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Abstract

In our work, we demonstrate that X-ray photons can initiate a “molecular catapult”
effect, leading to the dissociation of chemical bonds and the formation of heavy frag-
ments within just a few femtoseconds. We reconstruct the momenta of fragments from
a three-body dissociation in bromochloromethane using the ion pair average (IPA) ref-
erence frame, demonstrating how light atomic groups, such as alkylene and alkanylene,
can govern nuclear dynamics during the dissociation process, akin to projectiles released
by a catapult. Supported by ab initio calculations, this work highlights the crucial role

of low-reduced-mass vibrational modes in driving ultrafast chemical processes.

TOC Graphic

Absorption of an X-ray photon by a molecule may lead to excitation of an inner-shell
electron to an anti-bonding molecular orbital, which then induces ultrafast nuclear dynam-
ics and even causes dissociation of a chemical bond on just a few-femtosecond (fs) time
scale (1 fs = 107'% s). Ultrafast dissociation (UFD) is a phenomenon, when the breakage
of molecular bonds occurs on the same time scale and, therefore, competes with electronic
relaxation, which results in radiative or Auger decay emission from already dissociated frag-
ments. 12 All in-depth studies of the UFD phenomenon used either diatomic molecules or
a simple pseudo-diatomic description of UFD for polyatomic molecules, i.e., modeling the
departing fragments as point masses and the dissociation along only one coordinate. This

guided the previous studies of UFD to relatively light molecules, where the reduced mass of



dissociation allows the fragments to travel far enough to reach the complete breakage of the
chemical bond during the very short core-hole lifetime.'*!® For example, contrary to HCI,
DCI, and CH3Cl, UFD is quenched in repulsive core-excited intermediate states of the Cl
molecule owing to its high reduced mass.?'? Nevertheless, there were experimental observa-
tions of the UFD process preceding electronic relaxation in poly-chlorinated alkylenes and
alkanylenes following resonant excitation of the 2p core electron to the anti-bonding molec-
ular orbital from one of the Cl atoms.?? 22 However, the mechanisms, which would explain
the possibility of UFD yielding heavy fragments on a few-fs time scale, are not yet under-
stood. A recent X-ray spectroscopic study of 1-bromo-2-chloroethane |Br(CHsy)oCl| clearly
demonstrated the limitation of modeling molecular dissociation, involving strongly repulsive
intermediate states, as a simple one-dimensional bond elongation between two fragments.??
In that previous work, it was suggested that bond breakages may be mediated by the internal
motion of light linkages, which experience significant displacement in the very early stages
of the photodissociation while the heavy atoms, such as halogens, remain nearly still. In
this paper, we show that not only do the light bridges drive the dynamics, but they are also
the first to be expelled from the molecule before its complete disintegration. Typically, halo-
genated organic molecules exhibit multiple normal vibrational modes characterized by low
reduced masses, primarily driven by the motion of the lighter atom or group of atoms adja-
cent to the halogen in the dissociating chemical bond. A detailed description of this type of
photo-induced nuclear dynamics requires consideration of multidimensional potential energy
surfaces, which is a challenging task even for small polyatomic systems.2*

In previous works, to overcome the problem of describing dissociation dynamics of alkyl
halides on complex multidimensional surfaces, impulsive models rooted in classical mechanics
were frequently employed.?>*® These models simplify the dissociation process by assuming
instantaneous dissociation of noninteracting atoms, where the repulsive force acts solely
along the bond axis at the equilibrium geometry of the parent molecule. Energy partition-

ing between the photofragments is then determined by conservation of energy and angular



momentum, resulting in significant rotational excitations in the fragments. However, despite
their usefulness in offering initial insights into the dissociation mechanisms of alkyl halides,
these models have significant limitations. They neglect vibrational dynamics, long-range
interactions, and complex fragmentation pathways. In general, impulsive models tend to
overestimate the rotational energy in the molecular photofragments, in particular because
they overlook vibrational excitations, such as bending and umbrella motions, which are
likely important in all alkyl halide dissociations.?*2" In our work, to support the conclusions
derived from the experimental data analysis, we use ab initio theoretical methods, which
incorporate vibrational normal modes, abstaining from the inclusion of impulsive models.
This ensures a comprehensive understanding of the molecular behavior by emphasizing the
pertinent aspects of ab initio theory, particularly highlighting the collective coupling of vi-
brational modes that govern the overall dynamics.

In this work, we performed cold target recoil ion momentum spectroscopy (COLTRIMS)
measurements to ‘capture’ nuclear dynamics involved in the UFD process of strongly repul-
sive intermediate states using an example of Br 3d core-excited states of bromochloromethane
(Br—CH,—Cl, BCM) with a lifetime of 7 ~7 fs. Following the absorption of a soft X-ray pho-
ton at two photon energies, above and below the Br 3d ionization threshold, corresponding
to the bound Br 3d—! and dissociative Br 3d~!o* intermediate states, respectively, we focus
on the Br™/CHJ /CI™ fragmentation, which dominates all triple-ion dissociation channels.?
By comparing the momentum distributions at these two photon energies, we attribute the
observed variations to the nuclear dynamics in the dissociative core-excited state, which
underlies the UFD process. This approach allows us to gain insights into the molecular
dissociation mechanisms in dihalogenated alkylene molecules. Notably, Schmelz et al.? re-
ported no significant difference in ion yields between the Br 3d~'c* resonance and above
ionization threshold for the BCM molecule. Therefore, the observed variations in ion mo-
mentum distributions between the resonance and continuum can be directly attributed to the

different geometries of the core-excited and core-ionized intermediate states at the moment
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Figure 1: Schematic representation in a momentum space for (a) the angle /a¢;, which
is an angle between two composite momentum vectors (pcp, — pei) and (g — per); (b)
construction of momentum correlation diagrams in the IPA frame (mass-weighted ion-pair
average momentum frame).

of electronic decay followed by rapid Coulomb explosion.

In this work, we focus on the primary dissociation channel, representing over 95% of all
dissociation events of CHoCIBr®* into CHy, Br™, and CI*. There are significant differences
between data recorded above the ionization threshold at 85 eV, where a bound core-ionized
state is formed, and on the resonance at 70.3 eV, corresponding to the excitation of the Br 3d
electron to the strongly repulsive anti-bonding molecular orbital.

We use the angle Za¢; as an indicator of the CH,y group’s rotation, which precedes elec-
tronic relaxation leading to the formation of CH,CIBr®**. This highly charged intermediate
then rapidly dissociates via Coulomb explosion. The angle Zag¢; is defined as the angle
between two composite momentum vectors, namely those formed by the CIT-Br* and ClIT—

CHJ ion pairs [see Fig. 1(a)]. From Fig. 2(a), we can see that the main dissociation pathway
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Figure 2: Correlation of ion energies for the dominant pathway pattern of CH,CIBr3* into
CHJ / Br™ / CI™, measured in coincidence by our COLTRIMS setup. (a) Dependence of
E¢; on the angle /a¢; at 85 €V and 70.3 €V, as well as their normalised difference plot. (b)
Correlation of E¢; vs. Ecg, at 85 €V and 70.3 eV, and the normalised difference plot. (c)
Dependence of the kinetic energy release (KER) on the angle Za¢; at 85 ¢V and 70.3 eV,
and the normalised difference plot. Prior to post-treatment data filtering, the data were nor-
malised to the total integrated event count for photon energies 85 and 70.3 eV, respectively.
The normalised difference corresponds to (Igsev — I70.3ev )/ (Issev + I70.3¢v)-

indicates an increase of o, accompanied by a decrease of the energy of the ClT ion (E¢;),
approaching near-zero values when Za¢; reaches 180°. The angle Za¢; = 180° corresponds
to the linear geometry CHy—Cl-Br, where the Cl atom does not acquire momentum during
a Coulomb explosion because it is positioned between the CHy and Br atoms, both of which
gain opposite momenta.

Rotational motion of the CHy group is manifested by significant counts at /a¢; values

greater than 70° and is particularly pronounced in the middle panel of Fig. 2(a), which is



85 eV 70.3 eV difference

300

100%

150 20 i 50%
Py — » 0
= s
0 E.
2
B -50%
c
[0}
IS
-150] . = 4
0 -100%
T T T | T I T | T | T I T I T | T I
-300 -150 0 150 -300 -150 0 150 -300 -150 0 150
Px Px Px

Figure 3: Momentum correlation analysis in the IPA reference frame for CH,CIBr3* disso-
ciating into CHf / Br™ / CIT for 85 eV photon energy, corresponding to Br 3d ionization
(left); for 70.3 eV photon energy, corresponding to the Br 3d — o* resonant excitation
(middle); and the normalised difference plot (right). The plots in the left and middle pan-
els are normalised to the total integrated event count for 85 and 70.3 €V prior to filtering
in the post-treatment of the data, respectively. The normalised difference corresponds to
(Issev — T70.3ev)/ (Issev + T70.3ev)-

even more clearly highlighted in the difference plot. This suggests that the ultrafast nuclear
dynamics involving dissociation of the CHyBr bond are more prominent at 70.3 eV photon
energy, corresponding to the resonant excitation of the Br 3d electron into the anti-bonding
LUMO. This observation aligns well with the dissociative nature of the Br 3d 'o* core-
excited state.

Figure 2(b) shows the correlation of the C1* and CHJ ion energies (Eci, Ecn,). It is
worth noting that Ecpy, remains nearly constant across the entire range of E¢; and thus of
Loy angles, indicating that the dissociation of the CHy moiety is largely independent of the
other dynamics occurring in the molecule. Nevertheless, an increase of Za(y, leading to a
gradual reduction of E¢y, is clearly accompanied by a slight decrease of E¢p,. Moreover, the
total kinetic energy release (KER) of the CH,CIBr molecular system also undergoes a slight
decrease concurrently with the rotation of the CHy group [Fig. 2(c)|. This suggests that the
entire molecule expands over time, as longer durations are required to achieve larger Zagy
angles. In the left panel of Fig. 2(b), corresponding to the data recorded above the ionization

threshold, this specific channel corresponding to the decrease of F¢; and therefore increase



of Za¢y is faintly observed and appears only weakly.

To “visualize” nuclear dynamics of all the detected ions, produced after a three-body
dissociation, we have adapted Newton diagrams, which allow to discern the dynamics, em-
phasizing the correlated motions of the particles involved. Newton diagrams are graphical
representations used to analyze the momenta of several fragments produced in a dissocia-
tion event. Each vector’s length signifies the particle’s momentum, while the angle indicates
its direction relative to a chosen reference frame. While commonly used Newton diagrams
are constructed in the center-of-mass frame (COM) of the system, they require fixing the
momentum of one of the particles relative to which the momenta of the remaining particles
are calculated.?” Therefore, in some cases Newton diagrams can be misleading, especially if
structural changes in molecular geometry have a strong influence on the momentum of the
chosen reference. Previously, to avoid restricting single ions to a fixed direction in a molecular

d.3%32 In our work, we estab-

frame, the concept of sum and difference momenta was employe
lish a reference frame that incorporates the inherent dynamics of all dissociating partners by
constructing ion momenta within the frame of the mass-weighted average momenta of the
two selected ion pairs (IPA), which is schematically depicted in Fig. 1(b). This approach
also takes into account the substantial differences in the masses of the fragments, which have
a profound influence on the dynamics. In our IPA frame, the = axis is selected along the

composite momentum vector pyo — pw1, where py1 and pyo are the mass-weighted average

momenta of selected ion pairs:

_ DprMpr + Ppoimer - _ DcH MO H, + Peimci
w1 = ;o Pwa = . (1)
memg, + Mo

Mmpy + My

The momenta of the three dissociating particles are calculated relative to py1 and pyyeo.
Here, we have chosen the CIT-CHj and CI™-Br* ion pairs, that form the angle Za¢;, and
the momenta of the CHJ, CIT, and Br™ ions are constructed relative to the mass-weighted

average momentum vectors of these ion pairs. The resulting momentum correlation diagrams

for CH,CIBr are shown in Fig. 3 for the main dissociation pathway at 85 and 70.3 eV,



Figure 4: Schematic representation of the dominant nuclear dynamics in the Q; and Qs
normal vibrational modes for CH,Cl1Br.

respectively. Figure 3 clearly shows the rotation of the light CHy linkage around the Cl
atom, while the heavy halogen atoms remain nearly still. Concerning the CI* and Br*
ions, the predominant variation occurs in the p, component of their momenta, decreasing
towards 0, whereas the p, projection remains largely unchanged. The case corresponding to
alignment of the three ion momenta along the x axis in Fig. 3 indicates the linear geometry
resulting from the rotation of the CHy group, initially bridging the Cl and Br atoms in the
BCM molecule, to the other side of the Cl atom.

For comparison, we also constructed the IPA diagrams for minor sequential dissociation
channels (not shown here). In these cases, the momentum distributions of all three ions
appear as semi-circles in the IPA frame, revealing notable differences from the dissociation
dynamics of the main channel presented in Fig. 3.

By employing ion momentum correlation through the IPA analysis, we can thus depict the
dynamics in the primary dissociation pathway for BCM, evoking a mangonel-type catapult.
In this analogy, the methylene CHy group acts as a projectile while the CHy—Cl bond serves
as a lever arm. Upon X-ray absorption at the Br 3d edge, tension builds up in opposing
directions along the strongly dissociative Br*~CH, bond, causing the lever arm to release
in a radial arc, thereby flinging away the projectile. The experimental data indicates that
this bridge, linking the Cl and Br atoms prior to dissociation, is expelled from the molecule,
leaving behind the non-bonded Cl-Br ion pair, which undergoes a slower dissociation process
while sharing the remaining momentum.

To provide further insights into the nuclear dynamics initiated in the Br 3d core-excited



and core-ionized intermediate states, we performed ab initio calculations of potential energy
surfaces for the ground and intermediate core-hole states. These two-dimensional PESs were
described in terms of normal vibrational modes. Analysis of the calculated normal modes
showed that only two of them were driving the dissociative dynamics in the core-excited
state — Q1 and Q», schematically represented in Fig. 4. Q; has a vibrational half-period
of 70 fs and is characterized as a heavy vibrational mode involving the /BrCH,Cl bending,
where opening of this angle leads to an increase of the Br—ClI distance. In contrast, Qo has
a vibrational half-period of 26 fs and represents a light mode, primarily associated with the
stretching of the Br—CHy bond. This mode involves minimal displacement of the halogen
atoms and causes only a slight change in the CHy—Cl internuclear distance, leading to the
rotation of the CHy group around the Cl atom. The contour plots for the ground, Br 3d
core-excited, and core-ionized intermediate states are shown in Fig. 5, which also include
the simulated time-integrated vibrational wave packets overlaying the corresponding PES
landscapes. The theory affirms the dissociative nature of the core-excited state along both
Q1 and Q2 normal modes, while the core-ionized state is bound with a shallower minimum
compared to the ground state. Simulations of nuclear wave-packet propagation using these
PESs corroborate extensive dynamics in the core-excited state, with only weak dynamics
triggered in the core-ionized state. Dissociative motion along the QQ; normal mode leads to a
decrease of Za¢; (Fig. 1a) resulting in a decrease of the energy of the CHJ ion as the molecule
approaches a linear geometry, with the CHy group positioned between the Cl and Br atoms.
Dynamics along the Qs normal mode result in an increase of Za¢; as the Br—-CHy bond
elongates. Experimental results presented in Fig. 2a indicate that the primary dissociation
pathway involves an increase in the angle Za;. This indicates that the light mode Qo plays
a predominant role in driving the dissociative dynamics of the system. This observation is
strongly supported by simulations of nuclear-wave-packet propagation on the corresponding
potential energy surfaces (PESs), as shown in Fig. 5.

In conclusion, we used COLTRIMS measurements to study the nuclear dynamics in-

10
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Figure 5: Calculated time-integrated vibrational wave packets in the core-excited (left),
core-ionized (top right), and ground (bottom right) states of CHyCIBr on the top of the
corresponding PES landscape, calculated along the selected @)1 and ()5 vibrational modes.

volved in the ultrafast dissociation process of strongly repulsive intermediate states of bro-
mochloromethane with a lifetime of only 7 ~ 7 fs. To gain deeper insight into the mechanisms
driving the primary pathway of three-body dissociation in bromochloromethane, we devel-
oped a momentum correlation analysis in the reference frame based on mass-weighted ion
pair average (IPA) momenta. This approach effectively incorporates the inherent dynamics of
all dissociating partners while accounting for substantial differences in their reduced masses,
which profoundly influence the overall dynamics. Unlike conventional Newton diagrams,
which require fixing the momentum of one particle as a reference, our methodology elimi-
nates this constraint, enabling a more flexible analysis of nuclear dynamics. This approach
could prove particularly valuable for understanding non-sequential dissociation mechanisms,
where constituent atoms or groups within the molecule dissociate at different times or rates
in an asynchronous manner, rather than occurring simultaneously or uniformly. The TPA
reference frame could be potentially beneficial for processes characterized by significant dif-
ferences in ion masses. Through our IPA analysis, we described the primary dissociative
channel for bromochloromethane in the Br 3d core-excited state, drawing an analogy to a

medieval mangonel-type catapult. The experimental data captured the predominant nuclear
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motion of the CHy moiety and indicated the expulsion of the bridge linking the Cl and Br
atoms, which subsequently drift apart over a longer time scale. We observe that this dy-
namics is significantly attenuated for photon energies above the ionization threshold, where
the molecule mainly undergoes concerted dissociation, i.e., the bonds break simultaneously
at geometries close to the initial ground-state ones. The conclusions derived from our ex-
perimental coincidence data are strongly supported by ab initio theoretical calculations. By
incorporating vibrational normal modes and performing simulations of nuclear-wave-packet
propagation, our calculations provide a comprehensive understanding of the nuclear dynam-
ics triggered by absorption of the soft X-ray photon at the Br 3d edge.

Our experimental data and ab initio simulations confirm that the presence of light groups
between heavy parts of the molecule is crucial for enabling fast nuclear dynamics. The
existence of light groups in molecules implies the presence of corresponding low-reduced-
mass vibrational modes. In more complex molecular systems, such as those containing
longer alkylene or alkenylene groups, several low-reduced-mass vibrational modes combine to
collectively drive nuclear dynamics along multimode dissociation, enabling ultrafast nuclear

dynamics and, consequently, dissociation on very short time scales.

Methods

Measurements were carried out at the XUV beamline UE112 PGM-1 at the BESSY II elec-
tron storage ring operated by the Helmholtz-Zentrum Berlin fiir Materialien und Energie®? in
the single-bunch timing mode (bunch spacing 800 ns), using photons of 70.3 and 85 eV pho-
ton energy generated by its elliptical undulator, with approximately 60 meV photon-energy
resolution provided by the monochromator. We used a mobile cold target recoil ion mo-
mentum spectroscopy (COLTRIMS) reaction microscope®3® for our studies. The CH,BrCl
molecules were provided in a supersonic gas jet, which passed two skimmers (300 gm diame-

ter each) and was crossed with the photon beam at right angle. We used the vapor pressure
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of approximately 200 mbar at room temperature and a gas nozzle of 200 ym diameter. The
employed COLTRIMS spectrometer consisted of an ion arm of 4 cm acceleration length and
an electron arm of 6 cm acceleration and 12 cm drift length (Wiley-McLaren time-of-flight
focusing geometry®?). Both were equipped with a microchannel-plate detector (active area
of 80 mm diameter for the electrons and of 120 mm diameter for the ions) with hexago-
nal delay-line position readout.“’ Electrons and ions were guided by homogeneous electric
(15.5 V/cm) and magnetic (12.5 G) fields onto the two time- and position-sensitive detectors.
From the times of flight and the positions of impact, the three-dimensional momentum vec-
tors of all charged fragments of the photoreaction were retrieved as well as derived quantities,
e.g., kinetic energies and emission angles. All ionic fragments were detected in coincidence
with slow electrons. The count rates for triple-ion coincidences at the two different photon
energies were approximately proportional to the estimated cross sections for triple (~2%3*)
and double (~14%3°) Auger decays, respectively. Our momentum resolution allowed us to
distinguish between the ™Br and ®!'Br isotopes, the **Cl and 37Cl isotopes as well as be-
tween C*, CHT, and CH;. Only the events that fulfil the momentum conservation law were
retained in the data analysis. The data, recorded at 70.3 and 85 eV, was normalised to
the same integrated count rate before applying filters to extract events associated with the
dominant fragmentation pattern.

The normal vibrational modes were calculated for the optimized ground state of BCM
using the Hartree-Fock method with the second-order Mgller-Plesset correlation energy cor-
rection (MP2) with the 6-311+G(d’,p’) basis set. The two-dimensional potential energy
surface (PES) of the initial ground state was first calculated as functions of the Q; and Qg
normal vibrational modes at a post-Hartree-Fock multi-configurational self-consistent field
(MCSCF) level of theory as implemented in the GAMESS(US) ab initio package. The ten
highest doubly occupied molecular orbitals (MOs) and the twenty low-lying vacant MOs
were considered into the active space considering single up to double valence excitations.

We opted for the strategy of replacing a core hole in the 3d orbital with a core hole in the
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3s orbital in the theoretical calculations to avoid the complexities introduced by spin-orbit
splitting. Since both 3d and 3s are core orbitals, substituting one for the other minimally
impacts the valence electronic structure. Consequently, this substitution has little effect on
the description of nuclear dynamics. The two-dimensional potential energy surface of the
3s inner-shell threshold of CH,CIBr, e.g., the Br(3s™!) core-ionized state and the low-lying
Br(3s~!'V1!) (V denotes a vacant molecular orbital) core-excited state were calculated as
functions of the Q; and Q2 normal modes combining a restricted open-shell Hartree-Fock
approach in order to optimize the molecular orbitals in presence of a core vacancy combined
with a post-Hartree-Fock configuration interaction (CI) approach. The CI active space con-
sidered for the Br(3s™!) [Br(3s7'V'!)| core-ionized [core-excited] state takes into account the
ten highest doubly occupied MOs and the forty low-lying vacant MOs considering single up
to double valence (CI-SD) excitations. A 6-311G++(3df,3pd) basis set was used for the car-
bon, chlorine, and hydrogen atoms. A triple zeta valence (TZV) atomic Cartesian-Gaussian
basis set with additional (s, p, d) diffuse functions centered on the Br atom was considered.
To simulate X-ray-induced dynamics in core-excited and core-ionized states, nuclear wave
packets were propagated on the corresponding PESs taking into account the Br 3d core-
hole lifetime using the time-dependent solution of the two-dimensional Schrédinger equation
along the selected (); and @)y vibrational modes. The details of the simulations can be
found in Refs.41™43 In the present work, we neglected the weak dependence of the excitation
transition dipole moment on the molecular geometry, as the ground-state vibrational wave

function is highly localized around the equilibrium position.
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