocarbons (PAH).151 The primary 
reaction step in the combustion of most hydrocarbons is loss of a H-
atom and formation of a radical. The upper trace shows the xylyl 
photoion yield at m/z 105 as a function of photon energy. There is a 
pronounced step in the photoion signal around 7.1 eV, but signal is 
already present below 7 eV. It is impossible to tell whether this signal 
is due to the para-isomer or to hot bands. In addition, the IEs of 
ortho- and meta-xylyl differ by only 30 meV. However, from the ms-
TPE-spectrum given in the lower trace and the simulation (red line), 
meta-xylyl can be unambiguously identified as the dominant product 
isomer and the signal at 7.05 eV assigned to a hot band. 

Such assignments rely on the existence of isomer-specific data for 
elusive molecules. The increasing importance of photoionisation and 
photoelectron spectroscopy as analytical tools thus motivates 
experiments targeted at specific reactive intermediates and provides 
an important motivation for the experiments given in the sections IEs 
of reactive molecules and thermochemistry and structural 
information by high-resolution photoelectron spectroscopy. 

High-temperature reactions of radicals have also been studied in 
pyrolysis sources, which can be viewed as tubular microreactors.152 
Here, bimolecular reactions can be enforced by increasing the 
precursor (and thus radical) concentration, the pressure, and the 
length of the heated region. It was found that PAH formation can be 
rather selective for certain radicals. In additions to IR/UV 
spectroscopy153 and PIMS,154 ms-TPES turned out to be an efficient 
tool for a structure-sensitive detection of PAH isomers. For ortho-
benzyne, produced by pyrolysis from benzocyclobutendione, it was 
found that a series of 1,4-cycloaddition (Diels-Alder) reactions with 
benzyne led to a rapid growth of PAH up to triphenylene.155, 156 The 
mechanism was derived from a combination of IR/UV and ms-TPE-
spectroscopy that yielded complementary data. In the reaction of 

ortho-benzyne with allyl, indene was found to be the dominant 
reaction product by TPES.157 

In a jet stirred reactor (JSR), several jets of fuel are fed into a mixing 
chamber maintained at combustion-like temperatures. In most cases 
their reaction with O2 is studied. A big advantage of these JSR is the 
spatial homogeneity of the reaction mixture, which is ensured by 
rapid mixing due to the turbulent jets. Recently such a JSR was 
coupled to a PEPICO spectrometer and the products of the reaction 
of n-pentane with O2 were analysed by ms-TPES.158 The authors 
reported product branching ratios for numerous isomeric products. 
For illustration, the ms-TPE spectrum recorded at m/z 42 is given in 
Figure 9.  A product branching ratio of ketene (IE=9.62 eV, blue 
dashed line) / propene (IE=9.73 eV, green dotted line) of 2:1 was 
determined from the TPE-spectra. The determination of this 
branching ratio by using PIMS alone requires high mass resolution to 
distinguish the isobaric ions, an approach has been effectively used 
in recent years.159-161

Fig. 9 The reaction of n-pentane with O2 was studied in a jet-stirred reactor. 
From a fit to the ms-TPE spectra recorded at m/z 42, it was possible to extract 
a ketene/propene product branching ratio of 2:1. Reproduced from Ref. 158 
with permission from the Royal Society of Chemistry

As another example of elucidating chemistry in a complex 
environment, a PEPICO spectrometer was recently coupled to a 
novel high-repetition rate shock tube system to study the high-
temperature pyrolysis of ethanol.162 Although the experimental 
repetition rate was high for a shock tube (~1 Hz vs. the usual once 
every 10 - 30 minutes), it was still quite low for coincidence 
measurements. Fortunately, the reproducibility of the shock waves 
was high, allowing signal averaging to improve statistics. The low 
duty cycle of the experiments impedes scanning and, as a result, the 
full photoelectron spectra were obtained from the imaging detector 
at selected wavelengths. These spectra were then used to distinguish 
among the isomers present in the reaction mixture. For example, 
with a suitable choice of photon energy, the photoelectron spectrum 
for the species at mass 40 (C3H4

+) confirmed that both propyne and 
allene were produced in the pyrolysis and subsequent reactions. The 
large changes in pressure over the time of the shock waves 
introduced significant challenges for quantitative measurements, 
but there are known approaches to deal with this issue. The example 
shows that dispersive PES has its place as a tool to analyse chemical 
reactions
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Radical reactions of interest to atmospheric chemistry are often 
studied using flow reactor setups similar to the one depicted in 
Figure 5b). A particular highlight has been the generation of the 
carbonyl oxides (Criegee-intermediates) RCHOO (R=H, CH3) from 
RCHI2 and O2, using photolysis at 248 nm.163  The reaction with SO2 
and with NO2 proved unexpectedly rapid and implied a greater role 
of carbonyl oxides in tropospheric chemistry than previously 
anticipated. In that experiment, reactants and products were 
detected by analysing the photoion yield only. Recently a similar flow 
tube was coupled to a PEPICO spectrometer. It was employed to 
investigate the reaction of allyl and the isomers of methylallyl (C4H7) 
with oxygen.164, 165 E- and Z-1-methylallyl were distinguished by their 
TPE spectra and rates for the two isomers were determined. Within 
the experimental accuracy they were found to be identical. In 
contrast, such conformer-dependent reactivity has been observed 
for reactions of the syn- and anti-isomers of CH3CHOO.166 In PIMS 
studies it was found that anti-CH3CHOO is substantially more reactive 
toward water and SO2 than the syn-isomer.

Fig. 10 In the oxybromination of propane (POB) over CrPO4, C3H7 and C3H5 
radicals were detected by ms-TPEs (symbols) spectra in operando PEPICO. The 
colored lines in panel (a) denote reference ms-TPE spectra of the different 
isomers of C3H7 and C3H5, the structures are given as insets. As visible, 2-propyl 
rather than 1-propyl and allyl rather than cyclopropyl are formed. Reprinted 
with permission from Ref. 149. Copyright 2020, American Chemical Society.

Another recent application of PEPICO is to "operando" studies to 
characterise catalytic reaction mechanisms in situ.167 In these 
experiments, reactants flowed through a SiC "microreactor" coated 
with the catalyst of interest, CrPO4. The temperature of the reactor 
could be controlled, and the length of the reactor and flow speed 
determined the exposure time to the catalyst. The effluent from the 
reactor was formed into a molecular beam, which passed through a 
skimmer and into the interaction region of the PEPICO spectrometer. 
Reactant, products, and reactive intermediates (e.g., radicals, etc.) 
could all be observed. TPEPICO was used to record the ms-TPES 
spectra for the species of interest, allowing the identification of 
specific isomers. For example, in the oxybromination of propane, 
employed to generate feedstock chemicals from hydrocarbons, the 
reaction mechanism was found to include a gas-phase reaction 
involving C3H7 radical intermediates, and the TPES spectra 

demonstrated that these radicals were essentially all 2-C3H7 rather 
than 1-C3H7 (see upper trace of Figure 10).168 The C3H5 signal (lower 
trace) was assigned to allyl rather than cyclopropyl. Further analysis 
of the data demonstrated that while the oxybromination mechanism 
proceeded through gas-phase reactions of Br2 and Br radicals 
generated in surface reactions, the oxychlorination mechanism 
involved surface reactions on the catalyst. Additional studies 
provided insight into the conditions leading to the generation of 
larger hydrocarbons relevant to coking at larger scales. The flexibility 
and generality of this experimental approach should make it a 
significant resource for researchers in catalysis.

Outlook
As outlined in the previous section, one recent development in 
photoelectron spectroscopy is its application as an analytical tool for 
monitoring chemical reactions. With the increasing complexity of the 
chemical environments of interest, there is an increasing desire for 
multidimensional characterisation techniques, and photoelectron 
spectroscopy is being incorporated into a growing number of these.  
The one-to-one correspondence between electrons and ions 
provided by the PEPICO approach, which yields ion-mass selected (or 
ion-momentum selected) photoelectron spectra, allows the 
extraction of unprecedented details on the reaction mechanisms of 
processes in complex environments. We therefore expect the 
number of such studies to grow significantly in the near future. 

Concurrent theoretical studies are now an integral part of most 
photoelectron spectroscopy studies, particularly those performed 
with the highest energy resolution. As mentioned above, the highest 
precision measurement of the ionisation and dissociation energies of 
H2 incorporate results from multichannel quantum defect theory in 
the analysis of the results.124,  125 Similarly, in larger systems, detailed 
calculations of the rovibronic structure of the cations is essential for 
the assignment of the spectra.62, 127, 169 Often, these calculations 
point to the need for higher resolution or better signal-to-noise ratio 
to provide a more direct comparison with theory.45 A significant part 
of this feature dealt with TPES (and SPS) of radicals and other reactive 
intermediates. Rotationally resolved studies of such species using 
ZEKE and MATI can provide additional insight and more accurate 
data. Roughly 20 years ago, a review summarised high-resolution 
work on radicals, but at the time mostly (but not exclusively) di- or 
triatomic ones were addressed.170 Several species have been 
addressed since, like CH3, 76,171 C3H3,101, 172 C3H5,173 NH2,174, 175 or 
C5H5,176 but the reported number of rotationally resolved 
photoelectron spectra of open-shell species is still limited.  For 
example, improvements in the ms-TPES of cyclobutadiene62 would 
allow a better comparison with the theoretically predicted structure. 
Such improved resolution would likely require a shift from 
synchrotron- to laser-based light sources, and it may also require 
improved methods to generate intense cold beams of radicals and 
reactive species. Finally, it is worth mentioning that the calculation 
of ionisation energies and photoionisation cross sections, particularly 
for isomeric systems, can be invaluable in sorting out the relative 
isomer concentrations and the composition of complex mixtures. 
Theory will continue to be essential to the advancement of 
photoelectron spectroscopy.
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Novel new applications are already on the horizon. For example, plug 
flow reactors provide another approach to study chemistry at high 
temperatures in a continuous flowing system. Such reactors have 
already been coupled to synchrotron radiation using ion 
detection,177 and the application of PEPICO for product analysis will 
likely soon follow. Note that similar flow reactors are used in many 
other areas of chemistry, including the production of 
pharmaceuticals,178 so the potential range of applications is large. 

At the other temperature extreme, the CRESU technique (Cinétique 
de Réaction en Ecoulement Supersonique Uniforme or Reaction 
Kinetics in Uniform Supersonic Flow) allows the study of gas-phase 
kinetics at very low temperatures down to 20K.179, 180 Such studies 
are particularly relevant for astrochemistry, due to the low 
temperatures in large parts of interstellar space.181 Very recently, a 
CRESU setup was coupled with a PEPICO spectrometer and tested 
using the reaction of ethynyl radicals with acetylene:182 

C2H + C2H2  C4H2 + H

Ethynyl was produced by photolysis of acetylene at 193 nm and a 
diacetylene ion signal was observed. Photoelectron spectra have not 
yet been reported, but they are anticipated.

To date, the application of PEPICO to chemical reactors relies on 
access to synchrotron radiation as a high-repetition rate source of 
VUV and soft X-ray radiation, which imposes severe boundary 
conditions, like limited beam times. The availability of high-repetition 
rate laboratory XUV sources would thus greatly expand the scope of 
PEPICO as an analytical tool. In fact, such systems are now becoming 
commercially available,183 and their application in photoionisation 
studies of chemical reactivity184 is expected to grow rapidly in the 
near future.
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