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Abstract
Photoionization of reactive intermediates with synchrotron radiation has reached a

sufficiently advanced stage of development that it can now contribute to a number of areas in
gas-phase chemistry and physics. These include the detection and spectroscopic study of
reactive intermediates produced by bimolecular reactions, photolysis, pyrolysis or discharge
sources, and the monitoring of reactive intermediates in situ in environments such as flames.

This review summarises advances in the study of reactive intermediates with
synchrotron radiation using photoelectron spectroscopy (PES) and constant-ionic-state (CIS)
methods with angular resolution, and threshold photoelectron spectroscopy (TPES), taking
examples mainly from the recent work of the Southampton group. The aim is to focus on the
main information to be obtained from the examples considered.

As future research in this area also involves photoelectron-photoion coincidence
(PEPICO) and threshold photoelectron-photoion coincidence (TPEPICO) spectroscopy,
these methods are also described and previous related work on reactive intermediates with
these techniques is summarised. The advantages of using PEPICO and TPEPICO to
complement and extend TPES and angularly resolved PES and CIS studies on reactive

intermediates are highlighted.



1.Introduction
This review is organised as follows. After an Introduction to the study of reactive

intermediates by photoionization with fixed energy photon sources and synchrotron radiation,
a number of Case Studies are presented of the study of reactive intermediates with
synchrotron radiation using angle resolved PES and CIS, and TPE spectroscopy. Then
directions of Future Research in this field, which include use of PEPICO and TPEPICO

spectroscopy, are considered.

1.1 Use of photoionization to study reactive intermediates

Reactive intermediates are found in all areas of chemistry (1). Although they are
often present in low concentrations and may have short lifetimes, they can play key roles in
determining reaction products and the branching ratios between different product channels.
This arises because a reactive intermediate often represents a branching point on a reaction
surface with paths leading to two or more sets of products. Understanding the ratio of the
products from different channels necessitates understanding the properties of the reactive
intermediate as well as the details of the potential energy surface. A reaction potential energy
surface will in general contain a number of minima and maxima. The minima are the
reactants, a reaction complex (RC), a product complex (PC) and the products. A transition
state (TS), a maximum on the surface, will lie between the PC and the RC. If a reaction
proceeds via a reactive intermediate, this will be an extra minimum on the surface which lies
between the RC and the PC. The RC, reactive intermediate and PC will then be separated by
transition states (TS1 and TS2), and the overall reaction can then be written as
reactants > RC — TS1 — reactive intermediate -TS2— PC — products.

An example of a reaction that proceeds via a reaction intermediate is the atmospherically
important reaction Cl, + CH3SCHa. This proceeds via the covalently bound intermediate
Cl>S(CHpa)2 before forming the final products CH3SCH2 + HCI. Photoelectron spectroscopy
(PES) and electronic structure calculations have been used to investigate the structure and
bonding of this reactive intermediate and obtain information on the reaction surface (2). Also,
the room temperature rate coefficient of the Cl, + CH3SCHa reaction has been measured using
PES as the detection method (3).

Reactive intermediates play key roles in environments such as flames, plasmas, and
the earth’s atmosphere. Their concentrations are invariably low because they are typically
produced by one reaction and removed by another reaction, and as a result, their
concentrations are determined by the initial concentrations of the reactants and the rate
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coefficients of the two consecutive reactions. An example is the BrO radical prepared from
the Br + O3 reaction. In a multiple collision environment Br + Oz produces BrO and then
BrO is removed by reaction with Oz, as shown in the consecutive reactions below:-
ie. Br+0O3 — BrO + O2
BrO +03 — Br+ 0.+ 0>
Net Br + 203 — Br + 30:

By studying the Br + O3 reaction at short reaction times, using efficient pumping and
electron detection methods, it proved possible to obtain sufficient concentrations of BrO to
use PES to study its electronic structure and determine ionization energies to its low-lying
ionic states. Also from the vibrationally resolved photoelectron bands, spectroscopic
constants (equilibrium bond lengths, re, and vibrational constants we and weXe ) were
obtained for the ionic states (4).

The detection of the electrons or the ions produced in photoionization is an excellent
way of monitoring reactive intermediates and products from different reaction channels to
measure product branching ratios. Two methods are often used, PES and photoionization
mass spectrometry (PIMS), depending on whether electrons or ions are detected. In PES (5)
the electron energy distribution is measured at fixed photon energy. This gives information
on the electronic and geometric structure of the molecular species ionized. In PIMS (6) ion
intensities are measured at fixed photon energy. If too high a photon energy is used,
fragmentation of the parent ion will occur with the ions observed being fragments of the
parent ion. However, if the parent ion is observed, its intensity can be monitored as a function
of photon energy to obtain an ionization efficiency curve. This can then be used to estimate
the associated adiabatic ionization energy (AIE, the difference between the lowest vibrational
levels of the molecule and its cation in their ground electronic states) by measuring the
parent ion intensity at photon energies just above the ionization energy and extrapolating the
ionization efficiency curve back to the onset of ionization. In the absence of fragmentation,
and effects arising from autoionization resonances, the photoionization efficiency (PIE) curve
for a selected neutral molecule is essentially the integral of its photoelectron spectrum. (In a
vibrationally resolved PE band, the vertical ionization energy, VIE, is the most intense
component and the AIE is the first component).

Photoionization processes of reactive intermediates are of fundamental importance,
and find application in a large number of scientific areas, including astrophysics, planetary

science, the chemistry of the earth’s atmosphere, radiation chemistry, physics and biology.



Researchers in these fields require ionization energies, fragment appearance energies, and
information on electronic excited neutral states and low-lying ionic states, as well as
measures of intensities (relative and absolute cross-sections) for photoabsorption,
photoionization, and photofragmentation processes over a wide spectral range. PES and
PIMS measurements on reactive intermediates, supported by electronic structure calculations,
help to understand their structure and reactivity in environments such as plasmas, flames, the
earth’s atmosphere and in solution. Also, measurements of ionization energies of reactive
intermediates lead to determination of key thermochemical quantities such as heats of
formation and bond dissociation energies, which are valuable in calculations relevant to these
environments (7,8).

For example, the first AIE of a molecular reactive intermediate is equal to the
difference in the heats of formation of the cation and the neutral molecule. If the heat of
formation of the cation is available from other sources, for example from proton affinity
studies, then the heat of formation of the neutral molecule can be obtained. If a stable
molecule ABC is considered with reactive fragments AB and C, which are usually fragments
with unpaired electrons (free radicals), then the following ionization processes are possible:-

ABC+ hv — ABC" +e - (1)
ABC+hv — AB" +C+e ----—-- (2)
AB +hv — AB" +e = - (3)

If the AIEs of ABC and AB can be measured for processes (1) and (3), and the appearance
energy (AE) of AB* can be measured for step (2), then from the AE of AB* and the AIE of
ABC, the dissociation energy of AB*-C, D(AB™ -C), can be calculated, using equation (4):-
D(AB* -C) = AE(AB*) -AIE(ABC)  ------ (4)

Also, from the AE(AB™) in equation (2) and the AIE of AB in equation (3), the neutral
dissociation energy D(AB-C) can be calculated

D(AB-C) = AE(AB*) — AIE(AB) - (5)
Thermodynamic cycle calculations of this type have been used extensively to determine heats
of formation of reactive intermediates and bond strengths in molecules and ions (9-11). This
information is important in modelling the atmosphere and other environments, and in

benchmarking theoretical methods used to calculate these quantities.



For example, modelling of ozone in the stratosphere requires its ionization energy and
electron affinity, and also modelling the role of ozone in the lower ionosphere requires
knowledge of its direct and dissociative ionization by photons and electrons. The first AIE of
ozone was not unambiguously determined until 2005 (12). Prior to that, in PES studies, a
weak vibrational component was observed at (12.44 +0.01) eV, on the low IE side of the
first band, which was assigned to ionization to the vibronic ground state of the cation (13,14).
This weak band was not observed in other PES work (15,16), which reported a value of 12.52
eV in agreement with the result of (12.519 + 0.004) eV obtained by PIMS (17). Also, a value
near 12.52 eV had also been suggested on the basis of an analysis of relevant thermochemical
cycles (18,19). In more recent work, this discrepancy was resolved in a pulsed-field-
ionization zero-kinetic-energy (PFI-ZEKE) photoelectron study of jet-cooled ozone (12)
which gave a value for the first adiabatic IE of ozone as (12.52495 + 0.00006) eV, indicating
that the earlier value of (12.44 + 0.01) eV arises from ionization of vibrationally excited
ozone. This highly precise value of the AIE allowed determination of a more accurate value
for the lowest dissociation threshold of Os*, D(O."--O) as (4898 + 3) cm™.

When considering equations (1) to (3) it is important to emphasize, however, that
obtaining reliable AEs experimentally is more challenging that obtaining reliable AIEs. The
determination of the AIE from a vibrationally resolved PE band is usually reasonably
straightforward, particularly if the vibrational envelope can be computed, using potential
energy surfaces of the molecule and the ion derived from electronic structure calculations,
and there is only a small change in equilibrium geometry between the molecule and the ion.
However, to obtain reliable AEs is more difficult. This is because 0 K values are needed to
calculate bond dissociation energies (equations 4 and 5) and the internal thermal energy of
ABC, possible barriers to dissociation in ABC* and slow dissociation of ABC™ in the vicinity
of the dissociation threshold, which gives rise to a so called “kinetic shift”, need to be taken
into account in order that experimental breakdown diagrams, the intensities of ABC* and
AB™ as a function of photon energy, can be used to obtain 0 K AE(AB™) values (20). Methods
have, however, been developed to model and analyse such data (21) to enable reliable
AE(AB™) values to be determined.

1.2 Use of photoionization with synchrotron radiation to study reactive

intermediates



The study of reactive intermediates with PES using vacuum ultraviolet (vuv)
radiation from an inert gas low-pressure discharge photon source is now an established
method (7-10). However, using monochromatized synchrotron radiation as the photon source
in PES studies allows more information to be obtained on molecular ionic states and the
associated photoionization processes than a PES study with a constant energy vuv photon
source. In particular
(i) because the synchrotron photon source is tunable it is possible to identify autoionization
resonances, and, once identified, a photoelectron band recorded with photons at these
resonance energies can have added intensity in the adiabatic region and extra vibrational
structure at higher energy compared to that observed in a PE spectrum recorded off
resonance,

(i) because the photon source is polarized, angularly resolved photoelectron measurements
are possible and this allows information on photoionization dynamics to be obtained,

(iii) a study of the relative band intensities in the valence PE spectrum of an atom or
molecule as a function of photon energy can provide valuable information to assist in band
assignment, and

(iv) by sweeping the photon energy and detecting near-zero kinetic energy electrons,
threshold photoelectron (TPE) spectra can be obtained. These are higher resolution than
conventional PE spectra and hence may provide more information on the ionization process
and the ionic states accessed. A TPE spectrometer has the valuable properties of constant
resolution and high collection efficiency (4x steradians collection).

The observation of autoionization in PE spectroscopy, ((i) above), was first observed
by Price in 1968 (5,22) when, by recording the Nel and Hel PE spectra of molecular
oxygen, it was found that the Nel spectra showed extra vibrational structure arising from
autoionization. Also, in PIMS, if autoionization is observed in a PIE curve, information on
neutral excited states (Rydberg and inner valence states) can be gained from these
autoionization features which, apart from being of fundamental interest, can provide a
detailed fingerprint for use in later detection.

It was this feature that initially attracted the Southampton group to use synchrotron
radiation because in a number of previous investigations some of the valence PE bands of the
reactive intermediate studied, when recorded with a inert gas discharge source, showed an
intense adiabatic component with very little intensity in other vibrational components. This is

the case for reactive intermediates such as OH, SH, N3, and CH3O (9). Such an observation



for the first PE band of a reactive intermediate is particularly disappointing, since
measurement of the vibrational level separations in the ground ionic state is usually one of
the main experimental objectives. Also, the intensity of a PE band from a reactive
intermediate, recorded at a non-resonant photon energy, may be very low and the PE band
recorded at a photon energy corresponding to an autoionization resonance should have
increased intensity.

This can be seen from Figure 1, which shows schematically the photoelectron
vibrational envelope expected for ionization using a photon energy which gives resonant
ionization. In this case, the photon energy used matches the energy separation from the
ground neutral state (AB) to a neutral excited state (AB*) which is above the ground state of
the ion AB*. (AB™ is a highly excited valence state, or a Rydberg state which is part of a
series which converges to an excited state of AB* that has a different equilibrium geometry
and vibrational constants from the AB™ ground state). On resonant excitation, the neutral
excited state (AB*) autoionizes to the lower AB* state. The photoelectron vibrational
envelope expected for ionization using a photon energy which gives non-resonant ionization
is shown in the Supplementary Information (Figure S11). In these examples, the potential
surfaces of the neutral (AB) and ionic (AB™) ground states have been chosen to have the same
(or very similar) equilibrium geometrical parameters and vibrational frequencies, and hence
only an intense adiabatic component would be expected in the first photoelectron band
recorded at a non-resonant photon energy with very little intensity in higher vibrational
components (see Figure SI1). This could be viewed as the “worst case scenario”. This arises
because the overlap integral of the vibrational wavefunction of the lowest vibrational level of
AB, v"= 0 with the vibrational wavefunction of the lowest vibrational level of AB*, v' =0 is
close to 1.0, whereas the overlap integrals of the vibrational wavefunction for AB , v'=0
with the vibrational wavefunctions of the higher vibrational levels of AB*, v* >0 are much
smaller. The relative intensities of vibrational components in a PE band are governed by the
square of the modulus of these overlap integrals (the Franck-Condon factors). In the case of
ionization via a resonant state (autoionization), the overlap integrals of the resonant
vibrational level v* of AB* with higher vibrational levels ( v > 0) of AB* are significant and
extra vibrational structure is observed in the PE spectrum. The relative vibrational intensities
in the PE envelope obtained by autoionization are determined by the Franck-Condon factors
between the resonant excited state (AB*, v*) and the ion (AB*,v"). If the ionic state, AB",

has not been well characterised in previous spectroscopic studies, the improvement in the



values of the vibrational spectroscopic constants of AB* from the PE spectrum consisting of
resonant and non-resonant parts, compared to those derived from a non-resonant PE
spectrum, could be important. Even if the spectroscopic constants of the ionic state are well
established, the values of these constants derived from the extended envelope will provide a
useful confirmation of the identity of the molecule under investigation. This is particularly
relevant for the study of a reaction which proceeds via a reaction intermediate. It is important
also to note that in Figure 1, an example of electronic autoionization, there will be an
increase in the overall photoelectron signal and hence the overall cross-section on resonant
ionization. This is particularly important for the study of reactive intermediates which are

invariably present in low concentrations.

A PE spectrometer , which uses a hemispherical electron energy analyser, has been
built in the Southampton group to study reactive intermediates with synchrotron radiation
(23-25). Three types of spectra can be recorded with this instrument:-

(@) angularly resolved PE spectra;
(b) angularly resolved constant-ionic-state (CIS) spectra, and
(c) threshold photoelectron spectra (TPE) spectra.

A CIS spectrum is obtained by monitoring the intensity of a selected ionic vibrational
component AB*,v* as a function of photon energy. The resolution in a CIS spectrum is
controlled by the bandwidth of the ionizing radiation used. Relative vibrational intensities in
a CIS spectrum for a particular AB*,v* vibrational level can be calculated by multiplying
computed Franck-Condon factors for the first (AB*, v* « AB,v'=0 + hv ) and the second
(AB*,v" + e« AB*, v*) steps together. The simulated AB*,v* CIS spectrum can then be
obtained by plotting the product of Franck-Condon factors against v*.

In angle resolved PE and CIS measurements, in which the angular distribution
parameter () is measured as a function of photon energy, the photoionization dynamics of
reactive intermediates can be probed. These measurements can determine the angular
momentum of the free electron and the phase difference between the continuum waves of the
outgoing electron. This gives valuable information about the angular momentum transferred
between the initial state (the target) and the final state (the ion and the photoelectron). Also,

angular distribution measurements of the (3-parameter of vibrational components of a



molecular photoelectron band recorded as a function of photon energy have shown that the 3-
parameter can change significantly at molecular resonances. This is useful to separate the
non-resonant and resonant contributions to the vibrational envelope, and investigate
fundamental issues such as the applicability of the Born-Oppenheimer approximation in

autoionization from molecular resonances.

Many reactive intermediates have unpaired electrons and are therefore classed as
open-shell. Studying open-shell reactive intermediates by angularly resolved PES and CIS,
and TPE spectroscopy is important as, although extensive studies have been made of the
photoionization behaviour of closed-shell atoms and molecules, few attempts have been made
to investigate the photoionization dynamics of open-shell atoms and molecules because they
are often difficult to prepare in sufficient number densities. However, these preparative
problems have now been overcome by using techniques developed by the Southampton group
and other research groups. Studying reactive intermediates, particularly open-shell reactive
intermediates, in this way allows an investigation of effects such as electron correlation, and
inter-and intra-channel coupling, and provides important tests of theories that take these

interactions into account.

The examples considered in the next section, the Case Studies, have been selected
from the reactive intermediates studied by the Southampton group with synchrotron
radiation (see Table 1, refs (23-43)). The aim of this section is to select examples which
emphasize the main information to be obtained. The photoelectron spectrometers developed
to study reactive intermediates and other experimental details are not described, although it
IS important to note that all the experiments considered have been made with a spectrometer
which incorporates a hemispherical electrostatic electron energy analyser. Similarly the
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theoretical methods used to interpret the spectra are not discussed in detail. However,
essential experimental and theoretical information will be given, as required, in the Case
Studies considered. In section 3, possible directions of future work are discussed by
summarising recent photoelectron-photoion coincidence (PEPICO) and threshold
photoelectron-photoion coincidence (TPEPICO) studies on reactive intermediates from other
groups, see Table 2 refs (44-61). The information derived from the studies described in
sections 2 and 3 is compared with a view to combining the advantages of both types of
measurement in future studies. References to earlier studies by PES (62-78) using fixed

energy photon sources derived from inert gas discharges are also included in Tables 1 and 2.

2. Case Studies
2.1 PES and CIS of some small molecules
2.1.1 Oz(*Ay) (29,31)

Interaction of O2 with vuv radiation has received considerable attention, partly
because of the importance of photoexcitation and photoionization of Oz in the earth’s
atmosphere. The ground electronic configuration of Oz is
162y 162, 26%326%y 30%g 1ty 1n%g
This gives rise to the states X3%, alAgand b'Z*y . The first excited state, aAg, is 0.98 eV
above the ground state, X*2, and both the X and the a states are important atmospheric
constituents. Oz alAq is present in relatively high partial pressures in the troposphere, being
produced with O(*D) from photolysis of ozone, and is one of the strongest contributors to the
airglow. Also, photoionization of O2(*Ag) has been suggested as an important source of ions
in the D region of the atmosphere, to explain both the O," partial pressures and the total ion
densities at these altitudes.

0. alAq can be prepared for laboratory studies by microwave discharge of a flowing
mixture of molecular oxygen diluted in an inert gas. The absorption spectrum of Oz(alAg) in
the vuv region, recorded and analysed by Katayama, Huffman and co-workers (80-82),
provides valuable background information. In this spectrum, a vibrationally resolved band at
~ 14.0 eV excitation energy was assigned to excitation to a 3s Rydberg state, a
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02(C?Dy ,3s0g) pldy V' < 02(1Ag), V=0 resonance. Some vibrational components of this
band were rotationally resolved and more intense than others; this effect was attributed to a
vibrationally dependent competition between autoionization and predissociation in the
excited state.

The PE spectrum of O2(X3z ) recorded with a helium discharge photon source (Hel,
21.22 eV) shows five bands, which correspond to ionization to the O,* states X?ITg, a*I1y,
A1y, b*s- and B?Z~. Removal of a 1rq electron gives the O2* X[ state, removal of the
1, electron gives the a*T1y and A’[1, states, and the b*—4 and B?Z states arise from
removal of a 3o4 electron. For Oz(alAg), electron removal from the 1rg level gives Oz* X?ITg,
while loss of an electron from the 1my level gives the states Oz* (C?®, ) and (A%I1y), and the
(3o¢) ! ionization gives 02" (D?Ag). By recording a PE spectrum of discharged oxygen, as
well as a spectrum with the discharge off, well-resolved O2(*Ag) photoelectron bands have
been obtained for the ionizations 02" (X?T1g)«—02(*Ag), 02" (AZT1y) « O2(*Ag), 02" (C2Dy)
« O2(*Ag) and O2* (D?Ag) < O2(*Ay).

A Hel (21.22 eV) photoelectron spectrum recorded for an oxygen discharge is shown
in Figure 2, with the assignment of the major features indicated in the caption. The 0.98 eV
excitation energy of O2(a*Ag) relative to O2(X3Z~y) means that the first four vibrational
components of the O," (X?Ig)«02(*Ag) band (labelled 1 in Figure 2) are observed before
the onset of the more intense O2* (X?I1g)<— O2(X34) band (labelled 2 in Fig.2). Also
observed are features due to oxygen atoms, labelled as 3 and 5 . The second and third bands
of O(alAy), arising from ionization to the A’T1, and 2d ionic states, occur in the regions
labeled 4 and 6 in Fig.2. These bands are not resolved in Fig.2, but can be clearly observed if
the discharge is pulsed and a phase-sensitive method is used to detect photoelectron signals
in-phase and out-of-phase with the discharge (see Supplementary Information; Fig.S12).

As the first four vibrational components of the Oz* (X2I1g), v <—02(*Ag), V" = 0 band
do not overlap with the O2* (X?ITg),v < O2(X3<), v" = 0 PE band, CIS spectra can be
readily recorded for these four components. The CIS spectra obtained in the photon energy
region 14.0-15.0 eV are shown in Figure 3. As can be seen, two bands, labelled A and B,
dominate this spectrum at 14.11 and 14.37 eV. It was not immediately obvious why only two
intense bands were observed; they are approximately 2100 cm™ apart, roughly twice the
separation of the vibrational separation in any known excited state of O,", so they cannot

represent consecutive vibrational levels in a Rydberg state. As already stated, the first two
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excited states of O2* accessible from O2(*Ag) by one-electron ionization are O2* (A1) and
02" (C?®,). Analysis of the vibrationally resolved O,* (C?®, ) « O2(*Ag) PE band gave ionic
state vibrational constants close to those obtained from the absorption spectrum in the
spectral region 13.5-14.5 eV (80-82). Also, analysis of the O,* (A%I1y) <« O2(*Ag) PE band
gave ionic state vibrational constants which showed poorer agreement with those obtained
from the vuv absorption spectrum. This led to the conclusion that the two strong lines, A and
B, correspond to transitions to vibrational levels of a Rydberg state with a O;* (C?®y ) core
with the difference in the upper state vibrational quantum numbers being +2. The above
information, taken with evidence from the absorption spectrum (80-82), led to the
assignment of the two vibrational components A and B at 14.11 and 14.37 eV to excitation
to the v/ = 3 and v’ = 5 levels in the p'®, excited state. Closer inspection of Figure 3 shows
that a weak transition to v’ = 7 can also be seen in some CIS spectra. An unusual feature of
the vuv absorption band is that the vibrational components appear alternately sharp and
diffuse, and this is attributed to a competition between predissociation and autoionization in
the vibrational levels of the *®, Rydberg excited state. It appears thatin v’ =3andv' =5 in
this state autoionization is significant whereas in the other vibrational levels predissociation
is dominant. Three dissociative states, two *A, states and one 1, state, which cross the d,
potential curve have been proposed to account for this (29). Using the position of the first
vibrational component in the vuv absorption spectrum and the measured PE value of the AIE
for O, (C2dy ) « O2(*Ag) of 17.51 eV, an effective principal quantum number (n) of 1.90
for the Rydberg state can be determined. This would correspond to a 3s electron in the

excited state, with a quantum defect (5) of 1.1.

As outlined earlier, if CIS spectra only arise from autoionization processes then it is
expected that they can be simulated using a product of Franck-Condon factors for the two

steps involved i.e. (a) and (b)
(b) (a)
O (XAIg) V' « OV«  Oy(*Ay), V' =0
where O is a Rydberg state with an O2* (C?®, ) core. To obtain these Franck-Condon

factors, each state was represented by a Morse potential specified using established values of
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re, me and weXe for  O2(*Ag) and O2*(X?I1g) and the corresponding values for

02(C?®y ,3s04) p'dy taken from the vuv absorption study (80-82) (which are in good
agreement with those derived for O, *(C2®, ) from the photoelectron spectrum). Franck-
Condon factors were computed for steps (a) and (b) for v’ values in the range 0-10 and a
selected value of v*. For each value of v*, a simulated CIS spectrum was derived by
multiplying the Franck-Condon factors for each step together. The results are shown as black
circles in Fig.3. As can be seen, the fit between experimental and computed relative
intensities is poor, with virtually no signal being observed in the experimental spectrum for
any v’ level other than v’ = 3, 5 and 7. This poor agreement is a consequence of competition
between autoionization and predissociation in the '@ excited state. However, for the two
clearly observed bands A (v’ = 3) and B (v’ = 5), the overall computed relative intensity
trend, of A rising with respect to B as v* increases, is correct. If the v/ =3 level is
predissociated slightly more efficiently than v'=5, then the intensity of band A will be lower
than calculated relative to band B, as is observed. Indeed in the vuv absorption spectrum (80-
82), the v’ = 3 absorption band is slightly less well resolved than the v’ =5 band and from the
rotational linewidths in the absorption spectrum approximate lifetimes of the v’ =3 and v’ =5
levels may be estimated, after allowance for the instrumental contribution, as 1.8 and 2.6 ps
respectively. If it is assumed that predissociation of the v’ =5 level is minimal, then 2.6 ps
represents the autoionization lifetime of this level. Predissociation of the vV =3and v’ =5
levels is presumably relatively slow while for other vibrational levels it is much faster as little
or no signals are seen for these levels in the CIS spectrum.

A PE spectrum of discharged oxygen recorded at a photon energy corresponding to
bands B in Figure 3 (14.37 eV) is shown in Figure 4. Comparison with spectra recorded with
the discharge off allowed contributions from O2(*Ag) and O(®P) to the discharge spectrum to
be identified. Since in Figure 4 some of the photoelectron signals arising from ionization of
02(*Ag) are partly obscured by stronger signals arising from O2(X32 ), the O2(X3% )
features were subtracted from a spectrum recorded with the discharge on. The lowest trace in
this figure shows the contribution from O2(*Ag), which represents the PE spectrum of O2(*Ag)
at the photon energy used over the ionization energy region 10.0-14.5 eV, except between
13.5and 13.7 eV ionization energy where contributions from molecular and atomic oxygen
overlap, making accurate subtraction impossible. (The O* (*S) <~ O(®P) ionization occurs at

13.61 eV). For the Oz* (X?I1g) «<—O2(*Ag) ionization, 16 vibrational components are observed
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instead of the 4 vibrational components seen in the Hel (21.22 eV) photoelectron spectrum.
(The spectrum recorded at a photon energy of 14.11 eV, the position of band A in Figure 3, is
shown in the Sl section, Figure SI13).

The O2(*Ag) PE spectrum in Figure 4 arises from two contributions (i) direct
photoionization and (ii) autoionization from the resonant Rydberg state. Each of these
processes will have an associated Franck-Condon envelope for population of the Oy* (X?I1g)
state. For (i), Franck-Condon factors were calculated for the process
02" (X?Ig) v < 02(*Ag), v =0. For (ii), Franck-Condon factors were calculated for the
process Oz*(X?Ig) v* « O2",v' (step (b) above ). For each of the resonant photon energies
of bands A and B in Figure 3, by using the intensity of the background in the CIS spectrum as
the intensity of the direct photoionization contribution and the band intensity on resonance
above the background in Figure 3 as the autoionization contribution, the respective Franck-
Condon envelopes could be scaled and summed to yield the calculated photoelectron
spectrum.

The vibrational component intensities obtained from this procedure are displayed as
solid circles in Figure 4 (and Fig.SI3), where the resonant states were assumed to be '@, , v’
=3 and '@, , v’ = 5 respectively. As can be seen the agreement between the experimental and
simulated envelopes is good. For the hv = 14.11 eV PE spectrum, if the resonant Rydberg
state is assumed to be *®y , v’ = 2 or 4 rather than @, , v’ = 3, then poor agreement is
obtained between the experimental and computed envelopes. Similarly, for the hv = 14.37 eV
PE spectrum, good agreement between the experimental and simulated spectrum is only
obtained for v’ = 5 supporting the vibrational numbering of resonance levels given in the vuv

absorption study and shown in Figure 3.

Angular distribution parameter (B) plots vs photon energy for the Oz* (X?I1g), v*= 0-3
« 02(*Ag), v"=0 ionizations have been recorded in the photon energy range 13.8-15.2 eV
(28). B shows maxima at energies corresponding to the autoionization resonances O," (p*®y),
V' < 02(*Ag), v'=0, seen in Figure 3 with B being negative throughout this photon energy
range but less negative at the resonant energies (see Fig.S14). According to electric dipole

selection rules, in the Oz (X2I1g) + &= <« O2(*Ag) + hv ionization process, the
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photoelectron can have oy, 7y ,0u, and ¢u character. In a united atom picture, the highest
occupied molecular orbital in O2(*Ag) , a mg orbital, becomes a d orbital, so the prominent
components in the photoelectron wave are expected to be I =1 (p) or | = 3(f). (A pure d— f
ionization is expected to have 3 = 0.8 and a pure d— p ionization is expected to have § =
0.4). This result can be compared with the selection rules which apply to autoionization from
the 1, excited state. Autoionization cannot change the overall state symmetry, so the ion
plus free electron must also have ®,symmetry. Since the ionic state is 2ITg, the
photoelectron must have dy or yy symmetry which cannot be obtained from a | = 1(p) free
electron wave but &, can be obtained from a | = 3(f) wave. Therefore, it is expected that the
relative f contribution to the photoelectron wave will increase at the resonant photon
energies, as the p contribution can only arise from direct ionization and not autoionization. It
is expected, therefore, that on changing the photon energy from an off-resonant to an on-
resonant position, the free electron photoionization cross-section ratio of :cp Will increase.
The phase shift, A, between the photoelectron waves will also change between resonant and
non-resonant photon energies. Unfortunately, however, neither A nor the ratio or :op at
resonant and non-resonant photon energies, can be quantified from the present
measurements. Using the angular momentum transfer treatment of Dill (83), with the
experimental evidence that the B values change from negative values off-resonance to less
negative values on-resonance, indicates that parity unfavoured transitions, for which § = -1,
are less prominent at the resonance positions. However, this angular momentum transfer
method, which we have used to analyse the angular distribution PE measurements of iodine
atoms (see section 2.3 later), cannot be applied in full to the O2(*Ag) case because the number
of open channels is too large. (a definition of parity favoured and unfavoured transitions is
given in section 2.3). However, the angular distribution plots (Figure S14) do reproduce the
structure shown in Figure 3, and indicate that the f contribution to the photoelectron wave
increases at the resonant energies, notably at 14.11 and 14.37 eV.

In summary, two strong resonances have been observed in the CIS spectra recorded
for O2(*Ag). At these photon energies there is an enhancement in the photoionization cross
section of O2(*Ag) and PE spectra recorded at these energies allow extra vibrational structure
to be obtained. At hv = 14.37 eV, the O2(*Aq) PE features are comparable in intensity to the

02(X3z ) PE features (see Figure 4) even though the partial pressure ratio is ~ 1:7 (a Aq :

16



X3%74). This implies that the O2(*Ag) photoionization cross section is nearly an order of
magnitude greater than the O2(X3%~y) photoionization cross section at this photon energy.
This example demonstrates the advantage of recording PE spectra at a photon energy on a

resonance to give enhanced intensity and extra vibrational structure.

2.1.2 SO (X3T") (26,27)

Related studies have also been made on SO, a reactive intermediate which is
important in atmospheric chemistry and astrophysics. It is produced in the earth’s
stratosphere via photodissociation of SO, the main anthropogenically produced sulphur
containing air pollutant, and it is a known intermediate in chemical reactions in the earth’s
troposphere. Also, molecules with sulphur content account for ~10% of the species in the
interstellar medium and planetary atmospheres, and of these SO is the most abundant. SO™ is
also important in astrochemistry. It has been detected in interstellar molecular clouds, and in

the plasma torus of Jupiter in the orbit of lo, one of Jupiter’s satellites.

SO is valence isoelectronic with O, and its ground state (X3<-) electronic
configuration is ---6627c°21*3n*. The 3, 2r and 7o orbitals are accessible with 21.22 eV
radiation. The (3r)™* ionization gives the SO* X?IT state, the (2r)™* ionization gives the SO*
a*TT and AIT states, and the (7o) ionization gives SO* b*>~ and B?%- states. lonizations to
all five ionic states have been observed as vibrationally resolved bands in the Hel
photoelectron spectrum (62). SO can be prepared for spectroscopic study by microwave
discharge of flowing SO- diluted in argon. Figure 5 shows photoelectron spectra obtained
with the discharge on and off. The first and fourth SO bands at 10.30 and 14.94 eV vertical
ionization energies (VIES), corresponding to the ionizations SO* (X?IT) « SO(X3z~) and
SO* (b*27) «— SO(X3z-) respectively, can be clearly seen on comparing these spectra. CIS
spectra have been recorded for vibrational components of the first band and results similar to
those described for Ox(*Ag) have been obtained. CIS spectra were also recorded for the
fourth band, in the photon energy region 15.0-16.4 eV. This energy region is above the
fourth but below the fifth AIE of SO. CIS spectra obtained for the SO* b*x-, v*=0 and SO*
b*x-, v*=I levels in this photon energy range are shown in Figure 6. In each case, both

positive and negative resonance features were observed on top of a gradually rising
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background. These sharp features arise from excitation to Rydberg states which converge to
SO* B2z~ and autoionize to SO* b*s~. Fitting the position of the positive resonances in
Figure 6 for the v = 0 spectrum to the Rydberg energy expression,

R

Ex.En = IE - ,
(n-5)°

gave 6 =0.12 and IE = 16.43 eV, consistent with excitation to states

with a Rydberg orbital which is oxygen d in character. (In this equation Ex.En is the
excitation energy (or position) of the positive resonances, IE is the SO fifth AIE, R is the
Rydberg constant, n is the principal quantum number and & is its quantum defect; see also
equation 10, which appears later). Similarly fitting the position of the negative resonances in
the v = 0 spectrum gave § = 0.52 and IE = 16.43 eV, consistent with excitation to states with
a Rydberg orbital which is oxygen p in character (26,27). The fifth AIE determined from
these fits, 16.43 eV, is in good agreement with the value determined from the earlier PES
work of (16.44 + 0.02) eV, obtained from measurements involving deconvoluting
overlapping SO and SO, features (62). The SO* b*x-, vt =1 CIS spectrum is similar to the
SO* b*x-, v* = 0 CIS spectrum but with each resonance feature shifted to higher energy by
(970 + 40) cm (see Fig.6). This separation is close to the value of (1000 +40) cm™ obtained
for the vibrational constant e in SO* B?Z in the original PES study (62), consistent with
excitationto v’ =0 (in Fig 6(a)) and v’ =1 (in Fig.6(b)) vibrational components of Rydberg

states which are parts of series converging to SO* B2x-.

The positive and negative resonances observed in Figure 6, known as Fano profiles,
arise from interaction of the excited Rydberg state with the continuum, with the shape of each
observed resonance depending on the nature and extent of the interaction. The fact that the
oxygen d resonances are positive and the oxygen p resonances are negative reflects the
different nature of the interactions of the corresponding SO* Rydberg states with the SO*
b*x- continuum, in particular the Fano g and p parameters will be substantially different for
these two states. Unlike the structure shown in the CIS spectrum of O2(*Ag) (Fig. 3), only one
vibrational component was observed for each principal quantum number, n, in a given series.

This arises because SO* b*z-, and SO* B22-, as well as Rydberg series which converge to
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SO* B2z, have very similar spectroscopic constants (re, me and weXe) and potential energy
curves which are essentially the same, at least in the region of low vibrational levels (v*,v' <
4), but displaced by a constant energy separation. Franck-Condon factors for autoionization
between a resonant Rydberg state, which is part of a series that converges to SO* B?L~, and
SO* b*x- are therefore, expected to be essentially diagonal (i.e. ionizations with Av =0 have
Franck-Condon factors close to unity and ionizations with Av = 0 are close to zero). Hence
CIS spectra recorded for the SO* b*s-,v* = 0 vibrational state will only show appreciable
intensity from the v'=0 vibrational levels in the resonant Rydberg states. A Av=0 propensity
rule will also hold for the SO* b*-,v* = 1 CIS spectra. This expectation has been confirmed
by Franck-Condon factors calculated for selected v* levels for the process

SO*b*z- vt « SO*,v' « SO(X3z-),v'=0
where SO* is a Rydberg state with a SO* B2Z- core (i.e. SO* B2z, nli) .

The CIS spectra in Figure 6 allow resonance energies to be chosen which will
selectively enhance vibrational components of the fourth photoelectron band of SO. For
example, because the Franck-Condon factors between SO* B?2~ and SO* b*x~ are diagonal,
photoelectron spectra recorded for the fourth SO band at a photon energy corresponding to a
SO* B2x-, nd, v' = 0 resonance are expected to give enhancement of the first vibrational
component in the fourth photoelectron band. Also, photoelectron spectra recorded for the
fourth SO band using a photon energy on a SO* B2%-, nd, v’ = 1 resonance are expected to
give enhancement of the second vibrational component. Figure 7(a) shows a photoelectron
spectrum of the fourth band of SO recorded at a photon energy of 21.218 eV, a photon energy
at which only direct ionization occurs. Figure 7(b) shows a photoelectron spectrum of the
fourth band recorded at a photon energy of 15.535 eV. This corresponds to a positive
resonance in Fig.6 , the SO* B2x-, 4d, v’ = 0 resonance, and is not a resonance in the v*=1
CIS spectrum. As a result, the photoelectron spectrum in Figure 7(b) shows, as expected, a
large signal from the v = 0 component with very little signal from the vi =1 and 2
components. Other examples of photoelectron spectra recorded at different resonant photon
energies are shown in this figure. Figure 7(c) shows a photoelectron spectrum of the fourth
band recorded at a photon energy of 15.855 eV. This corresponds, within the photon
bandwidth of 5 meV, to a positive resonance in the SO b*x-,v* =0 spectrum and a negative
resonance in the SO* b*x-,v* =1 CIS spectrum. As expected, an enhancement of the first
vibrational component and a decrease in the second component of the fourth photoelectron

band was obtained. In contrast, a spectrum obtained at a photon energy of 15.970 eV (Figure
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7 (d)), which corresponds, within the photon bandwidth, to a positive resonance in the SO*
b*>-,v*=1 CIS spectrum and a negative resonance in the SO* b*x-,v* =0 CIS spectrum,

shows the expected enhancement of the second vibrational component.

These studies on O2(*Ag) and SO(X3%-) suggest a general strategy of obtaining extra
information on the photoionization behaviour of a reactive intermediate, with synchrotron
radiation. It involves (i) recording a PE spectrum at a vuv photon energy which gives only
direct ionization, (ii) recording CIS spectra for each observed vibrational component in the
PE spectrum and noting the vuv photon energies where resonances are observed, and then
(iii) recording PE spectra at selected resonant photon energies. These examples also indicate
that likely applications of these PES and CIS methods to reactive intermediates will include
the determination of vibrational constants of their molecular ionic states and preparation of
their molecular ions in vibrationally selected states for ion-molecule kinetic studies. As well
as 02(*Ag) and SO(X3"), these methods have been used to study a number of other reactive
molecules notably CS, OH, OD, SH, NO and CF (refs.28,30,34,36,37). This has allowed
measurement of first and higher ionization energies, derivation of ionic state vibrational
constants, analysis of Rydberg series and determination of the atomic characters of the
excited Rydberg orbitals, and investigation of photoionization dynamics through angular

distribution measurements.

2.2 TPES of some small molecules

In threshold photoionization, an atom or molecule is ionized using a photon with
energy just above the atomic or molecular ionization threshold. Photoelectrons are produced
with energies that are typically in the range from zero to a few meV, and in TPES the
intensities of these threshold electrons are measured using electron analysers, tuned to these
low energies, with a suitable detector. Whilst PES is the study of the intensity and energy
distribution of electrons produced from an atomic or molecular target at fixed photon energy,
which is usually well above an ionization threshold, TPES is the study of the intensity of
low energy photoelectrons (typically < 2 meV) as the photon energy is scanned. A threshold
photoelectron signal will be obtained each time the photon energy is equal to the ionization

energy to an ionic state. Whilst the observed intensities of vibrational components in a PE
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spectrum of a molecule are almost always governed by Franck-Condon factors (FCFs)
between the initial neutral and final ionic states, those observed by TPES often have
significant contributions from autoionization (84,85), and this may lead to extra vibrational
components of an ionic state to be observed in TPES.

2.2.1 CF2(39)

Difluorocarbene, CF, is important in plasma processing and is produced in the
stratosphere by photodissociation of chlorofluorocarbons by radiation from the sun. CF; and
other small reactive intermediates play important roles in determining the etch rate,
selectivity and anisotropy of plasma-etching processes. It has been found that the primary
mechanism for production of CFx reactive intermediates (where x =1,2,3) is neutralisation
and fragmentation of CFx" (x = 1-4) ions incident on the powered electrode of a plasma
etcher rather than direct electron-impact induced fragmentation of the feedstock gas (86).
The first AIE of CF2 is important in determining the enthalpy of ion-molecule reactions
involving CF;" in plasmas. Previous determinations of the first AIE of CF, have been by PES
(13), which gave the first AIE as (11.42 + 0.01) eV, by PIMS (87), using a synchrotron
source, which gave the first AIE as (11.445 + 0.025) eV, and a study by electron impact mass
spectrometry, which gave a value of (11.5 + 0.4) eV (88). In the PES study (13), the first
band of CF, consisted of extensive vibrational structure, with at least 15 components being
observed. It was interpreted (13) as a regular series in the deformation mode in the ionic state.
The vertical ionization energy (VIE) was measured as (12.240 + 0.005) eV. This band has
been re-investigated at higher resolution using TPES. The objective was to obtain a higher
resolution spectrum of the first band in order that the first AIE could be determined more
reliably than previously and the vibrational structure in the first band could be analysed
more thoroughly.

In the recent PES and TPES study (39), CF2 was produced by microwave discharge
of flowing hexafluoropropene, CsFs, diluted in argon. This gives rise to almost complete
destruction of CsFs with production of CF. and C2F4. The CF; first PE band, which occurs in
the ionization energy region 11.3-13.2 eV, is highly structured. Figure 8 shows the TPE
spectrum of CF recorded in this photon energy region (upper part of Fig.8), together with a
PE spectrum recorded at a photon energy of 21.0 eV (lower part of Fig.8). As expected, the
TPE spectrum has better resolution than the PE spectrum. It also has a very different
vibrational profile to the Franck-Condon distribution of the PE spectrum because of
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autoionization effects in the TPE spectrum. In the TPE spectrum the lower vibrational bands
are more intense and more clearly resolved than in the PE spectrum. In the first PE study of
CF2 (13), the AIE and VIE were determined as 11.42 £ 0.01 eV and 12.240 £ 0.005 eV
respectively. In the more recent TPE study (39), it is possible to measure the VIE from the PE
spectrum as 12.258 + 0.002 eV and the lowest vibrational component observed in the TPE
spectrum is measured as 11.438 £ 0.004 eV. In both cases the shift with respect to the
previous PE study (13) is 18 meV to higher ionization energy. From the experimental TPE
spectrum, it is not possible to establish if the vibrational component observed at 11.438 eV is
really the lowest vibrational component. This is because below 11.4 eV there is a contribution
from the highest observed vibrational component of the first PE band of C2F4 (see Fig. SI5).
Also, although in the TPE spectrum in Figure 8 it is possible to observe some structure below
11.4 eV, the signal-to-noise is not sufficient to allow unambiguous identification of possible
weak vibrational components of CF, and weak C2F4 contributions. For this reason the first PE
band of CF, was computed using an ab initio/Franck-Condon method. This involves
computing potential energy functions (PEFs) for CF. and CF," using high level electronic
structure calculations, and then using the PEFs to obtain vibrational wavefunctions for each
state, via solution of a Schrodinger equation with an appropriate Hamiltonian. Franck-
Condon factors between the ground neutral and ionic state were then computed using these
vibrational wavefunctions. The method, which is described in the original paper (39),
includes Duschinsky rotation and anharmonicity. It was anticipated that the overall envelope
in the TPE spectrum, which was of higher resolution than the PE spectrum, would not be
reproduced in these Franck-Condon calculations and this proved to be the case. However, the
TPE vibrational components that showed partially resolved structure, from vibronic
transitions which are close in energy, were reproduced by these calculations. This allowed
correct positioning of the simulated spectrum on the ionization energy scale and hence

determination of the AIE.

The experimental TPE spectrum was compared with the simulated CF,*
(X?A1) « CF2(X!A1) photoelectron spectrum with an initial neutral Boltzmann distribution
at a vibrational temperature of 0 K (see Figure 9). This was done by positioning the
computed envelope so that the structure within the higher components in the TPE spectrum

matched well with the computed structure, notably in the third, fourth, sixth and ninth
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components (see Figures 9 and SI6). The spectral simulation used a Gaussian function of
width 5 meV for each vibrational component that is comparable with the experimental
resolution. The adiabatic component obtained from positioning the computed envelope in
this way is 11.367 eV. This component has a very small relative intensity and it is below the
noise level of the experimental TPE spectrum. The positions of all the observed vibrational
components are in excellent agreement with the computed components although the TPE
overall vibrational envelope is different from the computed envelope. This is because of the
non-Franck-Condon behaviour of threshold photoionization. However, the shape of each
experimental vibrational component closely matches the shape of the corresponding
calculated vibrational component as can be seen from the comparison of the lowest
vibrational components shown in Figure 9. In the third, sixth and eleventh experimental
vibrational components (counting the 11.36 eV component as the first), it is possible to
observe two features with the one at lower ionization energy more intense; the same pattern is
observed in the calculated vibrational components. The fourth, seventh and ninth
experimental vibrational components each show two features with the one at higher
ionization energy more intense; the same pattern is observed in the calculated fourth and
seventh vibrational components while in the ninth component the two contributing features
are comparable in intensity. In the other calculated vibrational components in Figure 9, the 5
meV band-width used is not good enough to allow separation of different components and the
same is true for the corresponding experimental vibrational components which appear to be a
single feature. The exception is the weak vibrational component at 11.45 eV in Figure 9
which is a single vibrational component in the calculated spectrum while it appears to have

two components in the experimental spectrum.

The simulation of the band envelope has been repeated using an initial neutral
Boltzmann distribution ata vibrational temperature of 600 K and the result is shown in Figure
10 (and Fig.SI7). (It is expected that CF, will be vibrationally excited under the conditions
used and the Boltzmann vibrational temperature of 600 K was selected as it gave the best fit
for the structure in the low energy vibrational components, notably for the band at 11.45 eV).
The main differences with respect to the simulation at 0 K are at ionization energies above 12.8

eV and for the vibrational component in Figure 9 at ~11.45 eV. This band, in the simulation
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at 600 K, has a “hot band” on the higher ionization energy side as can be seen in Figure 10.
The shape of the 11.45 eV vibrational component in the experimental TPE spectrum in Figure
9 is therefore explained by including a contribution from a “hot” band. The simulated spectrum
at 600 K (Figure 10) offers a better match with the experimental spectrum than the simulated
spectrum at 0 K (Figure 9), with respect to the vibronic structure associated with each
component, notably for the fourth, sixth and ninth vibrational components (counting the

component at 11.36 eV as the first).

The ionization energies of the calculated vibrational components from the ab
initio/Franck-Condon factor calculations are on average 5 meV higher than the more intense
experimental vibrational components in the 11.6-12.6 eV region. Hence, by moving the
computed bands down by 5 meV to match the more intense experimental TPE vibrational
component positions, the AIE is determined to be 5 meV lower than the value obtained from
the simulation. This gives a value of 11.362 + 0.005 eV for the AIE.

An overview of the assignment of the main structure in the experimental TPE
spectrum in the photon energy region 11.3-12.2 eV is shown in Figure 11. As can be seen, the
main structure shown corresponds to (vi*,v2*,0) < (0,0,0 ) combination bands with vi* and
v2' =0, 1, 2 and 3. The doublet structure observed in some of these bands arises because 2v>*
is approximately equal to v1*. On comparing Figure 11 with the experimental TPE spectrum
in the photon energy region 11.4-12.2 eV (Figure 10), and using the information provided by
the simulations, the doublet structure observed in the experimental vibrational components
can be assigned. For example, in the first two observed components at 11.45 and 11.52 eV
the doublet structure can be assigned to the (0,1,0) « (0,0,0) and (1,0,0) « (0,1,0)
ionizations, and the (0,2,0) « (0,0,0) and (1,2,0) <« (1,0,0) ionizations respectively. Also,
the doublet structure in the band at 11.77 eV can be assigned to the ionizations (1,3,0) «
(0,0,0) and (2,1,0) « (0,0,0).

Once the main assignments of the structure in the experimental TPE spectrum
have been established, values of the vibrational constants vi* (symm. stretching mode) and
v2" (symm. bending mode) in the ionic state can be derived. For vi*, we and we Xe Were
obtained as (1370+20) and (7 + 10) cm™. For v2". the corresponding we and e Xe values

obtained from the experimental TPE spectrum are (635 + 10) cm™® and (0 +5) cm™.
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In summary, in the TPE spectrum of CF; extensive vibrational structure was obtained
for this band but the adiabatic component was not observed. Even though the TPE vibrational
envelope is non-Franck-Condon in nature, comparison of the structure associated with the
vibrational components with that expected from an ab initio/Franck-Condon simulation has
allowed the ionic state vibrational quantum numbers associated with each observed
vibrational component to be determined. The position of the adiabatic component was

determined as 11.362 + 0.005 eV. Also, the harmonic and fundamental vibrational

frequencies for vi* and v2* for CF2* (X 2A1) have been derived from the experimental TPE

spectrum. These compare well with those determined from the potential energy function for

CF.* ()~( 2A;) computed with high level electronic structure calculations.

2.2.2 IF (23)

IF is a short-lived molecule in the gas-phase which typically has a lifetime of several
milliseconds in a low pressure flowing gas system. It has been shown to be a promising
candidate for a visible chemical laser via energy transfer to its vibrationally excited ground
state, IF(X'2*), from Oz(alAg) to produce IF(B3IT) (89-91).

In an initial study by PES (71), IF was produced from the rapid gas-phase reaction
F + IClI — IF + Cl. However, because of the minor reaction channel F + ICI — FCI + I,  atoms
were also observed in the spectra and some of the | atom features overlapped with some of the
vibrational components in the first two IF PE bands. For these overlapped bands, the relative
contributions of | and IF were not established.

In the second study of IF (23) the main objective, therefore, was to determine these
contributions so that reliable vibrational envelopes of the PE bands of IF and the relative
intensities of | atom bands could be obtained. It was also proposed to obtain the TPE spectrum
of IF once these goals had been achieved. The PE and TPE spectra of the stable halogens and
interhalogens F2, Clz, Br, ICI and IBr have been recorded previously (92-95). In these cases,
the TPE spectra are notable in that extra vibrational structure is observed in the first TPE bands,
compared to the structure seen in the PE spectra. In the second study of IF, the F + CHzl»
reaction was used as the source of I and IF (23), and spectra were obtained at different reaction

times to obtain PE spectra for different partial pressures of | and IF. These spectra were then
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used to obtain “pure” PE spectra of both | and IF. Once these PE spectra had been obtained,
TPE spectra were then recorded.
The F + CHal> reaction produces a number of reactive intermediates. The primary and

secondary reactions involved are shown below:-

Primary reactions: F + CHal2 — CH2l+ IF
Subsequent reactions: F + CH2l — [CH2IF]" — CH2F + |
— CHF + HI

CHal + CHal — [CH2ICH.l]" — HI + CH2CHI

In an earlier PES study of this reaction by the Southampton group (79), CH2l , produced
by the primary reaction, was observed at low mixing distances (= 0.3cm) above the photon
beam (at 8.52 eV VIE) whereas only bands from I, IF, HI, HF, CH2CHI (vinyl iodide) and CF
(weakly) were observed at longer mixing distances (= 3-4 cm) (longer reaction times). The
reactive intermediates CH2F and CHF in the above reaction sequence are converted, by further
fluorine atom H-abstraction, to CF + HF at the relatively long reaction times. Known PE
spectra of CF, HI, HF, and CH>CHI were checked and it was found that they do not contribute
significantly to the spectral region investigated. CHzl» also does not contribute to the spectra
as it was almost completely removed in the primary reaction step.

IF has the electronic configuration ---126% 67* 1362 7x*. In the initial study with PES
(71), the first two bands were vibrationally resolved. They correspond to ionization to the ITs
and 2ITi ionic states at VIEs of 10.62 and 11.32 eV respectively arising from the (7m)*
ionization. The (135)™ and (6m)™ ionizations gave rise to broad bands at VIEs of 15.22 and
15.94 eV respectively which showed no vibrational structure (71).

The ground state electronic configuration of atomic iodine is ---5s?5p°. This gives rise
to two states P32 and 2Py, separated by 0.94 eV with the ?Psp, state lower (96). The 2Py state
is effectively not populated under equilibrium conditions at room temperature. The (5p)*
ionization from the 2Ps;2 ground state is expected to give 3P, 3P1, 3Po, D2 and Sp ionic states
with the following ionization energies determined from photoabsorption measurements
(97,98):-

I"(3P2) « 1(3P3p) 10.451 eV
I"(3Po) < I(?P3r) 11.251 eV
I"(3P1) « 1(P3p) 11.330 eV
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I"(*D2) « 1(*P3r) 12.153 eV
I*(*So) < I(%P3p) 14.109 eV
Figure 12 shows part of a PE spectrum recorded for the F + CH2l. reaction, in the
ionization energy region from 10.3 eV to 12.3 eV using a reactant mixing distances of 3 cm
above the photon beam. The selected photon energy from the synchrotron was 21.22 eV and
the spectra were recorded at an angle of 54° 44" with respect to the direction of polarization
of the photon beam. (This angle corresponds to the angle at which the intensity measurement
is independent of the angular distribution parameter, 3, thereby, permitting a straightforward
determination of the relative partial cross section.)
In Figure 12 the intensities of the atomic | spectral features are relatively low, compared
to the intensity of the IF features, but this ratio increased at higher mixing distances (longer

reaction times).

As can be seen in Figure 12, two groups of bands were observed in the regions
10.35-10.80 eV and 11.25-11.55 eV with a single band at 12.15 eV. To assist the analysis, these
were labelled (a’-e’), (a-d) and a” as shown. The assignment of these bands follows that reported
in the initial PE study of IF (71). Bands (b’) to (e') are vibrational components of the first IF
band (IF* (?IT3) <« IF (X!=*) from the (7x)? ionization), and bands (a) to (d) are vibrational
components of the second IF band (IF* ([Tiz) <« IF (X'=*) from the (7x)? ionization).
However, for bands (a) and (b), the relative contributions from I and IF were not known. It was
also not known whether or not IF contributes to band (a').

By investigating spectra with different I:IF ratios, it was found that bands a’ and a” are
I atom ionizations, bands b’-e" are vibrational components of the first band of IF, bands c and
d are vibrational components of the second band of IF and bands a and b contain both | atom
and IF second band contributions (23). By analysing many spectra with different I:1F ratios
(23), it was possible to obtain the I relative band intensities and the IF vibrational component
relative band intensities (see Table SI1 and Figs SI8 and S19). The AIEs , VIEs and ionic
vibrational constants obtained for the two IF bands are shown in Table 3.

Spectra with different I:IF ratios were obtained by recording PE spectra at different
mixing distances. It was also possible to obtain different I:1F ratios at the same mixing distance
by recording PE spectra at different times; for example, when the reaction had just been started
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and after the reaction had been running for some time. This was possible since the | atom
intensity decreased with respect to IF over the timescale of several hours, probably because of
the change in efficiency in wall recombination of | atoms with time.

The TPE spectrum recorded for the F + CH:l> reaction in the 10.3 - 12.3 eV photon
energy region at 3 cm mixing distance above the photon beam is shown in Figure 13.
Comparing this TPE spectrum with the PE spectrum shown in Figure 12, it can be seen that
better resolution is obtained for the TPE spectra and, as expected, different relative band
intensities are observed. All the atomic | features (i.e. bands &', a”, and contributions to bands
b, a) have increased in relative intensity with respect to the IF bands compared to the relative
intensities seen in the PE spectra. This is particularly the case for band (a’), the first iodine
atom ionization, I'(®P2) «<— I(?P32), and this has been attributed to an autoionization resonance
2.5 meV above threshold (23).

Comparison of Figures 12 and 13 also shows that the relative intensities of vibrational
components in each IF" < IF band are similar in both the TPE and PE spectra. In particular
higher vibrational members of the first IF photoelectron band are not observed in the TPE
spectrum in the “non-Franck-Condon region” between the IF*(X?IIsz) « IF(X!Z*) and
IF*(°I112) < IF(X'ZY) bands, indicating an absence of significant autoionization to these
higher vibrational states. This is in contrast to TPE spectra of the stable halogens and
interhalogens F», Clz, Brz, ICI and IBr (92-95) where extra vibrational structure is observed,
which is not seen in the PE spectrum, in the “Franck-Condon gap” between the first and the
second bands.

The TPE and PE spectra of the first two bands of IF were used to obtain the positions
of each vibrational component (see Table S12) and the PE spectrum was used to obtain the
vibrational component relative intensities in each band (shown in Figs. SI8 and S19). The
positions of the TPES and PES vibrational components agree to within 1 meV apart from the
second component of the second band (band b) where the TPES value is higher than the PES
value by 4 meV. This arises from contributions from autoionization from known | atom
Rydberg states which move the band maximum to higher ionization energy (23). Bands a
and b, the first two components of the second band of IF, contain contributions from | atoms.
Band a is measured in the PE spectra as (11.244 +0.001) eV (with the I atom 1'(*Pg) <
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I(?P312) band at 11.251 eV) and band b is measured in the PE spectra as (11.329 + 0.001 eV)
(with the 1 atom I"(3P1) < 1(P312) band at 11.330 eV). These contributions in bands a and b
were not resolved in the TPE spectra, although for band a extra structure was observed on its
higher energy side above 11.251 eV in the TPE spectrum associated with | atom Rydberg
state autoionization resonances and, as stated above, for band b the TPES value is above the
PES value because of | atom autoionization contributions (23).

Once the PE spectral envelopes for the two IF bands had been obtained, these envelopes
were simulated using Franck-Condon calculations to obtain the ionic state bond length in each
case. To do this, the spectroscopic constants we, meXe and re for each electronic state are needed
to generate Morse potentials for the IF and IF* states. Then the vibrational wavefunctions for
each electronic state were obtained from numerical solutions of the vibrational Schrédinger
equation with the appropriate Morse potential. The vibrational constants (we, meXe and re ) used
for the IF(X'Z") state for these simulations were taken from published sources, a rotational and
vibrational analysis of an electronic emission spectrum and from a microwave spectroscopic
study. The vibrational constants we and eXe used for the ionic states were obtained by
measuring the spacing (AE) between the IF vibrational components of each IF band in the PE
spectrum. Since the equilibrium bond length of each ionic state is not known, trial values must
be used in each case in the calculation of the Franck-Condon factors. These trial values were
chosen to be close to, although shorter than, the value of the neutral state. This is because in
both IF bands, an electron has been removed from an antibonding orbital; the equilibrium bond
length of the ionic state is therefore expected to be shorter while the vibrational constant we IS
expected to be larger than for the IF (X'X*) state, as was observed. The actual equilibrium bond
length of the ionic state is found by choosing a range of trial values and calculating the quantity
Y[FCFv*(calc)-FCFv*(expt)]? for each trial bond length (10). A curve of this quantity plotted
as a function of trial ionic bond length was then obtained. The lowest point of the curve
represents the recommended value of the equilibrium bond length for the ionic state. During
these FCF calculations, it was assumed that the electronic transition moment is constant over
the photoelectron band. This leads to an error in the equilibrium bond length of the ionic state
of + 0.005A (10).

The values obtained for both IF bands are compared with the values obtained in the
previous Hel PES work (71) in Table 3. It is notable that the Franck-Condon envelopes for the
first two bands of IF are slightly different and the derived equilibrium bond lengths for the

X213, and ?ITy/2 ionic states are also slightly different. As these ionic states both arise from the
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IF (7m)* ionization, their potential curves might be expected to have the same shape and their
equilibrium bond lengths and harmonic vibrational constants might be expected to be the same.
However, interaction between ionic states (notably spin-orbit interaction between the Il
ionic state and the 2X*15; ionic state arising from the (13c)? ionization) would lead to the
X?I1312 and ?I1y2 ionic states having slightly different equilibrium constants and potential curves
with slightly different shapes. This would explain why slightly different Franck-Condon
envelopes are observed for the first two IF bands.

This work has investigated IF bands in the ionization energy region 10.0-15.0 eV by
PES. Their relative vibrational component intensities have been measured and, where IF and
I bands are overlapped, their relative contributions have been established. Improved AIEs and
VIEs of the IF*(X?IIsp) « IF(X'ZY) and IF*(?IT1) < IF(XZ*) ionizations and improved
spectroscopic constants we, meXe and re for the two IF ionic states X?I1s;2 and 2112 have also
been obtained. The extra structure seen in the TPE spectra, notably associated with bands (a)
and (a’), and the position of band (b), which is higher in the TPE spectrum compared to its
position in the PE spectrum by 4 meV, can be attributed to autoionization contributions from

known | atom Rydberg states.

2.3 Angle resolved PES and CIS of atoms

O, S, N and I have been studied with the angle resolved PES and CIS methods using
synchrotron radiation as the photon source (33-35,40,41). These are all reactive open shell
atoms. Investigating their photoionization behaviour experimentally, which includes
determining their angular distribution parameters and measurement of their partial
photoionization cross-sections as a function of photon energy, provides valuable information
which allows comparison between experiment and theory. Theoretical support for
photoionization of open shell atoms and molecules is much less well developed than for closed
shell systems and experimental studies on open shell systems should provide valuable
information that can be used to encourage development of theoretical methods and test
calculations. It is important to note that, unlike the closed shell case, removal of a single
electron from an open shell system can give rise to several possible ionic states, which in the

presence of the outgoing electron will give a number of final states. Careful treatment of these
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final states, and their coupling, is necessary in a reliable theoretical model. The example chosen
to illustrate the information to be obtained and the need for improved theoretical support is
atomic iodine. It will be evident that current calculations of total and partial cross sections as a
function of photon energy for atomic iodine are not good enough to allow a meaningful
comparison with experimental CIS spectra. A similar situation applies to the experimental plots
of angular distribution parameters as a function of photon energy although some insight into
the photoionization dynamics can be obtained by applying the angular momentum transfer
formulation of Dill (83) to the ionization processes considered.

2.3.1 lodine atoms (40,41)

lodine atoms were prepared using the method described above i.e. from the consecutive
rapid reactions that occur on reacting F and CH:l, . As can be seen from Figures 12 and 13, the
first and fourth (5p)* bands of | atoms are not overlapped by IF features and they were therefore
selected for CIS measurements. CIS spectra of these bands were recorded up to the fifth (5p)*
I atom ionization at 14.109 eV. The photon energy range used was 12.9 -14.1 eV. The
asymmetry parameter, B, was measured for the first and fourth (5p)* bands of iodine atoms
over this photon energy range, at each photon energy, by recording CIS spectra at two angles
(0° and 54° 44'), with respect to the direction of polarization of the photon source.

The B parameter was then calculated from the expression:-

B=R-1 e 6)

|
where R = —2°

is the ratio of the experimental intensities at the two angles used.
5444
CIS Spectra

CIS spectra recorded for the two selected PE bands each show resonances which are
parts of Rydberg series converging to the 1So ionic state. To assign the series, it is helpful to
draw up a table (Table 4) of the excited Rydberg states to which transitions are allowed from
the ground state ...5s?5p%(?Ps2) and which autoionize to the ionic states I*..5s?5p*(*P2) and
I*..5525p*(*D,) respectively, in the Jcl coupling scheme. (This is also known as the JK coupling
scheme; it has been shown to be most appropriate for describing neutral iodine Rydberg states
(40)). In this coupling scheme, the total angular momentum of the ion core, J¢, couples with the
orbital angular momentum of the Rydberg electron, I, to give K. The spin of the Rydberg
electron, s, is then coupled to K to give the total angular momentum, J.
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As already seen for SO in section 2.1, resonances seen in experimental CIS spectra
often show an asymmetric profile. This is due to interference between the direct and indirect
ionization processes and results in a characteristic Fano profile, where the cross section can be

expressed as:-

o(E)=0, XM-FO'IO (7
l+¢

In this equation, ca and op represent two portions of the cross section which correspond,
respectively, to transitions to states of the continuum that do and do not interact with the
discrete autoionizing state. ¢ is the reduced energy which can be expressed as follows:

E

~E,
%r

(8)

E =

where E; is the resonance energy and I is the natural width of the autoionizing state which
represents the bound-continuum mixing of the resonance state. The parameter q characterises
the line profile, and neglecting the background cross section, the resonance has a maximum
at emax=1/q and is zero at g0 = -g. The sign of q thus determines whether the maximum occurs
before or after the minimum. The magnitude of g indicates qualitatively the relative
probabilities of the transition to the Rydberg state and direct ionization.

Codes for fitting resonances in the experimental CIS spectra to a convolution of the
Fano profile and the instrumental function F(E, Q2), where Q is the energy resolution measured
by the full width at half maximum (FWHM), have been written, where the total cross section

is expressed as:
o(E,Q) = ja(En —E).F(E,Q)dE (9)

A Gaussian function was used as the instrumental function with an energy width of 3 meV,
which is consistent with the photon width previously determined for CIS spectra recorded for
oxygen atoms (33). Fano fitting of the resonances in this way allows the resonance positions,

En, as well as the parameters g, and I" to be established.
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The effective quantum number (n* = n - §) and principal quantum number (n) of each

Rydberg state can then be determined from:-

R
E,=E, o) (10)

where R is the Rydberg constant for iodine atoms, and E, are the observed resonance energies
of the Rydberg states. This equation can then be used, with known En and n values, to obtain
the ionization energy, E.. and the quantum defect, 5, of the series. This Fano fitting procedure

follows closely that used previously to analyse CIS spectra of N and S atoms (35,38).

Figures 14 (a) and (b) show CIS spectra of the I'(3P2) «<— I(*Pss2) PE band recorded in
the photon energy region 12.9-14.1 eV at angles of 0° and 54°44’ respectively with respect to
the direction of polarization of the photon source. Corresponding spectra were obtained for the
I"(*D2) « I(*P312) PE band (see Fig.S110). These spectra show two clearly distinguishable
Rydberg series converging to the I"(*So) threshold, one which is broader than the other. This
general pattern was observed in all CIS spectra recorded at 0° and 54°44’ for these two PE
bands in this photon energy region. The shapes of the resonances were slightly different for
CIS spectra recorded for the first and fourth PE bands (see Figures 14 and SI10) while the
resonances were similar in shape for CIS spectra recorded for the same PE band at the two
different angles with respect to the photon beam polarization direction. According to Table 4,
the same transitions are allowed from the ground state I...5s25p%(*Ps12), to the excited states
I*...55%5p*(*So) ns or nd, whether the ionic state after autoionization is the 1*...5s?5p*(®P2) or
the I"...5s?5p*(*D.) state. From this table, it can be seen that three series which converge to the
I*(1So) threshold are allowed, one ns and two nd series. Since only two series are observed and
the quantum defects obtained for them correspond to the assignment of one ns and one nd series,
it is assumed that the splitting between the two expected states, nd[2]s/,32, for a given n value
is too small to be resolved in this work. Of the two observed series, the nd series is expected to
be broader than the ns series, as has been observed in other halogens and rare gases, except for
the atoms of the first row.

33



From equation (10), the effective quantum number, n*, and principal quantum number,
n, were derived for each Rydberg state. The results obtained from the Fano fitting are shown
in Table 5 (and Table SI3). Also included in these tables is the value of the product I'n*3, the
reduced linewidth. Table 5 presents the values obtained from resonances seen in the CIS
spectrum of the first band, 1"(*P2) < 1(*Psr) at 54°44’, while the values obtained from the
CIS spectrum of the fourth band, 1'(*D2) < I(*Ps12) at 54°44’ are shown in the Supplementary
Information (Table SI3). Inspection of these tables shows that as n goes up, I', the linewidth,
goes down as the Rydberg state lifetime goes up. I'n*? is expected to be constant within a series
(40,41). Also, the g value, the line profile index, is expected to show a smooth trend with
increasing n. The agreement with the expected trends is only moderate although the errors in
the values obtained are significant. Inspection of Table 5 (and Table SI3), and the
corresponding results obtained at 0°, shows that the q values are negative for the 5s25p*(*So)
ns resonances seen in both the 1*(*P2) « I(*P32) and 1*(*D2) « I(?P32) CIS spectra recorded
at 0° and 54°44’ whereas for the 5525p*(*So) nd [2]s/2,32 resonances the q values are positive
for the 1"(3P2) «<— 1(*P312) channel and negative for the 1*(*D2) «<— I(*P32) channel.

The position of the resonances, En, at the two angles and for the two different PE bands
are in good agreement. From these values, the 1'(*So) « I(?P3p) ionization threshold and the
guantum defect can be obtained for each observed series using equation 10 (see Table 6). The
derived 1"(*So) < I(®P31) ionization energies are in good agreement with the value obtained

previously by photoabsorption measurements (99,100).

Angular distribution parameters (B) vs photon energy

The Bethe-Cooper-Zare formula (101) can be used to assist interpretation of results of
angular distribution experiments of light closed-shell atoms. However, this formula assumes
L-S coupling in the initial and final states, neglects angular momentum exchange between the

escaping electron and the ion core, and neglects configuration mixing in the initial and final
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states. This approach is not expected to be appropriate for iodine, an element where
configuration mixing and relaxation effects are important and where JK coupling is the most
appropriate coupling scheme for excited states.

To obtain some guidance as to what might be expected for values of the angular
distribution parameter, 3, both on and off resonances, it is valuable to use angular momentum
transfer theory (83) to investigate possible values of the 3-parameter for parity favoured and
unfavoured ionization channels. In this theory it is emphasized that photoionization can be
accompanied by a transfer of angular momentum between the neutral atom and the final state
(the atomic ion and the photoelectron). The photoionization process can be represented

schematically as (83) :-

X(Jomo) + hv(jw =1, mv=-1) =  X'(Jerec) + e [lsj, me = (-1)' ] ------ (11)
where X(Jomo) and X*(Jcmc) represent the atom and ion respectively, with total angular
momentum J and parity m. (Parity of an atomic state is determined by Zl; for that state. It is
even for Xl; even and odd for Zl; odd).

The angular momentum transferred between the atom, and the ion and photoelectron,
Jt, is defined by:

T T T T L — (12)
where Jo+ jw=Jdc+ S + [
Conservation of parity, «t, also implies
Thy X0 =M XTe ~  ===e=ee—eeeeeeeee- (13)
which in the electric dipole approximation reduces to
meXmo= (- s (14)

The parity transfer, nt , is defined as the difference in parities between the neutral and ionic
states. If m: matches j: (both odd or both even), then the ionization is parity favoured. When
nt and jtare not matched (one odd, the other even), then the ionization is parity unfavoured
and the asymmetry parameter, Bunf, is —1.

Table 7 shows values of the asymmetry parameter,3, at different values of angular
momentum transfer, ji, obtained from the work of Dill and Fano (83,102) by Chang (103). In
general, the asymmetry parameter is given as a weighted average of the possible B(j:)

contributions as follows:-

35



1 fav. - ) unf. -
B = — Z (Z G(Jt)fav B(_It)fav - Z G(Jt)unf-) """""" (15)
O s jt it
The results shown in Table 7 can be used to obtain values of [(j:) for specific ionization
channels and thus help to understand the experimental -plots.
If the case of direct ionization from the ground state of | to the ground state of I* is

considered i.e.

| (----58%5p°)%P3, + hv = I*(---5s%5p*) 3P, + €&  ---------- (16)

then for this ionization, jt= 2 + 1/2 - 3/2, which gives ji=0,1,2,3,4

Also m:is odd, and as | must be even (as removal of a p electron in the atom will give an s or
d free electron), mcmo must be odd.

Inspection of Table 7, shows that when | is even, j: = 0 is not possible.

Also, for

jt=1,1=00r 2, and B(j:) = 0 or 1 respectively

Jjt=2,1=2, B(jr) = -1, this channel is parity unfavoured

jt=3,1=2o0r 4, B(jt) = 2/7 or 5/7 respectively

Jjt=4,1=4, B(jt) = -1 this channel is parity unfavoured

When j: is odd, it matches the parity transfer 7, which is also odd for the 5p°> —5p* + ¢~
ionization.

In contrast, when j; is even, the ionization channel is parity unfavoured and 8 = -1.

For direct ionization to the fourth state of I*,
| (----5s?5p°)°P3, + hv  —  I*(---5s?5p%) D2 +&  ---------- (17)

as the J quantum number of the ion is equal to 2 (Jc=2) as in the above example
(equ.(16)), the results derived above for the first PE band of iodine atoms also apply to the
fourth band. For non-resonant photon energies, the B-plots for these two bands will therefore
be a weighted average of parity favoured and unfavoured partial cross-sections.

For resonant photon energies, the decay from the resonant state to the ionic state must
also be considered e.g.

I* (---5s?5p* 1So, nd)? D3z, 52— 1*(---5s5p?) °P, +e ----18(a)

I* (----5s?5p* 1S ns)?Sy, = I'(---5s%5p*) 3P, + e ----18(b)
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where in each case the resonant state is considered to be a member of a Rydberg series which
converges to the 17---5s25p* 1S, ionic limit. These processes do not involve a photon and as a
result equation (14) changes for these autoionizations to:-

TieTlo = (-1)"
The excited neutral states in equations 18(a) and (b) have J = 1/2 (from ns resonant states),
3/2 and 5/2 (from nd resonant states).
Taking as an example an autoionization from an excited state with J=1/2,

then j: between the excited atom I* and the atomic ion including the spin of the photoelectron

is jt= 2+1/2-1/2 =1,2,and3

In this case, | is even, ncmo IS even, and 7 is even.

These j: values (1,2 and 3) are already present in the direct ionization process. Autoionization
via one of these channels will therefore enhance the roles of channels that are already present
in direct ionization.

A similar situation also applies to autoionization from an excited state with J = 3/2.

Possible j: values are 1,2,3 and 4 which are the same as those for direct ionization.

However, decay from an excited state with J = 5/2 will have

k=2 +1/2-5/2=0,1,2,3,4and5

Again, | is even, mcmo is even, and mt IS even.

These ji values mean that there will be one new channel with j: = 5.

The same analysis applies to the I*(---5s?5p*) D- ionic state in equations 18(a) and (b) as the
ionic state J value is 2 both for the *P, and D ionic states.

This analysis indicates that autoionization may enhance the contributions of some
channels in direct ionization, and it can also give rise to extra channels, with new j; values,
which are not present in direct ionization. Also, it can be seen that j: values of 1, 2 and 3 are
obtained from (----5s25p* 'Sg, ns) resonant sates and j: values of 1, 2, 3, 4 and 5 are obtained

from (----5s25p* 1Sg,nd) resonant states.



Figure 15(a) shows the B-plot of the first band of iodine atoms, 17(3P2) « I(?Psz), and
Figure 15(b) shows the B-plot of the fourth band of iodine atoms, I"(*:D2) « I(?P3z). The
resonance positions in the CIS spectra have been marked on these figures for reference. These
spectra are different from the CIS spectra as the resonances have similar shapes for the two
bands and are symmetric. Also, the values of the beta parameter are different in Figure 15(a)
and 15(b). Off resonance, the beta parameter for the first band of iodine atoms has a mean value
of approximately -0.3. It shows a broad oscillating background with values changing from -0.4
and -0.10 and sharp resonances going to -0.5 (see Figure 15(a)). The beta parameter for the
fourth band of iodine atoms has a mean value of -0.6 across the photon energy range with dips
at the resonances going to -0.85. Comparison of Figures 14 and 15 (and Fig.S110) shows that
only the nd[2]s.2;3/2 series is seen in the beta plots; the ns series is not seen. As outlined earlier,
the beta parameter for iodine atoms at any photon energy for these two PE bands will be a
weighted average of parity favoured and parity unfavoured ionization channels. In Figures 15(a)
and 15 (b), the background is approximately -0.30 and -0.60 respectively, so both parity
favoured (B zero or positive) and unfavoured channels (B = -1) are clearly playing a part (see
Table 7).

The first resonance in Figure 15(a) has a minimum of -0.47 and a width of 22 meV.
The second one has very similar characteristics with a minimum at -0.48 and a width of 21
meV. The higher resonances have a minimum of approximately -0.4 with widths decreasing
from 15 meV to 7 meV. The resonances in Figure 15(b) decrease regularly in intensity, with a
minimum of -0.90 and a width of 33 meV for the first resonance and a minimum of -0.65 with
a width of 8 meV for the last observed resonance. The fact that the resonances are more
negative than the general background level shows that the parity unfavoured channels are
enhanced on resonance. This seems to be the case even more strongly for the B-parameter plot
shown in Figure 15(b) where the resonances have minima close to -1.0.

Extensive angular distribution studies have been carried out on the outermost (np)*
ionizations of the inert gases Ne, Ar, Kr and Xe (82,104-106) in which the variation of 8 with
photon energy has been compared with the variation of the cross-section. These studies showed
that, in general, resonances are expected in the B-plots when resonances are observed in the
CIS plots. The shape of the resonances in the B-plots can vary from one resonance to another,
being symmetric or asymmetric. In most cases, the 3 parameter is positive, except at resonances,
where 3 usually has a minimum below 0. Specifically, in xenon (104-106), which has one

more electron than iodine and is closed shell, the nd and ns resonances are seen in both the CIS
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and B-plots, with the nd resonances being broad and the ns resonances sharp, in both the CIS
and B-plots. Comparing the B-plots of iodine and xenon, the nd resonances are seen in both
iodine and xenon, but the ns resonances are not seen in iodine. This is probably due to an
increase of the exit channels accessible in iodine arising from the increased coupling
possibilities of the free electron with the ion in the case of the open shell iodine atom compared
to xenon. Also, the fact that the B parameter is always negative in the present work, and
becomes more negative on resonances, indicates that the parity unfavoured terms play a
significant role with interference terms and interchannel coupling also probably contributing.
As stated earlier, the j: values of 1, 2 and 3 are expected from (----5s25p*,'So, ns) resonant states
and jt values of 1, 2, 3, 4 and 5 are expected from (----5s25p*,*So, nd) resonant states. As |, the
angular momentum quantum number of the free electron, must be even, as removal of a p
electron will give an s or d free electron, the values of j: =1, 3 and 5 correspond to parity
favoured channels which have 3 values which are zero or positive. For ji= 2 or 4, the channels
are parity unfavoured and have 3 = -1 (see Table 7). As the B-plots in Figure 15, show only nd
resonances, not ns resonances, with 3 values more negative than the negative background level,
it appears that the jt= 4 channel is the major contributor to the  values on resonance seen in

Figure 15, as the j: = 2 channel will be available for autoionization from the ns resonances.

These CIS and B-plots have been extended to higher photon energies, 11.0-23.0 eV for
the first band, and 12.3-23.0 eV for the fourth PE band. They are structured up to 14.1 eV, the
fifth 1 atom ionization energy, but show little structure above 14.1 eV.

In summary CIS spectra have been recorded for the first and fourth PE bands of atomic
iodine, the I'(CP2) <« 1(?P32) and I"(*D2) <« 1(*P3p) ionizations, in the photon energy range
12.9-14.1 eV. Resonances were observed in these spectra corresponding to excitation to
Rydberg states which are parts of series which converge to the 1*(So) ionization threshold.
These were assigned to excitation to one ns and one nd series, although the observed nd series
is thought to consist of two unresolved series, nds2 and nds2. Each Rydberg resonance was
fitted to a Fano profile to determine the resonance position. The resonance positions were then

fitted to obtain the ionization energies and quantum defects from the two series.

39



The B-plots show unexpected behaviour in that although resonances are seen in the -
plots at the same positions as the nd resonances in the CIS spectra, no resonances were
observed in the B-plots at the positions of the ns resonances seen in the CIS spectra. Also, in
these plots, B is negative off-resonance and becomes more negative on-resonance. This is in
contrast to the equivalent B-plots for xenon and the lighter halogen atoms, notably bromine,
which show resonances in the same positions as the resonances in the CIS spectra, and which
have positive values off-resonance and are negative on-resonance. It appears that parity
unfavoured channels are playing a greater role in iodine than in bromine or xenon. At non-
resonant photon energies, the j:= 2 and j: = 4 channels make significant contributions whereas
at photon energies at nd resonant positions, the j: = 4 channel dominates.

Improved calculations of total and partial cross sections and angular distribution
parameters of atomic iodine as a function of photon energy are required as agreement between
experimental and theoretical results is at present relatively poor (107-109). For example, in
theoretical studies (108,109) that have calculated the 3 parameter as a function of photon
energy, p was computed to be always positive at different photon energies and to vary smoothly
as a function of photon energy. However, both these studies used the independent particle
approximation and did not take into account the contributions from resonant states. The
demands on any theoretical method to reproduce the experimental results are clearly quite high.
A suitable method must include interchannel coupling and other electron correlation terms, the
effects of resonant states as well as relativistic effects. However, such calculations will be
rewarding in that they should lead to greater insight into the photoionization behaviour of heavy

open-shell atoms such as iodine.

3. Future Research
Studying reactive intermediates with PEPICO and TPEPICO

It is clear from the examples that have been presented that the study of a reactive
intermediate by PES can suffer from a problem in that a PE band of a reactive intermediate
may be overlapped by one or more bands from the precursor, reactant or product molecule (s)
and/or secondary products. For example, this is seen in the partial overlap of SO bands with
bands of SO,, when SO is prepared by discharging flowing SO, and the partial overlap of |
and IF bands from the F + CHal> reaction. This problem could be avoided by using the
photoelectron-photoion coincidence (PEPICO) or the threshold photoelectron-photoion
coincidence (TPEPICO) methods.
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In PEPICO and TPEPICO, the photoelectron and photoion formed in a single ionization
event are detected in a spectrometer which has both a photoelectron energy analyser and ion
mass analyser (110,111). Photoelectrons and photoions are extracted in opposite directions by
an applied electric field. The energy of the photoelectrons can be selected and the mass of the
corresponding photoion determined. This is achieved by measuring the flight times of the
electrons and ions to the detectors on the photoelectron and mass analysers respectively. The
electron and ion from one photoionization event arrive at their respective detectors at different
times after their formation and although the signals at the detectors are not really “coincident”,
they do have a definite temporal relationship. As electron flight-times are much smaller than
the flight times of the corresponding ions, the detected electron signal is used as the start pulse
and the ion signal provides the stop pulse allowing signals from the same event to be detected
“in coincidence”. In this way the PEPICO and TPEPICO methods measure time-correlated
electron-ion pairs produced on photoionization. This approach can be extended to the study of
dissociative photoionization where photoelectron and fragment cations are detected in
coincidence.

The difference between the PEPICO and TPEPICO methods is that in PEPICO the
photon energy used for ionization is fixed, usually well above the ionization energy of the
molecule of interest, and the energy of the photoelectrons detected is chosen to select an
electronic (and vibrational) state of the photoion, whereas in TPEPICO only threshold
photoelectrons are detected and the photon energy is scanned to select different electronic (and
vibrational) states of the cation. In both methods, each detected photoelectron can be
registered in coincidence with the corresponding ion. This provides a PE or TPE spectrum for
each mass, which could be used, for example, as a fingerprint for identifying and quantifying
isomers in a reactive environment, such as a flame, or, more generally, for obtaining a PE or
TPE spectrum of a reactive intermediate in a reaction system.

One of the major experimental problems in TPEPICO studies has been the simultaneous
optimization of the electron energy resolution and the ion time-of-flight (TOF) mass resolution.
Good electron resolution requires low extraction fields, whereas good ion TOF mass resolution
requires high extraction fields. One approach around this problem has been to use low
extraction fields for electron energy resolution, and then once an energy selected electron is
detected, the associated ions are extracted with a large pulsed electric field. However, such
pulsed ion extraction impedes the accurate determination of ion dissociation rates from the ion
TOF distribution. It also results in a false coincidence signal that is sometimes difficult to

distinguish from the true coincidence signal. Baer and coworkers addressed this problem in
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two stages (112). First, by using velocity map imaging (VMI) in TPEPICO experiments, they
demonstrated a significant improvement in collection efficiency and energy resolution of
threshold electrons. This permitted focussing electrons from a relatively large photoionization
region, as occurs in synchrotron experiments, to a small spot on a detector. The collection
efficiency of ions was demonstrated to be good and the ion/electron resolution problem was
improved with this VMI approach. However, this improvement still suffered from “hot
electrons” contributing to the TPE spectrum because the velocity focussing optics used focus
both energetic and slow electrons to a small spot on the detector as long as their velocities in
the direction of the detector are the same. Baer and coworkers addressed this second problem
by using the VMI velocity focussing optics to suppress the effects of “hot electrons”(113). This
was done by monitoring the electrons both at the centre of the detector (threshold electrons and
those energetic electrons with initial velocity vectors along the direction to the detector) and
electrons at a selected position off-axis (energetic electrons with perpendicular velocity
components). The TPE signal was then derived by subtraction of the off-axis signal from the
signal at the centre of the detector. (More generally, a subtraction/renormalisation procedure is
used (114)). However, this subtraction approach can lead to imperfect subtraction of energetic
electrons or the introduction of artefacts. A better way to separate energetic and threshold
electrons is to use Abel inversion and reconstruction of the compressed 2D image on the
detector using appropriate software (e.g. ref. 115). This method (116) has the added advantage
that CIS plots can be obtained and 3-parameters can be recorded as a function of photon energy
(117,118). These subtraction methods, using the VMI technique, have the great advantage of
operating in a fully continuous mode, which are well adapted to a synchrotron source operated
in multibunch mode and for which application of TPEPICO is straightforward.

TPEPICO methods have been applied at several synchrotron facilities to determine
ionization energies of reactive intermediates and heats of formation of their ions (Table 2,
58,114-122), as well as dissociation limits and ionic appearance energies, kinetic energy
releases (KERs) and fragmentation breakdown diagrams of state-selected ions (123,124). They
have also been used to investigate bimolecular ion-neutral reactivity (125) and the
fragmentation dynamics of ions produced by photoionization (21).

Three important advances have expanded the power of PEPICO and TPEPICO and
permitted their implementation with modern synchrotron radiation (111).

(i)As discussed above, the use of velocity focussing of threshold electrons onto an imaging

detector has improved the sensitivity and electron energy resolution, and also facilitated the
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subtraction of the energetic electron background. An important advantage of VMI-based
imaging electron analyzers lies in their inherent high collection efficiency (collection over 4n
steradians) allowing a natural and optimum coupling with ion detection. This is very important
for PEPICO and TPEPICO studies of reactive intermediates. Coincidence studies of this type
are not really feasible with electrostatic electron analysers, such as hemispherical analysers, as
used in the PE, CIS and TPE studies described in section 2, because of their poor collection
efficiency which is not compatible with a typical rate of false coincidences.

(if) The development of multi-start multi-stop collection detectors for both electrons and ions
has permitted the use of the full intensity of modern synchrotrons thereby greatly improving
signal-to-noise ratios. A straightforward multi-start multi-stop procedure has been developed
that ensures the highest signal-to-noise, constant background that can easily be removed, and
fast data acquisition (126).

(iii) Finally, recent experimental improvements involving imaging electrons of a range of
energies as well as ions onto separate position-sensitive detectors has further enhanced the
collection sensitivity. Notably, it has been shown (127) that the false-coincidence barrier,
which limits the dynamic range (the ability to detect a small signal in the presence of a much
larger background signal) of conventional PEPICO and TPEPICO experiments, can be
overcome by using ion imaging with a rapidly modulated electric deflection field acting on the
ion trajectories at a fixed fraction of their flight time. This improvement of the dynamic range
is particularly significant for studies of reactive intermediates when the electron and ion signals
for the reactive intermediate of interest are much lower than those of the stable molecules
present, as is often the case.

With the older technique of PIMS, the study of atoms and molecules (reactants,
intermediates and products) in flames using tunable vacuum ultraviolet radiation from a
synchrotron source is well established (128-131). However, although isomers can be detected
and studied with this approach, the method has some limitations (132-134). lIsomer
identification and quantification is possible with this method because the isomers will have
different AIEs. For each isomer, parent ion intensities need to be monitored as the photon
energy is swept from just below the AIE to just above it. Therefore, a series of scans are
required for each ion mass for a detailed analysis of flame chemistry. Isomer identification in
these scans relies on information such as known photoionization efficiency (PIE) curves and
ionization cross-sections, as well as computed AIEs and ionic and neutral potential surfaces for

the neutral and ion, and computed Franck-Condon factors for the lower PE bands of each

43



isomer. Although, in principal, there is no limit on the size and number of isomers that can
be identified by this approach, identification becomes difficult when the isomers have very
similar AIEs, when there are three or more isomers present, and when the number of atoms in
the isomers becomes moderately large (e.g. when there are more than four carbon atoms in
isomers of a hydrocarbon molecule). PEPICO and TPEPICO offer a solution to this problem
in that they provide a sensitive and selective way to identify and monitor isomers in flames, as
the vibrationally resolved PE band of an isomer provides a unique fingerprint which leads to
identification by comparison with literature spectra or spectra computed via electronic
structure/Franck-Condon Factor calculations. This opens the door for future studies on the
mechanism and kinetics of reactions in flames and plasmas. For example, in a study of
hydrogen flames doped with different alkanes and alkenes with TPEPICO, hydrogen
abstraction ratios from a number of alkanes and alkenes to form isomeric radicals were
determined (135). In this work, it was found that for an n-butane doped flame TPE bands of 2-
butyl and 1-butyl radicals were observed whereas for an i-butane doped flame TPE bands of
t-butyl and i-butyl radicals were recorded. In each case, these radicals are expected from direct
hydrogen-abstraction from the parent molecule. The results show that, for the alkanes and
alkenes investigated, direct hydrogen abstraction, without rearrangement, is the major reaction
pathway for the formation of fuel radicals in the hydrogen-rich flames investigated.

The TPEPICO and PEPICO modes of operation have been compared in a study of a
number of reactive intermediates in a fuel-rich premixed, low pressure flame (136). TPEPICO
has higher electron energy resolution than PEPICO but requires significantly longer
measurement time. PEPICO, therefore, has a multiplex advantage over TPEPICO. However,
TPEPICO is the better approach for obtaining well-resolved photoelectron spectra of reactive
intermediates, although, as already discussed, the TPE vibrational band envelopes obtained
may be affected by autoionization. Also, PEPICO is more appropriate for studying chemical
reactions where species (including isomer) identification needs to be performed relatively
quickly as a function of time (136). It is expected, therefore, that the multiplexing fixed photon
energy PEPICO method will contribute effectively to the study of the reactivity and kinetics of
reactive intermediates in flames and other environments and, as demonstrated by some recent
examples, this is already proving to be the case (136-140). PEPICO can also provide further
information such as photoelectron angular distributions and cation translational energies. The
ion Kkinetic energy can be used to distinguish between a parent (translationally cold) and a
fragment (hot) ion, which, for soft ionization, is extremely helpful to identify the ionized
molecule (141).
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In Table 2, a list of reactive intermediates studied by PEPICO and TPEPICO
with synchrotron radiation is presented. Most of these studies were made at vuv beamlines at
the SOLEIL synchrotron (France) or the Swiss Light Source. Also included in this table are
references to earlier studies by conventional PES, where available. For convenience, only
reactive intermediates with up to four atoms are considered in order that Table 2 is comparable
with Table 1. The reactive intermediate photoelectron studies listed in Table 2 were all made
with mass selected PE, TPE and SPE spectroscopy. Slow photoelectron spectroscopy (SPES)
is similar to TPE spectroscopy but it provides more intensity for a given resolution (53,116).
In Table 1, the methods used to make the reactive intermediates listed are microwave discharge
of a flowing mixture of a precursor molecule diluted in an inert gas or fluorine atom
abstraction from a target molecule in a flow-tube under effusive flow conditions. Flash-
pyrolysis has also been used by other workers to generate reactive intermediates for
spectroscopic study with synchrotron radiation (e.g. allyl (142) and propargyl and
bromopropargyl radicals (143)). These methods have also been used to make the reactive
intermediates listed in Table 2. For example, in ref.(45), the F + H>O reaction was used to
make OH, and O atoms were made via the secondary reaction F + OH. Similarly, the F + CH4
reaction, and subsequent H-abstractions, were used to make CH; (61) and CH (46), and CoH
was made in this reaction system via secondary reactions, notably CH + CH— C;H + H (51).
Fluorine atom abstraction from a suitable precursor has also been used to prepare NH(48),
NH2(54), CN(47), CNC(52), CCN(52), CHCN(52), HBBH(59), and HNC(60). Pyrolysis
methods have been used, with PN(49), PO(50), CF3(56), CH2Br(57) and CHs(55) all being
prepared by flash pyrolysis of suitable precursors, and CHzl has been made by laser photolysis
of CHl> (58). TPE spectra have also been obtained for O, H and OH from a stoichioimetric
acetylene flame by coupling a flat-flame burner with a flame-sampling molecular beam (44)

Comparison of the results of the two types of study (TPEPICO, PEPICO vs PES) shows
the value of having information from both sources. For example, in the case of PO only the
first band is observed in both cases and good agreement was obtained between the two types
of spectra, with the measured AIE and the vibrational separations in the first band being the
same within experimental error (77,50). In the case of PN, three vibrationally resolved bands
were observed in the PES study (76) whereas only the first band was seen in the TPEPICO
work (49). The AIE values of the first band were the same but the separation of the two
vibrational components in the first band were different (1230 cm™ in the PES work (76) ; 1320
cm in the TPEPICO study (49)). Further TPEPICO measurements on PN would therefore be
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valuable to obtain a reliable value for this separation and record the higher bands for
comparison with the PES results. For CH2Br and CH:l, comparison of the TPEPICO spectra
with the earlier PE spectra shows some interesting differences. In both cases only the first band
of each radical has been observed and, as expected, the TPEPICO spectrum is better resolved
than the PE spectrum. For CH2Br, the TPEPICO spectrum (57) shows three regularly spaced
vibrational components with the first component the most intense. The vibrational structure is
assigned to excitation of the C-Br stretching mode in the ionic state. In the PE spectrum (79),
four regularly spaced vibrational components are observed and the structure is again assigned
to excitation of the C-Br stretching mode in the ion. The position of the first vibrational
component, the AIE, agrees well with the TPEPICO value but the overall vibrational envelope
is different with the second component being the most intense. This suggests that
autoionization is affecting the vibrational envelope in the TPEPICO case causing an
enhancement of the lowest vibrational component. However, the TPE band envelope is
reproduced quite well by Franck-Condon factor calculations which use DFT derived potentials
for the molecule and ion suggesting that the PE first band envelope should also be re-
investigated experimentally. For CH2l, again the TPEPICO spectrum (58) is better resolved
than the PE spectrum (79) which shows a broad unstructured band. The TPEPICO spectrum
has five regularly spaced vibrational components, which are assigned to excitation of the C-I
stretching mode in the ionic state with the second component being the most intense.

For NH, the AlEs to the first two PE bands have been determined and the nature
of the vibronic structure in each PE band has been investigated via a series of experiments
involving PES, TPEPICO and pulsed-field-ionization zero-kinetic energy (PFI-ZEKE) PE
spectroscopy (75,54,144,145). NH, and NH;" are prototypical triatomic hydrides which are
subject to the Renner-Teller effect in some of their electronic states. The outermost electronic
configuration of NH: inits ground state is ------- 3a121b1?, where the half-filled 1b1 molecular
orbital consists of a nitrogen non-bonding 2p orbital perpendicular to the NH> plane, whereas
the 3a; molecular orbital is H-H bonding and slightly N-H antibonding. The (1b1)? ionization
gives rise to a 1A; state, whereas the (3a1)™* ionization gives *B1 and 1B states, and the energy
order of these states is known from electronic structure calculations as B1 < A1 <!Bi (i.e.
the X, a and b states). While the equilibrium bond lengths in these states do not differ
significantly from those of the X?B: neutral state, the equilibrium bond angles do show
significant differences. The A ionic state has a similar equilibrium bond angle to the neutral

X°B; state whereas the X°B; and b'B; ionic states have significantly larger angles. Hence, low
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vibrational levels of the a1A; NH," state can be accessed efficiently from the lowest vibrational
state of the ground neutral state (the Franck-Condon factors are favourable) but low vibrational
levels of the X®B; and b'B; NH,* states cannot be accessed efficiently from the lowest
vibrational level of NH. X?B; (the Franck-Condon factors are unfavourable). However, low
vibrational levels of the X®B1 and b*B: NH," states have significant Franck-Condon factors
with, and can be easily accessed from, the first excited state of the neutral, the NH; A state,
which has a similar equilibrium bond angle to those of the X°B1 and b'B: ionic states. In the
PES study of NHz (75), the three bands corresponding to ionization from the X°B: neutral
state to the X°Bi, a*A; and b'B; ionic states were observed. The first and third bands were
very broad, both showing a regular series in the NH> deformation mode in the ion, whereas the
second band showed three components with the AIE component the strongest. The vibrational
separations in this second band were assigned to excitation of the NH, deformation mode and
the NH2 symmetric stretching mode in the ion. For the first and third bands, the AIEs could
not be reliably determined because of very poor Franck-Condon factors in the low ionization
region of each band. After the PES study, which measured the second AIE as (12.45 + 0.01)
eV, the second AIE was improved to (12.43633 £+ 0.00010) eV by a PFI-ZEKE PE study using
xuv laser-derived radiation (144). Then by exciting to the A state of NH, and performing PFI-
ZEKE measurements on selected rotational levels of the lowest vibrational level of this state,
a value for the first AIE was obtained as (11.1689 + 0.0001) eV (145). In the later TPEPICO
study of NH> (54), the second band showed a very similar envelope to that recorded in the
PES study with the first vibrational component the most intense. Its position, the AIE, was
measured as (12.435 £ 0.002) eV in good agreement with the PES (75) and PFI-ZEKE values
(144). For the first band, a broad envelope is observed with low intensity in the adiabatic region.
Nevertheless, a weak vibrational component was observed at (11.170 + 0.002) eV consistent
with the PFI-ZEKE value for the first AIE (145).

As mentioned in the Introduction, absolute photoionization cross-sections of reactive
intermediates are needed to convert experimental photoelectron band intensities into partial
pressures. This is very important information which is, for example, needed to compare
experimental partial pressures with those obtained from modelling the environments in which
reactive intermediates play key roles. However, absolute photoionization cross-sections of
reactive intermediates are difficult to obtain. Nevertheless, there have been some experiments

reported recently which make a start in providing some of this vital information, with cross-
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sections reported for CI2S(CHs)2 (2), OH (146,147), CH3 (148), C2Hs(149), and CsHs (2-
butyn-1-yl) (150).

In a study of the atmospherically important reaction between dimethyl sulphide (DMS)
and molecular chlorine (2), which proceeds via the intermediate CI>S(CHz)2 :-

CH3sSCH3 +Cl; — CIS(CHz)2 — CH3SCHz + HCI

the photoionization cross-section of the first PE band of the intermediate was
determined at 21.22 eV. This was achieved by first determining the absolute photoionization
cross-sections of the first bands of the reagents (CH3SCHs, Cl2) and products (CH3SCH., HCI)
in separate experiments which measured the first band intensities relative to the intensity of the
first band of argon, which has a well established cross-section, at known partial pressures, and
then, by recording photoelectron spectra of the reaction, which shows bands of the reagents,
intermediate and products, at different reaction times.

In the case of the OH radical, there have been two measurements of the photoionization
cross-section at vuv photon energies, derived from a synchrotron source (146,147). In both
cases, cross-sections were measured at photon energies which are above the first AIE but below
the second AIE. In the first study (146), OH was produced via the O(*D) + H2O reaction in a
flow reactor, where O(*D) was obtained by photodissociation of Os. Partial pressures of OH
were determined by fitting the observed time traces of the OH" signal, produced by vuv
ionization of OH, with a kinetics model constructed using available rate coefficients.
Photoionization cross-sections values were reported at 13.435 and 14.193 eV (146). In the
second study (147), which is simpler and more direct, OH was produced from the F + H.O
reaction, where fluorine atoms were produced by microwave discharge of a flowing F./He
mixture, and the OH absolute cross-section was measured at 13.8 eV. This was achieved by
measuring the photon intensities of H,O", OH" and O at 13.8 eV with the microwave
discharge on and off. By using the observed changes in ion signals, with the known cross-
sections of O and H2O at 13.8 eV, the cross-section of OH at this photon energy could be
determined. Also, the OH* photoion intensity was recorded over the photon energy range 12.6-
15.0 eV and the photoion intensity scale was converted to absolute photoionization cross-
section using the measured value at 13.8 eV. The curve obtained shows good agreement with
the CIS spectrum recorded for the OH* X3%, vt =0 « OH X?I1, v* = 0 ionization (30). Also,
comparison of the cross-sections derived at 13.436 and 14.193 eV from this plot with those
obtained earlier at these photon energies (146), shows that the earlier values are lower by

approximately a factor of 2 indicating that further measurements are needed to resolve this
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discrepancy. These examples highlight the point that the available experimental
photoionization cross-sections of reactive intermediates have been measured relative to a
suitable reference (or references, O and H2O in the case of OH) with a known cross-section,
such as a reagent or another reactive intermediate. For example, in the measurement of the
absolute photoionization cross-section of the 2-butyn-1-yl radical (CHs-C=C-CHy), at a photon
energy just above its first ionization energy (150), the radical was obtained from the F + 2-
butyne reaction and its cross-section was determined using the known cross-section of 2-butyne.
Also, where comparison can be made between available calculated and experimental cross-
sections, the agreement is poor (146,147,150), highlighting the need for improved methods to
calculate cross-sections which include resonant excitation processes, particularly at low photon
energies just above the first ionization threshold, as well as more cross-section measurements
on reactive intermediates.

The information summarised in sections 1, 2 and 3 suggest that it would be very
beneficial to carry out angle resolved PE and CIS studies with PEPICO. A recent study of the
OH radical by PEPICO (45), using synchrotron radiation as the photon source, illustrates the
advantages of combining information from these methods to obtain enhanced information on
the ionic states accessed and the ionization processes.

The ground electronic state configuration of OH is

16%2623c%1n8, X1

where each 1 orbital consists of an O 2p» atomic orbital and is thus non-bonding in
character, and the 3o orbital is a bonding orbital consisting of H1s and O 2ps contributions.
The (1n)* ionization produces the X3x~, a'A and b !=* ionic states, while the (3c)* ionization
gives rise to the AT and cIT states. The 21.22 eV PE spectrum of OH shows all three bands
associated with the (1) ionization. They exhibit non-bonding envelopes with AIEs of 13.01,
15.17 and 16.61 eV. For the (3c) ionization, only the OH*(A%IT) « OH(XZIT) band has been
observed. This is broad (AIE= 16.48 eV) with vibrational separations smaller than in the
ground state neutral (66).

In ref. (45), a PEPICO spectrum of the first band of OH recorded at a photon energy of
15.00 eV is compared with that recorded at 21.22 eV. The 21.22 eV PE spectrum of the first
band shows a strong adiabatic component and a weaker v* =1 component ( ~ 10% of the v* =
0 component in intensity) (65,66). In contrast, the 15.00 eV PE spectrum observed in the
PEPICO study shows enhanced intensity in the v = 1, 2 and 3 components, relative to the v*

= 0 component, with weaker intensity seen for v* >3 components. The CIS study (30) shows
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that this change in overall vibrational envelope derives from autoionization arising from
resonance at 15.00 eV with one or more OH Rydberg states, which are lifetime broadened
because of rapid autoionization. The dominant Rydberg state was identified as OH (a'A,9d)
with a possible contribution from OH(A®I1,3d) (30). A similar enhancement in the v* =1, 2
and 3 components, relative to the v© = 0 component, was observed in the case of OD at 15.0
eV photon energy and this could also be attributed to autoionization from resonant Rydberg
states with OH* (a*A) and OH*(A’IT) ionic cores.

This PEPICO investigation (45), and the studies reviewed in section 3, suggests that it
would be very advantageous to use PEPICO, performed with a VMI analyser for electrons
rather than a hemispherical electrostatic energy analyser as used in the work described in
section 2, to make angle resolved PE and CIS measurements on reactive intermediates. Such
studies are perfectly feasible but few PE and CIS studies of this type have yet been published.
These should be extremely informative as, as described earlier (in sections 1 and 2),
photoelectron angular distribution measurements provide information on the nature of the
molecular orbital from which an electron has been removed and the angular momentum
character of the free electron. Also, when autoionization occurs, the nature of the excited state
can be investigated by angularly resolved PE and CIS studies. It is noted that for some of the
reactive intermediates listed in Table 2, experimental information includes PE spectra recorded
as a function of photon energy (this would form the basis of a CIS study) and [-parameters
have been measured for the first bands of CF3z (56) and HNC (60) at selected photon energies.

However, much more progress in this area can be anticipated.

4. Conclusions

In this review, the development of photoionization studies of reactive intermediates
with synchrotron radiation has been outlined by considering a number of examples. This
research area developed from the study of reactive intermediates with conventional PES using
an inert gas discharge as the ionization source, through to the present, where reactive
intermediates are studied with PEPICO and TPEPICO using synchrotron radiation. Sections 1
and 2 have discussed the basic principles of PES, CIS and TPES and their application to study
photoionization of reactive intermediates. Section 3 has outlined the basic principles of

PEPICO and TPEPICO. It has also summarised recent studies and existing applications of
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PEPICO and TPEPICO, and indicated areas of future application for the study of reactive
intermediates, notably the use of PEPICO for angle resolved PES and CIS studies.
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Table 1

List of Studies of Reactive Intermediates with Synchrotron Radiation performed by the
Southampton group

Ref. | Topic Technique/Synchrotron/Beamline(BL) Earlier
No. Conventional PES
26. SO PES, CIS Daresbury BL3.2 62
217. SO PES, CIS Daresbury BL3.2 62
28. CS PES, CIS Daresbury BL3.2 63
29. | O2(%Ay) PES, CIS Daresbury BL3.2 64
25. PE Description of the design and operation of

Spectrometer | the spectrometer
30. |OH,0D PES, CIS Daresbury BL3.2 65,66
24. A review Summary of measurements made

at Daresbury on BL3.2
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31. | 02(*Ag) angle | PES, CIS Daresbury BL3.2 64
resolved study
32. Short over- A short over-view article of work to-date
view
33. O atoms PES, CIS Daresbury BL3.2 67
and Elettra BL4.2R
34. S, SH PES at Elettra BL4.2R 68
35. N, OH PES and CIS at Elettra BL4.2R 65,66,67
36. NO PES and CIS at Elettra BL4.2R 69
37. CF PES and CIS at Elettra BL4.2R 70
38. S PES and CIS at Elettra BL4.2R 68
23. I, IF PES and TPES at Elettra BL4.2R 71
39. CF2 PES and TPES at Elettra BL4.2R 13
40. I PES and CIS at Elettra BL4.2R 71,72
41. I PES and CIS at Elettra BL4.2R 71,72
42. N2 PES and TPES at Elettra BL4.2R 73
Vibrationally
excited
43. H202 PES and TPES at Elettra BL4.2R 74
Table 2
List of Studies of Reactive Intermediates by PEPICO and TPEPICO with Synchrotron
Radiation ®
Reactive Reference PE Synchrotron ® Ref. to earlier
Intermediate; Technique Conventional
No of Atoms n PES
n=1
H 44 TPES SW 67,73
@) 44,45 TPES ,PES | SW, SL 67
n=2 OH, OD | 44,45 TPES,PES | SW, SL 65,66
CH |46 TPES,SPES | SL
CN |47 SPES SL
NH |48 TPES,SPES | SL 75
PN |49 TPES SW 76
PO |50 TPES SW 77
n=3
CoH | 51 SPES SL
52 PES SL
CNC
52 SPES SL
CCN
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Cs 53 SPES SL
CH, | 61 TPES SL
NH, | 54 TPES SL, SW 75
60 PES SL
HNC
n=4
I-CsH, ¢c-C3H | 53 SPES SL
CHs, CH2D, 55 TPES SL 77
CHD,, CD3
CF3 56 TPES SL
CH2Br | 57 TPES SW 79
CH2l | 58 TPES SW 79
52 SPES SL
HCCN
59 SPES SL
HBBH

(@) Only Reactive Intermediates with up to 4 atoms are considered, in order that Table
2 is comparable with Table 1.

(b) SW = vuv beamline at the Swiss Light Source (Villagen, Switzerland)
SL = vuv beamline at the SOLEIL synchrotron (St.Aubin, France)

Table 3 lonic vibrational constants and adiabatic and vertical ionization energies for
the two observed IF bands.
IF* (XI13r) IF* (*IT112) IF (CLse) 7 ()
ref. 71 ref. 71

e [cm™?] 696 + 2 687 + 2 700 = 30 710+ 30
oeXe [cM™] 3.0%05 12+05 10+5 10+5
re [A] 1.836 + 0.005 1.832 + 0.005 1.82+0.01 1.82+0.01
AlE [eV] 10.538 £0.001 11.244+0.001 10.54+0.01 11.24 + 0.01
VIE [eV] 10.538 £0.001 11.329+0.001 10.62+0.01 11.32 +0.01
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Spin-orbit
5690 + 8 5560 + 40

Splitting [cm™]

Table 4

Allowed Rydberg states, which converge to the I* 1Sy ionic state, to which transitions are
allowed from the ground state I...5s?5p®(?Ps2) and which autoionize to the ionic states I*---
5s25p*(3P2) or 1*---5525p*(*Dy), in the Jcl coupling scheme

Excited states [Jcl]sfina ToNic state after ionic state after
autoionization autoionization
|+ 3P2 |+1D 2
5525p*(*So)ns 2S12 [00]12  55%5p*(PP2) + &d 5s25p*(*D2) + ed
5525p*(*So)nd 2Dsy2 [02]5/2 5s25p*(3P2) + es/ed 5s25p*(*Dy) + es/ed
5s25p*(1So)nd 2D3z - [02]z2  5s%5p*(3P2) + es/ed 5s25p*(1D,) + es/ed
Table 5

Energy of resonances converging to the 1*(So) threshold at 14.109 eV, recorded in CIS spectra
for the first, I"(3P2) « 1(?P32), band of iodine atoms at @ = 54°44'. Also shown, are the effective
and principal quantum numbers, n* and n, the fitting parameters, g, I', p?> and I'n"® for each

Rydberg state.

(i) ns [0] % series

En/eV n* n q I'/meV I'n*3
13.258 4.00 8 -1.75 85+28 |054
+0.0008 | £0.01 +0.35 0.18
13.576 5.50 9 -0.64 8.6 3.2 1.43
+ 0.002 +0.02 + 0.55 + 0.53
13.736 6.04 10 -1.78 70+26 |155
+ 0.001 + 0.03 +0.72 +0.64
not seen 11

13.900 8.06 12 -2.21 4.5 2.37
+0.001 + 0.06 +141 +23 +1.21
13.951 9.29 13 -0.89 15 1.20
+0.001 +0.10 +0.72 +31 + 252
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(i) nd [2]512,312 Series

En/eV n* n q I'/meV | I'n*®
13.056 3.59 6 2.30 24.4 1.13
+0.001 +0.01 +014 | +18 +0.08
13.468 4.61 7 2.82 12.2 1.19
+0.001 +0.01 +0.18 +14 +0.14
13.681 5.64 8 2.69 10.0 1.79
+0.001 +0.02 +0.17 +1.0 +0.18
13.803 6.66 9 3.00 6.9 2.04
+ 0.001 + 0.03 +0.42 +14 +0.40
13.878 7.67 10 2.09 6.2 2.82
+ 0.001 +0.05 +0.34 +18 +0.84
13.929 8.70 11 2.75 6.3 4.13
+ 0.001 + 0.08 +0.82 +18 +1.21
13.966 9.74 12 2.84 1.4 6.83
+ 0.002 +0.12 +1.52 +15 + 3.48
13.990 10.70 13 1.81 6.5 7.98
+ 0.002 +0.16 +1.01 +28 + 3.48
Table 6

lonisation energies and quantum defects obtained from the fit of series converging to the 17(:So)
threshold at 14.109 eV. Also shown, is the difference in meV from the value given in ref.(100)

(14.109 eV).
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AE relative to o

E. (eV) the value in
ref (100)
(meV)
0=0° 1%pand 14.1114 * 0.0027 2.4 3.79 = 0.10
ns[0]u/2 4"pand  14.1121 + 0.0039 3.1 3.77 + 0.15
series 0 =54°44 1%band  14.1122 + 0.0086 3.2 3.77 + 0.36
4" pand  14.1111 + 0.0042 2.1 3.65 + 0.15
0 =0° 1%pand 14.1116 * 0.0021 2.6 2.35 + 0.06
nd [2]s:2,372 4M™band  14.1116 + 0.0013 2.6 2.24 + 0.03
__series 0 =54°44 1%band  14.1128 * 0.0010 3.8 2.34 + 0.30
4"band  14.1137 + 0.0029 4.7 2.27 + 0.07
Table 7

The asymmetry parameter,3, for different values of the angular momentum transfer
quantum number, j:(102,103) @,

jt Iodd B Ieven B
0 1 2
1 1 -1 0 0
2 1
2 1 1/5 2 -1
3 415
3 3 -1 2 27

56



4 5/7

4 3 3/9 4 -1
5 6/9

(@) The angular momentum transfer is defined as the angular momentum transferred between
that atom, and the ion and photoelectron (see text).
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Figure Captions

Figure 1
A schematic potential energy diagram at a photon energy which gives resonant ionization

Figure 2

Hel photoelectron spectrum recorded for discharged oxygen. In this figure, the numbers used
to label bands associated with the ionizations are as follows:-

1. 02 *(X 2Ig) <« O2(alAg); 2.0z *(X lg) «02(X3%g);

3. 0" (*S) «-O(P); 4. 0z *(a *TTy) «02(X%T;); Oz *(A2M1y) «02(X38);
5. 0" (?D) <~ O(P); 6. Oz *(A ) «O02(X3857); 02 *(C *Dy) < Oa(a 'Ay);
7.02*(b %2 7g) «02(X3Zy); 8. 02 *(D?Ag) « O2(a lAy);

9.02 (B2 g) «02(X3%g);

(Reproduced from ref.(29) with permission of AIP Publishing).

Figure 3

CIS spectra recorded for Oz (X 2[Ig)v* «O2(a *Ag)v” = 0 over the

photon energy region 14.0-15.0 eV, for vF =0, 1, 2, 3. The black circles

indicate the computed CIS relative intensities obtained from Franck—Condon

calculations (see the text). (Reproduced from ref.(29) with permission of AIP Publishing).

Figure 4

Photoelectron spectra recorded at hv = 14.37 eV (i.e. at the position of band B in Fig. 3) for
discharged and undischarged oxygen, in the ionization energy region 11.0-14.4 eV. The
black circles in the lower part of this figure represent computed relative vibrational intensities
obtained by summing the direct and autoionization computed envelopes (see the text).
(Reproduced from ref.(29) with permission of AIP Publishing).

Figure 5

Hel photoelectron spectra recorded for a flowing SO2/Ar mixture. (a) recorded with the
microwave discharge off, and (b) recorded with the microwave discharge on. (Reproduced
from ref.(27) with permission of AIP Publishing).
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Figure 6

CIS spectra recorded for SO* b*s™, vt «-SO X3 v"=0,for v*=0andv*'=1 inthe
photon energy range 15.1-16.4 eV. (Reproduced from ref.(27) with permission of AIP
Publishing).

Figure 7

Photoelectron spectra of the fourth band of SO recorded at photon
energies of (a) 21.218, (b) 15.535, (c) 15.855, and (d) 15.970 eV. (Reproduced from ref.(27)
with permission of AIP Publishing).

Figure 8

TPE (upper) and PE (lower, photon energy 21.0 eV) spectra recorded for a flowing CF, and Ar
mixture in the 11.3-13.2 eV ionization energy region.
(Reproduced from ref.(39) with permission from Wiley-VCH Verlag GmbH & Co. KGaA).

Figure 9

Expanded TPE spectrum of CF2in the 11.4-12.2 eV photon energy region (upper). Simulated
CF2" (X?A1) «<— CF2(X'A1) photoelectron spectrum for 0 K Boltzmann vibrational
temperature (lower). (Reproduced from ref.(39) with permission from Wiley-VCH Verlag
GmbH & Co. KGaA).

Figure 10

Expanded TPE spectrum of CF2in the 11.4-12.2 eV photon energy region (upper). Simulated
CF2" (X2A1) «— CF2(X'A1) photoelectron spectrum for 600 K Boltzmann vibrational
temperature (lower). (Reproduced from ref.(39) with permission from Wiley-VCH Verlag
GmbH & Co. KGaA).

Figure 11

A simulated spectrum showing assignment of the main structure in the low energy region
(11.3-12.2 eV) in the first photoelectron band of CF». The doublet structure observed in some
of the bands arises because 2v»* is approximately equal to v1*. The main structure shown
corresponds to  (v1*,v2*,0) <« (0,0,0) combination bands with vi*and v,* =0, 1, 2 and 3.
(Reproduced from ref.(39) with permission from Wiley-VCH Verlag GmbH & Co. KGaA).

Figure 12
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PE spectrum recorded for the F + CHzl> reaction at hv =21.22 eV at 6 = 54°44’ and
3 cm mixing distance above the photon beam showing a “low” | to IF ratio (see text).
(Reproduced from ref.(23) with permission of ACS Publishing).

Figure 13

TPE spectrum recorded for the F + CH:l2 reaction in the 10.3 - 12.3 eV photon energy
region at a mixing distance of 3 cm above the photon beam. (Reproduced from ref.(23) with
permission of ACS Publishing).

Figure 14

CIS spectra of the first PE band of iodine atoms (1*(*P2) «<— I1(?P32)) recorded at an angles of
(@) 6 =0° and (b) 6 = 54°44’ in the photon energy region 12.9 to 14.1 eV, showing
autoionizing resonances converging to the I*(!Sp) threshold at 14.109 eV. (Reproduced from
ref.(40) with permission of AIP Publishing)

Figure 15

Beta plots recorded over the photon energy region 12.9 to 14.1 eV. Spectrum (a) was
recorded for the 1"(3P2) « 1(*P312) band of iodine atoms whereas spectrum (b) was recorded
for the I'(*Dy) < 1(*P312) band of iodine atoms. The resonance positions in the CIS spectra
have been marked on for reference. (Reproduced from ref.(40) with permission of AIP
Publishing)
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