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Abstract

®

CrossMark

The primary and secondary fragmentation dynamics of iodobenzene following its ionization at
120 eV were determined using three-dimensional velocity map imaging and covariance
analysis. Site-selective iodine 4d ionization was used to populate a range of excited polycationic
parent states, which primarily broke apart at the carbon-iodine bond to produce I with phenyl
or phenyl-like cations (C,H,  or C,H,**, withn = 1 -6 and x = 1-5). The molecular
products were produced with varying degrees of internal excitation and dehydrogenation,
leading to stable and unstable outcomes. This further allowed the secondary dynamics of

CgH, >t intermediates to be distinguished using native-frame covariance analysis, which
isolated these processes in their own centre-of-mass reference frames. The mass resolution of
the imaging mass spectrometer used for these measurements enabled the primary and secondary
reaction channels to be specified at the level of individual hydrogen atoms, demonstrating the
ability of covariance analysis to comprehensively measure the competing fragmentation
channels of aryl cations, including those involving intermediate steps.

Supplementary material for this article is available online

Keywords: molecular dynamics, free electron laser spectroscopy,
extreme ultraviolet spectroscopy, site-selective ionization, covariance analysis, ion spectroscopy.

1. Introduction

Aryl polycations are versatile reactive intermediates that play
essential roles in aryl-carbon bond formation as well as the
photodegradation of pesticides and antibiotics [1-4]. Even the
simplest aryl group, phenyl, can lead to wide-ranging out-
comes depending on the charge distribution of the ionic state
being accessed. Excited phenyl polycations can undergo elec-
tronic relaxation within a few hundred femtoseconds to popu-
late a broad range of states with varying degrees of vibrational
activity, leading to geometries that are significantly distorted
relative to the highly symmetric neutral ground state [5—12].
For example, the most stable isomers of the phenyl monoca-
tion and dication include linear ring-opened configurations in
addition to structures that resemble neutral phenyl. Moreover,
as the internal energy of a phenyl polycation increases, frag-
mentation can also occur through hydrogen loss or dissoci-
ation into smaller hydrocarbon moieties. These processes are
facilitated by hydrogen transfer or skeletal rearrangements and
usually favor the formation of dissociated products such as
acetylene [5, 8, 10, 12, 13].

Given that aryl groups are key building blocks of larger
aromatic molecules, disentangling their competing fragment-
ation dynamics will help elucidate the behavior of a wide
range of reactions. For example, the formation and stability
of phenyl polycations are closely connected to the excited-
state fragmentation dynamics of polyaromatic hydrocarbons
(PAHs), which make up approximately 10%—20% of the car-
bon in the Milky Way [14, 15]. When PAHs are ionized to

highly-excited states by extreme ultraviolet (XUV) light, they
undergo structural distortions, isomerization, bond cleavage,
and ultimately fragmentation through hydrogen or acetylene
loss [13, 16-25]. These fragmentation mechanisms are sim-
ilar to those observed for phenyl polycations under the same
conditions and have heavily contributed to our understanding
of the evolutionary chemistry of the interstellar medium [13,
15, 26-28].

In this report, three-dimensional velocity map imaging
(VMI) mass spectrometry is used to disentangle the frag-
mentation dynamics of phenyl polycations produced follow-
ing the XUV-induced ionization of iodobenzene [29-31].
Dissociative ionization of iodobenzene has previously been
shown to produce neutral iodine and C¢Hs™, where the
latter can further fragment into smaller carbon-containing
products [32-34]. Molecular Coulomb explosion experiments
on iodobenzene have additionally produced IT with C¢Hs
or CgHs 2t [35]. Here, the secondary fragmentation dynam-
ics of these phenyl cations are examined in greater detail.
Polycationic parent molecules were created using ultrashort
and intense 120 eV pulses, which provide sufficient energy to
surpass the iodine 4d ionization threshold and yield highly-
charged species. The parent ions produced by this method
are unstable and, following charge rearrangement, Coulomb
explode into ionic or neutral products with momenta that
are defined by the contributing fragmentation mechanisms
[36-41]. These fragmentation pathways were differentiated
by measuring and correlating the relative fragment momenta
using recoil-frame covariance analysis [42—47]. In this case,
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the mass resolution of the employed VMI spectrometer fur-
ther allowed the fragment ions to be assigned with 1 Da preci-
sion, which enabled fragmentation reactions involving various
C,H, species (n = 1 -6 andx = 1-5) to be investigated [48].

In these experiments, the recoil-frame covariance approach
is applied using the Newton-frame representation, with the
three-dimensional ion momentum information from the VMI
spectrometer as input [45]. This enables averaged relative frag-
ment momenta to be imaged within the reference frame of the
primary Coulomb explosion, or within the ‘native’ frame of
an intermediate [49], as has been demonstrated for the XUV-
induced fragmentation of 1- and 2-iodopropane polycations
under similar conditions to the measurements reported here
[40, 50]. In the current work, these covariance methods are
used to map the fragmentation dynamics of mono- or dica-
tionic phenyl fragments produced following primary Coulomb
explosions that break the carbon-iodine bond of iodobenzene,
both in the primary reference frame of the initial Coulomb
explosion and the native frame of the dicationic phenyl inter-
mediate. In doing so, we demonstrate the ability of these
techniques to visualize complex and competing fragmenta-
tion dynamics involving fragments that differ in mass by as
little as 1 Da, and illustrate the potential of extending these
experimental and analytical methods to study the fragmenta-
tion dynamics of complex molecules with relatively long-lived
excited states.

2. Methods

2.1. Experimental

Iodobenzene fragment momenta were recorded at the soft x-
ray beamline (BL1) of the SPring-8 Angstrom Compact free
electron LAser (SACLA), using the VMI spectrometer of
Ueda and coworkers [29, 30, 40, 48, 51]. A pulsed molecu-
lar beam of iodobenzene was expanded into the laser interac-
tion region of the spectrometer and crossed at 45° by 120 eV
(10.3 nm) pulses from SACLA, which lie above the iodine 4d
ionization threshold in energy and facilitate multiple ioniza-
tion of the parent molecule through inner-shell photoioniza-
tion and subsequent Auger—Meitner decay [52]. The absorp-
tion cross-sections of iodine, carbon, and hydrogen at 120 eV
are approximately 1.4 Mb, 0.1 Mb, and 0.01 Mb, respectively,
which created preferential conditions for site-selective ioniz-
ation of the iodine atom [53, 54]. The XUV pulses were pro-
duced at 60 Hz with a bandwidth of 2% and a pulse duration
of 30 fs [55]. The average XUV pulse energy was determined
tobe 11.4+£ 1.1 pJ, using shot-to-shot measurements made by
a gas intensity monitor (figure S1 of the supplementary mater-
ial). This was reduced to 1.33£0.13 xJ in the spectrometer
due to the combined transmission of the beamline (90%) and
a 0.65 ym zirconium filter (13%) [55, 56]. A Kirkpatrick—
Baez mirror system was used to focus the XUV pulses to
about 10 um (1/€?) in the laser interaction region, yielding a
Gaussian intensity of 1.1 x 10'"* W cm =2,

Ions generated by the XUV pulses were accelerated by the
VMI potentials through a field-free region of the spectrometer

and onto a dual micro-channel plate array coupled to a hexan-
ode delay-line detector [48]. Approximately eight ions were
detected per laser shot on average. The ion momenta (p) and
mass-to-charge (m/z) ratios were then determined using the
spatial coordinates (x, y) of the detector, yielding p; and py,
and the ion times-of-flight (f). The arrival times were pre-
cisely measured relative to the electronic trigger of the XUV
beam, which allowed the momentum distribution along the
time-of-flight axis (p;) to be recovered for each ion hit, and
hence for the three-dimensional momentum information to be
determined. The overall momentum resolution of these meas-
urements was assumed to be eight atomic units (a.u., defined
as h/ag, where lau. = 1.993 x 1072*kgms™"). This was
based on previous iodopropane data from SACLA BLI1 recor-
ded under identical VMI conditions, where covariance ana-
lysis was used to determine the Gaussian standard deviation
inherent in the summed momenta of a correlated ion pair,
which should otherwise equal zero due to conservation of
momentum [50].

2.2. Covariance analysis

With the three-dimensional ion momenta as input, covariance
imaging methods were used to determine the relative momenta
of sets of correlated ions produced through the same frag-
mentation channels [40, 45]. This was accomplished by two-
and three-fold covariance methods, which obtain the relative
momentum distributions of ion pairs or trios, respectively [43—
47, 57, 58]. Relative ion momenta are displayed here in a
Newton-frame representation, with the momenta of the ions of
interest shown relative to the trajectory of a reference ion. For
two-fold covariance, the momentum of the remaining mass
of the molecule (if any) is inferred through conservation of
momentum. It should be noted that, for covariance between
sets of ions where one or more hydrogen atom is unaccoun-
ted for (e.g. I + C¢Hy ™), the charge states of any missing
hydrogens cannot be assigned; neutral hydrogen atoms were
not measurable, and any H' fragments produced were too
energetic to be effectively focused onto the detector under
the applied VMI conditions. Therefore, no meaningful cov-
ariances were observed with any protons.

By applying momentum constraints to the ions used
in the covariance calculations, different fragmentation pro-
cesses involving the same sets of product ions were distin-
guished and separately analyzed. This approach has been
applied to detail the polycation fragmentation dynamics of
1- and 2-iodopropane [40, 50], and, as will be detailed
later, is used here to differentiate the production of C,H,
(n = 1-6 and x = 1-5) mono- or dications follow-
ing the Coulomb explosion of iodobenzene. The subsequent
breakup mechanisms of short-lived phenyl or C,H, inter-
mediates were also analyzed independently of the primary
Coulomb explosion channels by performing covariance cal-
culations within the native frame of the intermediate [40,
49, 50]. Secondary products contain momentum contributions
from both the primary Coulomb explosion and the second-
ary dissociation process, and removing the contribution to
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the hydrocarbon fragment from the former (which is encoded
here in the momentum of the primary IT product) allows
the energetics of the secondary process to be analyzed in
isolation.

To account for any shot-to-shot fluctuations in the exper-
iment that introduced false correlations into the covariance
output, such as in the pulse energy, a contingent covariance
correction was employed [59]. This method sorts and splits
the ion data according to their associated pulse energies, with
each bin containing an equal number of laser shots [40, 60—
62]. Here, ten bins were used (see section 1 of the supple-
mentary material). Covariance was calculated for each bin and
averaged over all bins. By integrating over the resulting posit-
ive covariance, intensities corresponding to the relative yields
of different fragmentation channels were obtained. The cor-
responding uncertainties associated with these intensities were
extracted using an adapted bootstrapping method, where cov-
ariance was calculated for 100 data subsets, each made up
of 50000 laser shots (out of 920490 total laser shots). This
resulted in approximately Gaussian distributions of integrated
intensities, from which standard deviations were obtained. An
example of this process is provided in figure S2 of the supple-
mentary material.

3. Results and discussion

The mass spectrum in figure 1(a) illustrates the iodobenzene
fragment ions detected following single (and multi-) photon
XUV ionization at 120 eV. These include I' =+ as well as
C,H, T (with n ranging from 1-6 and x from 1-5). The
extensive ionization of the iodine fragments is a consequence
of the site-selective nature of the XUV probe pulse, as dis-
cussed previously. To determine which ions were generated
as cofragments, time-of-flight covariance analysis was first
used to determine the relative degrees of ion-ion correlation
[42, 59]. The result is shown in figure 1(b), where the off-
diagonal elements correspond to ion pairs that are statistic-
ally produced from the same fragmentation channel (or chan-
nels). The diagonal elements represent the autocovariances.
Many correlated ion pairs are distinguishable and, assuming
a uniform detection efficiency for all ionic fragments, the
observed covariance intensities can be used as a proxy for
their relative populations and hence their contributions to the
overall mass spectrum [59]. This assumption should be valid
over at least small m/z ranges, as the ions will impact the
detector with similar kinetic energies along the time-of-flight
axis.

The most prominent covariances in figure 1(b) are between
It and several of the C,H, ™ fragments, indicating preferen-
tial cleavage of the C—I bond. Covariances involving 1?6+
as cofragments are essentially negligible in comparison. In
this analysis, fragments differing in mass by a single hydro-
gen atom are distinguishable due to the temporal resolu-
tion of the delay-line detector. This is highlighted by the
black box in figure 1(b), which is magnified in figure 1(c)

to illustrate the well-defined C,H, T (n =3-6, x =1-5) fea-
tures. Correlations can also be seen between pairs of carbon-
containing cations (C,H,* + C¢_,H, ", where x+y<5),
particularly when n=2 or 3. Weak correlations indicat-
ing two-body recoil additionally exist between C,H, " and
Co—,H,I" pairs but are about 100 times less intense than the
C,H, T and I covariances. This indicates that only a relat-
ively small amount of iodobenzene polycations break apart via
primary C—C bond cleavage; hence, these features are not con-
sidered further here.

The exact mechanisms giving rise to each correlated ion
pair cannot be fully determined from the time-of-flight data
in figure 1(b). However, the gradients of the linear covariant
time-of-flight features, which are reported in table S1 of the
supplementary material, can be used to infer whether the co-
ions involved originate from two- or many-body fragmenta-
tion mechanisms [63]. For example, pairs of ions generated in
a two-body Coulomb explosion, such as IT and C¢Hs T, recoil
with equal and opposite momenta. Their times-of-flight, which
correspond to the components of the fragment momenta direc-
ted along the time-of-flight axis (p;), should therefore exhibit
perfect inverse correlation and produce a gradient of —1 in the
time-of-flight covariance output.

Features arising from many-body fragmentation processes
are generally more diffuse in figure 1(b), as the fragment
momenta are not restricted to recoil along a line as in the
two-body case. Their gradients can therefore deviate from
—1 and have correlation coefficients closer to zero. For
example, the covariances between IT and the C,H, T frag-
ments where n < 6 must, at minimum, originate from three-
body processes, which can in principle produce three cations,
or two cations with a neutral fragment. The gradients observed
in figure 1(c) for the C,H, " fragments spanning C3H,*
to CgHp * range from —0.46 to —0.91. These are virtually
identical to the —m(C,H, 1)/m(C¢Hs 1) ratios for these ions,
which cover —0.49 to —0.96, respectively. This indicates that
these mechanisms proceed through an initial charge separation
via primary Coulomb explosion into I and C¢Hs T (ignoring
any H/HT loss), which is followed by a secondary breakup
of the carbon-containing intermediate fragment into a cation
and one or more neutral moieties [63, 64]. Assuming that any
momentum gained in the secondary dissociation step is neg-
ligible compared to the fraction of momentum obtained from
the intermediate (for example, due to only one of the secondary
fragments being charged), the momenta of the I and second-
ary product ions can be expressed as follows, where p(IT) =
—p(CHs ™):

p(CnH;F) ~ m(CnH;_)

~ ) 1
p(IT) m (CeHY) M

Put another way, if a secondary dissociation produces two
products with relatively little kinetic energy release, as would
be expected here for the breakup of a singly-charged inter-
mediate after it has moved far enough away from the I to
avoid significant Coulombic repulsion, then the momenta of
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Figure 1. (a) The time-of-flight spectrum obtained following the XUV ionization of iodobenzene at 120 eV. (b) Time-of-flight covariances,
calculated using 10 contingent covariance subsets. The region highlighted in the black box is magnified in (c) to illustrate covariances with
high mass resolution between I and various C,H, * fragments. Note the non-linear n1/7 scale applied to the time-of-flight data, starting at
m/z =35 as no meaningful covariance was observed at lower m/z values.

the secondary cation will be similar to the fraction expected
from two-body conservation of momentum arguments (i.e., the
—m(C,H, 7)/m(CgHs ™) ratio). Any measured deviation from
this expected ratio could indicate a greater kinetic energy
release in the secondary dissociation step, but it is also worth
noting that the time-of-flight covariance features in figure 1(c)
can comprise contributions from the same pairs of ion spe-
cies generated through competing fragmentation mechanisms
or from different parent charge states, which could create a
diffuse time-of-flight covariance feature due to the presence of
overlapping signatures with different slopes. In any case, the
deviations observed here between the experimentally determ-
ined time-of-flight covariance gradients and those predicted
by (1) are relatively limited (less than 7%), so these effects are
likely to be small.

More detailed descriptions of these fragmentation dynam-
ics can be obtained by considering the relative momenta of
the ions involved. For example, Coulomb explosions pro-
ducing I* give rise to two distinct peaks at 153418 a.u.
and 213 £ 26 a.u. in the I'T momentum distribution, p(I™), as
shown in figure 2(a). Figure 2(b) illustrates that these fea-
tures are correlated with distinct groups of partner ions. For

example, when I is covariant with CgH, ¥, positive intensity
is only observed in the lower-momentum range of the p(I*)
distribution (red line). By contrast, both IT peaks are cor-
related with C¢Hy 2 (blue line), which has the same m/z as
C;H, T. As will be detailed later, C¢Hy4 2t is associated with
the higher momentum I signal, due to its origin from a higher
energy Coulomb explosion, while the C3H, T corresponds to
the lower momentum peak. Furthermore, the p(I™) distribu-
tion obtained from three-fold covariance with C;H, T and
C,H, * is also shown in figure 2(b) (black line). This distri-
bution covers a similar range to the higher momentum I sig-
nal in figure 2(a), indicating that I can also be produced with
two secondary ionic products. As a consequence, by apply-
ing momentum constraints to the I data used in the covari-
ance analysis, different fragmentation processes that gener-
ate I'" can be distinguished and separately analyzed, as was
demonstrated previously for the di- and trication fragmenta-
tion dynamics of 1- and 2-iodopropane [40, 50]. The follow-
ing sections detail how this approach can be used in the case
of iodobenzene to characterize fragmentation processes that
generate I and one carbon-containing monocation or I'" with
either a carbon-containing dication or two carbon-containing
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Figure 2. (a) The normalized I™ momentum (p) distribution. Two
peaks are evident and are modeled here by two Gaussian
distributions to determine their centers and standard deviations,
which are provided in the legend. The I'" image used to produce this
momentum distribution is also shown. The dashed grey line
indicates the momentum ranges used to distinguish fragmentation
mechanisms that contribute to these features by covariance analysis.
(b) The normalized I momentum distributions obtained via
two-fold covariance with C¢H, T (red) or C¢Ha 2+/C3H2 * (blue),
and via three-fold covariance with C4;H, ™ and C,H, * (black), each
of which have been independently normalized.

CeHsI + XUV

——p [+ + C¢H,* + (5-x)HY+
—p CoH;1022+—]
—— I* + C,H.* + C,,H, + (5—x—yH"*

—» [t + C¢H,2* + (5—x)H*

Ly CoH;10> 3+ —

p It + C,H," + C,H," + (5—x—yHY*

Figure 3. A summary of the four major categories of iodobenzene
polycation fragmentation pathways discussed in this work, where O
is the total charge on the parent polycation, generated via XUV
ionization, and m +n = 6.

cations. The potential reaction pathways are summarized in
figure 3.

3.1. Processes generating I and one CpHx ™

Fragmentation channels generating IT and one carbon-
containing monocation are considered first. Such processes
can be grouped into two categories: those producing C¢H, ™

or those producing C,H, ™ (n <6) with one or more neut-
ral carbon-containing co-fragments. In either case, various
amounts of H/HT loss were observed, which is likely due
to a broad distribution of excited states being populated fol-
lowing interaction with the XUV pulse. The hydrocarbon
ion momenta were observed to systematically change with
increasing H/H'/C,H, loss. As will be shown in the follow-
ing sections, this provides additional qualitative information
on the behavior of these undetected species.

3.11 IT4+CsHx ™. Reactions producing I and C¢H, " can
be isolated using two-fold Newton-frame covariance analysis
by restricting p(I*) to the lower momentum IT signal, as
outlined above. Here, a limit of 200a.u. was chosen (grey
dashed line, figure 2(a)) as this retains virtually all of the sig-
nal in this channel while only introducing some overlap with
the higher momentum feature, which originates from more
highly-charged parent ions. This also ensures that the result-
ing momentum distributions of the covariant features are not
unintentionally truncated, as they would be if a narrower p(I™)
distribution were considered (further details for this choice can
be found in section 4 of the supplementary material).

In the Newton-frame representation used here (e.g.
figure 4(a)), the momentum of an ion of interest is plotted in
the top half of the covariance map relative to the momentum of
a reference ion (given by the white arrow). The momentum of
any remaining mass of the molecule is then inferred through
conservation of momentum and plotted in the bottom half
of the covariance map. Figures 4(a) and (b) illustrate the
momenta of CgHs ™ and CgH, T relative to I as examples.
It is worth noting that these were calculated using an angular
constraint to remove false correlations arising from over-
lapping CgH, ™ Newton spheres, as described in section 5
and figure S4 of the supplementary material. The analogous
Newton diagrams of the other C¢H, ™ fragments can be found
in section 6.1 and figure S5 of the supplementary material. In
both maps, the recoil angles of the C¢H, ™ momentum distri-
butions are localized at 180° relative to I, indicating that The
fragments recoil with equal and opposite momenta, as would
be expected from the gradients observed in figure 1(b). In the
case of CgHp ™, any impulse lost due to H/H™ dissociation
is small relative to that gained from the Coulomb explosion
against I, due to the mass of hydrogen, but is sufficient to
broaden the observed fragment angular distribution relative to
the C¢Hs T feature.

The relative intensities of the covariance features observed
for each IT/CgH, T pair are provided in figure 4(c). These were
obtained by integrating their respective features within their
corresponding Newton frame representations. The error bars
were obtained using the bootstrapping method described in
the methods section, and represent the standard deviations of
the averaged intensities. The greatest intensity is observed for
C¢H, *, which is produced 41% = 5% of the time in this chan-
nel, followed by CgHs ™ at 23% + 5%. These values assume
similar detection efficiencies for each ion, which is likely valid
for small m/z ranges. The preference for multiple H/H™ losses
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Figure 4. Individually normalized Newton-frame covariance maps showing the momentum distributions of CsHs ™ (a) and C¢H, ™ (b)
relative to I'". Newton-frame covariance maps for all observed C¢H, * fragments are provided in figure S5 of the supplementary material.
The momenta of the C¢H, T species are plotted in the top halves of each image. The inferred momenta of potential intact cofragments (if
any) are inferred through momentum conservation arguments and plotted in the bottom halves. The inferred momentum in panel (a), which
has no corresponding third fragment, corresponds to the 8 a.u. resolution of the experiment, as detailed in the main text. The relative
integrated intensities of the covariance features between I and each detected CgH, * ion are given in (c), and their average momentum
values, obtained via Gaussian fitting, are given in (d). The error bars in (c) were determined using a bootstrapping method, where
covariances were calculated for 100 subsets of data made up of 50 000 laser shots each. The error bars in (d) represent the Gaussian standard

deviations of the momentum distributions.

suggests that the XUV interaction populates a range of highly-
excited cationic states.

Figure 4(d) shows the mean momenta observed for the cov-
ariant C¢H, " and IT pairs. These were determined by fit-
ting the individual covariant p(C¢H, *) and p(I") momentum
distributions with Gaussian functions to obtain central val-
ues and standard deviations. As the phenyl fragment becomes
dehydrogenated, the momentum distributions of both ions
broaden. The average I momenta also increase by approxim-
ately 20 a.u. while the corresponding C¢H,. * momenta remain
the same. These trends provide clues about the mechanisms
involved in H/H* loss. If this occurred some time after the
Coulomb explosion p(I*) would remain constant with chan-
ging x. However, if it occurred before the initial Coulomb
explosion p(I™) could increase if the departing hydrogen
atoms imparted momentum to the remaining molecule in the
direction of the C—I bond. This latter trend in p(I*) is observed
here, suggesting that H/H™ loss may occur on a similar times-
cale to the C-I Coulomb explosion, such that p(I*) increases,

potentially due in part to electrostatic repulsion with HT.
Classical point charge Coulomb explosion simulations of this
proposed mechanism, using the ground-state structure of neut-
ral iodobenzene, can be found in section 6.2 of the supple-
mentary material. These assume all hydrogen atoms are lost
as H™ for simplicity. The agreement in figure S6 between the
measured and predicted p(I7) distributions supports the con-
clusion that H or H™ loss can noticeably impact the momenta
of the heavier fragments. However, it is worth noting that
the assumption that all hydrogen species leave concertedly as
H represents a limiting case and that the actual distribution
of mechanisms involved will be more complex. For instance,
hydrogen could be lost sequentially from different carbon pos-
itions on the phenyl ring or in different sequences. It is also
possible that some or all of the hydrogen species could be
neutral or be lost on different timescales, including during the
initial charge buildup caused by the Auger—Meitner process.
The individual or combined effects of these potential mechan-
isms could contribute to the widths of the observed p(CgH, )
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distributions as well as their discrepancies with these simu-
lations. We note that in other studies where CH3I has been
ionized to very high charge states (e.g. up to 22+-), small kin-
ematic contributions from H or H' emission processes have
been observed to influence the momenta of the resulting car-
bon and iodine ions [65, 66]. It is possible that a comparable
effect is being observed here, despite the much lower iodine
charge state.

3.12. It 4+ CpHxt (n<6). Next, fragmentation pro-
cesses generating I, C,H,T, and at least one neutral
carbon-containing co-fragment are examined. Representative
Newton-frame covariance maps showing the momentum dis-
tributions of C3H, ™ and C4H3 * relative to I are given in
figures 5(a) and (b), respectively. In all cases involving this
reaction channel, the covariance analysis only considered I
ions with p(I*) <200 a.u., as detailed above.

As in figure 4, the recoil angles observed in figures 5(a)
and (b) are approximately 180°, indicating they are estab-
lished primarily from the mutual Coulombic repulsion of the
ions, with only negligible impulse imparted from the losses
of the neutral co-fragments. Figure 5(c) exhibits the relat-
ive intensities of the covariances observed between 1T and
all C,H, " fragments that were sufficiently intense for cov-
ariance analysis. Their corresponding Newton-frame repres-
entations relative to I, calculated for all p(IT) as well as
p(IT)<200a.u. are also respectively collected in figures S7
and S8 of the supplementary material). The most promin-
ent outcomes involved the production of C4;H, ™ and C3H, ™.
These occurred 44% =+ 8% and 29% = 7% of the time, respect-
ively. We note that the preferential generation of C4H, ™
products has also been observed following the dissociative
ionization of iodobenzene [32, 34].

To further investigate the mechanisms involved in produ-
cing the C,H, " fragments, it is again useful to consider their
relative momenta. Figure 5(d) expresses these as a fraction of
the corresponding 1™ momenta, p(C,H, *)/p(I™). This quo-
tient is related to the mass ratio m(C,H, T )/m(CsHs *), which
was introduced in (1) as an indicator for determining whether
a reaction proceeds through an initial charge separation step
followed by secondary dissociation. As such, if the covariant
It and C,H, ™ ion pairs were generated by such a mechan-
ism, then the momentum and mass ratios given in the above
equation should be approximately equal. Figure 5(d) illustrates
that this is broadly true for the C,H, ™ fragments where n
= 4-5. The momentum and mass ratios decrease together
and are virtually identical, indicating that these ions were
generated sequentially, with relatively little momenta added
in the secondary dissociation step. However, as n decreases,
the ratios increasingly deviate from each other, with greater
C,H, ™ momenta than expected from a secondary dissociation.
To demonstrate this change is statistically meaningful, the grey
shaded regions in figure 5(d) indicate the uncertainties in the
momentum ratios, as derived from the 8 a.u. momentum res-
olution of the instrument, while the error bars represent the
Gaussian standard deviations of the momentum distributions,
as shown in table S2 of the supplementary material [50]. For

the C,H, ™ and CT fragments, the mass ratios are just within
the lower bounds of the uncertainty ranges determined from
the standard deviations of the measured momentum distri-
butions but are well below the ratios determined from their
Gaussian centers. The origins of these ions are therefore likely
to be more complex than those of the CsH, ™ and C4H,*
species.

The mass-dependent deviations observed between the
ratios plotted in figure 5(d) may simply be due to the fact
that smaller C,H,+ products with lower values of n can be
generated through a larger number of fragmentation pathways
[16, 23, 25]. For example, C;H, ™ can be formed with C4H, +
via a two-body fragmentation of an intermediate, but can
also be created from a many-body dissociation process where
the intermediate breaks down into more than two products,
or through tertiary fragmentation (e.g. C4H3* to C,H™ and
C,H,). Alternatively, if these smaller products are generated
on timescales that can be considered concerted with the ini-
tial C-I Coulomb explosion (i.e., a few femtoseconds), then
their momenta will deviate from that expected from a sequen-
tial process. If smaller products are generated through a greater
number of reaction pathways, then their momentum distribu-
tions will be broader. This effect may be captured here by the
increase in the widths of the uncertainty ranges in figure 5(d)
as n decreases.

In general, the momentum distributions of the covariant I
and C,H, + pairs where n < 6 are broader than the case where
n =6 (see table S2 as well as figures 4 and 5). This is likely due
to blurring from H/H™ loss as well as the existence of com-
peting secondary fragmentation processes. As was the case
for the CgH, ™ covariances, p(I™) increases with decreasing x.
However, in contrast to the CgH, 7 momenta, which remained
constant with x, the mean p(C,H, ) (n < 6) values also appear
to increase with decreasing x. In this case, the x-dependence
of the C,H, ™ fragment momenta may be a result of the lower
masses of the C¢H, T (x < 5) intermediates relative to C¢Hs T.

The relative intensities of the covariances observed from
the fragmentation channels producing I™ and one carbon-
containing cation C,H, ™ (n = 2—6) are expressed as percent-
ages of all observable covariances of this type in table 1. As
was shown in figures 4 and 5, the most prominent outcomes
are the C4,H, ™, CgH, +, and C3H™' fragments. This indic-
ates that, more often than not, the C,H, * fragments are suffi-
ciently activated following C-I cleavage to undergo H/H™ loss
or further fragmentation. Approximately 20% + 4% of inter-
mediates are internally excited enough to undergo H/H™ loss
to form C¢H, ¥ (x < 5) products, while 73% =% 10% undergo
carbon-chain fragmentation to form C,H, T (n < 6). At least
64% + 9% of intermediates exhibit hydrogen loss in addi-
tion to carbon-chain fragmentation (forming C,H, * products
where n < 6 and x < n).

The wide range of products measured is likely a result of
generating many different C¢H, ™ intermediates, which could
exist long enough for structural distortions to occur before
secondary dissociation. Theoretical studies have proposed
minimum-energy configurations of the secondary C,H, ™
products observed here [8]. For example, C3H3 + and CsH,
are expected to be cyclic, while C4H, + and C,H, * are likely
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Figure 5. Independently normalized Newton-frame covariance maps showing the momentum distributions of C3H, ™ (a) and C4H; T (b)
relative to I with p(IT) filtered to 200 a.u. or less. Newton-frame covariance maps for all C,H, T species with n < 6 are provided in figure
S8 of the supplementary material. The relative integrated intensities of the covariance features between I'™ and each detected C,H, ™ ion are
given in (c), with error bars obtained using the bootstrapping method. In (d), the momentum ratios of the charged fragments

p(C,H, T)/p(I") are compared with the mass ratios #n(C,H,)/m(CgHs) (as in (1)). The grey shaded region corresponds to the uncertainty
inherent in the average momentum values due to the instrument resolution, while the error bars were determined using the Gaussian
standard deviations of the C,H, T and I'T momentum distributions.
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Table 1. Relative normalized intensities for the fragmentation channels producing I and one C,H, (n = 2-06), as determined from the
covariance data in figures 4(c) and 5(c). The uncertainties are calculated using the bootstrapping method described in the supplementary

material.
Fragment Intensity (%) Fragment Intensity (%) Fragment Intensity (%)
CoHT 842 CsHf 141 CsHT 1+£3
CeH; 1+2 CsH" 241 CsHf 643
CeHy 3+2 ct 1+1 CHT 10+3
CeHy 11+£2 CHf 1+1 cf 4+2
CeH™ 5+2 C4Hy 72 CoHY 342
ct 1£2 C,Hy 14+4 CoHY 5+2
CsHT 742 CoHT 342
cl 242 ct 6+4

to be more linear. Forming cyclic products within the life-
time of a CgH, ™ intermediate would potentially require ring
opening and closing mechanisms and atom re-arrangement.
The intermediate species generating each of these products
are unlikely to all be in their electronic or vibrational ground
states, so it cannot be assumed that the secondary products
will also be formed in their predicted lowest energy configur-
ations. Furthermore, the very broad momentum distributions
observed here suggest that, for each C,H, ™ species, a range
of products are formed with different internal excitation and,
possibly, different geometries.

3.2. Processes generating I and one CpHx %" or two
carbon-containing monocations

The following sections consider fragmentation channels that
generate 1T with either C¢H, 2+ or two carbon-containing
monocations, C,H,* and C(_,H,*. As before, various
degrees of H/H™ loss are observed in both cases.

3.2.1 I +CgHy?".  The mass-to-charge ratio of C¢H,>"
overlaps with that of C3H, ™. To isolate the former, the cov-
ariance analysis was restricted to I products with 200 a.u.
of momenta or greater (see figure 2). Figures 6(a) and (b)
illustrate the Newton-frame momentum plots of C¢Hs 2+ and
CgH, >t relative to I'T. The corresponding Newton diagrams
of the other CgH, 2T fragments that are covariant with I are
shown in figure S9 of the supplementary material. Their distri-
butions are similar to those observed in figure 4, where I and
the C¢H, * fragments exhibited back-to-back recoil, although
it should be noted that the C¢H, >t momentum distributions
are slightly truncated due to the 200 a.u. bound mentioned
above. This similarity extends to the effective charge separa-
tion prior to fragmentation, as determined by Coulomb’s law.
For example, the relative momenta of 1T and C¢Hs2T sug-
gest a charge separation of 4.2+ 0.2 A, which is close to the
4.3+0.3 A separation determined for the Coulomb explosion
of I'T and C¢Hs . This indicates that the fragments originate
from similar nuclear geometries, assuming that the Coulomb
explosion is prompt. Section 8 of the supplementary material

demonstrates that the analogous C¢H, /2t (x = 2—-4) frag-
ment pairs behave similarly.

Figure 6(c) shows the normalized relative intensities of
the covariances observed between I and the C¢H, 2t (x =
2-5) fragments (no correlations involving C¢H?>T or Cg 2™
were observed). Similar to the C¢H, ™ reaction channels, the
greatest observed intensities suggest that the XUV interac-
tion preferentially generates states that undergo H/H™ loss.
However, it should be noted that all of the C¢H, >t covari-
ance magnitudes are within error of each other, and there is
much less disparity between them than was observed for the
C¢H, T fragments (figure 4(c)). Figure 6(d) illustrates how the
relative momenta of the species produced in this fragmenta-
tion channel change with decreasing hydrogenation. Similar to
the CgH, ™ fragments (figure 4(d)), H/H™ loss has a negligible
effect on the average C¢H, 2+ momenta, while the I momenta
are, again, seen to increase. The widths of the p(C¢H, 1)
and p(I™) distributions also broaden as x decreases. The sim-
ilar trends observed for the processes generating C¢H, ™ and
CgH, > add weight to the conclusion that H/H* loss is fast
relative to C—I bond cleavage and that it occurs on timescales
faster than the geometrical distortions of the carbon ring.

3.2.2. I"+CyHxt +Ce_nmHy*.  For fragmentation chan-
nels producing It and two carbon-containing monocations
(C,H, " and C(s_,,H, ™, with varying degrees of H/H™ loss),
the corresponding covariance features were again isolated by
only considering I™ products with p >200a.u. in the ana-
lysis. Figures 7(a) and (b) exhibit two representative Newton-
frame covariance maps from the Coulomb explosion of iod-
obenzene into IT, C,H, +, and C4H, T as examples of the
fragmentation dynamics that can occur in this reaction chan-
nel. In the first, the momentum of C,H, T is shown relative
to I, with the distribution of ‘C4H3 *’ inferred as a putat-
ive cofragment (assuming a purely three-body fragmentation
mechanism and neglecting H/H™ loss processes). The C,H, +
distribution spans a broad range of recoil angles, which is
characteristic of a sequential three-body breakup [40, 67, 68].
In this case, a primary Coulomb explosion forms I and an
unstable C¢H, >t intermediate, which undergoes a second-
ary Coulomb explosion at a later time to produce C,H,*
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Figure 6. Individually normalized Newton-frame covariance maps showing the momentum distributions of C¢Hs 2+ (a) and CgHa >t (b)
relative to I'. Newton-frame covariance maps for all C¢H, >* species are given in figure S9 of the supplementary material. The relative
integrated intensities of the covariance features are given in (c), with error bars determined through the bootstrapping method. The average
momentum values obtained for all correlated C¢H, >+ and I fragments are given in (d), along with error bars that correspond to their

Gaussian standard deviations.

and ‘C4H; " . Since the intermediate exists long enough to
rotate significantly, the resulting trajectories of the carbon-
containing fragments sweep out broad angular distributions
relative to I™. Moreover, the same secondary products can
be formed from different non-equivalent sites on the inter-
mediate relative to the original C-I bond, which further con-
tributes to the angular extent of the distribution. By contrast,
in figure 7(b), the distribution of C,H, ™ is now shown rel-
ative to C4H, * with a combination of IT and H/H* as the
inferred third species. Here, the secondary products predomin-
antly recoil near 180°, indicating they originate from the same
intermediate.

To analyze the secondary Coulomb explosion of C¢H, >+
independently of the primary Coulomb explosion, a covariant
native frames approach was implemented [40]. This removes
the momentum contributed by the I™ fragments, enabling
figure 7(a) to be transformed into figure 7(c), where the rel-
ative momenta of the secondary products are now shown
in the isolated reference frame of the C¢H,2" intermedi-
ate. The distribution is also given in polar coordinates in
figure 7(d), showing that the angular distribution is essentially

isotropic. This implies that CoH, ™ is produced in a sequen-
tial fragmentation process, as the C¢H, > must at least exist
long enough to complete a full rotational period [67]. In this
representation, it can also be seen that the carbon-fragment
momenta are essentially independent of the recoil angle, again
indicating they originate from a relatively long-lived inter-
mediate. That being said, the momentum distributions are
rather broad, which is likely a result of products being gen-
erated from several similar excited states with slightly differ-
ent geometries, degrees of dehydrogenation, or intermediate
lifetimes.

Similar correlations to those shown in figures 7(a)-(d)
could be distinguished for a range of C,H, " species where n
= 2-5. These are provided in figure S10 of the supplement-
ary material. Using this output, the I momenta corresponding
to the generation of several intermediary C¢H, >* species were
determined. These are compared in table S3 of the supplement-
ary material, alongside the values observed when the C¢H, >+
cofragment remains intact. The I'* momenta are effectively
the same, with an average of 222 + 4 a.u. across all fragment-
ation channels, where the uncertainty is the standard deviation
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Figure 7. Individually normalized Newton-frame covariance maps showing the momentum distributions of C,H, * relative to I'™
(p*)>200a.u.) and C4H, T are given in (a) and (b), respectively. The former distribution is adapted into the native frame of the phenyl
dication intermediate in (c) and as a polar representation in (d). The relative integrated intensities obtained for the native-frame covariant
features involving I and C,H, * are given in (e), with error bars obtained through the bootstrapping method. The corresponding
native-frame covariance maps for these C¢H, * species are given in figure S10 of the supplementary material. The approximate total kinetic
energies released (TKER) by the secondary Coulomb explosion channels of the phenyl dication are provided in (f), with error bars derived
from the Gaussian standard deviations of the momentum distributions.

of the mean. This suggests that the primary Coulomb explo-
sion processes are broadly similar. The integrated intensities of
the secondary Coulomb explosion fragments that are covariant
with I are shown in figure 7(e). The most probable fragment-
ation channels generate either C4H, ™ and C,H, ™ or C3H,
and C3H, ™ co-products. This agrees with previous studies on

the benzene dication, which demonstrated that CsHg >+ prefer-
entially fragments into products with even numbers of carbons
(e.g, C4H3 + + CoH3 ) [69].

The secondary C,H, T fragment momenta measured using
the native frames of the Cg¢H,2' intermediates are sim-
ilar to those observed for the fragmentation of the benzene
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Table 2. The total fragment kinetic energies released (TKER) from secondary Coulomb explosions that form C,H, ™ and Cs_,H, ™ (where
x4y < 5). Approximate values summed from two-fold covariances of these fragments with respect to I'" (i), assuming y = (6-n)—1, as
well as directly from three-fold covariances between It,C,H, T, and Co—,Hy + (ii) are provided, along with the expected intercharge
separations (7). The uncertainties correspond to the Gaussian standard deviations of the covariant ion momentum distributions.

Fragments TKER (eV) r(A)
@) CsH, ™ +C* 39+1.6 37+15
CHt 4+ CHT 33+1.1 44+15
CGH, T + CGHy + 29+0.6 50+1.0
CH, T +CH; T 35403 41+04
(ii) CH; T 4+ CGHy T 3.8+0.1 3.8+0.1
CH, T +CH, T 3.840.1 3.840.1
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Figure 8. Three-fold native-frame covariance maps showing the momenta of (a) C;H, ™ and C4H; ™ relative to I and (b) C,H, ™ and
C4H, T relative to I'". A Gaussian blur has been applied to both covariance maps to enhance the visibility of the features. Analogous images
without this adjustment can be found in figure S11 of the supplementary material.

dication at 40.8 eV. For example, Eland and coworkers pre-
viously reported product pairs of carbon-containing cations
(and neutral hydrogen) with the following total kinetic energy
releases [69]:

CsHy +CHf +H=3.0+1.7eV
C4sHY + C;HY + H=3.8+1.0eV
C3Hy +C3HY + H=4.2¢eV.

They also observed that the kinetic energy released by differ-
ent C,H, */C¢_,H, ™ pairs did not depend on the number of
hydrogen atoms involved, suggesting that the parent geomet-
ries were similar and that the hydrogen atoms were lost as
neutrals.

As a comparison, the secondary Coulomb explosion frag-
ment kinetic energies for various C,H, */Co_,H, ™ (x+y <
5) pairs were determined here using the native-frame res-
ults. Approximate kinetic energy values were first estimated
from the two-fold I/C,H,+ covariance distributions using
the approximation y (6-n)—1 (i.e., there is one less
hydrogen than carbon in the C¢_,H, " co-fragment). This
simplification was made as the effects of H/H"-loss on the

momenta of the carbon-containing products should essentially
be negligible, and because the uncertainties they add are cap-
tured by the widths of the ion momentum distributions. These
approximate energies are given in table 2(i) and are plotted
in figure 7(f). Table 2 also provides the corresponding separ-
ations (r) between the charges on the dicationic intermediates
prior to their fragmentation, as determined using Coulomb’s
law for an instantaneous explosion.

To verify the approximate kinetic energies obtained from
the two-fold covariance maps, three-fold native-frame covari-
ances were also calculated for two sets of ions: IT, CoH, T, and
C4H; T; as well as IT, C,H, , and C4H, . These are shown
in figures 8(a) and (b), respectively. The fragmentation mech-
anisms producing other sets of fragment ions were too low
in intensity to yield converged three-fold covariance maps. In
figure 8(b), one H/H™ is unaccounted for. However, the small
difference in mass due to the lost H/H does not significantly
alter the measured fragment energies, as expected. The TKER
from both sets of ions are given in table 2(ii), along with their
corresponding charge separations, and are in strong agreement
with each other as well as the values estimated from the two-
fold covariances, indicating thatthe y = (6 —n)— 1 assumption
is reasonable.
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The similarities between the kinetic energies released by
the CgH, 2" intermediates following core ionization at 120 eV
(table 2), and those measured for the double ionization and
fragmentation of the benzene dication at 40.8 eV, suggest
that, as expected, these species are structurally similar [69].
However, it is worth noting that in the latter case, the dications
fragmented promptly and no intermediates were observed
[69]. By contrast, the higher photon energy used in these
experiments appears to result in a multitude of C¢H, >* states
being populated, which persist long enough before fragment-
ation to be detectable. Therefore, it is reasonable to conclude
that extensive structural re-arrangements could occur prior
to the secondary Coulomb explosion process. For example,
Anand and Schlegel computed theoretical potential energy
surfaces for the fragmentation of benzene dications into two
charged species, which demonstrated a range of linear and cyc-
lic products could be accessible [8]. Based on their predicted
geometries and our experimentally obtained intercharge sep-
arations, as shown in table 2, we anticipate that the geomet-
ries of the C¢H, >t intermediates are most likely distorted cyc-
lic structures, not so far from the structure of neutral phenyl,
which then fragment into somewhat linear secondary products.
However, the broad momentum distributions observed here do
not rule out contributions from other pathways.

4. Conclusions

Newton-frame covariance analysis was used to distinguish and
categorize the primary and secondary fragmentation dynam-
ics of iodobenzene. Site-selective iodine 4d ionization at
120 eV was used to produce highly-charged parent ions
through the Auger—Meitner effect. These primarily broke apart
at the carbon-iodine bond to produce It with C,H," or
C,H,>* products with different extents of dehydrogenation.
The hydrocarbon products were generated in a range of stable
and unstable states, frequently with enough internal energy
to lose neutral carbon-containing products. Furthermore, the
momentum and angular distributions of these secondary frag-
mentations often indicated that the C¢H, intermediates can
exist long enough to complete full rotational periods. These
observations enabled the dynamics of several phenyl and
phenyl-like cations to be examined, particularly by using the
native frames of the C¢H, >+ intermediates. The roughly 1 Da
resolution of the VMI spectrometer further allowed these reac-
tion channels to be differentiated at the level of individual
hydrogen atoms, which provided a comprehensive picture of
the distribution of competing fragmentation channels, includ-
ing those of the hydrocarbon intermediates.

The ability of covariance analysis to detail the compet-
ing fragmentation dynamics of aryl polycations demonstrates
proof of principle for extending these methods to character-
ize the XUV-induced chemistry of more complex species.
For example, PAHs are likely to be excellent targets for this
approach. The time-resolved XUV-induced dynamics of sev-
eral PAHs, including fluorene, phenanthrene, and pyrene, have
previously been shown to result in the loss of neutral hydrogen
atoms or acetylene, and the techniques presented here could

provide additional information on the intermediate steps of
such reactions and how they depend on the hydrogenation of
the carbon skeleton [23, 25].

The results presented here also indicate that some degree of
caution is required when interpreting the outcomes of XUV-
induced Coulomb explosions originating from lowly-charged
parent ions, particularly their use for structural imaging. The
application of Coulomb explosion imaging for molecular
structural determination relies on reaching high charge states,
such that fragmentation occurs immediately after ionization
and the fragment momenta provide ‘instantaneous’ snapshots
of the nuclear geometry. However, as was detailed above, the
ionization of many-atom systems can generate relatively large
mono- or dications that can persist for some time before frag-
menting. The lack of sensitivity to the wide range of possible
H/H-loss processes, which may occur on timescales compet-
itive with Auger—Meitner charge generation, can also result
in incomplete characterizations of the fragmentation dynam-
ics, particularly for organic compounds. It is therefore import-
ant to be able to recognize and interpret such outcomes when
using XUV-induced Coulomb explosions as a structural probe,
and the techniques presented here provide a potential route for
meeting this challenge.
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