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Coulomb explosion imaging (CEl) methods are finding ever-growing use as a means of exploring and
distinguishing the static stereo-configurations of small quantum systems (molecules, clusters, etc). CEl
experiments initiated by ultrafast (femtosecond-duration) laser pulses also allow opportunities to track the time-
evolution of molecular structures, and thereby advance understanding of molecular fragmentation processes.
This Perspective illustrates two emerging families of dynamical studies. ‘One-colour’ studies (employing strong
field ionisation driven by intense near infrared or single X-ray or extreme ultraviolet laser pulses) afford routes to
preparing multiply charged molecular cations and exploring how their fragmentation progresses from valence-
dominated to Coulomb-dominated dynamics with increasing charge and how this evolution varies with
molecular size and composition. Two-colour’ studies use one ultrashort laser pulse to create electronically

Received 17th April 2023, excited neutral molecules (or monocations), whose structural evolution is then probed as a function of pump—

Accepted Ist June 2023 probe delay using an ultrafast ionisation pulse along with time and position-sensitive detection methods. This

DOI: 10.1039/d3cp01740k latter type of experiment has the potential to return new insights into not just molecular fragmentation

processes but also charge transfer processes between moieties separating with much better defined

rsc.li/pccp stereochemical control than in contemporary ion-atom and ion-molecule charge transfer studies.
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|. Introduction

Photodissociation is a particular form of chemical reaction in
which the absorption of a photon (or multiple photons) of light
by a molecule leads to its fragmentation. Vital examples include
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high altitudes in the Earth’s atmosphere, and of ozone (O3)
to O, plus an O atom by longer wavelength ultraviolet (UV)
photons lower in the stratosphere. Together, these two photo-
dissociation processes are key to establishing the localisation
(in altitude) of the ozone layer."?

Those interested in molecular photodissociation dynamics
seek insights and understanding beyond simply determining
the photoproducts. Such studies are often conducted as
‘pump-probe’ experiments, in the gas phase, at low pressures,
mostly under jet-cooled molecular beam (i.e. collision-free)
conditions, and seek to answer questions like: in what quan-
tum (electronic, vibrational, rotational, spin-orbit, etc.) states
are the products formed, and/or what are the various product
recoil velocities, ¥? The photoexcitation event usually involves
an electric dipole transition, the probability of which is max-
imised when the electric (g) vector of the exciting radiation is
aligned parallel to the transition dipole moment (p). Thus,
photoexcitation typically creates an anisotropic distribution of
excited molecules. If the photoexcited molecules dissociate
rapidly (i.e. on a timescale that is fast compared with the period
of molecular rotation), this spatial anisotropy should be
revealed as an angular anisotropy in the product yield, ie.
in a correlation between p and v, and thus between ¢ and v.
Other correlations, e.g. between p and the rotational angular
momentum, J, of a photofragment, and even between the
fragment v and J vectors, can be observed in favourable
cases.” All such information reports on the forces acting on
the nuclei of the molecule in the act of dissociating. These
forces are determined by the topography of the potential energy
surface(s) (PES(s)) sampled during the dissociation process.
Calculations of excited (and ground) state PESs for small and
medium-sized neutral molecules, and of the non-adiabatic
couplings between these PESs, are now amenable to contem-
porary ab initio electronic structure methods. Methods of
calculating nuclear dynamics on such PESs are also advancing
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impressively, enabling increasingly rigorous and fruitful points
of comparison between experiment and theory.*”

Until quite recently, experimental studies of molecular
photofragmentation processes in the gas phase have tended to
group into one of two classes.® Both start with the ‘pump’ step -
photoexcitation, typically with a short duration pulse of reason-
ably monochromatic light from a laser. One class relies on
‘probing’ the (typically electronic) spectrum of one or more of
the photofragments - which in this class of experiments are
most usually diatomic species. The density of photofragments in
such experiments is generally too low to allow use of absorption
detection methods; favoured probe methods include laser
induced fluorescence (LIF) and resonance enhanced multipho-
ton ionisation (REMPI) spectroscopy. Given a thorough under-
standing of the diatomic fragment spectroscopy, analysis of the
spectral line intensities allows determination of the product
quantum state population distributions,” while measurements
of Doppler broadened spectral lineshapes (linewidths) can give
information about the fragment recoil velocities.®

The second class of experiments report directly on the velo-
cities (and thus the translational energies) of one or more of the
photofragments. Early photofragment translational spectroscopy
(PTS) experiments used electron impact ionisation and mass
spectrometric detection methods after the photofragments had
recoiled along the detection axis. Current methods of choice ‘tag’
the fragment of interest immediately after its creation. Velocity
map imaging (VMI) methods (Fig. 1) where the target photofrag-
ment is ionised at source (in a state-selective manner, by REMPI)
and then accelerated onto a two-dimensional (2-D) time and
position-sensitive detector, have had major impact in this
field.'*™** The image reports the velocity distribution of the
probed fragment and, in favourable cases, shows structure which
upon analysis reveals the quantum state population distribution
in the partner fragment. A variant, that has been widely applied in
studies of the photodissociation of hydride molecules that yield H
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Fig. 1 (a) Schematic of a velocity-map imaging (VMI) experiment. A molecular beam of the target molecule (usually seeded in excess inert carrier gas) is

crossed with a pump laser pulse, which initiates photodissociation. One (or more) chosen fragments are then ionised, using an appropriate probe laser
pulse, and the charged atomic and/or molecular fragments are accelerated towards a position-sensitive detector by an electric field, yielding an (x, y, t)
data point for each fragment ion. The ion arrival times correlate with their mass-to-charge (m/z) ratio, and the arrival positions correlate with their
velocities. VMI studies of near infrared (NIR) strong field ionisation (SFI) or extreme UV (XUV) induced Coulomb explosions such as those described in
Section Il employ a similar set-up but with just one ultrafast laser pulse to induce CE. VMI studies of molecular photofragmentation processes using CE as

the probe, such as those described in Section IlI, use ultrafast NIR SFI or XUV photons as the probe pulse. (b) Illustrative velocity map images of CF,*

CFs* and I* fragment ions from NIR SFI of CFsl at / = 650 TW cm™2.

(or D) atom fragments, involves two photon resonant excitation to
Rydberg states of the H (D) atom lying at energies just below the
ionisation limit.'® These Rydberg states are sufficiently long lived
to allow measurement of their times-of-arrival at a distant detec-
tor. Such ‘Rydberg tagging’ experiments also return velocity
information, ie. the fragment recoil speeds and directions. Com-
bining such data with the requirements of momentum and total
energy conservation in the overall photodissociation process can
yield parent bond dissociation energies and detailed insights into
the partitioning of any excess energy (i.e. energy provided by the
pump photon in excess of that required to break the bond) within
the products and thus the photodissociation dynamics."’'® Again,
however, the data returned by the probe process generally requires
quite detailed knowledge and understanding of the spectroscopy
of the partner fragment.

The introduction of femtosecond lasers as a mainstream
laboratory tool saw the growth of an alternative family of
pump-probe experiments offering much higher time resolution
but, in many cases, lower spectral resolution. The focus now
turned to exploring molecular photodissociation dynamics by
probing the evolution from excited parent molecule to dissocia-
tion products in real time, rather than interrogating the
asymptotic fragments in the greatest possible detail.*® The first
such experiments typically used gas phase samples and LIF or
REMPI (i.e. spectroscopy based) probe methods, but interest

16674 | Phys. Chem. Chem. Phys., 2023, 25, 16672-16698
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was growing in the use of other probe techniques like time-
resolved photoelectron spectroscopy”’>* and techniques with
the potential to yield structural information directly. Other
ultrafast pump-probe studies have sought to explore the dyna-
mical aspects of molecular photofragmentation processes in
solution. Transient absorption probe methods offer a means of
tracking the formation (and subsequent relaxation) of not just
‘traditional’ photofragments formed by bond fission,”>” but
also of acyclic isomers formed by photoinduced bond fission in
a cyclic parent molecule.*®

Returning to the gas phase, ultrafast electron diffraction
probe methods attracted early attention,> but achieving suffi-
ciently intense, short duration electron pulses to enable mea-
surable signals from dilute gas phase samples is a major
challenge - that is now being overcome at leading international
facilities.*** Coulomb explosion imaging (CEI) is another
emerging technique, that is increasingly finding use both as a
route to exploring the fragmentation of multiply charged
cations and as a means of probing molecules in the act of
dissociating. Removing several electrons from an isolated
molecule yields a multiply charged cation that dissociates by
Coulomb explosion (CE). The term CE was introduced to
describe and rationalise the fragment ions and their kinetic
energy distributions following X-ray induced core ionisation of
molecules like HI and CH,L.** The earliest illustrations of CEI

This journal is © the Owner Societies 2023
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Fig. 2 Newton plots showing the absolute momenta of (a) N* and H* and
(b) N* and C* fragment ions following CE of 2-iodopyridine (CsNH,4l,
structure shown in the inset). All data sets contributing to these plots
involved detection of the I*, N* and at least one H* and one C* ions, and
the coordinate frame has been rotated so that in all cases the I* momen-
tum points in the +z direction. (Adapted from Boll et al, ref. 42, with
permission from Springer Nature, copyright 2022.)

involved small molecular ions like CH,*, which were acceler-
ated to high velocities and arranged to impact on, and pass
through, a very thin (~3 nm thick) metal foil.*>*® This inter-
action led to the stripping of further valence electrons, and CE.
Determining the speeds and the directions of the resulting
fragment ions allowed reconstruction of the parent cation
structure at the instant of CE.

Short (femtosecond) duration laser pulses are now increas-
ingly being used to initiate the CE of isolated molecules,*”*°
providing new insights into the structures of molecules and
small clusters,**** enabling the distinction of isomers*>*® and
even enantiomers*”*® and the preparation of exotic cations.*’
Such experiments have, for example, recently allowed real-time
studies of the Jahn-Teller driven distortions of the CH,"
cation.”® Fig. 2 provides an impressive recent illustration,
where CE methods have been used to reveal the momenta
(and thus, after due processing, the positions) of all atoms
within the 2-iodopyridine molecule. Note the constrained C*
ion that was originally bonded to the I atom in the neutral
parent molecule (C2 in Fig. 2). This Perspective has another
focus: how CEI methods are offering new ways of exploring the
fragmentation dynamics of multiply charged cations and, when
used as the probe in pump-probe experiments, of neutral
molecules and singly charged molecular cations.

Current laser-induced CEI studies partition into two broad
families, distinguished by the way in which the CE is initiated.
One uses the focussed fundamental output of, typically, a
Ti-Sapphire laser providing near infrared (NIR) wavelengths
around 800 nm to effect strong field ionisation (SFI).>** The
other employs one (or more) high-energy extreme UV (XUV) or
soft X-ray photons, typically from a free-electron laser
(XFEL).>>° In SFI, the neutral species of interest is elevated
to (normally a range of) multiply charged states of the parent
cation by the removal of several valence electrons. In soft X-ray
excitation, in contrast, the wavelength is typically tuned to
maximise the probability of removing one (or more) inner-
shell electrons from a target nucleus (i.e. the initial excitation is
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much more site-specific) and the multiply charged states of the
cation are formed by subsequent (rapid) Auger-Meitner (AM)>”
cascade. In both cases, the multiply charged cations then
‘explode’ by virtue of the Coulombic repulsion between the
constituent nuclei. Determining the velocities and momenta of
the charged products using contemporary time- and position-
sensitive detectors allows a direct mapping of the positions of
the charged nuclei in coordinate space, i.e. a non-spectroscopic
view of the fragmentation dynamics.

Laser-induced CEI studies further sub-divide according to
the specifics of the time and position-sensitive detection
method. Much of the data reported in this article was obtained
using multi-mass imaging methods, high count rates (>10
ions per laser shot) and covariance mapping techniques®® to
explore and establish possible correlations between different
fragment ion pairs. An alternative approach, traditionally invol-
ving lower ion count rates and longer data accumulation times,
relies on measuring coincidences between all fragment ions -
as, for example, in the cold-target recoil-ion momentum
spectroscopy (COLTRIMS) experiment used to generate the data
shown in Fig. 2.

The illustrative examples that follow draw heavily on published
and hitherto unpublished work performed in Bristol using NIR-
SFI to induce CE but, when possible, the findings are compared
and contrasted with those obtained when initiating CE by X-ray
excitation (i.e. core ionisation). Note that some of the hitherto
unpublished Bristol data are presented as ESI{ to maintain a
‘bigger-picture’ narrative appropriate for a Perspective article.

Il. Fragmentation of multiply charged
molecular cations.
CF;I and alkyl iodides

Fig. 3 shows time-of-flight (TOF) mass spectra of the fragment
ions, after conversion to spectra of ion mass/charge (m/z) ratio,
formed following 805 nm SFI of a jet-cooled CF;I sample
recorded at three different incident intensities: I = 260, 650
and 1300 TW cm 2. We note that an ultrafast laser pulse
presents a spatially and temporally varying spread of intensities
and that there are many ways to report a laser intensity; the
values reported here are peak intensities, calculated using a
priori knowledge of the input beam conditions and profile.”®
The spectrum recorded at lowest I is dominated by peaks with
miz 127 (I') and 69 (CF;"), with weaker features at m/z 177
(CF,I"), 146 (IFY), 139 (CI"), 88.5 (CF,I*"), 63.5 (I**), 50 (CF,")
and 31 (CF"). These same peaks appear in the spectra recorded
at higher I, along with peaks at m/z 42 (), 34.5 (CF;*"),
25 (CF,>"), 19 (F"), 15.5 (CF*"), 12 (C"), 9.5 (F*") and 6 (C*").
The companion images show an obvious I*" component within
the m/z 31 signal measured at high .°° Knowing both the time
and the position of arrival of each ion at the detector allows
determination of the I-dependent velocity (P(v)) (and momen-
tum P(p)) distributions of each fragment ion and identification
of correlations between the various product ions, i.e. products
arising via a common fragmentation process.

Phys. Chem. Chem. Phys., 2023, 25,16672-16698 | 16675
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Fig. 3 TOF spectra of the fragment ions observed following 805 nm SFI of
CFsl at | = (a) 260, (b) 650 and (c) 1300 TW cm ™2, displayed with a mass/
charge (m/z) scale, with the regions appropriate for CF,I?*, CI*, IF* and
CF,lI* ions shown on expanded vertical scales in the insets within panel (a).
For ease of comparison, the spectra are displayed so that the m/z 69 (CFs*)
peak appears with the same peak intensity in each.

These data, the results of analogous studies of the fragment
ions from NIR SFI of CH3I*® and complementary ab initio trajec-
tory simulations®® all point to a continuum of behaviours for
CF,I”* parent ions, ranging from simple, ‘diatomic-like’ C-1 bond
fission at low Z, through a complex pattern of fragmentation
behaviours involving loss of one or more F atoms (or ions) at
intermediate Z, before approaching limiting Coulomb-driven dis-
sociation at high Z (> N, where N is the number of atoms in the
molecule), i.e. Z > 5 in these cases.

Here we focus on the low I data and the insights they provide
into the fragmentation of CF;I*" cations. Fig. 4(a)-(d) show
symmetrised images of the I' and CF," (n = 1-3) fragments,
recorded with the laser polarisation vector, &, aligned vertically

Normalised Intensity / arb.

| .
0 0.5 1 1.5 2 25 3 3.5 4 4.5
Momentum / 10?2 kg m st

View Article Online
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in the plane of the image, as shown in the top left-hand panel.
All images displayed in this work are plotted using a linear
false-colour scale that spans the maximum to minimum inten-
sity recorded in the pixels within each image. Image analysis
yields the respective velocity distributions, which are plotted as
P(p) distributions in Fig. 4(e). The low momentum features in
the I' and CF;" fragment distributions are attributable to rival
dissociative ionisation (DI) pathways from singly charged CF5I"
parent ions and are not considered further.®® The higher
momentum features in these P(p) distributions match well,
consistent with ‘diatomic-like’ fragmentation of the CF;I**
dication, i.e.

CF,I*" - CF;" + 1. (1)

This channel had been identified previously in coincidence
studies following XUV photoexcitation of CF;I at discrete ener-
gies in the range 40-50 eV.°> Covariance map images derived
from the present data provide another way of identifying correla-
tions between given pairs of fragments. Fig. 4(f) and (g) show,
respectively, the (CF;", I') and (CF,", I') covariance images. In
these depictions, the I' ion has been selected as the reference ion
(and its velocity fixed to be vertically upwards - defined as ¢ = 0°
and illustrated by the red arrow in these panels) and the
correlated 2-D velocity distribution of the CF," partner is then
displayed in the frame defined by the reference ion. The correla-
tions between the CF;" and I" products are tightly focussed along
¢ =180°, as required by momentum conservation in the case of a
two-body dissociation. The correlation between the CF," and T
products is also centred along ¢ = 180°, but the covariance map
image is more diffuse. This finding, and the evident similarities

cov(CF5*,I)

cov(CF,*,I)

Fig. 4 Symmetrised images of the (a) I*, (b) CFs*, (c) CF," and (d) CF* fragments formed by 805 nm SFI of CF3l at / = 260 TW cm™2. The ticks on the
white horizontal scale on each image indicate 1000 m s~ intervals. The & vector of the SFI laser radiation is shown by the double headed red arrow in
(a) and the relative signal intensities are shown using the linear false-colour scale that spans the maximum to minimum signal levels in the regions of
interest within each image displayed at the end of the first row. The momentum distributions derived from these images are shown in (e). (f and g) Show,
respectively, the (CFs*, I*) and (CF,", I") covariance map images, with the velocity of the I* reference ion chosen to be vertically upwards (shown by a red
arrow) and the covariance signal of interest in each case bounded by dashed white lines.

16676 | Phys. Chem. Chem. Phys., 2023, 25,16672-16698

This journal is © the Owner Societies 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp01740k

Open Access Article. Published on 02 June 2023. Downloaded on 3/6/2026 10:19:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

between the various CF," velocity distributions, suggest that
these CF," fragments arise by neutral F atom loss from internally
excited primary CF;" photoproducts. Covariance map image
analysis also identifies a (more diffuse) correlation between I
and CF' products (consistent with loss of two F atoms or of F,
from primary CF;" products) and other charge symmetric frag-
mentation channels to CF,I" + F* and to CF," + IF" product pairs,
while the measured velocity distribution of the I** fragments also
implies operation of the charge asymmetric CF; + I** dissocia-
tion pathway.®°

As noted above, some but not all the above fragmentation
channels for CF;I°" cations had been identified in a previous
study using photoelectron-photoion-photoion and TOF photo-
electron-photoelectron—-photoion-photoion coincidence spectro-
scopy methods.”> Compared with CEI, such coincidence
experiments, particularly when performed using tuneable XUV
photons from a synchrotron, offer better control and definition
of the excitation energy and the electronic state(s) in which
the dication is prepared. But, as illustrated here, NIR SFI CEI
measurements offer a substantial multiplex advantage (the pre-
sent data sets reveal not just the various fragmentation channels
for Z = 2 cations described here, but also provide information
about the fragmentation of CF;1%* (Z > 2) states, for which there
is no prior experimental data, and can be undertaken in just a few
hours using a table-top laser experiment.

Alkyl iodides, especially CH;I, have featured in many ima-
ging studies designed to explore CE dynamics. NIR SFI CEI
studies of CH,I°>**™® again illustrate the transition from
‘diatomic-like’ dissociation to CH;" + I" products in the case
of CH;I*" cations, where valence bonding forces compete with
Coulomb repulsion,®® through to Coulomb dominated disso-
ciations yielding 17" (g < 6) fragment ions at the highest
intensities used in the Bristol experiments®® and, as an extreme
example, complete explosion to H', C’* (p < 4) and I?" (g < 15)
fragments (i.e. from CH;I*" cations with Z < 22) following
absorption of multiple 5.5 keV X-ray photons.®®

Many of the studies involving CH3;I where CE has been
induced by one or more X-ray photons are ultrafast pump-
probe studies, primarily designed to explore the ionisation and
charge transfer (CT) dynamics as a function of time following
an initial pump pulse that triggers C-I bond extension and
progressive separation of the (neutral) I and CH; fragments.
The results of an early experiment of this type, employing
1.5 keV probe photons, were interpreted in terms of (i) near-
exclusive core jonisation of the iodine atom, (ii) subsequent fast
(sub-femtosecond) AM decay leading to multiple positive
charges localised on the iodine site and (iii) subsequent redis-
tribution of this charge over the entire molecule, leading to fast
Coulomb-repulsion dominated fragmentation.®” At early
pump-probe time delays (corresponding to small H;C- - -I bond
extensions), the time-dependent 1" yields show clear evidence
of CT from the 17" to the CH; moiety (or, more accurately,
electron transfer from the CH; to the multiply charged 19*
centre). We revisit such pump-probe data in Section III.

Here, we note that such a two-stage picture — AM decay
leading to localised charging within part of the molecule and

This journal is © the Owner Societies 2023
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subsequent redistribution of this charge - is also often
assumed in the case of XUV ionisation of molecules at their
equilibrium geometry. Such processes probably merit further
study. The valence electrons released after AM decay following
core-ionisation at the equilibrium geometry emanate from
molecular orbitals (MOs) that, in many cases, will be deloca-
lised over the nuclear framework. Would the sequential picture
outlined above for an alkyl iodide, in which the least tightly
bound valence electrons in the ground state molecule are in
‘atomic-like’ p-orbitals localised on the I atom, extrapolate to,
for example, XFEL induced ionisation of a non-polar molecule
in which the least tightly bound electrons are in delocalised n
orbitals?

Related questions apply when considering CE induced by
NIR SFI, which lacks the initial site-specificity achieved by core-
ionising a particular atom. Ionisation in this case is typically
pictured as starting with the least tightly bound electrons;
increasing the incident intensity leads to the progressive ejec-
tion of more of the less tightly bound valence electrons. NIR SFI
might thus be expected to encourage simultaneous charging of
multiple nuclei within a molecule. Again, however, alkyl
iodides may not be ‘general’ test systems since, as noted above,
the least tightly bound electrons in the ground state molecule
are in orbitals localised on the I atom. So, even in the case of
NIR SFI, the initial stages of the CE process in molecules like
alkyl iodides, where the highest occupied MOs are localised
non-bonding orbitals, may best be pictured as preferential
charging of the I site and subsequent CT.

1,2-Dichloroethene

This example is chosen to illustrate the potential isomer
selectivity afforded by CEI. Previous spectroscopic studies of
the cations of both the cis- (or Z-) and ¢rans- (or E-) isomers of
1,2-dichloroethene (DCE) have mainly focussed on the respec-
tive Z = 1 ions. Photoelectron spectroscopy methods have
returned first adiabatic ionisation energies of both isomers
(IE ~ 9.65 eV)°®*® and insights into the low-lying excited
electronic states of both cations.”®”” Threshold photoelectron-
photoion coincidence studies’*”* have established the onset of
the DI process

HCIC=CHCI + hv — H,C,Cl" + Cl + e~ (2)

at E ~ 12.10 eV for both isomers and ab initio calculations
suggest rapid H atom migration following photoexcitation, so
that the fragment ion in both cases is the C,, symmetry
H,C—=cCcl" species.74 The relative yields of H,C,Cl" fragment
ions fall steeply at excitation energies E >16 eV. C,H," frag-
ments dominate at these higher excitation energies and the
shape of the energy-dependent breakdown curves suggests that
these ions are formed by Cl loss from highly internally excited
H,C,CI" species. A (weaker) rival DI process yielding HC,CI"
ions, by HCI elimination, has been observed at E > 12.7 eV and
a further increase in the relative yield of HC,Cl" fragment ions
once E >17 eV has been attributed to H atom loss from the
primary H,C,CI" species.”*”> There are no documented DI
channels for the Z = 1 parent cations yielding CI" fragments.
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Fig. 5 TOF spectra of fragment ions observed following 805 nm SFI of
cis- and trans-1,2-dichloroethene (red and black traces, respectively) at | =
(a) 260, (b) 650 and (c) 1300 TW cm™2, displayed with a mass/charge (m/z)
scale. The various spectra have been plotted so that the Cl* peak is
displayed with a common intensity and, for ease of display, the intensity
of the H* peak (ie. the m/z < 2 region) has been reduced by factors of
4 and 8 in panels (b and c), respectively. The inset in panel (a) highlights the
relatively much greater yield of Cl,* ions with v > 500 m s~* from SFI of
the cis-isomer at / = 260 TW cm™2.

Fig. 5 shows m/z spectra of the fragment ions formed by
805 nm SFI of cis- and trans-1,2-DCE diluted in He (red and
black traces, respectively) at I = 260, 650 and 1300 TW cm 2,
plotted so that the CI" (m/z ~ 35.5) feature appears with a
common peak intensity. Except at low m/z, the resolution of the
present experiment is not sufficient to distinguish features
differing by a single mass unit, but peaks attributable to
H,C,Cl", H,CCI', CI', C,H,", CH," (x = 0-2) and H"' ions are
readily identifiable in the spectra recorded at I = 260 TW cm ™2,
as are additional peaks assigned to CI*>*, CI** and C** ions when
exciting at higher 1. Contributions from the parent dication and
from fragment cations like HCCI*", etc., are not immediately
assignable from the mass spectrum but are revealed by inspect-
ing the m/z resolved images, as illustrated below.

Isomer dependent differences are immediately obvious in
these m/z spectra, including a weak signal due to translationally
excited Cl," products from cis-1,2-DCE (shown in the inset in
Fig. 5(a)). The I-dependent images associated with these various
fragment ions provide much new data about the fragmentation
of higher Z states of 1,2-DCE. Here we focus particularly on the
parent ions with Z = 2 and 3. Fig. 6 shows data for the H,CCI" and
H,CCI** fragments (which, in both cases, are likely dominated by
the x = 1 cations). To aid identification, all images and data
pertaining to products from SFI of the cis-isomer are shown with a
red frame. The images of the HCCI" (m/z ~ 48.5) ions from both
isomers show an anisotropic ring of signal at large radius, the
intensity of which peaks along the axis defined by &. The images
measured at low I also show an obvious central feature (attribu-
table to parent dications), the relative intensity of which declines
with increasing I. The P(v) distributions of the HCCI" fragments
from both isomers (Fig. 6(c)) are dominated by a peak at v ~
2700 m s~ . A higher velocity feature becomes increasingly evident
at higher I. The HCCI** image measured for both isomers at
low I is weak, but the images recorded following NIR SFI at
I=1300 TW cm > show an obvious anisotropic ring of signal.
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The P(v) distributions derived from these images peak at v ~
3700 m s ', and both show clear tails extending to yet higher
velocities. These data confirm the stability of the HCCI*
cation’®”® and demonstrate the operation of two-body CE leading
to C—C bond fission in both the Z = 2 and 3 parent ions, namely

HCIC=CHCI** - 2HCCI" 3)
and
HCIC=CHCI** - HCCI" + HCCI*", (4)

which are confirmed by the (HCCI", HCCI") and (HCCI", HCCI*")
covariance image plots derived from the I = 260 TW cm > data
shown in Fig. 6(d) and (e). (The more intense feature in the ¢ = 0°
direction in the (HCCI', HCCI") covariance map image reflects
autovariance, the correlation of a product ion with itself).

C-Cl bond fission occurs also, as evidenced by the (a) CI*
and (b) H,C,Cl" (our later analyses assume x = 2) fragment ion
images shown in Fig. 7. The CI" images from SFI of trans-1,2-
DCE (Fig. 7(a)) show three features, each of which again
maximise along the axis defined by &. The P(v) distribution
derived from the image recorded at I = 260 TW cm > (Fig. 7(c))
peaks at v ~ 3500 m s~ with obvious shoulders at both lower
and higher v. The low v component fades in relative importance
upon increasing I from 260 to 650 TW cm > but appears
insensitive to further increases in I, whereas the highest v
contribution becomes progressively more important as I
increases. The CI" images from SFI of cis-1,2-DCE return similar
P(v) distributions, though the low velocity component in the
distribution formed at I = 260 TW cm™> is relatively more
important. Again, the low v component fades and the higher
v component becomes relatively stronger with increasing I.

The H,C,Cl" fragment ion images from both isomers are
similar (Fig. 7(b)) and show similar trends with increasing I.
Each shows an intense central feature and an anisotropic ring
at larger radius. The DI process (2) is likely to be the major
contributor to the intense low velocity feature in the H,C,CI"
ion images. The relative magnitude of the higher velocity
feature increases with increasing I. The mean momenta of
these faster H,C,Cl" fragments match well with those of the
most probable CI" ions in the images recorded at low I, and this
correlation is confirmed by the (H,C,Cl", CI") covariance map
images shown in Fig. 7(d) which, again, are tightly focussed
along ¢ = 180°. As also deduced in recent XFEL enabled CE
studies of these isomers following core-ionisation with 240 eV
photons,*>”? these fragments are attributable to a rival two-
body dissociation of the Z = 2 parent cation, i.e.

HCIC=CHCI** - H,C,Cl" + CI". (5)

Similar analyses of the H,C,CI>" fragment ion images recorded
at higher I (Fig. S1 in the ESIt) imply the operation of an
analogous C-Cl bond fission from the Z = 3 parent cations, i.e.

HCIC=CHCI** — H,C,CI** + CI". (6)

The P(v) distributions derived from the H,C,CI** ions are

sensibly consistent with the faster component in the CI*
velocity distributions observed at higher I (Fig. 7).
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Fig. 6 Symmetrised images of the (a) H,CCl* and (b) H,CCI>* fragments observed following 805 nm SFI of cis- (red borders) and trans-1,2-DCE at | =
260, 650 and 1300 TW cm™~2. The laser polarisation vector, &, is vertical in the plane of the image, as shown in the top left-hand panel and the relative
signal intensities are shown by the linear false-colour scale chosen to span the maximum to minimum signal levels in the regions of interest within each
image at the end of row (b). The ticks on the white horizontal scale in the left-hand image in each row indicate 1000 m st intervals. The P(v) distributions
of the H,CCl* and H,CCI** fragments from each parent isomer are shown in (c) with, in each case, the maximum signal scaled to an intensity of unity. The
corresponding fragment kinetic energies are shown on the top x axis. (d and e) Show, respectively, the (H,CCl*, H,CCl*) and (H,CCI>*, H,CCl*)
covariance map images from analysis of / = 260 TW cm™2 data from the cis- (left) and trans-isomers (right), selecting H,CCL" as the reference ion and
fixing its velocity to be vertically upwards, as indicated by the red arrow. The covariance signal of interest in each case is bounded by dashed white lines,

while the more intense feature along the ¢ = 0° axis in both images in (d)

This section devoted to 1,2-DCE ends with data for the C,H,*
fragment ions (Fig. 8), which are henceforth assumed to be
C,H,". The images of these products from both parent isomers
show an intense central feature, and an isotropic signal stretching
to larger radius which becomes relatively more important at
higher 1. The central feature is attributable to C,H," products
from secondary decay (Cl atom loss) of internally excited H,C,CI"
products arising via DI channel (2).”*”° The P(v) distributions
derived from the C,H," images are shown in Fig. 8(b). The

distributions obtained at lowest I both peak at v ~ 1400 m s .

This journal is © the Owner Societies 2023

is the autovariance signal.

Excitation at this (relatively) low intensity will strongly favour
formation of parent ions with low Z and the major source of
these C,H," ions is, again, secondary decay of the internally
excited primary H,C,Cl" fragments formed, in this case, by the
CE process (5).

Both P(v) distributions also show a ‘tail’ stretching to higher
v, that gains in relative importance at higher I. The form of this
‘tail’ is isomer-specific, stretching to considerably higher v in
the case of the cis-isomer. The (C,H,", Cl') covariance plots
derived from the I = 260 TW cm™ > data for both isomers show
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Fig. 7 Symmetrised images of the (a) Cl* and (b) H,C,Cl* fragments observed following 805 nm SFI of cis- (red borders) and trans-1,2-DCE at | = 260,
650 and 1300 TW cm™2. g is vertical in the plane of the image, as shown in the top left-hand panel, and the ticks on the white horizontal scale in the left-
hand image in rows (a and b) indicate 1000 m s~t intervals. The relative signal intensities in the images in row (b) are displayed using the same linear false-
colour scale as in row (a) and on a 100 x increased scale (left and right half images, respectively). (c) P(v) distributions of the Cl* and H,C,Cl* fragments
from each parent isomer with, in each case, the maximum signal scaled to an intensity of unity. These confirm that the Cl™ images recorded at
higher | extend to (and beyond) the edge of the detector area. (d) and (e) (H,C,Cl*, Cl*) covariance map images obtained following SFI of each isomer at
| = 1300 and 650 TW cm™2, respectively. In all cases, Cl* has been selected as the reference ion (and its velocity fixed to be vertically upwards, indicated

by the red arrow) and the (weak) covariance signals of interest are bounded by dashed white lines.

obvious, but diffuse, correlations (Fig. 8(c)). These results all
point to three-body CE from the Z = 3 parent ions

HCIC=CHCI®** - HCCH" + CI" + CI*,

(7)

a view supported by photoion-photoion-photoion coincidence
(PIPIPICO) measurements of these same three fragments aris-
ing via CE of both 1,2-DCE isomers induced by either 240 eV
core-ionisation®® or ultrafast NIR SFL®*® Fig. 9 depicts the
derived fragment ion correlations from a NIR SFI study in so-
called Newton plots, in which the momenta of two fragment
ions (here C,H," and CI") are plotted with respect to the

16680 | Phys. Chem. Chem. Phys., 2023, 25,16672-16698

momentum of the third fragment (Cl'). The Newton plot for
trans-1,2-DCE (Fig. 9(b)) shows the two CI" fragments recoiling
in essentially opposite directions, with the C,H," fragment
remaining almost at rest, as would be predicted in the case of
a near-instantaneous explosion from the undistorted equili-
brium geometry where the centre of mass of the C,H, moiety
is symmetrically positioned between the two Cl atoms.
The corresponding plot for cis-1,2-DCE (Fig. 9(a)) is obviously
different: the angle between the two Cl" fragment momenta is
~108° and the C,H," product has significant momentum. Both
Newton plots imply that the CE giving rise to these fragments

This journal is © the Owner Societies 2023
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Fig. 9 Newton plots of the products arising from the triple coincidence channel (process (7)) following NIR SFI of (a) cis- and (b) trans-1,2-DCE. The
momenta of the C,H," fragment (upper half) and one of the Cl* fragments (lower half) are displayed in the frame of the momentum of the second CL*
fragment, which is shown as a horizontal black arrow. The momentum vectors of the C,H,™ fragment and the first Cl* fragment are normalised to the
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occurs in a (close to) simultaneous manner. Similar behaviour
was identified in XUV (140 eV) photoinduced CE studies of the
cis- and trans-isomers of 1,2-dibromoethene.” Total energy
conservation requires that the CI" fragments formed via CE
process (6) of trans-1,2-DCE should have greater average kinetic
energy than those from the cis-isomer, and that the CE of trans-1,2-
DCE should yield the more translationally excited C,H," products.
Such expectations are borne out by comparing the high v ends of

This journal is © the Owner Societies 2023

the respective P(v) distributions of the CI" fragments obtained at
higher I (Fig. 7(c)) and by the more extensive (H,C,', Cl') covar-
iance map following SFI of cis-1,2-DCE (Fig. 8(c)).

The m/z spectra following NIR SFI of the two isomers
illustrate another isomer specific difference relating to the
weak peak at m/z ~ 71, due to Cl," ions, that is not apparent
when plotted with the intensity scale used in Fig. 5. The
associated images are dominated by a central (i.e. zero kinetic
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energy) feature, attributable to ionisation of trace Cl, impurity
in the respective samples. But the P(v) distribution of the Cl,"
fragments from SFI of cis-1,2-DCE at I = 260 TW c¢m > also
shows some translationally excited fragments (peaking at
v ~ 1000 m s~ ') which are not present in the corresponding
distributions from the trans-isomer. This difference is high-
lighted in the inset in Fig. 5(a), which only shows a measurable
yield of CL,* fragments with v > 500 m s~ from SFI of cis-1,2-
DCE. (Cl,", C,H,") and (C,H,", Cl,") covariance map images
(Fig. S2 in the ESI}) from analysis of the images taken at I =
260 TW cm ™2 confirm that these Cl," fragments arise via

cissHCIC—=CHCI** — Cl," + HCCH", (8)

which likely involves a four-centre transition state involving
Cl-Cl bond formation in tandem with C-Cl bond rupture.

Summarising, new fragmentation behaviour provided by CEI
studies of cis- and ¢rans-1,2-dichloroethene include the operation
of rival charge symmetric C—C and C-Cl bond fission channels
from the dication of both isomers, as well as Cl," elimination
from cis-1,2-DCE (processes (3), (6) and (8)). CEI also reveals that
Z = 3 parent ions decay by C—C bond fission and by two triple
dissociation processes. One, a near-concerted process (7),
releases two CI" fragments with clearly isomer specific kine-
matics. The other is attributable to secondary decay of internally
excited H,C,CI*>" fragments formed via process (6).

This represents just one of a rapidly growing number of triple
dissociations investigated using ultrafast laser induced CEI,
often in conjunction with so-called native-frame analysis
wherein successive steps in a sequential three-body fragmenta-
tion are analysed in their own ‘native’ frame of reference.®' Such
methods have recently been used to demonstrate that, for
example, the three-body dissociation of the OCS** cation pro-
ceeds sequentially, via rival channels yielding CO** and CS**
intermediates that decay further over a longer time scale.®" As in
the case of 1,2-DCE, the triple dissociation of C,H,Br,*" cations
to C,H," + 2Br" products is best viewed as involving both
concerted and non-concerted contributions,®* as are the disso-
ciations of the trications of both 1- and 2-iodopropane to CH;" +
C,H," + I" products (via a C;H,*" intermediate in the asynchro-
nous dissociations)®* and of CHBr;*" cations to CHBr" + 2Br"
(with a CHBr,>" intermediate in the non-concerted pathway).®*

Summary

Table 1 illustrates many of the polyatomic molecules for which
one or more of their polycation fragmentations have now been
investigated by CEI methods. A critic could argue that many of
these studies reveal active fragmentation channels rather than
the fragmentation dynamics per se. It is striking that the P(v)
(and the kinetic energy) distributions of the fragments arising
via many of the charge symmetric binary dissociations are
relatively narrow - see channels (1) (Fig. 4) and (3) (Fig. 6)
and (5) (Fig. 7) in this work - notwithstanding the apparent
energetic imprecision of the NIR SFI or XUV core-ionisation
process that led to their formation. But the appearance of, for
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Table 1 Triatomic and larger molecules for which the fragmentation of
their polycations (with charge Z+) have been investigated by ultrafast laser
induced CEI methods. Molecules are listed in order of increasing size. The
numbers in parentheses indicate the range of Z values investigated in the
various cited works. lonisation in these studies was induced by NIR SFI,
apart from in those references shown in bold font which employed XUV or
X-ray core excitation

ref.

Species (Z states);

H,O0 and D,0 (2,3);%79%9* H,S (3);”°
(:()2 (2_9);90,967107 OCS (2_4);90,1087112
CSZ (3_10);1137118 03 (3);119

S0, (2,3);"%°
NO, (2—6);99’123

N,O (3—8);121’122

C,H, (2_4);1247131 H,CO (2_4);132,133
CH, (2);"**

CH3I (many);59,63,136,137,138
CHBICIF (4-5);*7

HCOOH (2);"%!

CH,CI (2,3);'%
CHBr; (2-5);%413°
CFsl (2-5);%°

C2H4 (2);142
CH;SeH (many);'*?
CoH,Cl, (3);%
clc(0)scl (2,3);"7

CH3OH (2’3);1437151,152
CHgCN (2);154—156
1,2-C,H,Br, (2,3);”°

C;H, (allene) (2,3);'°%7%° C;H, (methyl acetylene) (2,3);'¢"">
1

CH;NH, (2);'%

1,2-C,H,Br, (2,3);'°416%
1,2-C,H,Cl, (2);'°®

1,2-C,H,BrCl (2);1°41¢7
1,2-C,H,4FBr (2);'%

C,H;5OH (2);">%170171 CH;0C(0)sCl (2,3);'7?

CH,;COCH; (2);'*° (CH,OH); (2);"

1,2-C;H,1 (2,3);% C3H,0H (1-/2-propanol) (2);%"°°

C,Hg (1,3-butadiene) (3);173,174

C4N,0,H;I (5-iodouracil) (many);'”®
C6H6 (3);176

CeH;F,I (2,6-/3,5-difluoroiodobenzene)
@)

(CH3);COH (2);**° CeH1, (cyclohexane) (2);7%17°

example, CF," (or C,H,") fragments attributable to secondary decay
of CF;" (H,C,ClI") products in the examples reviewed here also
implies that some of these primary fragments are formed with
sufficient internal energy to enable subsequent unimolecular decay.
More coincidence studies that provide energetic information about
not just the fragment ions but also the photoelectrons formed
upon multiple ionisation would surely be revealing. The growing
number of studies of the three-body dissociation of parent
trications are providing more dynamical insights, and the appli-
cation of covariance and native frames analysis methods are
allowing discrimination between concerted (or at least near
concerted) and sequential fragmentations. However, a common
finding is that a given trication displays a mix of both behaviours
and there is still a way to go before one could determine, for
example, whether these different outcomes reflect rival fragmen-
tation dynamics from a common electronic state or dissociation
from two (or more) different states of the photo-prepared trica-
tions. Three-body fragmentations where one fragment is
released as a neutral species also remain a challenge but, again,
the recent literature includes evidence of much progress.®> %
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Table 2 Fragmentation studies involving isolated polyatomic molecules
and singly- and doubly-charged molecular cations explored by ultrafast
pump-—probe experiments using CEl probe methods

Molecule Pump + probe method” ™"

H,CO UV + NIR!8%-181

CH;lI NIR + NIR;182 NIR + X;67,183 uv
+ NIR;"** %7 yv + X%

CH,ClI UV + NIR'®

CH,BrI UV + X189:190

(CH3),CHI UV + X101

CeH3F,l UV + X188

CszcH(CH3)CHzI UV + X192

ocs” NIR + NIR'?

S0," NIR or UV + NIR!%*

CHl" X + NIR'®

C,H;O0H" NIR + NIR'®

1,2-C3H,OH" NIR + NIR™’

CZHZ”+ (n =1-3) X + X198,199

C,H;0H>" X + X200

“ UV = ultraviolet pump wavelength, X = XUV or X-ray, NIR = near

infrared.

lll. Using CEIl probe methods to track
the photofragmentation of neutral

molecules
Alkyl iodides

CEI methods are increasingly also finding use in two-colour
studies of the fragmentation dynamics of photoexcited neutral
molecules, and singly charged cations. Table 2 lists illust-
rative studies involving polyatomic (larger than diatomic)

120 fs 240 fs

View Article Online

PCCP

species. Again, the alkyl iodides are proving to be popular test
systems.

(i) NIR-SFI probing. Fig. 10 compares images of the CF;", I"
and I** ions formed in a two-colour experiment performed in
Bristol involving a jet-cooled sample of CF;I in He, 267 nm
pump photons and 805 nm SFI (I ~ 1300 TW c¢cm ) at eight
different pump probe time delays in the range —390 fs < 6t < 1 ns.
In each case, the raw two-colour image (and the corresponding
NIR-only image) has been centred, symmetrised and ‘cleaned’
by re-setting any extreme signals associated with hot pixels.
The difference images shown in Fig. 10 were then derived by
subtracting the NIR-only signal from the two-colour image to
minimise the one-colour contribution at each ¢ and, simply for
the present illustration purposes, the intensity in any pixels
returning a negative difference signal were then reset to zero.
Each image is displayed in two halves, with the right half
plotted on a 10x expanded intensity scale to reveal weaker
features induced by the 267 nm pump pulse more clearly. The
original (symmetrised) images, without the NIR-only back-
ground subtraction, are shown in Fig. S3 in the ESL¥

All T' images obtained at 8¢ > 0 show a ring displaying
parallel recoil anisotropy (i.e. with v aligned preferentially
parallel to ¢), labelled DISS (for ‘dissociation’). A much weaker
DISS feature is discernible in the corresponding CF;" images.
As shown below, the associated velocities confirm that these DISS
features are signatures of the well-characterised 267 nm photo-
lysis of CF;], yielding neutral CF; and I fragments, one or other of
which is subsequent ionised (by NIR SFI) to a CF;" or I ion.

These are the only features in these images that report
directly on the field-free fragmentation of CF;I (i.e. are unper-
turbed by the probe NIR SFI process), but the CF;*, I and I**
images recorded in the range 0 < &t < 600 fs each show
additional features (two in the case of the CF;" images) labelled

600 fs 1.00 ns

1.35 ps

9.60 ps

Fig. 10 Symmetrised images of the CFs*, I" and I2* fragments from ultrafast two-colour (267 nm pump—805 nm SFl probe, / = 1300 TW cm ™) studies of CFs|
at different time delays in the range —390 fs < &t < 1 ns after subtracting the one-colour contribution obtained with just the NIR pulses. The & vector of both
laser beams is vertical, in the plane of the detector, as indicated by the double-headed arrow in the 8t = 0 CFz* image and illustrative examples of the various
channels are labelled with the acronyms defined in the text. The relative intensities in images displayed in any one row are depicted using a common linear
false-colour scale spanning the maximum through minimum signal values shown at the far right (left halves) and on a 10x expanded scale (right halves).
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DCE; and DCE, (for ‘dynamic Coulomb explosion’), with radii ~ with those arising via the DISS process, as shown in Fig. 11(a)
that decrease with increasing t. These features are better and Fig. S5(a). Equivalent plots for the I" and 1** yields recorded
viewed via the false-colour 2-D maps showing the integrated in the same two-colour multi-mass imaging experiments are
(over all angles) ion yields as functions of velocity and 8¢ (over shown in Fig. 11(b) and (c). The I' plot shows the DISS feature
the range —0.45 < &t < +10 ps) shown in Fig. 11. The maps much more clearly and confirms the carrier of the DCE;
displayed here are derived from images such as those shown in  feature. As Fig. 11(d) shows, the momentum (P(p)) distributions
Fig. 10, ie. after subtracting the optimum amount of the of the CF;", I' and I** fragments sampled at long time delay
corresponding one-colour (NIR-only) image and resetting any (8¢ ~ 1 ns) all match well, support previous conclusions that
resulting negative intensities to zero. The corresponding maps most (>90%) of the iodine atoms formed following excitation
without the one-colour subtraction are shown in Fig. S4 in the of CF;I molecules at 267 nm are in the spin-orbit excited (*P;,)
ESLf As Fig. 11(a) shows, this procedure leaves some residual rather than ground (*Ps,) state (henceforth identified as I* and
noise at velocities associated with the one-colour NIR-only SFI I, respectively)**">* and imply similar NIR SFI probabilities for
signal (labelled ISFI) but clearly accentuates the two-colour both spin-orbit states of the I atom.

features of current interest. Analogous CF;*, I' and I** maps Several further aspects of these data merit note. First, the
obtained using a lower NIR intensity (I ~ 650 TW cm *) are  DISS feature is relatively much stronger in the I" than the CF;*
displayed in Fig. S5 in the ESL{ map, implying that the probability of NIR strong field induced

The features labelled DCE; and DCE, in Fig. 11 and Fig. S5 one photon ionisation of I is much greater than that of CF;
(ESIT) arise from SFI of the CF; and I co-fragments from under the prevailing experimental conditions. A weak DISS
photodissociation of a common parent molecule. Post-SFI, feature is even observable in the I** map (particularly that
the resulting CF;" + I" and CF;* + I ion pairs then Coulomb recorded at lower I, Fig. S5(c), ESIt). Second, as can be seen
repel each other with a force that scales inversely with their from comparing the corresponding maps in Fig. 11 and Fig. S5
separation, yielding the respective DCE,; and DCE, signals. The (ESIY), the relative intensities of signals arising via the DISS and
velocities of these fragment ions are thus &¢-dependent, as DCE channels are I-dependent. Such is to be expected, since the
illustrated schematically in Fig. 12 (along with the mechanism relative probability of ionising both partners (i.e. of generating
responsible for the accompanying one-color ISFI signal). The DCE signals) increases with I. Third, the signal to noise (S/N)
CF;" products attributable to DCE; and DCE, merge at long 8¢ ratios in the data measured at I ~ 1300 TW cm > are sufficient

(a) CF3*
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ot/ ps

500 1000 1500 2000 2500 3000 3500 4000 200 400 600 800 1000 1200 1400 1600 1800 2000
Velocity / m s Velocity / m s
() I (d) A
5 ' —
T 0.8 : 2t
2 I
(2} 1
2 | CF; +/I CFs+1 |
2 % 0.6 : :/
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Fig. 11 2-D false-colour maps showing (a) CFs*, (b) I* and (c) I>* ion velocities following 267 nm photolysis of CF3l as a function of 8t obtained by

angular integration of images like those shown in Fig. 10, recorded with 805 nm intensities / ~ 1300 TW cm™2, with the various channels labelled using
the acronyms introduced in the text. The relative intensities in each panel are depicted using the linear false-colour scale shown to the right of panel (b).
(d) P(p) distributions of the CFs™, I and I>* ions obtained by integrating data measured over the delay range 0.1 < 8t < 1 ns, with the maximum p values
associated with primary photodissociation of CFsl(v = 0) molecules to form CFs(v = 0) radicals together with ground (I) and spin—orbit excited (I*) atoms
indicated. Each distribution has been scaled so that the features associated with CF3 + I* products have the same peak intensity.
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Fig. 12 Illustration of the sources of important signatures evident in UV
pump —805 nm SFI probe experiments at different time delays, 6t, using
CFsl as the exemplar and assuming removal of two electrons and a
symmetric charge separation. (a) CFsl?* formation by 805 nm SFI alone,
or with the UV and 805 nm pulses coincident in time (ie. 8t = 0). The
subsequent CE of these dications results in the CFz* and I* products
identified with the label ISFI in the respective 2-D maps. (b and c) CFs* and
I* fragments formed by 805 nm SFI (at progressively later delays &t) of
neutral CFz and | products formed by UV excitation at t = 0. The neutral
photoproducts are formed with characteristic, thermochemically deter-
mined, recoil velocities (equal to that of the feature(s) labelled DISS in the
2-D maps). Subsequent SFI of these neutral fragments introduces an
additional Coulombic repulsive contribution to the measured CF3* and
I* velocities, the magnitude of which decreases with increasing &t
(i.e. increasing inter-ion separation) as illustrated by the velocity vectors
in (b and c). This process is responsible for the characteristic DCE signals,
the velocities of which converge to that of the DISS component at long &t.

to reveal DCE following NIR SFI of geminate CF; and I fragments to
CF;" + I** pairs (process DCE;, illustrated in Fig. S6(a) in the ESIT).
Finally, the CF;" and I' maps both show a diffuse low velocity
feature at 6¢ < 0 labelled UIDI in Fig. 11 and Fig. S5 (ESIt). This
feature is attributable to UV induced photodissociation of CF,I*

This journal is © the Owner Societies 2023
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ions formed by NIR SFI yielding, respectively, CF;" + I and CF; + I'
fragments with kinetic energies consistent with those reported in
previous VMI studies of the UV photodissociation of CF;I"
cations.”*

Fig. 13 shows analogous false-colour 2-D maps of the
integrated CH;", I" and I*" ion yields from the corresponding
ion images (after subtracting the one-colour NIR SFI contribu-
tion, shown in Fig. S7 in the ESIt) as functions of velocity and
¢, following 267 nm photolysis of CH3I and 805 nm SFI with
I =1300 TW cm > Fig. 13(d) shows the respective P(p) dis-
tributions sampled at long time delay (8¢ ~ 1 ns) which, again,
confirm previous findings of the ~70:30 I*:1 product ratio
following CH;I photolysis at this wavelength and the formation
of some CHj(v; = 1) + I products (revealed by the bump on
the low momentum side of the relevant peak in the P(p)
distribution).>*>?*°® Again, the ‘raw’ data obtained prior to
subtracting the one-colour NIR SFI contributions are shown
in the ESIT (Fig. S8 in the ESI{). Similar 2-D plots recorded at
lower NIR SFI probe intensities (I ~ 650 TW cm™>) are
displayed in Fig. 14 (below) and in Fig. S9 in the ESI} (before
and after subtracting the NIR SFI contribution, respectively).
These CH;I data show obvious similarities with those reported
previously in the seminal studies of Corrales et al. using
significantly lower NIR intensities*®**'®® but, again, some of
the relative intensities are clearly I dependent. The CH;" and T
maps both show DISS features attributable to UV photodisso-
ciation of CH3I to CH; products together with I/I* products
followed by single ionisation of one or other product by NIR
SFI. The DISS feature is weak (at best) in the I*" map, reflecting
the improbability of doubly ionising an I/T* fragment without
also at least singly ionising its CH; radical partner. All three
maps also show features labelled DCE; and/or DCE,, conver-
ging to the asymptotic velocities of the CH; + I* and CH; + I
products at long 5¢.°%'8>'8¢ Again, the S/N ratios in the present
data are sufficient to reveal a DCE; feature in the 2-D map
derived from the I** images (see Fig. S6(b), ESIY).

The DCE,; feature(s) can be revealed yet more clearly by
coincidence imaging measurements. Fig. 14 compares such
coincidence imaging data for the CH;" and I' products formed
following 267 nm photolysis of CH;I and subsequent NIR SFI
probing (laser pulse duration ~23 fs, I ~ 280 TW cm ?)
recorded at delays 6t < 4 ps with the corresponding data ((c)
and (d)) from multi-mass imaging data studies using NIR SFI
probing at I ~ 650 TW cm > Removing all non-coincident
sources of these singly charged fragment ions reveals four clear
features in the overall P(v) distributions: two time-invariant
components arising from ISFI, yielding CH;" ions together with
I'(*P,) and (unresolved) I'(*P, o) products from CE of CH5I**
parent ions, and two time-dependent features from NIR SFI of
geminate pairs of separating CH; and I (I*) fragments resulting
from UV photoexcitation (DCE;)."*’

As with CF;], non-coincident maps derived from multi-mass
imaging experiments can show additional features attributable
to processes other than the field-free fragmentation of CH;I
that is of primary interest in the current context. The CH;" and
I maps recorded at lower I (e.g. Fig. S9 and, particularly, S10 in
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Fig. 13 2-D false-colour maps showing (a) CHz*, (b) I and (c) I** ion velocities as a function of 5t obtained by angular integration of the respective

images (after appropriate subtraction of the NIR-only contribution) following 267 nm photodissociation of CHszl and 805 nm SFI probing at | ~
1300 TW cm—2. The data are plotted using the linear false-colour scale shown at the far right of panel (b), and the various channels labelled with the
acronyms introduced in the text. (d) Comparison of the P(p) distributions of the CHsz™, I* and I°* ions obtained by integrating data measured over the
delay range 0.1 < 3t < 1ns, with the maximum p values associated with primary photodissociation of CHsl(v = 0) molecules to form CHsz(v = 0) + | and I*
radicals indicated by dashed lines, and the shoulder attributed to formation CHs(v; = 1) + | products marked with an asterisk. Each distribution has been
scaled so that the features associated with CHsz + I* products are shown with the same peak intensity.

the ESIt) the data in which were recorded using significantly
lower I by translating the focus of the NIR radiation several mm
beyond the point of optimal overlap in the interaction region)
show an additional feature at low velocity and 6t ~ 0. This
feature, appearing in the presence of both radiation fields,
has been interpreted'®*'#2°” by assuming that the intense NIR
field induces a differential Stark shift of the ground and
dissociative excited state potentials, leading to a laser induced
conical intersection (LICI) between the transient laser induced
potentials (LIPs). Non-adiabatic coupling in the vicinity of this
LICI enables flux prepared on the upper LIP (by UV excitation)
to propagate towards the (transiently uplifted) lower LIP that
correlates with the CH; + I asymptote. NIR SFI at extended
H;C- - I bond lengths under such conditions then promotes
(dissociative) ionisation and formation of the less translation-
ally excited CH;' or I' products (together with a neutral
co-fragment), yielding the feature labelled LICI in Fig. S9 and
S10 (ESIt). Again, the absence of analogous signal in the I**
map reflects the improbability of creating a neutral CH; plus I**
product pair under the prevailing conditions.

(i) XUV/X-ray probing. Two-colour probe studies using
FEL-based X-ray photons to induce ionisation have also been
reported for CH3I®7'®%2% and for several other singly and
doubly halogenated alkyl halides including 1-iodo-2-methyl-
butane,'”> 2-iodopropane,'®* CH,CII'*® and CH,BrL."*>"° These
generally employ a probe photon energy above one of the inner

16686 | Phys. Chem. Chem. Phys., 2023, 25, 16672-16698

shell ionisation thresholds of the iodine atom, which offers much
greater initial site specificity and selectivity compared with NIR
SFI probe methods. Fig. 15 illustrates the most obvious conse-
quence of this difference by comparing 2D(v, &¢) maps of the
atomic iodine fragments formed in the 267 nm photolysis of
CHj;I, monitored via the I** ion prepared by (a) ~ 120 fs, 108 eV
XUV pulses tuned above the I 4d edge and (b) 805 nm SFI with =
1300 TW cm™>. Points to note regarding the XUV probe study'®®
include: the I atom is estimated to present an order of magnitude
larger photoabsorption cross-section than the CH; radical at this
probe wavelength (11.5 nm); the observation of 1" ions with ¢ < 4
implies that multiple ionisations (involving the absorption of at
least two XUV photons and subsequent AM decay) occurred under
the prevailing experimental conditions; and the CH,I molecules
were pre-aligned using another strong laser field, but this detail is
not germane to the present discussion.

Fig. 15(a) is dominated by a constant velocity feature that
grows after 6t > 0 and is attributable to site-selective ionisation
of primary I photofragments, with no subsequent charge trans-
fer to the geminate CH; radical. This signal, the equivalent of
the DISS channel in Fig. 11 and 13, reports directly on the
neutral C-I bond fission process and yields fragment transla-
tional energy distributions consistent with those derived in the
earlier ion imaging studies.”** As Fig. 15(b) and Fig. S6 (ESIt)
show, the yield of I** ions when probing by 805 nm SFI is small,
and the probability of forming I** ions without also ionising the
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Fig. 14 2-D false-colour maps showing the velocities of (a) CHs™ and (b) I ions detected in coincidence, measured over the delay range —0.28 < 8t <

4 ps, following 263 nm photoexcitation of CHsl and NIR SFI probing at / ~ 280 TW cm™2, with the DISS and DCE; product channels labelled. These data
are replotted from ref. 187. Panels (c and d) show the corresponding (non-coincident) maps derived from multi-mass imaging measurements employing
267 nm photolysis and NIR SFI probing at / ~ 650 TW cm™2, measured over the delay range —0.45 < 3t < 4 ps (without one-colour background
subtraction). The relative intensities in each panel are depicted using the linear false-colour scale shown to the right of panel (b).

geminate CH; fragment is essentially non-existent. Thus, the in the past few decades. The photodissociation dynamics of
two-colour contribution in Fig. 15(b) is dominated by the many families of small neutral molecules, including many of key
dissociative Coulomb explosion component DCE3, the velocity atmospheric and astrochemical interest, have now been char-
of which will converge to that of the neutral dissociation acterised experimentally in considerable detail. Theory has
products at longer &¢. (The corresponding two-colour map shown similarly impressive advances. Given sufficient demand,
without subtraction of the NIR-SFI only contribution is shown multi-dimensional excited state PESs can now be calculated with
in Fig. S11 in the ESI¥). high accuracy for most small/medium sized neutral molecules,
Careful inspection of the DISS signals associated with differ- as can the non-adiabatic couplings between and the nuclear
ent I products formed by core-ionisation (X-ray probing), like ~dynamics on such PESs. Ultrafast laser methods have encour-
that shown in Fig. 15(a), reveals that their onsets are delayed aged the transitioning of such dynamical interests into con-
relative to 5t = 0 and that this delay increases with ¢.°7'%%%8  densed phase environments, and to studies of photoinduced
Such trends can be explained, qualitatively at least, using a intramolecular bond fission (e.g. ring-opening) reactions.
classical over-the-barrier model.®”*°° At very early pump-probe CEI methods have now entered mainstream contemporary
delays, the selectively ionised fragment is too close to its atomic and molecular physics research and are finding ever
geminate partner to prevent inter-fragment charge (electron) increasing use as a means of exploring the static stereo-
transfer and subsequent mutual Coulomb repulsion and accel- configurations of small quantum systems (molecules, clusters,
eration. The barrier to charge transfer increases with increasing etc), and of tracking the time-evolution of such structures. Based
inter-fragment separation (i.e. with increasing 8¢) and, at some on the examples featured in this Perspective one might argue that
critical distance, charge transfer to the partner fragment is no CEI methods have ‘yet to deliver’ penetrating new insights into the
longer possible and the DISS signal grows in. This critical photofragmentation dynamics of neutral molecules, but this
distance increases with g, explaining the progressively delayed situation can surely be expected to improve as the technique is
onset of the DISS feature when probing via higher 1* states. applied to a wider range of (larger) molecules, along with greater
use of covariance and coincidence analysis methods.*'® The data
IV. Conclusions and future prOSpeCtS sbown in'F.ig. '15(3) highlighF some of thfe potential ber.lefi'ts (f?.g.
site selectivity, image simplification) of using X-ray core-ionisation
As noted at the outset, understanding of the dynamics of methods to probe molecules in the act of dissociating. As noted in
molecular photodissociation processes has advanced massively the Introduction, the dynamics of the UV photoinduced ring-
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Fig. 15 2-D false-colour maps comparing the I** ion velocities following
267 nm photolysis of CH3zl and probing with (a) an 11.5 nm XUV pulse and
(b) 805 nm SFI with | ~ 1300 TW cm™2 (after subtraction of the NIR-only
contribution), illustrating the very different relative weights of the DISS and
DCEj5 signal contributions in the two cases. The relative intensities in both
panels are depicted using the linear false-colour scale shown to the right
of panel (a).

opening of thiophenone has been explored recently by both time-
resolved photoelectron spectroscopy”> and ultrafast electron
diffraction®® methods. Simulated Newton plots of the H" or C"*
fragment momenta, in a plane defined by the O and S* atom
momenta, suggest that CE methods should provide another route
to distinguishing ring-opened and ring-closed photoproducts.

More widely, CEI methods are already providing access to an
extraordinarily wide range of multiply charged molecular
cations, thereby offering exciting new opportunities to explore
the progression from valence-dominated to Coulomb-dominated
fragmentation dynamics with increasing charge, and ways in
which this varies with molecular size and composition. To date,
the body of ab initio electronic structure and molecular dynamics
calculations for molecular cations, particularly multiply charged
molecular cations, is much sparser than for neutral systems.
Modelling the diverse range of possible fragmentation pathways
and dynamics available to multiply charged cations - formed in
the presence of a strong laser field - is likely to remain a major
challenge for some time to come.

Experimentally, image analyses return particle velocities,
and momentum matching arguments built on such measure-
ments are pivotal to understanding many of the fragmentation
pathways reported for polyatomic parent cations. Thus far,
much less attention has been given to understanding the
absolute fragment velocities. One can anticipate that multiply
charged parent cations prepared by NIR SFI might be formed in
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a range of electronic states, and with significant vibrational
excitation (due to Raman excitations). NIR pump-probe studies
of CH;I using moderate NIR field strengths'®* lend support to
such expectations and for a ‘ladder climbing’ pumping
mechanism®'! wherein higher charge states are accessed by
successive promotions via parent states of lower charge. The
overall time scale could be sufficient to allow some nuclear
distortion from the starting geometry en route to the final
higher charge state. But other NIR SFI studies of CH;I, at
significantly higher field strengths, have returned quite sharp
images for all I (g < 5 at least) fragments, implying that each
are formed with relatively narrow velocity distributions.’® Com-
panion (field-free) ab initio electronic structure plus trajectory
calculations consistently predict substantially higher 17* (g >2)
fragment ion velocities than those determined experimentally.
This discrepancy has been rationalised by suggesting a role
for non-adiabatic coupling and intramolecular charge transfer
in the CE of more highly charged CH,;I”* molecular ions.>
More studies, preferably coincidence studies that track not
just the fragment ion velocities but also those of the
ejected photoelectrons would surely help in understanding the
fragmentation dynamics of multiply charged parent cations.
More generally, as also noted above, ultrafast pump - CEI probe
experiments can also be expected to provide a wealth of new
insights into charge transfer processes between moieties separ-
ating under much greater stereochemical control than achieved
hitherto in charge transfer studies involving ion-atom and ion-
molecule collisions.
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