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Abstract

The dissociation dynamics of diitodomethane molecules (CH;I,) have been investigated
following absorption of 98 eV XUV photons. In the measurement at the reaction microscope
endstation at the free-electron laser FLASH2, ionic fragments created by 4d core ionization
followed by Auger decay have been detected in coincidence. In the one-photon absorption
channel CH5/IT/IT, a concerted three-ion breakup and a sequential dissociation via a rotating
intermediate CH, I ion have been identified. Classical simulations based on a Coulomb
repulsion model and ab initio molecular dynamics in the frame of the Density Functional
Theory have been performed. Both types of simulations reproduce different aspects of the
observed fragmentation dynamics, in particular a delayed second bond break after dissociation
of the first iodine ion. In the study of the potential energy surface we have located a minimum
after the emission of the first IT". We attribute the sequential mechanism to the trapping of the
rotationally excited CH,I>* fragment in this transient intermediate, which corresponds to a
potential energy well that protects it against the cleavage of the second C—I bond.
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1. Introduction

In the past decades, a number of variants of molecular dissoci-
ation dynamics have been identified in CH,I,. When irradiated
with few-eV UV photons, dissociation into neutral CH,I and I
fragments can occur [1-3]. Detailed studies of the fragments’
kinetic energies have concluded that the resulting CH,1 radical
is in a highly excited rovibrational state [4, 5]. The dissociation
process, however, was found to be fast compared to the CH,I
fragment’s rotation period [1]. The process of an iodine atom
separating from the CH,I, molecule may occur via a transient
isomer state (CH, —I1—1), according to calculations and exper-
imental interpretations [6].

The process of halogen elimination has been detected in
diiodomethane as well after absorption of UV-photons (two-
photon excitation at 248 nm by [7] and single-photon excita-
tion below 124 nm by [8]). It was found to be a fast dissociation
(Iess than 50 fs) following three-photon excitation at 312 nm
[9]. It has been reported that the dominant mechanism for
the emission of molecular iodine I, from CHI; is, after two-
photon excitation at 312 nm, a direct dissociation in which the
two C-I bonds break at the same time (called concerted) [10].
In the same work, a different pathway was found to occur via
an intermediate CH, —I—I isomer state as well. This process
is also concerted, but characterized by asynchronous breaking
of the C-I bonds. The I, molecule from such an asynchron-
ous fragmentation has been found to be in a highly excited
rotational state [11, 12] following excitation by multi-photon
absorption at 310-312 nm. The elimination of molecular halo-
gens has also been observed in molecules containing halogens
other than iodine when using lasers of the same wavelength [9,
11].

When exposed to XUV radiation of around 50 eV, the cre-
ated CH,I,™ ion has been observed to eject an iodine atom I
or an iodine ion I'" [13]. The atomic I-loss process has been
found to happen either through direct cleavage of the C—I bond
or, as was computationally shown, via an intermediate CH,—
I-I" isomer state [14] when the molecule is irradiated with
40 eV synchrotron radiation. The relevance of this isomer state
for the dissociation process of the CH,I,™ ion has been con-
firmed by transient absorption measurements at photon ener-
gies between 48 and 54 eV [15].

When entering the regime of multi-photon ionization, sev-
eral electrons can be ejected from the molecule. The remain-
ing molecular ion then dissociates mainly through electrostatic
repulsion. The process of extracting information on the ori-
ginal molecular structure by analyzing the momenta of the
fragment ions is called Coulomb explosion imaging (CEI)
[16-18]. It is not only possible to use CEI to gain information
on the molecular structure, but also to study the nature of the
fragmentation process itself [19]. For example, by using CEI,
the relative position and orientation of the two CO, molecules
in a carbon dioxide dimer have been measured [20, 21]. In
addition, it was determined that there are different compet-
ing dissociation processes [22]. A concerted dissociation that
occurs in a single step leads to different relative momenta of

the ionic fragments than a sequential process via an interme-
diate state.

Such different dissociation pathways have been identified
in a number of three-atomic molecules, such as OCS [23],
CO, [24, 25], SO, [26], and CS;, [27]. In larger molecules
more similar to diiodomethane studied in this experiment, very
similar dissociation behaviour has been recorded, for example
in CHBr; [28] and in C3H5I [29]. In each of these studies,
the differentiation between the fragmentation pathways was
achieved by ion-momentum correlation. A sequential dissoci-
ation pathway was isolated in all of these cases via an inter-
mediary rotating molecular ion.

Recently, fragmentation of diiodomethane into three
particles has been measured after strong-field ionization with
an intense infrared laser pulse [30]. The three ionic coincident
fragments detected there were CH, ™ and two iodine ions of
various charge states. Single-pulse measurements led to three-
body fragmentation into the CH5 /I*/I coincidence channel
where different fragmentation pathways have been identified,
including a sequential pathway via an intermediary CH,I?>*
ion. This three-body dissociation dynamics has very recently
been studied in CH,CIBr as well [31].

Todine atoms have a large absorption cross section for core
ionization at photon energies of around 90 eV [32]. Therefore,
the iodine atoms in the CH, 1, molecule act as efficient absorp-
tion sites for XUV radiation. The creation of a 4d-hole in an
iodine atom causes subsequent relaxation dynamics includ-
ing Auger decay [33]. The energy of a single XUV photon
is sufficient to release a total of three electrons from a CH,I,
molecule through a cascade of two Auger decays. In this work,
the detection of different fragmentation pathways leading to
the CH3 /IT/IT coincidence channel is described. We invest-
igate the dynamics of this three-body fragmentation channel
in the weak field regime by ionizing the CH,I, molecule with
a single XUV pulse; the dissociation processes were initi-
ated by the absorption of a single 98 eV photon. The results
of these measurements are compared with those previously
reported in the strong field regime. We experimentally determ-
ined the three-dimensional momenta of all fragment ions. In
this kinematically complete analysis, we identified a concerted
three-ion fragmentation and a sequential pathway via a rotat-
ing intermediate CH,I>* molecular ion. We infer and inter-
pret these measurements with molecular dynamics simulations
performed with density functional theory (DFT) and classical
models based on Coulomb repulsion.

2. Methods

2.1. Experimental setup

The experiment was conducted at the atomic physics endsta-
tion at the free- electron laser FLASH2 in Hamburg. A detailed
description of the experimental setup can be found in [34]. In
brief, the endstation consists of a reaction microscope, a super-
sonic gas jet for target delivery, and an in-line XUV optics
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system. FLASH2 is an XUV free-electron laser (FEL) that
provided light pulses at 98 eV photon energy with a duration of
approximately 50 fs. The intensity in the focus region is estim-
ated to be 3 x 10 Wem ™2

In the reaction microscope, the interaction of the XUV
pulses with the target molecules creates ions which are accel-
erated to a time- and position-sensitive detector via a homo-
geneous electric field. There is no drift region. The time-of-
flight and the two-dimensional impact position on the detector
are recorded. From this information, the three-dimensional ion
momenta immediately after the molecular dissociation can be
reconstructed. The detector is capable of registering multiple
ions from the same XUV pulse. Through this coincidence
measurement it is possible to detect all ions originating from
the dissociation of a single molecule.

For the coincidence analysis, the separate ion species have
been identified by their respective time-of-flight windows. A
set of three ions (CH5 /IT/1T) is detected ‘in coincidence’ if all
ions originated from an interaction with the same FEL pulse
and the sum of their momenta is close to zero for each of the
three spatial dimensions x, y, and z. To ensure this, three sep-
arate momentum-sum conditions have been applied, one for
each dimension.

2.2. Computational details

2.2.1 Quantum chemistry calculations. ~ Molecular dynam-
ics (MD) simulations were performed using the atom centered
density matrix propagation model (ADMP) [35-37]. ADMP
is an extended Lagrangian MD method, in which the elec-
tronic degrees of freedom are propagated by introducing a
fictitious term in the Lagrangian. In this approach, the forces
acting on the five atoms (one carbon, two hydrogen, and two
iodine atoms) are derived computing on-the-fly the electronic
ground-state potential-energy surface. The atoms’ positions
and velocities are then propagated classically through time
according to the resulting inter-atomic/-molecular forces. In
this case, the potential energy was computed using the DFT, in
particular with the B3LYP [38—41] functional, in combination
with a SDD basis set, which includes the Dunning/Huzinaga
full double zeta basis [42] for C and H atoms and the
Stuttgart/Dresden effective core potentials basis set for the I
atom [43]. To mimic the experimental conditions, the dynam-
ics of the triply-ionized molecule was propagated starting
from the optimized geometry of the neutral ground state, thus
assuming a sudden ionization in a Franck—Condon approxim-
ation. The initial excitation energy was randomly distributed
among the nuclear degrees of freedom. Therefore, we con-
sider that after the 4d core photoionization followed by Auger
decay, the tricationic state is created with some internal excit-
ation energy which is rapidly redistributed among the nuclear
degrees of freedom. In the simulations we have considered
electronic states with doublet and quadruplet spin multipli-
city and, in each case, we have performed MD simulations
scanning the internal excitation energy between 1 and 5eV.
To ensure adiabaticity in the trajectories we set a time step of

At =0.1fs and a fictitious electron mass of ; = 0.1 amu. The
trajectories were propagated up to fnax = 2ps.

Explorations of the potential energy surface (PES) were
carried out at the same level of theory, B3LYP/SDD. Both in
the PES exploration and in the MD simulations, we considered
the doublet and the quadruplet spin multiplicity. All calcula-
tions were performed using the Gaussian16 program [44].

The computational strategy followed here was successfully
used to disentangle the fragmentation dynamics of ionized and
excited molecules and molecular clusters in the gas phase (see
e.g. [45-51]).

2.2.2. Classical simulation. Simulations on the basis of a
Coulomb repulsion model have been performed as a second
independent approach to better understand the momentum cor-
relations detected in the experiment. The ions (two IT and
one CH, ™) are represented as point charges with respective
masses that repel each other by their Coulomb force. In addi-
tion, a Lennard-Jones (LJ) potential [52] is simulated between
the CH,™ ion and one of the IT ions to bind them together.
The LJ potential has the following form:

wo-e[@-@)] o

Here € is the maximum depth of the potential and ¢ is the
distance at which the potential is zero. This additional poten-
tial is switched off after a pre-defined lifetime during the sim-
ulation in order to simulate the secondary dissociation of the
CH,I?" ion. Since the charges are placed at the positions of
the ions, the charge distribution in the simulated CH,I%t inter-
mediate molecular ion is +1 at the iodine and +1 at the CH,
group. The simulation is run 50 000 times with an exponential
distribution of the lifetime of the LJ potential. The initial con-
dition takes the ground-state geometry of the molecule [53]
and varies the positions of all three ions by a random two-
dimensional Gaussian distribution with a standard deviation
of 5 pm. The initial velocities are set to zero.

The parameter o of the LJ potential was set such that
the potential minimum agrees with the C-I bond length. The
potential depth € was chosen to be 0.2 au (5.4eV). Together
with the repelling Coulomb potential of the I and CH, ™ ions,
the depth of the combined potential is 0.09 au (2.4 eV) which
is approximately the dissociation energy of a C-I bond in a
neutral molecule [54]. The depth of the LJ potential was found
to have no effect on the nature of the resulting momentum
distribution, if it is deep enough. If the LJ potential is too
shallow, the change in electrostatic potential energy caused
by the randomized distribution of the initial positions of the
ions can cause early dissociation, before the deactivation of
the LJ potential. The chosen value of 0.2au (5.4eV) was
found to be well below this threshold when combined with
the repelling Coulomb potential. For this reason, together with
having the combined LJ and Coulomb potential approximate
the dissociation energy of a C—I bond, this value for the poten-
tial depth of the simulated LJ potential was chosen.
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3. Results and discussion

In this measurement, the coincidence channel CH5 /IT/I1 is
the most prevalent among the three-ion coincidences. The
detection rate declines sharply towards higher charge states
of the iodine ions. This work only includes events in which
the CH, ™" group stays intact. Due to background from disso-
ciating hydrogen molecules in the interaction chamber, it was
not possible to resolve coincidences where H™ ions separated
from the diiodomethane molecule.

The creation of the three ions It, I, and CH,* from a
diiodomethane molecule is mostly a single-photon process. If
a second photon was involved, the charge states of the emer-
ging ionic fragments are expected to be higher than 1+. It is
possible to reach a triply-ionized state by the absorption of
two photons (core ionization followed by Auger decay and
subsequent valence ionization, or vice versa), but this is very
unlikely because the cross-section for valence ionization at
the photon energy of 98eV is much smaller than for core
ionization [32, 55]. In addition, intensity dependence of the
ion yield confirms that the observed fragmentations are caused
by single-photon absorption.

For analyzing and displaying the momentum correlation
between the three ions, a Newton plot is used. This is a com-
mon method of representation for momenta of three-body
dissociations. Due to momentum conservation, the momenta
of all three ions are always found in one common plane.
Therefore, the set of three momenta can be collectively rotated
into the xy-plane of the Newton plot. This is usually done
such that the momentum of a specific ion species (in this
case the CH,™ ion) is oriented along the positive x-axis.
The momentum of the CH, T ion is, however, not shown
in the Newton plot. It is only used for the alignment pur-
pose. An entry is made in the Newton plot for each of the
other two ions’ momenta in the xy-plane; one in the top
half and one in the bottom half of the histogram. When
this is done for multiple independent dissociation events,
the emerging structure in the Newton plot contains inform-
ation about the momentum correlation between the three
ions.

Figure 1 shows the Newton plot of the CH3 /IT/I* disso-
ciation channel measured in this work. The momentum vec-
tor of the CH, " fragment is oriented along the positive x-
axis. A histogram of the CH,™ momentum is shown in the
inset. The coincidence ion detection method cannot differen-
tiate between the two identical I ions with regard to their
role in the dissociation process. For this reason, each iodine
momentum was plotted once in the upper and once in the lower
half of the Newton plot. Therefore, the momentum correlation
displayed in the Newton plot is symmetric with regard to the
X-axis.

The momentum correlation between the three ions displays
several features. The two most prominent ones are an inner-
oval shape (region A) in figure 1 with maxima at the upper and
lower part at around 190 au and an outer, much weaker struc-
ture of two intersecting rings (region B), one left and one right
of the central oval. The kinetic energy of the CH," fragment

F Trost et al
+T+T+ .
a00{ CHTT .
10
200 1
= %)
© =
£ 01 F10° 5
= O
—200 1
10
—400 1
0 100
Ptot 1N au
—400 —200 0 200 400
pxinau

Figure 1. Newton plot of the measured one-photon dissociation of
CH,I, into CH, ™, I'", and I'". The CH> " momentum (not shown) is
aligned along the positive x-direction. The inset shows the total
momentum spectrum of the CH, " species. As positive and negative
transverse momenta (py) of the iodine atom with respect to the CH»
fragment cannot be distinguished, the plot was symmetrized
accordingly. The two indicated regions (A in black, B in magenta)
correspond to the momentum correlations of different dissociation
mechanisms.

is, on average, lower for feature B than for feature A. The fea-
ture close to the center of the inner-oval shape corresponds to
low-momentum ions, both I and CH, ™. It probably origin-
ates from a fragmentation channel that differs from the concer-
ted and sequential pathways described in this work and poses
an interesting topic for further analysis and experiments.

Regarding the origins of the features A and B described
above, a deep analysis using different theoretical methods was
carried out in order to gain insight into the nature of these
momentum correlation features.

MD simulations using the ADMP method were performed
with internal energies in the range from 1 to 5eV, includ-
ing doublet and quadruplet spin multiplicity and with a total
of 2560 trajectories. The analysis of the fragmentation chan-
nels populated in such trajectories was performed after 2 ps of
propagation. A summary of the computed results is given in
figure 2. The dominant channel at low internal energy corres-
ponds to the cleavage of one C-I bond. From 3 eV on, loss of
the second I atom appears, becoming dominant at 5 eV. Other
minor channels with the loss of an H atom are also observed,
but with probabilities smaller than ~10% in the energy range
considered. Oscillations in the most populated channels are
due to the lack of statistics at low excitation energies.

At the end of each simulated trajectory, the momenta of the
iodine nuclei and the methylene group are computed and dis-
played in a Newton plot in the same way as the experimental
data. The resulting histogram is shown in figure 3. The
momenta displayed there have been computed with internal
energies of 3eV and 5eV, as the most representative of the
fragmentation dynamics.
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Figure 2. Percentage of fragmentation channels as a function of the
internal excitation energy computed in the molecular dynamics
simulations using the ADMP method. Results for the triply-ionized
diiodomethane with (a) doublet CH,I,>* (D) and (b) quadruplet
CH,1,3* (Q) spin multiplicity.

The Newton plot of the ADMP simulated fragmentation
processes shows a prominent ring structure. Regarding size
and shape, this ring is similar to the central oval feature seen in
the measurement data. However, the most striking difference
is that the simulation does not reproduce the maxima at high
and low y-momentum values.

The low-momentum feature close to the center of the ring
structure originates from a small fraction of trajectories where
the two iodine atoms did not separate from each other.

The question of why the ADMP simulation produces this
particular momentum distribution can be answered by look-
ing at the lifetimes of the CH;I intermediate molecule in this
simulation. The mean value of its lifetime distribution is 60 fs
with a maximum value of 231 fs, while underrepresenting very
short lifetimes below approximately 10 fs. That means that the
ADMP simulation covers exclusively the intermediate range
of CH,I lifetimes. Therefore, there is always enough time for
at least a partial rotation of the CH,I molecule, which causes
the momentum correlation feature A (seen in the experiment)
to not appear in the ADMP simulation. Feature B, indicat-
ing the sequential dissociation with much longer lifetimes
of the intermediate state, does also not occur in the ADMP
simulation. What is left is the momentum correlation indicat-
ive of exclusively intermediate lifetimes (the closed inner-ring
feature) without the feature originating from very short life-
times (the maxima at high and low y-momentum, representing
the original molecular structure).

+THTH
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6
200 - P A
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iy %
j ? j22l
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g 01 = 2 I 5
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Figure 3. Newton plot of the triple-ion coincidence channel

CHF /I /I as simulated with the ADMP model. The initial
excitation energies of 3eV and 5eV are combined, the simulation
duration is 2 ps with a 0.1 fs time step. The momenta of the hydrogen
atoms and the carbon atom are added up to obtain the momentum of
the CH, ™ group, shown in the inset. The momentum of the
methylene group (not plotted) is oriented along the positive x-axis.

In the top and bottom part of the Newton plot, the ADMP
simulation results indicate that the iodine dissociation times
are longer than average. In this region, the ring structure
appears less clear. Instead, it more resembles the intersection
of the two outer rings seen in the measured momentum correl-
ation. This suggests that simulation of intermediate states with
even longer lifetime could lead to a representation reminiscent
of this double ring structure.

The simulated changes in molecular geometry are sketched
in figure 4. It can be seen that the first iodine atom leaves the
molecule while the methylene group starts to rotate around the
other iodine nucleus, forming an intermediate CH,I state.

The ADMP simulation successfully reproduces the inner-
oval part of the measurement which is caused by rather
quickly dissociating molecules. The Newton plot also sug-
gests that longer-living states play an important role in the
dissociation dynamics. It is also clear from this simula-
tion that longer-living states could play an important role
in explaining the measured ion momentum correlation of
feature B. To further investigate these intermediate rotating
states, a classical simulation has been performed. The clas-
sical simulation approach to gain insight into the fragmenta-
tion process was chosen because it is conceptually easier and
requires fewer computing resources compared to the ADMP
simulation.

In figure 5, the simulated Newton plots using the classical
MD are presented. The timescale for the LJ potential lifetime
distribution is 2 fs for figure 5(a), 10fs for figure 5(b), and
5000 fs for figure 5(c).

For very short time spans between the ejection of the two
iodine ions from the molecule, the ground-state geometry has
very little time to change and the two maxima in the resulting
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Figure 5. Newton plots of classically simulated fragmentation with different lifetimes for the binding potential. Its exponential distribution
has a lifetime mean value of (a) 2 fs, (b) 10 fs, and (c) 5000 fs. The three ions repel each other by their Coulomb force. The momentum of

the CH, ™" ion is oriented along the positive x-axis (not plotted). Histograms of the CH, ™ momentum are shown in the insets. The variation
in the ion momenta is the result of varying initial positions as well as varying the lifetime of the binding LJ potential.
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Newton plot in figure 5(a) again mirror the original orientation
of the ions. This very fast double-ejection channel is thus con-
sistent with the experimentally measured signal in region A of
figure 1.

When there is a LJ potential with an average lifetime of
10fs, the resulting momentum correlation in figure 5(b) still
shows the two prominent maxima, but also displays a closed
ring structure. This is similar to the inner-oval shape of the
measured momentum correlation in figure 1 as well as the
Newton plot of the ADMP simulation in figure 3.

For the simulation of long lifetimes of the LJ potential, the
CH,I*T intermediate ion stays intact on a picosecond times-
cale before it fragments into the [T and CH, ™ ion pair. During
this time, it completes several rotations with regard to the ejec-
tion direction of the first I*. This rotation is, in this classical
simulation, introduced by the Coulomb repulsion from the first
I leaving the molecule. The resulting momentum correlation,
shown in the Newton plot in figure 5(c), consists of two large
intersecting rings of the same size. An inner, less prominent
ring is visible which corresponds to the previously described
structure originating from fast dissociations. However, with a
time scale of 5000 fs, only a small fraction of cases fragments
in less than a few tens of femtoseconds, which is why the inner-
ring structure is much less prominent here.

There is an additional weak feature in the simulated Newton
plot for long CH,I?* lifetimes which can be seen at y-momenta
close to 400 au. Such high-momentum I ions are the result
of the CH, " ion from the intermediate CH,I*T being ejec-
ted into the same direction as the I from the first dissoci-
ation step. In those rare cases, the CH, T ion spends a larger
amount of time between the two iodine ions which, through
Coulomb repulsion, leads to an increased momentum of the
I fragments. In the experiment, these weak features are not
observed. The reason for this is that, in the classical simula-
tion, the rotation axis of the CH,I** molecular ion is always
perpendicular to the direction in which the first I leaves the
molecule. This idealized situation is in reality almost never the
case which makes the ejection of the CH, ™ ion in the same
direction as the first I ion even more improbable than in the
classical simulation.

Comparing the three cases of classically simulated molecu-
lar dissociation time scales with the measured momentum cor-
relation, both the inner-oval shape with the strong maxima as
well as the weak outer rings can be reproduced. This leads
to the conclusion that there are at least two competing dis-
sociation pathways present in the fragmentation of the dii-
odomethane molecule. The fast, concerted pathway is char-
acterized by the ejection of two iodine ions in quick succes-
sion. Because the molecule’s ground-state geometry is largely
preserved in this case, the resulting momentum correlation
reflects the ions’ initial positions. The result in the Newton
plot is the two prominent maxima at high and low y-momenta.
The second identified dissociation pathway is characterized by
a larger time span between the ejection of the two iodine ions
and is called the sequential pathway. This time span between
the two dissociation steps must be long enough such that the
emission directions of the two IT are no longer correlated. The
rotation period of the intermediary CH,I%* ion must therefore

1.0
(a) experiment
0.5
2
g 1.0
2 (b) ADMP
_g simulation
g 051
=
£
) -
(=] 0.0 T T T T T T
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0.5
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0 5 10 15 20 25
KER in eV

Figure 6. Comparison between the kinetic energy release (KER) of
(a) the experimental data, (b) the ADMP simulation, and (c) the
classical simulation. In the case of the classical simulation, all three
lifetime cases have been combined.

be shorter than its average lifetime. Only then the momenta of
the two iodine ions are no longer correlated which is repres-
ented by the outer rings (region B) in the measured Newton
plot.

The kinetic energy release (KER) of the molecular frag-
mentation is displayed in figure 6 for the three cases of (a)
the experiment, (b) the ADMP simulation, and (c) the clas-
sical simulation, where all three cases for the lifetime of the
CH,I?T intermediate state have been aggregated. The KER
obtained from the experimental data shows a much broader
distribution than is the case for both simulations. The Coulomb
model overestimates the KER, which is not unusual when
internal excitations are only addressed in a rudimentary way.
The ADMP simulation, on the other hand, underestimates the
KER compared to the experiment.

Further insights on the fragmentation were obtained with
the exploration of the PES of CH,1,?* with doublet and quad-
ruplet spin multiplicity, computed using the DFT. Figure 7
shows the triple ionization threshold and the fragmentation
pathways towards the most populated channels, experiment-
ally measured and computed with the MD simulations. From
the ground state of the neutral diiodomethane, CH,1»(S), ver-
tical ionization towards triply-ionized diiodomethane with
doublet CH,1,°* (D) and quadruplet CH,1,°*(Q) spin mul-
tiplicity is considered. In the PES of the quadruplet, direct
fragmentation with the loss of the first iodine atom occurs. A
very shallow minimum is located on the PES of the doublet
spin, with a tiny energy barrier before leading to fragmenta-
tion, which is negligible. In both cases, we can consider that
dissociation towards channel CH,I?* /I is a spontaneous pro-
cess. However, further fragmentation of the remaining CH, 1>+
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Figure 7. Relevant points in the potential energy surfaces of
triply-ionized diiodomethane with doublet CH2123+(D) and
quadruplet CH,1,>* (Q) spin multiplicity. Vertical ionization of the
neutral ground state, with singlet spin multiplicity CH,1»(S).
Relative energies, given in eV and computed at the B3LYP/SDDall
level of theory including zero point energy correction, are referred
to neutral dilodomethane. The most stable multiplicity for each
fragment is used: S—singlet, D—doublet, T—triplet and
Q—quadruplet.

moiety, losing the second I ion, is a process that shows a
barrier of ~1.7 eV. Therefore, in situations where the internal
energy of the fragment CH,I?>* is not sufficient, or is con-
centrated only in the rotational degrees of freedom, further
fragmentation will not take place. In the case where there is
a redistribution of the internal energy of the fragment suf-
ficient to overcome the barrier, such fragmentation will be
sequential, i.e. with a delayed emission of the second I ion.
Therefore, we can interpret the results discussed above, and
explain why a fragment is trapped in a kind of rotational res-
onance. Finally, only if the internal excitation energy remain-
ing after triple ionization is very large, direct fragmentation
towards the CH5 /IT/I* channel will be observed.

The results presented here provide the first observation
of the fragmentation dynamics of the CH,I, molecule fol-
lowing core ionization. A previous study has shown that
diiodomethane molecules exposed to a single strong-field
laser pulse exhibit both concerted and sequential fragment-
ation pathways [30], consistent with the findings repor-
ted here. The observation of these two fragmentation path-
ways in both strong-field laser ionization and XUV core

ionization suggests that the fundamental principles govern-
ing molecular dissociation are largely independent of the
excitation method. Further work, both experimental and
theoretical, is required to better understand the nuances
of these fragmentation pathways. In particular, understand-
ing the factors that determine the branching ratio of the
fragmentation processes and the mechanisms governing
the lifetime and spontaneous dissociation of the inter-
mediary CH,I*t molecular ion would provide valuable
insights.

4. Conclusions

In summary, by a combination of experiment and simulations,
we identified two different pathways in the dissociation of dii-
odomethane after ionization by a single XUV photon. One is
a fast and concerted fragmentation into three singly-charged
ions. The other is a sequential process via a rotating intermedi-
ate CH,I?T molecular ion. The dissociation of this intermedi-
ate ion occurs spontaneously and on a timescale that is longer
than its rotation period.

Author contributions

The experiment was conceived by HL, SM, RM, G S, M S,
and F T. The experimental setup was prepared by S A, M B,
HL,SM,GS,KS,CDS, and F T. The experiment was
conductedby SA,MB,RG,FH,HL, YL, SM,RM, M-N
PKS,PS,MS,FT, and M Z. The data was analysed by R
G,HL,SM,RM, M S, and F T. Interpretation and discussion
of the results was done by SA,RG,HL,SM,RM, TP, K S,
M S, and F T. The ADMP simulation was performed by S D-
T. and F M. The classical simulations were conducted by H L
and F T. The manuscript was written by S D-T and F T with
contributions fromSA,HL,FM,RM, TP,K S, and M S.

Data availability statement

The data cannot be made publicly available upon publication
because no suitable repository exists for hosting data in this
field of study. The data that support the findings of this study
are available upon reasonable request from the authors.

Acknowledgments

We acknowledge the generous allocation of computer time
at the Centro de Computacién Cientifica at the Universidad
Auténoma de Madrid (CCC-UAM). This work was partially
supported by the MICINN—Spanish Ministry of Science
and Innovation—Projects PID2022-138470NB-100 and
PID2022-138288NB-C31 funded by MCIN/AEI/10.13039
/501100011033, the Severo Ochoa Programme for Centres of
Excellence in R & D (CEX2020-001039-S) and the Maria
de Maeztu Programme for Units of Excellence in R&D
(CEX2023-001316-M).



J. Phys. B: At. Mol. Opt. Phys. 58 (2025) 085101

F Trost et al

We acknowledge DESY (Hamburg, Germany), a mem-
ber of the Helmholtz association HGF, for the provision of
experimental facilities. Parts of this research were carried out
at FLASH and we would like to thank the whole FLASH
team for its support. Beamtime was allocated for proposal
F-20171085 EC.

ORCID iDs

F Trost (2 https://orcid.org/0000-0001-7756-286X

S Diaz-Tendero (® https://orcid.org/0000-0001-6253-6343
H Lindenblatt (2 https://orcid.org/0000-0003-1728-7979
S Augustin @ https://orcid.org/0000-0003-1283-331X

P Schoch @ https://orcid.org/0000-0003-1462-4589

T Pfeifer (2 https://orcid.org/0000-0002-5312-3747

F Martin @ https://orcid.org/0000-0002-7529-925X

M Simon (2 https://orcid.org/0000-0002-2525-5435

References

[1] Kawasaki M, Lee S J and Bersohn R 1975 Photodissociation
of molecular beams of methylene iodide and iodoform J.
Chem. Phys. 63 809-14

[2] Pence W H, Baughcum S L and Leone S R 1981 Laser UV
photofragmentation of halogenated molecules. selective
bond dissociation and wavelength-specific quantum yields
for excited I(*P; /2) and Br(’P, /2) atoms J. Phys. Chem.
85 3844-51

[3] XuH, Guo Y, Liu S, Ma X, Dai D and Sha G 2002
Photodissociation dynamics of CHzI, molecules in the
ultraviolet range studied by ion imaging J. Chem. Phys.
117 5722-9

[4] Kroger P M, Demou P C and Riley S J 1976 Polyhalide
photofragment spectra. i. two-photon two-step
photodissociation of methylene iodide J. Chem. Phys.

65 1823-34

[5] Baughcum S L and Leone S R 1980 Photofragmentation
infrared emission studies of vibrationally excited free
radicals CH3 and CHl J. Chem. Phys. 72 6531-45

[6] Chen S-Y, Tsai P-Y, Lin H-C, Wu C-C, Lin K-C, Sun B J and
Chang A H H 2011 I; molecular elimination in
single-photon dissociation of CH,I, at 248 nm by using
cavity ring-down absorption spectroscopy J. Chem. Phys.
134 034315

[7] Fotakis C, Martin M and Donovan R J 1982 Ultraviolet laser
multiphoton excitation of CHy1, J. Chem. Soc., Faraday
Trans. 2 1363-71

[8] Okabe H, Kawasaki M and Tanaka Y 1980 The
photodissociation of CHzI,: Production of electronically
excited I, J. Chem. Phys. 73 6162-6

[9] Marvet U, Zhang Q, Brown E J and Dantus M 1998
Femtosecond dynamics of photoinduced molecular
detachment from halogenated alkanes. I. Transition state
dynamics and product channel coherence J. Chem. Phys.
109 4415-27

[10] Marvet U and Dantus M 1996 Femtosecond observation of a
concerted chemical reaction Chem. Phys. Lett. 256 57-62

[11] Zhang Q, Marvet U and Dantus M 1997 Concerted elimination
dynamics from highly excited states Faraday Discuss.
108 63-80

[12] Zhang Q, Marvet U and Dantus M 1998 Femtosecond
dynamics of photoinduced molecular detachment from
halogenated alkanes. ii. asynchronous concerted elimination
of Ib from CHzI, J. Chem. Phys. 109 4428-42

[13] Wei Z, LiJ, Zhang H, Lu Y, Yang M and Loh Z-H 2019
Ultrafast dissociative ionization and large-amplitude
vibrational wave packet dynamics of strong-field-ionized
di-iodomethane J. Chem. Phys. 151 214308

[14] Cartoni A, Casavola A R, Bolognesi P, Borocci S and Avaldi L
2015 VUV photofragmentation of CH,I,: The [CH,I-1] T
iso-diiodomethane intermediate in the I-loss channel from
[CH L] J. Phys. Chem. A 119 3704-9

[15] Rebholz M et al 2021 All-XUV pump-probe transient
absorption spectroscopy of the structural molecular
dynamics of di-iodomethane Phys. Rev. X 11 031001

[16] Kanter E P, Cooney P J, Gemmell D S, Groeneveld K O,
Pietsch W J, Ratkowski A J, Vager Z and Zabransky B J
1979 Role of excited electronic states in the interactions of
fast (MeV) molecular ions with solids and gases Phys. Rev.
A 20 834-54

[17] Vager Z, Naaman R and Kanter E P 1989 Coulomb explosion
imaging of small molecules Science 244 426-31

[18] Ellert C, Stapelfeldt H, Constant E, Sakai H, Wright J,
Rayner D M and Corkum P B 1998 Observing molecular
dynamics with timed Coulomb explosion imaging Phil.
Trans. R. Soc. A 356 32944

[19] Boll R et al 2022 X-ray multiphoton-induced coulomb
explosion images complex single molecules Nat. Phys.

18 423-8

[20] Song P, Wang X, Meng C, Dong W, Li Y, Lv Z, Zhang D,
Zhao Z and Yuan J 2019 Dynamics of three-particle
fragmentation of (CO,),>* ions produced by intense
femtosecond laser fields Phys. Rev. A 99 053427

[21] Livshits E et al 2024 Symmetry-breaking dynamics
of a photoionized carbon dioxide dimer Nat. Commun.
156322

[22] Fan Y, Wu C, Xie X, Wang P, Zhong X, Shao Y, Sun X, Liu Y
and Gong Q 2016 Three-body fragmentation dynamics of
carbon-dioxide dimers induced by intense femtosecond
laser pulses Chem. Phys. Lett. 653 108-11

[23] Rajput J et al 2018 Native frames: Disentangling sequential
from concerted three-body fragmentation Phys. Rev. Lett.
120 103001

[24] Wu C et al 2013 Nonsequential and sequential fragmentation
of C023Jr in intense laser fields Phys. Rev. Lett. 110 103601

[25] Neumann N ef al 2010 Fragmentation dynamics of Ccot
investigated by multiple electron capture in collisions with
slow highly charged ions Phys. Rev. Lett. 104 103201

[26] Chen L, Wang E, Zhao W, Gong M, Shan X and Chen X 2023
Fragmentation of SO;” (g =2 —4) induced by lke V
electron collision J. Chem. Phys. 158 054301

[27] Guillemin R et al 2015 Selecting core-hole localization or
delocalization in CS, by photofragmentation dynamics Nat.
Commun. 6 6166

[28] Bhattacharyya S et al 2022 Two- and three-body fragmentation
of multiply charged tribromomethane by ultrafast laser
pulses Phys. Chem. Chem. Phys. 24 27 631-644

[29] McManus J W et al 2022 Disentangling sequential and
concerted fragmentations of molecular polycations with
covariant native frame analysis Phys. Chem. Chem. Phys.
24 22699-709

[30] Kaderiya B, 2021 Imaging photo-induced dynamics in
halomethane molecules with coincident ion momentum
spectroscopy PhD Thesis Kansas State University.
(https://hdl.handle.net/2097/41294)

[31] Travnikova O et al 2024 X-ray-induced molecular catapult:
Ultrafast dynamics driven by lightweight linkages J. Phys.
Chem. Lett. 15 11 883-890

[32] Nahon L, Svensson A and Morin P 1991 Experimental study
of the 4d ionization continuum in atomic iodine by
photoelectron and photoion spectroscopy Phys. Rev. A
43 2328-37


https://orcid.org/0000-0001-7756-286X
https://orcid.org/0000-0001-7756-286X
https://orcid.org/0000-0001-6253-6343
https://orcid.org/0000-0001-6253-6343
https://orcid.org/0000-0003-1728-7979
https://orcid.org/0000-0003-1728-7979
https://orcid.org/0000-0003-1283-331X
https://orcid.org/0000-0003-1283-331X
https://orcid.org/0000-0003-1462-4589
https://orcid.org/0000-0003-1462-4589
https://orcid.org/0000-0002-5312-3747
https://orcid.org/0000-0002-5312-3747
https://orcid.org/0000-0002-7529-925X
https://orcid.org/0000-0002-7529-925X
https://orcid.org/0000-0002-2525-5435
https://orcid.org/0000-0002-2525-5435
https://doi.org/10.1063/1.431361
https://doi.org/10.1063/1.431361
https://doi.org/10.1021/j150625a027
https://doi.org/10.1021/j150625a027
https://doi.org/10.1063/1.1503316
https://doi.org/10.1063/1.1503316
https://doi.org/10.1063/1.433274
https://doi.org/10.1063/1.433274
https://doi.org/10.1063/1.439111
https://doi.org/10.1063/1.439111
https://doi.org/10.1063/1.3523571
https://doi.org/10.1063/1.3523571
https://doi.org/10.1039/F29827801363
https://doi.org/10.1039/F29827801363
https://doi.org/10.1063/1.440108
https://doi.org/10.1063/1.440108
https://doi.org/10.1063/1.477045
https://doi.org/10.1063/1.477045
https://doi.org/10.1016/0009-2614(96)00408-3
https://doi.org/10.1016/0009-2614(96)00408-3
https://doi.org/10.1039/A705759H
https://doi.org/10.1039/A705759H
https://doi.org/10.1063/1.477046
https://doi.org/10.1063/1.477046
https://doi.org/10.1063/1.5132967
https://doi.org/10.1063/1.5132967
https://doi.org/10.1021/jp511067d
https://doi.org/10.1021/jp511067d
https://doi.org/10.1103/PhysRevX.11.031001
https://doi.org/10.1103/PhysRevX.11.031001
https://doi.org/10.1103/PhysRevA.20.834
https://doi.org/10.1103/PhysRevA.20.834
https://doi.org/10.1126/science.244.4903.426
https://doi.org/10.1126/science.244.4903.426
https://doi.org/10.1098/rsta.1998.0168
https://doi.org/10.1098/rsta.1998.0168
https://doi.org/10.1038/s41567-022-01507-0
https://doi.org/10.1038/s41567-022-01507-0
https://doi.org/10.1103/PhysRevA.99.053427
https://doi.org/10.1103/PhysRevA.99.053427
https://doi.org/10.1038/s41467-024-50759-2
https://doi.org/10.1038/s41467-024-50759-2
https://doi.org/10.1016/j.cplett.2016.04.055
https://doi.org/10.1016/j.cplett.2016.04.055
https://doi.org/10.1103/PhysRevLett.120.103001
https://doi.org/10.1103/PhysRevLett.120.103001
https://doi.org/10.1103/PhysRevLett.110.103601
https://doi.org/10.1103/PhysRevLett.110.103601
https://doi.org/10.1103/PhysRevLett.104.103201
https://doi.org/10.1103/PhysRevLett.104.103201
https://doi.org/10.1063/5.0134007
https://doi.org/10.1063/5.0134007
https://doi.org/10.1038/ncomms7166
https://doi.org/10.1038/ncomms7166
https://doi.org/10.1039/D2CP03089F
https://doi.org/10.1039/D2CP03089F
https://doi.org/10.1039/D2CP03029B
https://doi.org/10.1039/D2CP03029B
https://hdl.handle.net/2097/41294
https://doi.org/10.1021/acs.jpclett.4c02511
https://doi.org/10.1021/acs.jpclett.4c02511
https://doi.org/10.1103/PhysRevA.43.2328
https://doi.org/10.1103/PhysRevA.43.2328

J. Phys. B: At. Mol. Opt. Phys. 58 (2025) 085101

F Trost et al

[33] Forbes R, De Fanis A, Rolles D, Pratt S T, Powis I,
Besley N A, Milosavljevi¢ A R, Nicolas C, Bozek J D and
Holland D M P 2020 Photoionization of the I 4d and
valence orbitals of methyl iodide J. Phys. B: At. Mol. Opt.
Phys. 53 155101

[34] Schmid G et al 2019 Reaction microscope endstation at
FLASH?2 J. Synchrotron Radiat. 26 854-867

[35] Schlegel H B, Millam J M, Iyengar S S, Voth G A,
Daniels A D, Scuseria G E and Frisch M J 2001 Ab initio
molecular dynamics: Propagating the density matrix with
gaussian orbitals J. Chem. Phys. 114 9758-63

[36] Iyengar S S, Schlegel H B, Millam J M, Voth G A,
Scuseria G E and Frisch M J 2001 Ab initio molecular
dynamics: Propagating the density matrix with gaussian
orbitals. ii. generalizations based on mass-weighting,
idempotency, energy conservation and choice of initial
conditions J. Chem. Phys. 115 10291-302

[37] Schlegel H B, Iyengar S S, Li X, Millam J M, Voth G A,
Scuseria G E and Frisch M J 2002 Ab initio molecular
dynamics: Propagating the density matrix with Gaussian
orbitals. iii. comparison with born—oppenheimer dynamics
J. Chem. Phys. 117 8694-704

[38] Becke A D 1993 Density-functional thermochemistry. iii. the
role of exact exchange J. Chem. Phys. 98 5648-52

[39] Lee C, Yang W and Parr R G 1988 Development of the
colle-salvetti correlation-energy formula into a functional of
the electron density Phys. Rev. B 37 785-9

[40] Vosko S H, Wilk L and Nusair M 1980 Accurate
spin-dependent electron liquid correlation energies for local
spin density calculations: a critical analysis Can. J. Phys.
58 1200-11

[41] Stephens P J, Devlin F J, Chabalowski C F and Frisch M J
1994 Ab initio calculation of vibrational absorption and
circular dichroism spectra using density functional force
fields J. Phys. Chem. 98 11 623-627

[42] Dunning T H and Hay P J 1977 Modern Theoretical Chemistry
vol 3 H F Schaefer III (Plenum) pp 1-28

[43] Bergner A, Dolg M, Kiichle W, Stoll H and Preul H 1993 Ab
initio energy-adjusted pseudopotentials for elements of
groups 13-17 Mol. Phys. 80 143141

[44] Frisch M J et al, Gaussian16 Revision C.01, 2016, gaussian
Inc. Wallingford CT

[45] Maclot S et al 2013 Dynamics of glycine dications in the
gas phase: Ultrafast intramolecular hydrogen migration
versus coulomb repulsion J. Phys. Chem. Lett.
4 3903-9

[46] Piekarski D G, Delaunay R, Maclot S, Adoui L, Martin F,
Alcami M, Huber B A, Rousseau P, Domaracka A and
Diaz-Tendero S 2015 Unusual hydroxyl migration in the
fragmentation of 3-alanine dication in the gas phase Phys.
Chem. Chem. Phys. 17 16767-778

[47] Kling N G et al 2019 Time-resolved molecular dynamics of
single and double hydrogen migration in ethanol Nat.
Commun. 10 2813

[48] McDonnell M et al 2020 Ultrafast laser-induced isomerization
dynamics in acetonitrile J. Phys. Chem. Lett. 11 6724-9

[49] Rousseau P, Piekarski D G, Capron M, Domaracka A,
Adoui L, Martin F, Alcami M, Diaz-Tendero S and
Huber B A 2020 Polypeptide formation in clusters of
{3-alanine amino acids by single ion impact Nat. Commun.
11 3818

[50] Barreiro-Lage D, Bolognesi P, Chiarinelli J, Richter R,
Zettergren H, Stockett M H, Carlini L, Diaz-Tendero S and
Avaldi L 2021 Smart decomposition’ of cyclic
alanine-alanine dipeptide by VUV radiation: A seed for the
synthesis of biologically relevant species J. Phys. Chem.
Lett. 12 7379-86

[51] Mishra D, LaForge A C, Gorman L M, Diaz-Tendero S,
Martin F and Berrah N 2024 Direct tracking of h2 roaming
reaction in real time Nat. Commun. 15 6656

[52] Jones J E and Chapman S 1924 On the determination of
molecular fields.—II. From the equation of state of a gas
Phil. Trans. R. Soc. A 106 463-77

[53] National Center for Biotechnology Information PubChem
2023 Diiodomethane ground state geometry PubChem
Identifier: CID 6346 (available at: https://pubchem.ncbi.
nlm.nih.gov/compound/diiodomethane#section=3D-
Conformer)

[54] Blanksby S J and Ellison G B 2003 Bond dissociation energies
of organic molecules Acc. Chem. Res. 36 255-63

[55] Lindle D W, Kobrin P H, Truesdale C M, Ferrett T A,
Heimann P A, Kerkhoff H G, Becker U and Shirley D A
1984 Inner-shell photoemission from the iodine atom in
CH3I Phys. Rev. A 30 239-44


https://doi.org/10.1088/1361-6455/ab8c5a
https://doi.org/10.1088/1361-6455/ab8c5a
https://doi.org/10.1107/S1600577519002236
https://doi.org/10.1107/S1600577519002236
https://doi.org/10.1063/1.1372182
https://doi.org/10.1063/1.1372182
https://doi.org/10.1063/1.1416876
https://doi.org/10.1063/1.1416876
https://doi.org/10.1063/1.1514582
https://doi.org/10.1063/1.1514582
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1021/j100096a001
https://doi.org/10.1021/j100096a001
https://doi.org/10.1080/00268979300103121
https://doi.org/10.1080/00268979300103121
https://doi.org/10.1021/jz4020234
https://doi.org/10.1021/jz4020234
https://doi.org/10.1039/C5CP01628B
https://doi.org/10.1039/C5CP01628B
https://doi.org/10.1038/s41467-019-10571-9
https://doi.org/10.1038/s41467-019-10571-9
https://doi.org/10.1021/acs.jpclett.0c01344
https://doi.org/10.1021/acs.jpclett.0c01344
https://doi.org/10.1038/s41467-020-17653-z
https://doi.org/10.1038/s41467-020-17653-z
https://doi.org/10.1021/acs.jpclett.1c01788
https://doi.org/10.1021/acs.jpclett.1c01788
https://doi.org/10.1038/s41467-024-49671-6
https://doi.org/10.1038/s41467-024-49671-6
https://doi.org/10.1098/rspa.1924.0082
https://doi.org/10.1098/rspa.1924.0082
https://pubchem.ncbi.nlm.nih.gov/compound/diiodomethane#section=3D-Conformer
https://pubchem.ncbi.nlm.nih.gov/compound/diiodomethane#section=3D-Conformer
https://pubchem.ncbi.nlm.nih.gov/compound/diiodomethane#section=3D-Conformer
https://doi.org/10.1021/ar020230d
https://doi.org/10.1021/ar020230d
https://doi.org/10.1103/PhysRevA.30.239
https://doi.org/10.1103/PhysRevA.30.239

	Dynamics of highly-ionized diiodomethane: Coulomb explosion, energy exchange and rotating fragments
	1. Introduction
	2. Methods
	2.1. Experimental setup
	2.2. Computational details
	2.2.1. Quantum chemistry calculations.
	2.2.2. Classical simulation.


	3. Results and discussion
	4. Conclusions
	References


