RESEARCH ARTICLE | OCTOBER 12 2023

Characterizing the multi-dimensional reaction dynamics of
dihalomethanes using XUV-induced Coulomb explosion
imaging

T. Walmsley © ; J. Unwin © ; F. Allum @ ; S. Bari @ ; R. Boll 1@ ; K. Borne; M. Brouard © ; P. Bucksbaum;

N. Ekanayake @ ; B. Erk @ ; R. Forbes @ ; A. J. Howard; P. Eng-Johnsson @@ ; J. W. L. Lee; Z. Liu;

B. Manschwetus © ; R. Mason; C. Passow 2 ; J. Peschel; D. Rivas; D. Rolles ©© ; A. Rorig @ ; A. Rouzée
C. Vallance © ; F. Ziaee © ; M. Burt &

’ '.) Check for updates

J. Chem. Phys. 159, 144302 (2023)
https://doi.org/10.1063/5.0172749

. CrossMark
@

View Export
Online Citation

Chemical Physics

T
o
4]
c
-
=)
O

ﬂ
Q

L

-

The Journal of Chemical Physics

Special Topic: Algorithms and Software

for Open Quantum System Dynamics

AIP
Submit Today é Publishing

AIP
é/_‘. Publishing

00:17:60 £20 JOqUIBNON €T


https://pubs.aip.org/aip/jcp/article/159/14/144302/2916207/Characterizing-the-multi-dimensional-reaction
https://pubs.aip.org/aip/jcp/article/159/14/144302/2916207/Characterizing-the-multi-dimensional-reaction?pdfCoverIconEvent=cite
https://pubs.aip.org/aip/jcp/article/159/14/144302/2916207/Characterizing-the-multi-dimensional-reaction?pdfCoverIconEvent=crossmark
javascript:;
https://orcid.org/0000-0002-1446-5904
javascript:;
https://orcid.org/0000-0001-6009-6735
javascript:;
https://orcid.org/0000-0002-8044-8969
javascript:;
https://orcid.org/0000-0003-3985-2051
javascript:;
https://orcid.org/0000-0001-6286-4064
javascript:;
javascript:;
https://orcid.org/0000-0003-3421-0850
javascript:;
javascript:;
https://orcid.org/0000-0002-2236-8696
javascript:;
https://orcid.org/0000-0001-8413-3588
javascript:;
https://orcid.org/0000-0003-2097-5991
javascript:;
javascript:;
https://orcid.org/0000-0003-2135-0248
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0001-6165-9560
javascript:;
javascript:;
https://orcid.org/0000-0002-0621-2026
javascript:;
javascript:;
javascript:;
https://orcid.org/0000-0002-3965-3477
javascript:;
https://orcid.org/0000-0002-1931-542X
javascript:;
https://orcid.org/0000-0002-2425-4027
javascript:;
https://orcid.org/0000-0003-3880-8614
javascript:;
https://orcid.org/0000-0002-5897-2502
javascript:;
https://orcid.org/0000-0002-7317-8649
javascript:;
https://doi.org/10.1063/5.0172749
https://servedbyadbutler.com/redirect.spark?MID=176720&plid=2264412&setID=592934&channelID=0&CID=831204&banID=521546340&PID=0&textadID=0&tc=1&scheduleID=2185085&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&matches=%5B%22inurl%3A%5C%2Fjcp%22%5D&mt=1700732460392076&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjcp%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0172749%2F18166270%2F144302_1_5.0172749.pdf&hc=80f5be5366feac41c2aa8ffcc3e3cd8bdce7d4b0&location=

The Journal
of Chemical Physics

ARTICLE pubs.aip.org/aipl/jcp

Characterizing the multi-dimensional reaction
dynamics of dihalomethanes using XUV-induced
Coulomb explosion imaging

Cite as: J. Chem. Phys. 159, 144302 (2023); doi: 10.1063/5.0172749 @ Lk @
Submitted: 18 August 2023 + Accepted: 27 September 2023 - :

Published Online: 12 October 2023

F. Allum,’ S. Bari,’

R. Forbes,”°

J. Unwin,’
B. Erk,’

T. Walmsley,'
N. Ekanayake,’

R. Boll,’
A. J. Howard,” P. Eng-Johnsson,’

K. Borne,” M. Brouard,' P. Bucksbaum,’
J. W. L. Lee/’ Z. Liu,’

B. Manschwetus,’ R. Mason,' C. Passow,” "= J. Peschel,” D. Rivas,” D. Rolles,” '/ A, Rérig,’
A. Rouzée,” ' C. Vallance,’ F. Ziaee," "2 and M. Burt'?
AFFILIATIONS

TChemistry Research Laboratory, Department of Chemistry, University of Oxford, Oxford OX1 3TA, United Kingdom
?Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany

*European XFEL, Holzkoppel 4, 22869 Schenefeld, Germany

“]. R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506, USA
5Stanford PULSE Institute, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA
®Linac Coherent Light Source, SLAC National Accelerator Laboratory, 2575 Sand Hill Road, Menlo Park, California 94025, USA

"Department of Physics, Lund University, 22100 Lund, Sweden

gMax-Born-Institute, Max-Born-StraBe 2A, 12489 Berlin, Germany

2 Author to whom correspondence should be addressed: michael.burt@chem.ox.ac.uk

ABSTRACT

Site-selective probing of iodine 4d orbitals at 13.1 nm was used to characterize the photolysis of CH,I, and CH,BrI initiated at 202.5 nm. Time-
dependent fragment ion momenta were recorded using Coulomb explosion imaging mass spectrometry and used to determine the structural
dynamics of the dissociating molecules. Correlations between these fragment momenta, as well as the onset times of electron transfer reactions
between them, indicate that each molecule can undergo neutral three-body photolysis. For CHaI,, the structural evolution of the neutral
molecule was simultaneously characterized along the C-I and I-C-I coordinates, demonstrating the sensitivity of these measurements to

nuclear motion along multiple degrees of freedom.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0172749

I. INTRODUCTION

X-rays and extreme ultraviolet (XUV) light can site-selectively
ionize atomic core electrons. During this process, an inner-shell
vacancy is created that can decay through the Auger—Meitner effect
to produce a multiply-charged cation.'” The excitation is initially
localized, but the resulting charge rapidly redistributes across the
molecule, causing fragmentation via Coulomb explosion. The frag-
ment momenta remain sensitive to the initial nuclear configura-
tion of the molecule, allowing its structure to be determined. For
this reason, ultraviolet (UV)-pump/XUV-probe schemes are useful

tools for mapping structural dynamics.”® The pump pulse initi-
ates the reaction of interest, and one or more of the fragments
are then site-selectively probed through inner-shell ionization. At
short pump-probe delays, neutral and highly-charged ionic frag-
ments can be close together, which additionally allows electron
transfer between fragments to be explored. Recent applications have
focused primarily on understanding how these measurements can
be used to map known reaction pathways, typically along a single
degree of freedom.””” In this report, we exploit inner-shell ioniza-
tion to distinguish more complex three-body processes, by probing
the halomethane photochemistry of CH,I, and CH,Brl.
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Halomethanes are model systems for photochemistry. They
undergo some of the simplest unimolecular reactions and con-
tribute to the dynamics of sea spray aerosol formation and ozone
depletion.” '° The photochemistry of CH3X derivatives (where
X is a halogen) primarily follows linear and ballistic photolysis
mechanisms along the C-X bond axis." *' By contrast, the reac-
tion dynamics of CH»X, derivatives are more complex, with the
second halogen atom allowing for sequential or concerted frag-
mentation mechanisms at wavelengths below 250 nm, as well as
isomerization.”” ** As a consequence, these molecules are ideal
targets for assessing the ability of inner-shell ionization to simul-
taneously measure structural changes along multiple degrees of
freedom.

Here, the UV-induced dynamics of CH,I; and CH;Brl are
initiated at 202.5 nm (6.1 eV) and probed at 13.1 nm (94 eV)
using inner-shell ionization at the I 4d absorption edge. The pump
wavelength can access the 2A;-band of CHyI,, which reaches an
absorbance maximum at 214 nm, as shown in Fig. 1.””° This energy
is sufficient to overcome the ground and excited spin-orbit state dis-
sociation thresholds (Dy and D) of both C-I bonds (CH;I,: Dy«
= 2.155/3.098 eV; CHyI: Dy = 2.834 eV),”” which are initially in
a ground-state configuration with C,, symmetry. Similarly, the B-
band of CH;BrI reaches a maximum at 218 nm and single-photon
absorption at this wavelength also allows both C-X bonds to cleave.
Prior work by Lee and co-workers at 210 nm indicates that pri-
mary C-Br dissociation (Do« = 2.936/3.391 eV) and three-body
fragmentation are expected to occur about 61% and 33% of the
time, respectively.”” Three-body fragmentation mechanisms pro-
ducing two free halogen atoms (illustrated in Fig. 1) are therefore
expected for each molecule, offering multiple sites for XUV-induced
ionization and electron transfer.
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FIG. 1. A schematic depicting the three-body reactions of CHyl, (C = grey,
H = white, | = purple) discussed in this study. These include XUV-induced ioniza-
tion and Coulomb explosion of the ground state (1), where charges (m, p, q) can be
found on multiple fragments, as well as ionization following three-body dissociation
at 202.5 nm, leading to Coulombic repulsion (1) or electron transfer (I1l) between
fragments. Similar outcomes can occur for CH,Brl. For CHyl, and CH,Brl, UV
excitation occurs to the 2A- and B-bands, respectively, as demonstrated by their
inset absorption spectra.”* >
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By preferentially ionizing halogen substituents at different
delays after they dissociate, the probability of electron transfer from
a neutral radical to a halogen cation can be investigated as a function
of pump-probe delay and hence internuclear distance.””* For CHsI,
which has an approximately ballistic dissociation mechanism, the
probability of electron transfer from the methyl radical to a multiply
charged iodine cation has been successfully modeled by a classi-
cal over-the-barrier (COB) model, where the critical distance (7crit)
beyond which the barrier to electron transfer becomes energetically
unfavourable depends only on the charge of the electron acceptor
and the ionization potential (IP) of the neutral electron donor.”**°
This is described by the following equation, where n is the charge
number, e is the elementary charge and k is the Coulomb constant.

k21+2\/ne
oo VT

IP (0

Terit =

In the following experiments, electron transfer reactions are
observed following UV excitation and XUV probe spectroscopy for
I"* states produced from CH,I, (n = 2-5) and CH,Brl (n = 2-4),
as well as Br’". For CH,I,, the onset times and fragment kinetic
energies of these features are used in conjunction with correlated
and time-dependent fragment ion yields to deduce fragment disso-
ciation and separation velocities. The results indicate that CH,I, can
undergo a three-body dissociation where both C-I bonds break, with
simultaneous structural changes along the I-C-I bending coordi-
nate. Comparisons between CH,I, and CH,Brl, and with theoretical
results obtained from the over-the-barrier electron transfer model,
suggest that CH,BrI exhibits similar behavior.

Il. METHODS

Coulomb explosion fragment mass spectra of CH,I, and
CH,BrI were recorded by velocity map imaging (VMI) mass spec-
trometry using the CAMP end station at FLASH BL1.”""* Molecular
beams of each target were individually expanded into the CAMP
experimental chamber as continuous jets via two skimmers. The
CH;I, beam was additionally seeded with He gas. The molecular
beams were intersected perpendicularly by the FLASH XUV pulse
{Aprobe = 13.1 nm, bandwidth = 0.1 nm [full width half maximum
(FWHM)]} and by the frequency-quadrupled output of the FLASH
pump-probe laser system [Apump = 202.5 nm, bandwidth = 0.75 nm
(FWHM)].** Both beams were horizontally polarized parallel to the
detector plane of the VMI spectrometer. The probe wavelength was
chosen to ensure site-selective ionization of I 4d orbitals belong-
ing to the target molecules.”””” The T 4d absorption cross section
at 13.1 nm is about 10 Mb, whereas that of the Br 3d orbitals is
roughly 1.5 Mb.”® The average XUV pulse energies were 26 + 6 and
33 + 6 yJ during the CH,I, and CH,Brl experiments, which were
reduced to 1.8 + 0.4 and 2.1 + 0.4 yJ by respectively passing the
beams through a pair of niobium and zirconium filters, with thick-
nesses of 384 and 202 nm, or a 101 nm aluminium filter.”” The XUV
pulse energy distributions are given for each molecule in Fig. S1 of
the supplementary material. The XUV pulse duration and focused
beam size within the VMI chamber were estimated to be 50-60 fs
and 10 yum respectively, based on previous measurements,””* yield-
ing intensities of 8.3 x 10" and 9.7 x 10 W cm™ for the CH,I, and
CH,Brl experiments.
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The pump wavelength was generated from the 810 nm out-
put of the FLASH1 pump-probe laser system, which comprises a
Ti:sapphire oscillator (Quantum Gecco) and a 10 Hz chirped pulse
amplifier (Coherent Hidra-25). This provided 12 m], 57 + 3 fs
infrared (IR) pulses, an 8 m] fraction of which was passed through
a 50/50 beamsplitter. The reflected beam was frequency tripled by
a pair of f-BaB,O4 (BBO) crystals and separated from the funda-
mental frequency using a series of dichroic mirrors. The transmitted
beam was further split by a second 50/50 beamsplitter; one compo-
nent was recombined with the third harmonic in a BBO crystal to
produce the fourth harmonic through sum-frequency generation,
while the other was retained for cross-correlation measurements.
The resulting 202.5 nm output was then separated from the funda-
mental and third harmonic frequencies by passing the beam through
a second set of dichroic mirrors. Approximate average pump pulse
energies for the CH,I, and CH,BrlI experiments were 6 and 2.5 yJ,
respectively. These were attenuated to 2.7 and 1.1 yJ, respectively,
according to the transmission of the beamline after measurement
(~45%). The corresponding FWHM pulse durations of each exper-
iment were determined to be 143 + 15 and 157 + 18 fs from
cross-correlations of the overlap between the fourth harmonic and
fundamental pulses in xenon gas, which produced a transient Xe*
signal due to two-color multiphoton ionization.” The pump pulse
focal diameter in the VMI chamber was 38 ym, resulting in Gaus-
sian pump pulse intensities of 3.3 x 10'* and 1.3 x 10'* W cm™ for
the CH,I, and CH,BrlI experiments, respectively.

A computer-controlled delay stage placed in the main infrared
beamline was used to adjust the relative arrival times of the UV
and XUV pulses in the VMI spectrometer. Fluctuations in the XUV
pulse arrival times relative to this stage were corrected for using the
bunch arrival monitor installed before the FLASH undulator.”*
The CH,I, measurements were acquired in 50 fs steps around the
UV/XUV overlap time and in 200 fs steps from 3 ps onward. The
CH,Brl data was acquired in 50 fs steps. In this report, a posi-
tive delay time corresponds to the UV pulse preceding the XUV
pulse. The overlap time (or zero delay, ¢y) was determined using a
two-step process involving xenon gas: first, the UV/IR t, was deter-
mined by a cross-correlation measurement of the Xe™ yield as a
function of the UV/IR delay; second, the IR/XUV ¢, was identified
by monitoring the time-dependent Xe** and Xe** yields, produced
by the ionization of Xe by the IR and XUV laser pulses, and fit-
ting them to a normal cumulative distribution function (CDF). In
this latter measurement, XUV-induced Xe 4d ionization and Auger-
Meitner decay produced Xe?*, which was then further ionized to
Xe** by the IR pulse.""""* Collectively, these procedures allowed the
UV/XUV overlap time to be determined. Time-dependent IR/XUV
xenon measurements were recorded both before and periodically
throughout the experiments to ensure this time overlap remained
consistent.

Ions produced in the VMI interaction region were separated
by their times-of-flight and projected onto two chevron-stacked
microchannel plates positioned in front of a P47 phosphor screen
(Photonis). The positions (x, y) and arrival times () of the light
emitted by the phosphor screen were detected by a Pixel Imag-
ing Mass Spectrometry (PImMS) camera installed with a 324 x 324
pixel> PImMS2 sensor with 25 ns timing precision. As incident
photons can activate multiple pixels over several time registers,
the PImMS2 data was centroided in both space and time to

ARTICLE pubs.aip.org/aipl/jcp

improve the (x, y, t) assignments.*” The number of counts per
XUV laser shot were further normalized by the XUV pulse ener-
gies measured by the FLASH gas monitor detector.'”"* Finally, VMI
radius-to-momentum calibrations were obtained for various frag-
ment ion charge states by modeling the ion trajectories within the
spectrometer using SIMION 8.1."°

lll. RESULTS AND DISCUSSION

Mass spectra collected following the interactions of CHyI,
and CH,Brl with the XUV beam are shown in Fig. 2. For both
molecules, XUV ionization produced I"* fragments up to at least
n = 5, with decreasing yields as the charge state increases. For com-
parison, single-photon ionization experiments on Xe at a similar
photon energy demonstrated that only charge states up to Xe’*
are accessible.” As Xe is isoelectronic with 17, it is likely that
single-photon I 4d ionization at 13.1 nm produces similar outcomes
following Auger-Meitner decay. Higher I"* charge states are there-
fore attributed to XUV multiphoton absorption. CH,I* and CHj
fragments are also observed in the mass spectra for both molecules,
as are the respective dihalogen cations (I and BrI*). The CH,Brl
mass spectrum additionally exhibits signatures corresponding to
CH,Br", Br', and Br** (as well as a small amount of CH,I, con-
tamination). As will be discussed below, these observations can
largely be attributed to Coulomb explosions of highly-charged par-
ent ions produced by site-selective ionization of the I 4d orbital.
Direct ionization of the bromine atoms is a smaller contribution
as the relevant ionization cross sections are one order of magnitude
lower at 13.1 nm.”**°

2
8 1 CHaL, I+ 3+
14+
1
6 5+
2+
4 0
20 30 40 50
CH,I*
5 21
2 J I CH,If
2]
—
2 Nn
= 1 CH,Brl — UV/XUV
2 I+ --- XUV
S
3 -5
CH,I* CH,BrI+
Bri+
0 T T T T T
0 50 100 150 200 250
mlz

FIG. 2. Mass spectra of CH,l, and CH,Brl for the XUV probe (black) and UV/XUV
pump-probe (red) experiments. The latter are integrated over all positive pump-
probe delays.
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The UV/XUV mass spectra for CH,I, and CH,Brl, integrated
over all positive delays, are also shown in Fig. 2. Small but clear
changes relative to the XUV spectra are observed due to UV exci-
tation, particularly in the I"* (n = 2-5) signals. This is similar to the
response of CHsl to excitation and ionization at comparable pho-
ton energies.” Singly-charged fragments from CH,I, and CH,Brl
(I*, Br*, BrI, I;, CH,I", and CH,Br") remain unchanged or
decrease in intensity relative to the XUV-only spectra.

Figures 3 and 4 display the time-resolved momentum distri-
butions for the CH;I, and CH,BrI fragments that exhibit two-color
signals. These were created by integrating the fragment velocity-map
ion images over their angular coordinates, and subtracting contri-
butions from negative (XUV-early) pump-probe delays. It should be
cautioned that, as Figs. 3 and 4 are produced from two-dimensional
projections of three-dimensional momenta, they slightly underesti-
mate the true fragment momenta. To account for this, the fragment
kinetic energies reported here were obtained from the thin central
slices of the respective time-of-flight peaks. This effectively selects
ions that are travelling parallel to the detection plane, allowing more
accurate ion momenta to be obtained without the need to resort to
inverse Abel transformation methods.”” As shown in Fig. 3(a), clear
depletions of intensity after 0 ps are observed at high momenta for all

CH,L,
1
400 4 (a) I**
(9)
2007
(I11)
0 IR —— — -~
(b) I3+
400
z 200 4 §
B N
g 0 ro g
g g
£ 6007 (c) I*+ g
o =
<
2 400
200 1
0 1 e——————
750 § (q) I°*
500 o
250 1
0 T T —T T T -1
0 4 8 12 16

Delay/ps

FIG. 3. Time-dependent I"* (n = 2-5) momentum distributions produced from
CHyl, recorded in 50 fs and 200 fs steps. Momenta averaged over negative delays
were subtracted to highlight changes induced by UV excitation. The intensities
of each panel are independently normalized with respect to the number of laser
shots and the average XUV pulse energy per delay. An XUV-induced Coulomb
explosion (I), a UV-pump/XUV-probe Coulomb explosion (Il), and a low momen-
tum dissociative channel (Ill) are labelled in (a) for clarity, but are also visible in

(b)-(d).
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FIG. 4. Time-dependent Br* and I"* (n = 2—4) momentum distributions produced
from CH,Brl, recorded in 50 fs steps. Momenta averaged over negative delays
were subtracted. The intensities of each panel are independently normalized with
respect to the number of laser shots and to the integrated XUV pulse energy per
delay.

ionic fragments, while enhancements are evident at lower momenta.
Three time-dependent channels are distinguishable, corresponding
to those introduced in Fig. 1. Channel I primarily occurs from XUV-
induced Coulomb explosion of the ground-state molecule and hence
depletes after a portion of the molecules are excited by the UV pulse
at to. However, we note that in the case of I** from CH,, this fea-
ture may mask contributions from the concerted elimination of I,
which has been observed at 198 nm using a UV/IR scheme.*® Chan-
nels IT and III represent UV-induced neutral photolysis followed by
XUV ionization of the free halogen atoms, as has been demonstrated
previously.”””* The following sections justify these assignments in
greater detail.

A. Time-resolved photofragment ion yields

The UV-induced ion yield enhancements in Fig. 3 fall into
two categories: initially high momentum channels that decrease
to asymptotes with increasing pump-probe delay (II), and low-
momentum signatures (IIT) that appear within a few hundred
femtoseconds after excitation and remain constant.

Channel II appears when an XUV pulse produces at least two
charged fragments that repel from one another. For each target
molecule, single-photon absorption at 202.5 nm provides sufficient
energy to break both carbon-halogen bonds. At short pump-probe
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delays, these neutral fragments are spatially close and experience sig-
nificant mutual Coulombic repulsion following XUV ionization. As
their internuclear separation increases over time, ionization leads to
weaker repulsion between the ionized fragments at longer delays and
hence results in lower fragment momenta.””"’ This outcome is only
clearly observed for CH, 1, as its dissociation produces two iodine-
containing fragments that can each be readily ionized by an XUV
photon. At a given pump-probe delay, the total kinetic energy T of
the fragments produced from these reactions depends on the UV
photon energy hv, the dissociation energies Dy of any bonds broken,
the energy distributed to the excitation of internal modes Ej,, and
the electrostatic potential energy arising from pairwise interactions
between charges g; and q; with separations r;. This is shown in the
following equation, where k is the Coulomb constant:

T=hv—Ey- Y Do+ Y "4 @)

j#i Tij

By contrast, channel III arises when the XUV pulse ionizes
only one dissociation product. This is confirmed by the constant
momenta of these features, which solely represent the momenta
of the neutral halogens produced following UV photolysis. As the
fragment separation increases with pump-probe delay, the onset
times (ferit) of these channels represent the critical internuclear dis-
tances (rerit) at which electron donation between the participating
fragments becomes unfavourable. This is consistent with the classi-
cal over-the-barrier electron-transfer model for a two-body system
involving a neutral and an ion.”” " At distances shorter than the
critical separation, the neutral fragment can donate a valence elec-
tron to the iodine ion. At longer distances, the potential barrier
associated with this process becomes too large and the electron stays
bound to the neutral fragment. The delayed onset of a particu-
lar X"* channel therefore implies that it exists as X"~"* after the
halogen is ionized, but before reaching its critical separation point.
Similar features have been observed and characterized for several
haloalkanes, including CH3I and CH;BrI, as well as the aryl trihalide
C6H3F2L1‘7'S‘:0

B. Photodissociation and Coulombic repulsion

The time-dependent Coulomb repulsion shown in Fig. 3 (chan-
nel II) is assigned to interactions between pairs of I"* (n = 2-5)
fragments produced following UV-induced neutral CH,I, photol-
ysis and subsequent XUV ionization of the released iodines. In each
case, iodine atoms were ionized by the XUV beam to a distribu-
tion of charge states, meaning that the I"* curves are potentially
amalgamations of several charge pairs. For CH;I,, an iodine ion of
a given charge state can be produced with a second iodine ion in
any one of its accessible charge states. Because of the broad overlap-
ping energy distributions released by the explosions between each of
these charge pairs, individual reaction channels are difficult to assign
directly from the data in Fig. 3. However, they can be identified
clearly through covariance analysis, which measures how relative
variations in two signals correlate. For two fragments, a positive
covariance indicates that the ions are, on average, produced through
the same mechanism.

In this report, the recoil-frame covariance method is used
to place the ions into a common reference frame while retaining
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their momentum information."””' >’ Applying this process at each
pump-probe delay allows covariant fragment kinetic energy distri-
butions to be created from the resulting recoil-frame images, similar
to the process used in Figs. 3 and 4. In this case, kinetic energies
were obtained by performing covariance analysis on ions whose
arrival times were narrowly distributed around the centres of their
respective time-of-flight peaks. As an example, Fig. 5(a) displays
the time-dependent kinetic energies obtained as positive covari-
ance when I** is paired with another I**. The individual covariance
results for the full set of iodine charge states, provided in Fig. S2
of the supplementary material, exhibit similar results. Covariance
analysis confirms that, following UV-induced photolysis and XUV
ionization, each I"* fragment experiences Coulomb repulsion from
a partner iodine ion in any of one of the accessible charge states
(n = 2-5). The decreasing kinetic energies therefore represent the
increasing iodine-iodine separation over time. The time-dependent
recoil-frame covariance features of the I"* pairs indicate that the
XUV pulse ionizes mainly the iodines, leaving the methylene group
neutral. The mutual repulsion between the two iodine ions then
results in back-to-back I"* recoil, as is shown in the cov(I4+, I4+)
recoil-frame map in Fig. 5(b). The recoil-frame covariance maps for
each pair of iodine charge states are provided in Fig. $3, and exhibit
the same feature.

To further support the above assignment, it is useful to
consider the asymptotic values of the covariant time-dependent
kinetic energy distributions obtained for each I"* (n = 2-5) pair.
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FIG. 5. (a) The time-dependent covariant kinetic energy distribution of two I** ions,
obtained following recoil-frame covariance analysis. (b) The recoil-frame cov(I**,
1*) image determined over all pump-probe delays, the black arrow indicates the
recoil direction of the reference ion. The relative fragment distributions are shown
by the positive covariance, negative covariances were set to zero for clarity. (c)
The time-dependent covariant kinetic energies obtained for all combinations of
-5+ charge states (Fig. S2) were converted into || internuclear distances and
averaged, resulting in a linear relationship between |- separation and delay. (d)
A schematic showing the dissociation and separation velocities of the products
produced by concerted three-body CH,, dissociation.
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As mentioned in Sec. IIT A, these asymptotes are the regions over
which the Coulombic interactions have become negligible, and
therefore represent the translational energies of the neutral iodines
gained following dissociation. In these experiments, the kinetic ener-
gies observed at long delays were found to increase with the product
of the iodine charge states, suggesting that significant contribu-
tions from electrostatic repulsion persisted over the 18 ps range that
was measured. It was consequently not possible to directly deter-
mine the neutral photofragment momenta of the iodines from these
asymptotes. To circumvent this, features II and III were instead
considered together. As will be detailed below, they arise from the
same underlying neutral mechanism, so the momentum of the latter
channel is the asymptote of the former. The average kinetic energy
obtained by fitting feature III in the I"* data (Fig. 3) was 0.074
+ 0.003 eV. The Gaussian distribution of ion energies had a corre-
sponding standard deviation ¢ of 0.035 eV. This value agrees closely
with that expected for a concerted three-body dissociation, where
the methylene group has little internal excitation.** By contrast, it is
significantly lower than that predicted for a two-body dissociation
at 202.5 nm, where 80%-90% of the available energy should be par-
titioned into the internal modes of CH,L.”"**"*”" This would leave
only 0.15-0.41 eV for the iodine atom, depending on whether it is
created in its ground or spin-orbit excited state. As such, features
II and III can both be assigned to the same UV-induced reaction
mechanism.

Because only one neutral iodine dissociation velocity was dis-
tinguished, the appearance of one time-dependent Coulomb explo-
sion channel per iodine charge pair can be attributed to a concerted
dissociation mechanism that produces iodine atoms with approxi-
mately equal velocities. As the methylene center of mass is equidis-
tant from the two iodine atoms, its rotational excitation should
remain low during a concerted dissociation. By contrast, if the two
C-I bonds were to break sequentially, two distinct iodine velocities
would be expected for primary and secondary C-I cleavage as the
primary CH,I fragment would receive significant rotational exci-
tation and impart a smaller amount of momentum to an iodine
produced through secondary dissociation. This has been detailed
previously for other dihalomethanes.™ ™ The assignment of con-
certed dissociation is also supported by the behavior of CF,I,, which
has similar symmetry to CH,I, and whose three-body dissociation
is sequential at 304 nm, but becomes concerted as the wavelength
is shortened to 248 nm.”®”” Even so, it is worth noting that the
broad standard deviation obtained for the neutral iodine veloc-
ity may suggest that there is some degree of asynchronicity to the
dissociation.

By using the asymptotic neutral iodine velocity extracted exper-
imentally from channel III, the time-dependent kinetic energy dis-
tributions of each covariant I"* pair were converted to internuclear
distances using Eq. (2). The iodine-iodine separations, averaged over
all covariant pairs of iodine charge states [Fig. 5(c)], exhibit the same
linear relationship with pump-probe delay. This indicates they all
originate from the same neutral mechanism: following UV-induced
photolysis, the two neutral iodine atoms promptly accelerate within
the precision of the data in Fig. 5 (200 fs), and then propagate at a
constant velocity.

The distance between the two recoiling I"™ fragments depends
on their bond dissociation vectors with the neutral methylene as
well as on the force produced by Coulombic repulsion. Since CHzI,

In+
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has a nonlinear geometry, these two directions do not coincide
for a three-body dissociation [Fig. 5(d)]. However, the results in
Fig. 5(c) can be used to separate these contributions and charac-
terize the neutral dissociation mechanism. The kinetic energy of
channel IIT (0.074 + 0.003 eV) corresponds to a neutral photofrag-
ment velocity of 372 + 13 ms™', which gives a good estimation of the
velocity of both iodine atoms produced in a concerted three-body
dissociation. A linear regression of the time-dependent internu-
clear separation shown in Fig. 5(c) indicates that the two iodines
separate with a velocity of 582 + 18 ms™'. Together, these values
correspond to an I-C-I angle of 102.9° + 6.8° for the neutral three-
body dissociation [Fig. 5(d)]. This is smaller, but comparable to,
the neutral equilibrium geometry (116°),'° which was confirmed in
these experiments by three-body covariance analysis of the XUV-
induced Coulomb explosion of ground-state CH,I, (see Sec. III
of the supplementary material for further details). We note that
multiple excited states can be accessed by the UV pulse,”® and
therefore we expect that the experimentally determined I-C-I angle
represents an average value over the different states that can be
populated.”” Time-dependent momentum distributions, provided
in Fig. S4 of the supplementary material, are calculated for each
pair of iodine charge states using the separation velocities and
I-C-I recoil angle obtained from covariance analysis in conjunc-
tion with channel III. A good agreement is observed between the
experimental and predicted ion distributions, which are calculated
under the assumption that CH,I, undergoes a concerted three-body
dissociation.

C. Electron-transfer reactions

As previously mentioned, low momentum channels delayed
relative to the UV/XUV overlap time (feature III) were exhibited
by the | g fragments of CH,I, and CH,Brl, as well as by Br**.
These indicate that, following the arrival of the UV and XUV pulses,
electron transfer occurs between a neutral moiety and a charged
fragment. For CH,I,, the I"* kinetic energies were determined to
be 0.074 + 0.003 eV, as described above. Similarly, only one signa-
ture was observed for each of the iodine and bromine fragments of
CH,Brl. Their kinetic energies, obtained from the measured 23+
and Br** momenta, were 0.086 + 0.003 eV (¢ = 0.047 V) for iodine
(averaged over the two ions) and 0.18 + 0.014 eV (0 = 0.12 eV) for
bromine, corresponding to dissociation velocities of 367 + 13 and
664 + 54 ms™', respectively. The onset times of electron transfer
for each ion shown in Figs. 3 and 4 were determined by fitting the
corresponding observed ion yields using a CDF. An example of this
process is shown in Fig. 6 for I** from CH,I,, which reproduces the
low momentum range of Fig. 3(b) with 50 fs precision. The corre-
sponding analysis performed for the other fragments produced from
CH,I, and CH,BrI are provided in Figs. S5 and S6.

The onset times for each channel observed in CH,I, are col-
lected in Table I. These lengthen from 0.76 + 0.015 to 1.27 + 0.022 ps
as the iodine charge state increases from +2 to +5. This is consis-
tent with the COB model, which predicts longer critical distances at
higher charges due to the greater Coulombic attraction. The longest
distance where electron transfer is still classically possible is the point
where the height of the reaction barrier is equal to the ionization
potential of the fragment that donates the electron.”” This value can
be determined by assigning the reaction mechanism and converting
Lerit tO Terit-
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FIG. 6. The low momentum ion yield of I** produced following the photolysis of
CHaly, given in 50 fs increments. The average momentum distribution at negative
pump-probe delays has been subtracted to remove XUV-early contributions. The
onset of this channel indicates electron transfer, and was determined from the
integrated ion yield using a Gaussian CDF. The Gaussian center, with associated
fitting error, as well as the standard deviation of the step function are also shown.

TABLE |. Observed and predicted parameters, using the classical over-the-barrier
(COB) model,® for -1 electron transfer following the photolysis of CHyly at
202.5 nm and the subsequent site-selective ionization of iodine at 13.1 nm.

I Exp. tei(ps)  Exp. reri(A)  COB ferit (ps)  COB rerig (A)
*  076+0015 442+022 091 +0.03 528
B* 10340015 5994027  1.06+0.03 6.15
I 11740026 681+035 1.18+ 0.04 6.89
rt 1.27 £ 0.022 7.39 + 0.36 1.30 + 0.04 7.54

Three neutral species could, in principle, participate in electron
transfer to the I"* fragments: CH,I following primary C-I photoly-
sis, or CH; and I produced in a three-body process. The former can
be ruled out due to the observed iodine dissociation velocity, which
is inconsistent with the amount of energy that would be partitioned
into internal CH,I modes following two-body dissociation. Electron
transfer mechanisms arising from the concerted three-body disso-
ciation of CHyI, can be distinguished using the over-the-barrier
model. The ionization potentials of methylene (10.4 eV)*”°" and
atomic iodine (10.45 eV)**® return similar critical distances for
electron transfer to I"* (e.g. 5.34 and 5.28 A, respectively, for I**).
However, the I-I and I-CH> separation velocities are significantly
different: the former was shown to be 582 + 18 ms™" in Fig. 5(c),
yielding COB tqi¢ values between 0.91 + 0.03 and 1.30 + 0.04 ps,
depending on the I"* fragment; the latter was determined to be 4448
+ 2431 ms™! geometrically [see Fig. 5(d)], yielding COB t; values
that range from 0.12 + 0.06 to 0.17 + 0.09 ps. As a consequence, we
assign the observed channel to concerted three-body dissociation,

ARTICLE pubs.aip.org/aipl/jcp

followed by XUV ionization of a single iodine and subsequent elec-
tron transfer from the remaining neutral iodine. The relatively large
standard deviations of the Gaussian step functions shown in Fig. 6
and Fig. S5 correspond to the broad onset times of the charge trans-
fer distributions. This is linked to the wide velocity range obtained
for the neutral iodine.

Turning to CH,Brl, electron transfer is evident in the momen-
tum distributions of Br** and I"* (Fig. 4). As described above, only
a single dissociation velocity was distinguishable for each halogen:
664 + 54 ms™' for Br** and an average of 367 + 13 ms™" for I"".
Similar to CHzI,, these observations suggest that neutral bromine
and iodine exist after excitation by the UV but before the arrival of
the XUV pulse. These velocities are inconsistent with a two-body
mechanism. If Br or I were produced through single C-X photoly-
sis of CH,Brl, then the percentage of available energy partitioned
into internal modes of the halomethylene co-fragment would be
90% for C-Br dissociation (Do« = 2.936/3.391 V), and 95% for
C-I dissociation (Dy/« = 2.389/3.33 eV) based on the observed ion
momenta. Previous studies that probed the CH,BrI A-band found
that, following C-I photolysis, 66%-68% of the available energy is
partitioned into internal modes,”” and Lee and co-workers showed
that the amount of internal excitation occurring during a two body
process is consistent across wavelengths.”” The results shown here
predict at least 20% more internal excitation is gained compared
to this amount, and this significant difference therefore suggests
these features indicate neutral three-body dissociation is occurring,
as determined for CH,1,.

Due to the lack of time-dependent Coulomb curves and covari-
ance in the CH,Brl fragment ion yields, it was not possible to
determine the relative neutral fragment separation velocities in a
similar manner to CH,I,, as was shown in Fig. 5(d). To further
ascertain the reaction mechanism, the neutral halogen dissociation
velocities were instead used to calculate the separation velocities
expected from two-body dissociation into CH,X and X, as well as
for concerted three-body dissociation into two halogens and CHa.
These are provided in Table II, along with the corresponding fci¢ val-
ues, which were calculated using the over-the-barrier model. Table IT
compares these COB i values to those obtained from the electron
transfer channel in each of the I"* and Br** momentum distribu-
tions, which are also given in Fig. S6. The COB t.;; values obtained
for both a two-body dissociation and for a three-body dissociation
with electron transfer between halogen co-fragments are broadly
consistent with the experimentally observed ¢ values, although a
stronger agreement is seen with the three-body dissociation. The
COB model predicts a much smaller f for electron transfer from
the methylene produced in a three-body dissociation. This is because
methylene would be produced with a high velocity, leading to a
rapid halogen-methylene fragment separation that reaches the crit-
ical distance on a much faster timescale. The comparisons given in
Table 11, combined with the observation that the measured halogen
velocities are lower than would be expected from two-body dis-
sociation, signify that this channel is consistent with UV-induced
three-body dissociation of CH,BrI, followed by XUV ionization and
electron transfer between halogen co-fragments. It is worth not-
ing that the timescales for C-I and C-Br dissociation are likely to
be different and result in asynchronous bond cleavage. It would be
worthwhile to repeat this time-dependent study with an IR probe
so that both bromine and iodine fragments can become charged.
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TABLE II. Predicted times at which electron transfer is no longer possible according to the classical over-the-barrier (COB)
model for various two- and three-body CH,Brl dissociation channels, determined using expected separation velocities v
calculated with the measured Br and | neutral product velocities and compared with the observed f; values (P = electron

donor; Q = electron acceptor.).

P/Q™ v(ms™') COB rerit (A) COB tarit (ps) Exp. terit (pS)
CH,Br/1** 860 + 31 6.40 0.74 + 0.028 0.45 + 0.015
CH,Br/T** 860 + 31 7.47 0.86 + 0.031 0.55 + 0.019
CH,Br/1** 860 + 31 8.36 0.72 + 0.035 0.56 + 0.043
CH,I/Br** 1040 + 85 6.56 0.63 + 0.052 0.39 + 0.074
Br/I** 883 + 333 4.67 0.53 + 0.20 0.45 + 0.015
Br/I** 883 + 333 5.44 0.62 + 0.23 0.55 + 0.019
Br/1** 883 + 333 6.10 0.69 + 0.26 0.56 + 0.043
I/Br** 883 + 333 5.28 0.60 + 0.23 0.39 + 0.074
CH,/I** 4210 + 1200 5.33 0.13 = 0.037 0.45 + 0.015
CH,/I** 4210 + 1200 6.21 0.15 + 0.043 0.55 + 0.019
CH,/1* 4210 + 1200 6.96 0.17 + 0.048 0.56 + 0.043
CH,/Br** 4420 + 1200 5.33 0.12 + 0.033 0.39 + 0.074

Time-dependent covariance could then be used to confirm the pro-
portion of CH,Brl that dissociates through two- or three-body
mechanisms, as well as the corresponding fragment separation
velocities.

IV. CONCLUSION

The UV-induced photolysis of CH,I, and CH,BrI at 202.5 nm
was explored using inner-shell ionization. Time-resolved covariance
analysis of Coulomb exploding fragments, as well as onset times aris-
ing from electron transfer reactions, were used to assign and charac-
terize three-body dissociation mechanisms. For CH,I,, these results
were used to extract additional information about the structural evo-
lution of the C-I bonds and I-C-I bending angle. These results point
toward the possibility of using time-resolved Coulomb explosion
imaging to simultaneously map multiple degrees of freedom during
the structural evolution of an initially neutral molecule. In combi-
nation with time-resolved photoelectron spectroscopy and particle
correlation techniques, this could facilitate the use of high-energy
photons to characterize reaction potential energy surfaces.

SUPPLEMENTARY MATERIAL

FLASH pulse energy distributions, covariance calculations, pre-
dicted ion momenta, and ion yields for the electron transfer channels
are collected in the supplementary material.
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