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Two- and three-body fragmentation of multiply charged
tribromomethane by ultrafast laser pulsest

Surjendu Bhattacharyya,® Kurtis Borne,? Farzaneh Ziaee,? Shashank Pathak,? Enliang Wang,®® Anbu
Selvam Venkatachalam,® Nathan Marshall,? Kevin D. Carnes,® Charles W. Fehrenbach,? Travis
Severt,? Itzik Ben-ltzhak,® Artem Rudenko?® and Daniel Rolles*?

We investigate the two- and three-body fragmentation of tribromomethane (bromoform, CHBr3) resulting from multiple
ionization by 28-femtosecond near-infrared laser pulses with a peak intensity of 6x10'* Wcm2. The analysis focuses on
channels consisting exclusively of ionic fragments, which are measured by coincidence momentum imaging. The dominant
two-body fragmentation channel is found to be Br* + CHBr,". Weaker HBr* + CBr,", CHBr* + Br,*, CHBr?* + Br,*, and Br* +
CHBr2** channels, some of which require bond rearrangement prior to or during the fragmentation, are also observed. The
dominant three-body fragmentation channel is found to be Br* + Br* + CHBr*. This channel includes both concerted and
sequential fragmentation pathways, which we identify using the native frames analysis method. We compare the measured
kinetic energy release and momentum correlations with the results of classical Coulomb explosion simulations and discuss
the possible isomerization of CHBr3 to BrCHBr—Br (iso-CHBr3) prior to the fragmentation.

1 Introduction

The fragmentation dynamics of molecules induced by intense
near-infrared laser pulses are the subject of a large body of
literature,'® both because of their fundamental role in
understanding the interaction of intense fields with matter and
because of practical implications, e.g., ultrafast plasma
dynamics® and coherent control of chemical reactions.?13
Often, these fragmentation dynamics involve not only bond-
breaking but also the formation of new chemical bonds that
lead to transient (transition state, roaming intermediate, etc.)
structures or stable isomers of the parent molecules on an
ultrafast time scale.'”37 These transient species can further
undergo unimolecular dissociation to form products with new
chemical bonds. A considerable amount of attention has been
paid to such photodissociation and isomerization dynamics383°
in particular for halocarbons like chlorofluorocarbons (CFCs),
which play a prominent role in the ozone-depletion process.*%
42 Even simple halons such as tribromomethane (CHBr3), also
known as bromoform, have a detrimental effect on the ozone
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layer. Owing to the photochemical activity of bromoform,
especially at lower altitudes, it is considered a significant source
of bromine (Br) and methylidyne (CH) radicals in the
atmosphere. 4246

In addition to radical formation, the production of molecular
fragments such as molecular halogens and hydrogen halides
after photoionization of halons has been of recent interest.*’->°
It has been suggested that the formation of the molecular
channel, CF; + Cl;, from the infrared multiphoton dissociation of
CF,Cl,, takes place via a symmetric three-center transition state
with a constraint on one C-Cl bond length at a critical distance.3®
The involvement of isomerization for the formation of
molecular channels has been reported based on evidence
obtained from dispersed fluorescence and ab initio
calculations.>'>2 Furthermore, based on ab initio computations
and modeling, it has been claimed that isomerization is a key
pathway to molecular products for several halons like CF,Cl,,
CF,Br,, and CHBrs in the gas phase.3®

The effect of the wave-packet motion on the concerted
elimination of I,* from CH3l, has been investigated by GeiBler
et al. through a set of IR pump-IR probe measurements.*’
Strong-field-induced sequential ionization of aligned CHsl and
bond rearrangement in CHsCl have been reported by Luo et
al.>3>* Sandor et al. have reported the angle-dependent strong-
field ionization of singly- halogenated methane molecules,
CHsCl and CH3Br.>®> Very recently, Mogyorosi et al. reported
CH(A2A) radical formation in bromoform vapor with near-
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infrared femtosecond laser ~1.1x10% Wcm?
(calculated) in argon plasma.>®

In this work, we report the two- and three-body
fragmentation of CHBr3 using strong-field-induced ionization at
a peak intensity of 6x10* W cm with the intent to provide
experimental data that can guide modeling strong-field
ionization and fragmentation. Moreover, this work may help
with the interpretation of future time-resolved studies on CHBr3
using strong-field-induced fragmentation as a probe. The
possible two-body breakup pathways are discussed based on
the measured kinetic energy release (KER) and Coulomb
explosion simulations (CES). We identified sequential and
concerted mechanisms in three-body breakup channels and
used momentum and energy correlations combined with
distributions of KER and KE of the fragments to provide insight
about the fragmentation dynamics. Our study was inspired by
reports of ultrafast roaming-mediated isomerization of CHBr3
upon ultraviolet photoexcitation in both gas and liquid phases.3®

pulses at

2 Methods
2.1 Experimental

Figure 1 shows a schematic diagram of the experimental setup
used for the present investigation. A detailed description of the
setup is provided in previous reports.>’>°> We used the linearly
polarized beam of an amplified Ti:Sapphire laser, (PULSAR)®°,
with a repetition rate of 10 kHz, a central wavelength of 790 nm
(60 nm FWHM), and a pulse duration of 28 fs (FWHM in
intensity), focused into a supersonic molecular beam by a
concave spherical mirror with a focal length of 75 mm. The
polarization of the laser beam was parallel to the spectrometer
axis and perpendicular to the molecular beam. The data
presented here were recorded with a pulse energy of 13 W,
corresponding to a peak intensity of 6x10* Wcm?2 in the
interaction region.

The peak intensity was determined by an independent
calibration measurement of the Ne* momentum distribution
along the laser polarization direction. This distribution displays
a characteristic kink at the recoil momentum value that
corresponds to the emission of photoelectrons with a kinetic
energy equal to twice the ponderomotive energy (i.e., the
average quiver energy of a free electron in the laser field), U,,
and which represents the transition from direct to rescattered
electrons.®!

The intense laser pulses interact with the molecular beam at
the center of a cold target recoil ion momentum spectrometer
(COLTRIMS).%2 63 A uniform extraction field of 96.6 Vcm™ along
a 240-mm long spectrometer was used to accelerate the
resulting ions toward the ion detector. This time- and position-
sensitive detector consists of 80-mm diameter, efficiency
enhanced “funnel”® microchannel plates (MCPs) in a Z-stack
configuration, equipped with a delay-line anode.®>

The analog MCP and delay-line signals were first amplified
and then fed into constant-fraction discriminators (CFDs). The
CFD outputs were recorded by a multihit time-to-digital
converter (TDC), which registered the accurate timing
information on an event-by-event basis.?* 63 The momenta of
the recoil ions were calculated from the recorded time and
position information by solving the classical equations of
motion of charged particles in the spectrometer field in the Lab-
fixed frame.%®
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The CHBr; (99%), purchased from Sigma Aldrich, was used
without further purification. A stainless-steel gas bubbler was
filled with approximately 10 ml of the sample and subjected to
several freeze-pump-thaw cycles in order to minimize
atmospheric contaminations, like O,, N3, and H,0. The bubbler
was connected to a flat nozzle with a 30-um diameter. Since the
vapor pressure of CHBrs3 is only 5 Torr at 293 K, it was expanded
into the ultra-high vacuum setup using helium carrier gas at 250
Torr. Careful inspection of the time-of-flight mass spectra and
the parent ion kinetic-energy distribution confirmed that there
was no CHBrs-cluster formation under these conditions (see Fig.
S1in the electronic supplementary information, ESI).

supersonic
molecular beam

electron detector
MCP +
delay-line anode

-
ion detector
VICP +
delay-line an
.

& focusing mirror
f=75 mm

Fig. 1 Schematic diagram of the experimental setup depicting the cold
target recoil ion momentum spectrometer (COLTRIMS) with time- and
position-sensitive delay-line detectors, and the spherical concave mirror for
focusing the laser beam. The propagation direction of the supersonic
molecular beam and the laser beam are also shown.

2.2 Coulomb explosion simulation

The total Coulomb potential energy Ei (in units of eV) of a
multiply charged molecule due to a distribution of N point
charges can be expressed as

N
Eior (eV) = 27.21 949 ,
|r,- - r1'|

ij>i

(1)

where the charges g; and g; (in atomic units, a.u.) are separated by
distance |r;—1j| (in a.u.).’” Therefore, under the simplifying
assumption that the Coulomb explosion of a molecule is governed by
a purely Coulombic repulsion between point charges and that there
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is no energy stored in the internal degrees of freedom of the
fragments of the transient molecular ion, we evaluate the momenta
of the fragments at any given time during the fragmentation by
numerically solving the classical equations of motion under the
influence of the Coulomb field. It is known that such a simplified
model typically overestimates the measured KER but reproduces the
energy and momentum correlations well.%¢ This CES was performed
for the ground state geometries of the CHBr3; parent molecule and its
isomers formed by H- and Br-migration, optimized at the wB97x-
d/aug-cc-pVDZ level of theory using the Gaussian 09 package without
any constraints.®® The results of these simulations are compared
below to the measured kinetic energy release and momentum
correlations.

3 Results and Discussion
3.1 Two-body fragmentation channels

Figure 2 displays the ion time-of-flight (TOF) spectrum of CHBrs3
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Fig. 2 lon time-of-flight (TOF) spectrum of CHBrs exposed to intense NIR

laser pulses (the mass to charge ratio, m/q, is shown on the top axis) along
with a cartoon geometry of CHBr3 shown in the inset. Residual gas peaks
are labeled in red. The ‘*’ labeled peaks are unidentified.

ionized by the 790-nm near-infrared laser pulses. The singly-charged
bromoform, CHBrs;*, exhibits four sharp peaks, with their peak
strengths in good agreement with the ratio expected for the natural
isotopic abundance of 7°Br (50.69%) and &Br (49.31 %).
Isotopologues of the bromoform dications, CHBrs?*, are also
noticeable as the four sharp peaks of CBr3?* on top of a broader
structure (see inset in Fig 2), which we attribute to residual gas in the
vacuum chamber that includes some traces (most likely iodine) of
other samples used in earlier experiments. In addition to the singly-
and doubly-charged bromoform ions, a host of other ionic fragments
are observed, most of them having broad peaks, which is a common
signature of fragments with large kinetic energy.

In a PIPICO spectrum, the vyield of two ions detected in
coincidence is plotted as a function of the time-of-fight of the first hit
(TOF;) and the second hit (TOF,). These ion pairs form sharp diagonal
lines with negative slopes if they satisfy momentum conservation,
indicating that they originate from the same molecule. These sharp
features, shown in Fig. 3 as a photoion-photoion coincidence
(PIPICO) spectrum, have been the key for separating ion pairs
measured in coincidence using coincidence time of flight plots.®® 7°
The dominant two-body breakup channels observed in the PIPICO
spectrum are Br* + CHBr,*, HBr* + CBr,*, CHBr* + Bry*, Br* + CHBr,**
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and CHBr?* + Br,*. The yield of the H* + CBrs* channel is too low to be
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Fig. 3 Photoion—Photoion Coincidence (PIPICO) plots of dissociative
double and triple ionization of CHBr; for the same conditions as in
Fig. 2 after subtraction of random coincidences (see text). The
three panels show the regions of interest (see Fig. S2 in the ESI for
the complete PIPICO plot), where the main two-body breakup
channels (a) Br* + CHBr,*, HBr* + CBr,*, and CHBr* + Bry*, (b) Br* +
CHBr,** and (c) CHBr?** + Br,*, appear. Note that each ion-pair
channel produces multiple diagonal lines due to the two naturally
occurring Br isotopes, as labeled for example in Fig. S2(d). The
coincidence TOF stripes, shown in panel (b), are split into two
branches with different slopes because the two fragments, Br* and
CHBr,?*, flip roles in hitting the detector first.

separated from the random coincidence events having similar times
of flight.

Although the parent molecule, CHBrs3, has only C-H and C-Br
bonds, some of the fragment ions undergoing two-body breakup
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contain H-Br and Br-Br bonds, providing clear evidence of bond
rearrangement before or during the fragmentation process. Note
that due to the fairly high-count rate in our experiment (20 kHz ion
counts at a 10 kHz laser repetition rate), the PIPICO spectrum in Fig.
S2(a) — (c) also contains a significant amount of random (also known
as false) coincidences from events where the two detected ions did
not originate from the same molecule. These random coincidences
produce broad “islands” in the PIPICO plot. The PIPICO spectra in Fig.
3 are shown after subtraction of these random coincidence
events. For this purpose, the spectrum of random coincidence events
is produced by pairing two measured fragments from different laser
shots (or a fragment-pair from one laser shot with the third fragment
from another laser shot in the case of 3-body breakup). This
artificially generated spectrum containing purely random-
coincidence events is scaled to match a random coincidence feature
in the measured spectrum and then subtracted.'®337172 Additionally,
the random coincidences is strongly suppressed during analysis by
selecting only those ion pairs that fulfill momentum conservation.

3.1.1 C-Br bond cleavage: Br* + CHBr,* and Br* + CHBr,**

The most abundant two-body breakup channels, Br* + CHBr,* and
Br* + CHBr,?*, are due to direct C-Br bond cleavage from CHBr3
dications and trications, respectively. The Br* + CHBr,* channel is
displayed in Fig. 3(a) and consists of six sharp diagonal lines due to
the presence of two stable bromine isotopes: 7°Br and 8!Br. Since all
these channels bear similar information about the fragmentation, we
discuss below only the pure 7°Br isotope channel, i.e. 7°Br* + CH7°Br,",
because it has the smallest overlap with the other channels and
random coincidence events. The complete assignment of the isotopic
channels in the PIPICO spectrum is provided in Fig. S2(d).

Figure 4(a) shows the measured KER distribution for the 7°Br* +
CH®Br,* breakup channel. This measured KER distribution peaks at
4.0 eV. Using equation (1), the Coulomb energy is calculated for three
different arrangements of the two positive charges in the CHBrs**
molecule: (i) One positive charge is placed on one of the Br atoms,
and the other charge is placed at the center of mass of the CH”®Br,
fragment. In this arrangement, the charges are separated by 5.16 a.u.
and the calculated KER is 5.27 eV, that is about 1.3 eV higher than
the measured value. (ii) The two positive charges are placed on two
of the Br atoms which are 6.05 a.u. apart from each other. Due to the
larger charge separation the Coulomb repulsion is reduced, yielding
a KER of 4.50 eV, which still overestimates the measured KER by 0.5
eV. (iii) Finally, one of the positive charges is placed on one of the Br
atoms, and the other positive charge is equally distributed between
the remaining two Br atoms in the CH”°Br, fragment. The calculated
KER in this case also overestimates the measured KER by ~0.5 eV as
shown by the vertical dashed line in Fig. 4(a). Conceptually, the
splitting of the unit charge into equal fractions between two identical
Br atoms of the CHBr;,* can be understood as a redistribution of the
valence electrons.

The fact that the Coulomb explosion model [i.e., equation (1)]
typically overestimates the measured KER is well known®® 737> as it
oversimplifies the problem. The main issues leading to this limitation
are non-Coulombic potential energy surfaces (PES), internal energy
carried by the fragments, and the fact that the charge distribution is
not really a point charge. In addition, another factor that often
contributes to the overestimation of the experimental KER values by
the CES is the motion of the fragments during the ionization process.
However, in our estimate, the latter limitation does not play an
important role in our specific case since the motion of the heavy Br-
containing fragments is negligible on the time scale of the 28 fs laser
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pulse used here. As we recently pointed out,% despite the
shortcomings of the Coulomb explosion model, it still does a
reasonable job in predicting energy and momentum correlations,
and therefore it is a useful simple tool in interpreting fragmentation
experiments.

Figure 4(b) displays the 7°Br* + CH’°Br,?* two-body breakup of the
bromoform trication. This is the second most prominent channel and
has a branching ratio of about 17% of all two-body breakup channels
containing 7°Br isotopes. The measured KER distribution of the Br* +
CHBr,?* channel peaks at 8.3 eV. The KERs calculated using CES
assuming the similar charge distribution as described above in model
(iii) are shown by a vertical dashed line and again overestimate the
measured value, though the relative deviation is clearly smaller, as
one would expect for higher charge states of a fragmenting molecule.

3.1.2 Bond rearrangement: CHBr* + Br,*, CHBr?* + Br,*, and
HBr* + CBr,*

The creation of Bry* in both CHBr* + Br,* and CHBr2* + Br,*, which are
by far the weakest of all discernible two-body breakup channels
(each having a 2% branching ratio), requires the cleavage of two C-Br
bonds and the formation of a new bond between two bromine
atoms. The KER distribution of the CHBr," + Br,* channel, shown in
Fig. 4(c), is peaked at 3.3 eV. This KER distribution has a noticeable
higher energy component, which is determined to be centered at 4.0
eV by the two-Gaussian fit shown in Fig. 4(c).

The KER distribution of the CHBr?* + Br,* channel, shown in Fig.
4(d), is peaked at 7.4 eV. Contrary to the CHBr* + Bry* channel, no
high-energy component is observed in the CHBr** + Br,* channel.
However, KER values of both channels involving the formation of the
molecular bromine cation are significantly lower than the KER of the
di- and tricationic two-body channels involving single C-Br bond
cleavage.

One possible route that may lead to Br,* formation is the
isomerization of CHBr; into the Br migrated BrCHBr—Br dication,
followed by cleavage of the C-Br bond finally leading to CHBr* + Br,".
The photoabsorption increases the internal energy of the molecule,
which may initiate the isomerization process. Although both the
equilibrium geometry and the isomers correspond to the local
minima of the potential energy surface, the isomers have one or
more bond lengths which are larger than in the equilibrium
geometry. In this case, the charges could be further separated after
ionization, resulting in lower KER. For simplicity, we assume the
optimized ground-state geometry of the Br migrated isomer,
BrCHBr—Br (iso-CHBr3) in the dicationic state [sketched in Figs. 4(c)
and 4(d)], as the starting geometry for the CES with one (two) unit(s)
of charge residing on the Br of CHBr* (CHBr?*) and one unit of charge
is equally distributed between the two Br atoms in the Br,* fragment.

Interestingly, the KER value of 3.7 eV evaluated using CES splits
the difference between the two peaks at 3.3 eV and 4.0 eV in the
CHBry* + Bry* channel, as observed in Fig. 4(c). The CES model does
an excellent job of predicting the KER value of the CHBr** + Br,*
channel, as can be seen in Fig. 4(d).

The two KER peaks centered at 3.3 and 4.0 eV in Fig. 4(c) suggest
that two fragmentation pathways may be contributing to this
fragmentation channel. Although we cannot infer further
information about the nature of the two contributions from the KER
distributions alone, we speculate that the higher-energy feature may
be concerted Br,* elimination assisted by the scissor-mode vibration
in the dication as observed for X, (where X=Cl, Br, I) elimination from

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Kinetic energy release (KER) distributions for two-body fragmentation of CHBr3 into: (a) 7°Br* + CH”?Br,*, (b) 7°Br* + CH”°Br,%, (c)
CH”®Br* + 7°Br,*, (d) CH’®Br?* + 7°Br,*, and (e) H”°Br* + C’°Br,*, along with the (f) relative branching ratio of these channels. The vertical
dashed lines are the classical Coulomb explosion simulation (CES) for the charge distributions and molecular geometries shown in each
inset sketch. Numerical values for the simulated KER are shown above the dashed lines. The KER distribution in (c) is fitted with two
Gaussians, shown by the green-dashed and green-dotted lines. The resulting fit curve is indicated by the thin black line.

RCHX,*°, while the lower-energy feature may correspond to Bry*

elimination from the BrCHBr—Br isomer formed in the dicationic state
before Coulomb explosion. The normal mode frequencies associated
with the motion of the Br nuclei in the neutral ground-state CHBr3
molecule span timescales (energies) from 50 fs (669 cm™) to 215 fs
(155 cm™). Furthermore, Mereshchenko et al. suggested that gas-
phase isomerization of S; CHBr; into So BrHCBr—Br (iso-CHBr3)
induced by a 250-nm photon occurs on a 100 fs timescale.3®
Therefore, we conclude that the timescale of the dynamics related
to the motion of the Br nuclei is significantly longer than the laser
pulse duration used in the present investigation, and that it is thus
reasonable to assume that isomerization happens on the CHBr3?* PES
and proceeds on a timescale longer than the laser pulse. Ab initio
calculations at the wB97x-d/aug-cc-VDZ level of theory (see Fig. S4 in
ESI) show a stable equilibrium geometry of the BrCHBr—Br isomer on
the singlet ground state of the dication, thus providing a supportive
argument for this speculation. Further corroboration for the
transient formation of this isomer may be provided by future pump-
probe experiments, as suggested in our most recent report.%®

The HBr* + CBry* channel, displayed in Fig. 4(e), which also
requires the formation of a new bond — in this case between
hydrogen and a bromine atom — has a branching ratio of 13% of all
two-body breakup channels. The measured KER peaks at 3.9 eV. The

This journal is © The Royal Society of Chemistry 20xx

CES for the charge distribution shown in the inset of Fig. 4(e) yields a
KER of 4.5 eV (dashed green line). We also performed CES on the
optimized ground-state geometry of the doubly-charged H-migrated
isomer, H-Br---CBr. In this case the charge distribution used was one
unit of charge residing on the Br of HBr* and one unit of charge
equally distributed between the two Br atoms in the CBr,* fragment.
This simulation yielded the same KER value of 4.5 eV. It thus appears
that the KER measurement, alone, cannot distinguish between the
formation of HBr* + CBr,* via concerted detachment or via H-
migrated isomer formation, i.e., the [H-Br---CBr;]?* ground state.

3.2 Three-body fragmentation channels

The main three-body channels observed in our experiment, Br* + Br*
+ CHBr*, Br* + Br* + CHBr?* and Br?* + Br* + CHBr*, appear as sharp
diagonal lines in the zoomed-in regions of interest of the triple
photoion coincidence (TRIPICO) spectrum of CHBr3; shown in Fig. 5
(the full TRIPICO spectrum is displayed in Fig. $3). The multiplicity of
these diagonal lines stems from the natural abundance of 7°Br and

Phys. Chem. Chem. Phys, 2022, 00, 1-13 | 5
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same laser conditions as the previous plots. The three-body
breakup into (a) Br* + Br* + CHBr*, and (b) Br?* + Br* + CHBr* and
Br* + Br* + CHBr?*, after subtraction of random coincidences.

81Br isotopes as explained in section 3.1 in relation to the two-body
fragmentation channels, and for similar reasons we discuss only the
3-body fragmentation of the CH2!Br; isotopologue. Specifically, the
81Br* + 81Br* + CHB!Br*, 81Br* + 81Br* + CH®'Br2* and 8!Br?* + 81Br* +
CH&1Br* channels, because they are better separated from the stripes
of the other isotopologues and from the background. To avoid
possible artifacts, caused by the time order in which the
indistinguishable 3Br* fragments (of the 8!Br* + 31Br* + CH®Br*
channel) are detected, we randomly swap their order for half of the
events. Finally, to simplify notation we drop the isotopic labeling of
the Br in the following subsections, except the reminder in the
subtitles.

One of the questions of interest when multiple bonds are
breaking is the time order of the fragmentation process. Are all
bonds breaking simultaneously — in a concerted way — or are they
breaking sequentially, i.e., with sufficient delay to observe that
sequence.’®”” More specifically, if the delay (At) between two bond-
breaking processes is less than the mean rotational period T, of the
intermediate fragment, i.e. At/Tot < 1, then it is called a concerted
pathway. In one of the limiting cases when both bonds break

This journal is © The Royal Society of Chemistry 20xx
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simultaneously, i.e. At/tt = 0, then it is called synchronous
concerted. Asynchronous concerted is defined as 0 < At/tot < 1, while
At/T.0t > 1is the condition to be called sequential bond breaking.”” It
is important to note, also, that the signature of synchronous-
concerted breakup is equal energy sharing if the fragments’ masses
are similar, while the a-synchronous concerted fragmentation yields
different energy sharing.’® To determine if the fragmentation is
sequential or concerted, we employ the native frames method’37?,
which is based on the use of the conjugate momenta of the Jacobi
coordinates that describe the relative position of the fragments.
These conjugate momenta can be associated with the first and
second steps of sequential fragmentation of an ABC molecule, as
follows

step 1: Pa-BC = %Pc - %(PA + Pg) (2)
Ps P
step 2: Pa-B = HaB (m_i - m_':) 3)

where Py, Pg,and P¢ are the lab-fixed frame (explicitly the center
of mass frame of the ABC molecule, in which case Eq. (1) simplifies
to pa_pc = Pc) momenta of the three fragments, M and m, are
the masses of the whole molecule and the labeled fragment,
respectively, and pag is the reduced mass of the intermediate AB
molecule. We define the angle between these conjugate momenta
by

Pa-Bc Pa-B ) 4)
|Pa-Bcl| [Pa-8l

Finally, the KER associated with the second breakup step is given by

BA—B,C = COS_:l <

2
PaA-B

KERA_B = Z#AB .

(5)

To identify sequential or concerted fragmentation, one needs a
clear signature. The rotation of the intermediate molecule, AB, in the
fragmentation plane has been used successfully as such a
signature.®%84 |n the native frames method, such rotation yields a
uniform @, _g ¢ angular distribution if the rotation lasts long enough
to erase any angular preference due to the first fragmentation
step.7879

3.2.1 The 3!Br* + 81Br* + CH®!Br* fragmentation channel

One can envision two distinct sequential fragmentation paths
leading to Br* + Br* + CHBr*, one initiated by Br,>* + CHBr* breakup as
a first step, and the other by Br* + CHBr,%*. Our native frames analysis
indicates that only the latter path occurs. To identify this sequential
breakup, we plot all the Br* + Br* + CHBr* events as a function of
KER cypr—Br(2) and Ocupr—Br(2),8r(1) in Fig. 6(a). Note that Br(1) and
Br(2) denote the first and second detected Br fragment. Either one
of them may be ejected first or second in the sequential
fragmentation, therefore we analyze the data both ways, that is,
assuming a Br*(1) + CHBr-Br?*(2) first step, shown in Fig. 6(c), or a
Brt(2) + CHBr-Br¥*(1) first step, shown in Fig. 6(d) using the same
native-frame coordinates as in panel (c).
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The sequential breakup via the CHBr-Br?*(2) intermediate
dication appears in Fig. 6(a) as a narrow KERcugr-ar(2) Stripe, centered
about 3.45 eV, with a broad O cypr—Br(2),Br(1) @ngular distribution, as
expected. However, this angular distribution is not uniform, but
rather peaks at 90°. There are two main reasons for this non-uniform
angular distribution. The first is rotation of the intermediate CHBr,**
dication out of the fragmentation plane, which drives the angular
distribution away from the edges causing dips at 0° and 180°. The
second is the finite momentum resolution of the experiment, which
has a similar effect on the angular distribution. Together, they lead
to a distribution with reflection symmetry about the peak at 90°.

We note that the sequential breakup distribution via the CHBr-
Br?*(2) intermediate, shown in Fig. 6(a), overlaps with the concerted
fragmentation contribution at the region marked by the red
rectangle (“gate”) labeled ‘2’, and with the sequential breakup via
CHBr-Br¥*(1) at the region marked by the ‘1’ red rectangle. To
separate the sequential breakup via the CHBr-Br?*(2) intermediate
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o o ]
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) @
0 Y100 0 H100
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KER crigrare)/®Y KER cherar2) /&Y
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(C) 102 (d) 102
§120 i E120 ™
s 18
@ = 10 @ 10°
Seof 5 T 60
@ o
0 Uq00 0 Hig0
0 5 10 15 0 5 10 15
KERCHBF—BF(Z]/EV KERCHBr-Bf(Z)/ev

Fig. 6 Native frames analysis of the three-body fragmentation of
bromoform trication into Br* + Br* + CHBr* assuming a CHBr,**
intermediate molecule: (a) All events, (b) after subtraction of
sequential breakup via Br*(1) + CHBr-Br?*(2) and Br*(2) + CHBr-
Br?*(1), which are shown in panels (c) and (d), respectively. The
red and blue rectangles shown in panel (a) mark the regions in
which we replace the events within the regions marked in red by
the equivalent events from the blue regions labeled with the
same number to avoid contributions from other overlapping
processes (see text). The magenta rectangle marks the region
used to select concerted events.

dication from the competing fragmentation processes overlapping
with it, we eliminate the events within the ‘1’ and ‘2’ red “gates” and
replace them by equivalent events from the respective blue gates.
Specifically, for each event in a blue gate, we generate an equivalent
event which is rotated into the respective red gate by
0’ CHBr-Br(2),Br(1) = 180 — GCHBI‘—BI‘(Z),B]‘(I)' while maintaining all
the rest of the event information the same. The results of this
reconstruction are shown in Fig. 6(c). Similarly, sequential breakup
with the other order of Br* ejection, namely Br*(2) + CHBr-Br?*(1), is
analyzed and reconstructed using the same algorithm, and then
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Fig. 7 The kinetic energy release in the (a) first, Br* + CHBr,%*,
and (b) second, Br* + CHBr*, fragmentation steps. The
numbers on top of the peaks indicate the peak position of
each KER distributions.

plotted in Fig 6(d) to show how this channel appears when using the
conjugate momenta appropriate for the breakup via the CHBr-Br?*(2)
intermediate dication.

Now that sequential fragmentation proceeding via Br*+ CHBr,%*
breakup followed by the dissociation of the dication into Br* +
CHBr* was separated from the other competing fragmentation
processes, we can investigate it in further detail. First, the
kinetic energy released in each fragmentation step is plotted in
Fig. 7.

The KER in the second step is approximately half of the KER in

6k L=l [+
S L 3B (1):KE
B = —— 51Br(2):KE
Hy —— CHP'Br*:KE
4k - a5 3t 6.1° =5
N
Hlkd 11.9% 12.9°
H
2K -
3‘151:.
b3
s
F N
H
. e
X T T i T
0 5 10 15

kinetic energy release / eV

Fig. 8 Kinetic energy release upon concerted and sequential
fragmentation (dashed and solid lines, respectively) into Br* + Br*
+ CHBr*. The kinetic energy of each fragment is shown using the
same line styles. Superscripts ‘c’ and ‘s’ stand for concerted and
sequential fragmentation, respectively. Concerted events are
scaled by a factor of 0.5. The vertical bars and numerical values
inside black boxes are the CES results obtained from the charge
distribution shown in the sketch.

the first step mainly due to the larger Coulomb repulsion between
the Br ion and the dication. The total KER distribution of this
sequential fragmentation process is centered about 11.9 eV, while
the first and second Br* fragments have a kinetic energy (KE) of about
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5.7 and 3.1 eV, respectively, in the lab-fixed frame. Due to the
rotation of the CHBr,2* intermediate, the latter has a much broader
KE distribution, as shown in Fig. 8.

Next, we compare in Fig. 8 the distributions of KER and
kinetic energy (KE) of the individual fragments for concerted
and sequential fragmentation into Br* + Br* + CHBr*. The KER
upon concerted fragmentation is about 1 eV higher than for
sequential breakup, suggesting that either the fragments,
especially the CHBr*, have more internal energy at the end of
the sequential breakup, or that the concerted breakup pathway
starts about 1 eV higher on the potential energy surface (or a
another potential surface that is higher by 1 eV). Further work
is needed to establish which of these is playing the dominant
role.

Figure 8 clearly shows that the kinetic energies of the two
Br* fragments resulting from sequential breakup are
significantly different from each other. The Br* ejected first is
more energetic (peaking about 5.7 eV), while the Br* ejected
second (peaking about 3.1 eV) has a much wider KE distribution
in the lab-fixed frame due to rotation of the intermediate
CHBr,%* from which it is ejected. In contrast, the KE of the two
Br* fragments resulting from concerted fragmentation, shown
in Fig. 9, are practically equal, as expected for synchronous-
concerted breakup. Consistently, the KE of the CHBr* fragment
associated with the same process is just slightly lower due to its
higher mass.

On the practical side, these differences in KE of the Br*
fragments allow one to suppress contributions from either

0 2 = 6 8
KEBr(1)+/eV

Fig. 9 Correlation diagram between kinetic energies (KEs) of the
two Br* fragments ions generated in the 8'Br* + 8Br* + CH8!Br*
triple coincidence channel. The result of the CES for synchronous

concerted breakup is shown as a green cross “x” symbol.

concerted or sequential fragmentation by setting simple
conditions (“gates”) on the kinetic energies of the two Br*
fragments, instead of the complete native frames analysis

8 | Phys. Chem. Chem. Phys., 2022, 00, 1-13

including reconstruction discussed above. For example,
sequential breakup can be significantly suppressed by
eliminating events with a Br* with KE above about 5.1 eV,
though at the cost of losing some concerted fragmentation
events, as demonstrated in Fig. 10(f).

Since our data analysis provides the three-dimensional
momenta of all three fragments in the moving molecular frame,
the correlation among these momenta can be visualized in a
Newton plot, as commonly done.®%-8% |n this plot, the relative
magnitude and direction of the momentum of each fragment
are displayed with respect to the momentum of one of them

(b)/i\
CH&1Br* j
3
(c) (d)
1 4
e o~ H
— 0 i > -
@ . £
— el 3
-1 i
3
107
()
1
a” //!\
=1 ‘
2 U, 0
2 -1 0 1 2 -2 -1 0 1 2 10
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Fig. 10 Newton plots of the Br* + Br* + CHBr* fragmentation
channel showing the momentum correlations between the
fragments. The first Br* fragment is used as a reference and its
momentum is rotated to coincide with the x-axis (red arrow),
while the other Br* and the CHBr* momenta, scaled to the
reference Br* momentum, are plotted on the top and bottom
part, respectively. Panels (a-d) include the same events as the
corresponding panels of Fig. 6, sorted using the native frames
analysis. Specifically, they show (a) all Br* + Br* + CHBr* events,
(b) these events after subtraction of sequential breakup, (c)
sequential breakup events in which the reference Br* is
ejected in the first step, and (d) sequential breakup events in
which the reference Br* is ejected in the second step. (e) All
Br* + Br* + CHBr* events, but with the KE of one of the Br*
fragments larger than 5.1 eV to select the contribution from
sequential breakup (see text). (f) Similar to panel (e) but with
the KE of each Br* fragment smaller than 5.1 eV to select the
contribution from concerted breakup (see text).
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which serves as a reference fragment. Figure 10 displays
Newton plots with respect to Br*, whose momentum is
normalized to one and fixed along the Py direction (red arrow).
The momenta of the other two fragments are normalized to the
reference fragment’s momentum and are plotted in the upper
and lower halves of the plot. The choice of the Br* fragment as
a reference is motivated by the identification of sequential
breakup, where a Br* is ejected in the first step, according to our
native frames analysis above. This sequential breakup is
expected to appear as a circular feature in such a Newton
plot.80-84

The fragmentation processes identified above using the
native frames method are clearly visible in Fig. 10(a). First, a
circular structure consisting of two slightly offset semicircles
(marked by the thin blue semicircles) is the result of sequential
breakup, as shown in panel (c) (panel (d) shows the sequential
fragmentation events for which the Br* reference fragments are
emitted in the second step). As discussed above, this sequential
fragmentation proceeds by dissociation of the transient CHBr33*
into Brt + CHBr,?* followed by the dissociation of the dication
into Br*+ CHBr* after this dication rotates for a time longer than
its rotational period. Second, two localized maxima (marked by
the green cross “x” symbol} around (-0.5, £0.9), are the result
of synchronous-concerted breakup. These events can be
selected by requiring that both Br* KEs are smaller than 5.1 eV,
as shown in Fig. 10(f). Third, a curved “tail” starts at the position
of the maxima and curves back toward the circular structure.
This feature is also identified as concerted breakup, however, in
contrast to the localized maxima, this fragmentation is
asynchronous as indicated by the increasingly unequal energy
sharing of the Br* fragments as one moves along the “tail” away
from the maxima (see also Fig. 9).

Next, we model the synchronous-concerted fragmentation
by placing one unit charge at the position of each of the Br
atoms in the CHBr; equilibrium geometry, the CES yields the
momentum correlation, shown by the green cross “x” symbol
in Figs. 10(a,b,e,f), which are in excellent agreement with the
location of the maxima around (-0.5, £+0.9) and (-0.5, +0.9).

In addition to the Newton plot, which highlights the
momentum correlation, a Dalitz plot®> 8 can be used to show
the energy correlation between two variables of choice in a
three-body fragmentation. In the Dalitz plot representation, the
x and y axes are defined as (€; — €;)/V3 and €3 - 1/3, respectively,
where € is the scaled kinetic energy, €; = KE;/%; KE;, and KE; is the
kinetic energy of the it" fragment.

We show a Dalitz plot for the Br* + Br*+ CHBr* channel in Fig.
11. In Fig. 11(a), which includes all of the events from this
channel, a clear peak is observed close to the origin of the plot,
which is consistent with a synchronous-concerted breakup
leading to almost equal energy sharing among the three
fragment ions, as well as with our CES prediction shown by the
green cross “x” symbol. Similar to the Newton diagram of Fig.
9(f), the events from this specific pathway can be efficiently
sorted out by selecting the events with both Br* KEs below 5.1
eV, as shown in Fig. 11(b). A horizontal band on both sides of
this maximum visible in Fig. 11(a) reflects the events with
unequal energy sharing between the two Br* ions and can be
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Fig. 11 Dalitz plots for the Br*+Br*+ CHBr* channel: (a) All Br*+Br*
+ CHBr* events, (b) similar to panel (a) but with KE of each Br*
fragment being smaller than 5.1 eV in order to select the
contribution from concerted breakup (see text). The result of the

CES for concerted breakup is shown as a green cross “X” symbol.

tentatively assigned to the asynchronous-concerted
fragmentation pathway, corresponding to the curved “tail”
observed in the Newton diagrams of Fig. 9(a,b). Finally, two
diagonal structures in Fig. 10(a) reflect the events resulting from
the sequential fragmentation discussed above, with each
diagonal associated with either of the Br*ions being emitted in
the first step.

Returning to our CES modeling of concerted three-body
breakup using unit point charges placed on each of the three Br
atoms, we focus on the KER and KEs estimates, which are shown
as vertical lines in Fig. 8. The KER obtained from the CES for the
concerted breakup is 13.4 eV which is approximately 0.5 eV
(only 4%) higher than the peak of the measured concerted
fragmentation distribution. The CES yields a KE of 4.6 eV for the
Br* fragments, coinciding quite well with the measured KE peaks
(at 4.5 eV) of the Br* fragments associated solely with concerted
fragmentation. Furthermore, the CES prediction of 4.1 eV for
the CHBr* fragment’s kinetic energy only slightly overestimates
the measured KE peak at 3.9 eV (explicitly by only ~5%).

Finally, we would like to discuss the CES of the Br* + Br* +
CHBr* channel which could also have contributions from the
concerted breakup of the triply charged Br-migrated isomer,
(BrHCBr-Br)3*. The CES for concerted breakup placing a unit
charge on each of the three Br atoms of this isomer yields KEs
in the ranges of 4.8-4.9 and 3.9-4.4 eV for the two Br*
fragments, with an angle of 120-126° between their momenta,
while the KE of the third fragment, CHBr*, would be 3.3-3.8 eV.
These values are very close to the values obtained from the CES
of the triply ionized parent molecule, CHBr33*, suggesting that it
is not possible to distinguish between the parent CHBr3 and the
BrCHBr—Br isomer using the concerted breakup of the trication.
However, this distinction may be possible via the four- and five-
body breakup channels, as we have shown in prior work.®
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3.2.2 The 3'Br* +81Br* + CH®!Br?* and Br?* + Br* + CHBr* fragmentation
channels

Two additional three-body channels, Br* + Br* + CHBr?** and
Br?* + Br*+ CHBr*, are clearly observed in our data, but their
yield is rather low in comparison to the Br* + Br* + CHBr*
channel, as shown in Fig. 5(b). This lower yield is mainly a result
of the need to ionize an additional electron for these two
channels in contrast to the Br*+ Br* + CHBr* channel. Both these
three-body breakup channels can be separated from the
background of random coincidence events as well as from
breakup channels with a neutral fragment, by selecting only
events that satisfy momentum conservation.

—— CH®'Br2"KE
$1Br":KE
— KER

Counts

T T T T T

1500 po——
(b) 5.6 Br¢*:KE
; 81Br*:KE
—— CH®Br*:KE
4 — KER
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10.4
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kinetic energy release / eV

Fig. 12 Kinetic energy release distribution in three-body
fragmentation of bromoform trication into (a) Br* + Br* +
CHBr?* and (b) Br?* + Br*+ CHBr*. The vertical dashed lines
and numerical values are the results of our CES for concerted
fragmentation with the charge distributions shown in the
respective insets.

Figures 12(a) and Fig. 12(b) show the KER and KE
distributions of the Br* + Br* + CHBr** and Br?*+Br*+ CHBr*
channels, respectively. The KER and KEs computed by CES for
concerted three-body breakup with unit point charges placed
on each of the three Br atoms are shown as vertical dashed lines
in Fig. 12. The simulated KER values for both the channels are
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Fig. 13 Newton plots of the Br* + Br* + CHBr?* channel with
(a) Br* as reference fragment. (b) Dalitz plot for the same
fragmentation channel.

within 1.2 eV compared to the respective measured peak
values. Unlike the three-body dissociation from the tricationic
bromoform, there is only one peak in the KER and KE
distributions of the fragments produced from the tetracationic
bromoform.

The momentum and energy correlation are shown as
Newton and Dalitz plots for the Br* + Br* + CHBr?** and
Br?* + Br*+ CHBr* channels in Figs. 13 and Fig. 14, respectively.
These figures are dominated by concerted fragmentation,
which appears as peaks in these correlation maps. This
dominance of concerted fragmentation is consistent with the
fact that we see no sign of sequential breakup in our native
frames analysis of these two channels.
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Fig. 14 Newton plots of the Br?* + Br* + CHBr* channel with (a)
Br?*, (b) Br*, or (c) CHBr* as the reference fragment. (d) Dalitz
plot for the same fragmentation channel.

4 Concluding remarks

The two- and three-body fragmentation of CHBr; after double, triple,
and quadruple ionization induced by a strong 790-nm near-infrared
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laser field is investigated by measuring the momenta of two and
three fragment ions in coincidence. We concentrate on ionic two-
and three-body breakup channels, i.e., excluding production of any
neutral fragments. Among those channels, the dominant two-body
breakup channel is found to be Br* + CHBr,*, while other exotic
channels such as HBr* + CBr,*, CHBr* + Br,* and CHBr?* + Br,*, which
require formation of new bonds not present in the parent molecule,
were also observed. The KER distribution of the CHBr* + Br,* channel
exhibits a two-component structure, suggesting the existence of two
fragmentation pathways, which may be transient isomerization prior
to fragmentation and concerted breakup. The two three-body
fragmentation channels of the tetracationic bromoform, i.e., the
transient CHBr:**, are observed to undergo solely concerted
fragmentation. In contrast, the fragmentation of the main three-
body channel, Br* + Br* + CHBr*, occurs both sequentially and in a
concerted manner. This was determined by employing the native
frames method, which also allowed us to separate the two
fragmentation mechanisms from each other and study them in
detail. In the concerted fragmentation case, the similarity of the
measured kinetic energies of the fragments suggests that the process
is predominantly synchronous, although a non-negligible fraction of
events manifests an unequal energy sharing between the two Br*
ions, which is the signature of asynchronous-concerted
fragmentation.’® The sequential fragmentation proceeds by Br* +
CHBr,?* breakup as a first step, followed by the dissociation of the
intermediate CHBr,?* dication into Br* + CHBr*. The kinetic energies
of the first and second ejected Br* fragments are significantly
different, a fact that can be used to separate concerted and
sequential fragmentation events from each other.

The overall agreement between experimental results and CES
demonstrates that a classical CES can be suitable approximation for
modeling the kinematics of the strong-field-induced two—and three-
body fragmentation. Furthermore, our experimental results can pave
the way for future time-resolved studies on CHBr; using strong-field-
induced fragmentation as a probe. Combining the Coulomb
explosion imaging method presented here (and in our prior
publication that focused primarily on the fragmentation of CHBr; into
four and five ionic fragments®) with a pump-probe scheme should
be well suited to study the predicted roaming dynamics on the
femtosecond time scale and pave the way for making molecular
movies.
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