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lonization of molecular clusters can trigger chemical reactions and drive chemical evolution even at very
low temperatures, influencing chemistry in interstellar, atmospheric, and planetary environments exposed
to ionizing radiations. To investigate such processes involving the dissociation of both intramolecular and
intermolecular bonds under controlled conditions, we examined the dynamics of the formic acid (FA)
dimer dication in an ultrafast extreme-ultraviolet (EUV) pump and near-infrared (NIR) probe experiment,
combined with ab initio molecular dynamics simulations. The dissociation of the intermolecular bond and
the formation of the two-body FA* + FA* channel could be explained by ground-state dynamics, whereas
the three-body breakup channels required a more detailed description. We developed a simplified dimer
model for the breakup process that enabled non-adiabatic molecular dynamics simulations on excited-
state CASPT2 potential energy surfaces, capturing both intermolecular and intramolecular dynamics. The
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simulations showed that immediately after the dimer dissociation and non-adiabatic decay to the ground
electronic state, a roaming-OH mechanism develops, accounting for the observed kinetic-energy-release
distributions and momentum correlations in the FA* + CHO™ + OH and FA* + H,O* + CO three-body
breakup channels. The simplified modeling approach may serve as a practical framework for studying the
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Introduction

Ionization-induced molecular dynamics have profound implica-
tions on the chemical evolution of the interstellar medium and
planetary atmosphere.’® It can also initiate radiation damage
processes in biological and materials systems.’** Furthermore,
the ionization of molecular clusters can be a powerful drive for
the chemical evolution and formation of new bonds in dilute
and cold environments, for example, the formation of aromatic
bonds in the ionization of acetylene clusters® and peptide-bond
formation on excited protonated serine dimer ions." Ionization
of symmetric dimer systems can result in symmetry-breaking
dynamics due to asymmetric charge distributions in the ionized
dimer.>" The role of symmetry breaking underscores a long-
debated question about the sequential versus concerted proton-
transfer dynamics in dual hydrogen-bounded dimers, which are
model systems for the studies of radiation damage to DNA base
pairs."*® One of the simplest examples of a dual hydrogen-
bonded system is the formic acid (FA) dimer.”” Our recent
study™® has combined ab initio molecular dynamics (AIMD)
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excited-state dynamics in molecular dimer and cluster breakup processes.

simulations with time-resolved ultrafast EUV pump-near-IR
probe experiments to investigate its ionization-induced cation
evolution, revealing proton transfer on both ultrafast and sub-
picosecond time scales, as well as much slower dynamics,
ultimately forming the protonated monomer FAH".

In planetary ionospheres and in the interstellar medium,
abundant ionizing radiations can induce double ionization,
triggering new reaction mechanisms in which Coulomb explo-
sion (CE) often serves as the dominant pathway. However, in
certain molecular systems, CE cannot occur directly and instead
requires preceding structural rearrangements. For example, in
the double ionization of some organic species leading to Hs"
formation, CE is facilitated by the roaming of a neutral H,
fragment that subsequently drives ultrafast (~100 fs) electron-
or proton-transfer processes.’®*” Moiety roaming, a widespread
phenomenon following photoexcitation or photoionization,
frequently gives rise to unexpected reaction products. In such
cases, prolonged roaming of hydrogen atoms®®*™*® or even
heavier molecular fragments**>® can result in the formation
of new bonds far from the initial location of the roaming
moiety within the parent molecule.

The formic acid (FA) dimer has also served as a benchmark
system for studying double ionization and Coulomb explosion
in dual hydrogen-bonded complexes. These processes have been
investigated using both intense laser fields and electron-impact
ionization.””® In particular, Zhou et al. reported ultrafast
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intermolecular charge transfer induced sequential dissociation
dynamics of the dimer, followed by the cleavage of C-H and C-O
bonds, leading to complex fragmentation patterns of the FA,>*
dimer dication formed upon electron-impact ionization.>”

Here, we report on the dynamics of the formic acid dimer
dication (FA,>") produced by double-ionization with an ultra-
short EUV pulse and probed by a time-delayed near-IR pulse.
Coincidence 3D imaging measurements of the ionic products,
combined with non-adiabatic ab initio molecular dynamics
simulations on the ground and excited states of the dication
revealed the non-adiabatic origin of OH-roaming dynamics that
facilitates the measured FA* + OH + CHO" and FA* + H,0" + CO
three-body product channels.

Results and discussion

The ionization of a molecular beam containing both FA monomers
and dimers with broadband ultrashort EUV pulses produces
multiple dissociative ionization and Coulomb explosion product
channels.” Three-dimensional coincidence imaging enables the
identification of ions originating from single-photon double-
ionization of FA dimers.**>%%"% The FA,*" dication KER spectra,
measured for the only two-body fragmentation product channel,
FA" + FA", and for three additional three-body channels, are shown
as black lines in the four panels of Fig. 1. Panel (a) displays a
narrow KER distribution peaking near 4 eV, with a total FA" + FA"
coincidence yield of approximately 5% of all the measured FA,>"
decays. The observed peak lies slightly higher than the ~3.6 eV
reported for intense-laser ionization of the FA dimer.* This result
is consistent with other studies showing that single-photon double
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Fig.1 Comparison of the measured (black lines) and simulated KER
spectra of the two-body and three-body breakup channels of the FA
dimer dication. (a) FA™ + FA*, inset showing the relative channel yield
dependence on pump-probe delay, (b) FA* + CHO* + OH, (c) FA* +
H,O* + CO, and (d) FA* + (FA-H)* + H. Blue, red and green bars show
simulated results from the SO, S1 and S2 states of FA,%* immediately after
ionization. Experimental yields are in counts per 24 h acquisition time;
simulated yields indicate the number of breakup trajectories (out of 100
per initial state) falling into each KER bin. The simulated yields in panel (a)
are multiplied by factor 1/10 to match with experimental yield scale.
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ionization with EUV photons can produce higher KER values than
sequential ionization in intense laser fields.****°®

Our experimental measurements can be directly compared
with simulated dynamics initiated on the low-lying excited
states of the dication, produced by single-photon double ioniza-
tion with a broadband ultrashort EUV pulse.®® Accurate model-
ing of the FA,>" excited-state dynamics requires high-level
quantum-chemical methods such as CASPT2, but for molecular
clusters, this approach is typically far too costly for generating a
representative ensemble of molecular-dynamics trajectories. It
can, however, be applied to single-point FA,>" calculations at a
limited set of initial geometries near the Franck-Condon region.
These calculations showed that immediately after double ioni-
zation, the system exhibits an initially symmetric charge separa-
tion. One hole is localized on the carbon atom of each monomer
both for the dication ground state and for the low-lying excited
electronic states. The two holes do not overlap spatially, and the
energy splittings between the corresponding singlet and triplet
eigenstates are very small (0.01-0.05 eV; for details, see the SI).
Together, these observations indicate that the intermonomer
coupling is predominantly electrostatic and motivate an approx-
imate modelling strategy in which one FA" monomer is treated
quantum-mechanically, whereas the second monomer is repre-
sented as a movable point mass and charge. This approach
made it possible to simulate high-level non-adiabatic dynamics
on the three lowest electronic states: the ground state SO and
the two lowest excited states S1 and S2. In all three states, the
explicit monomers are in a doublet spin state. Fig. 2 shows
the snapshots of simulated FA dimer geometries, indicating the
position of the 46 amu ion that is placed at the position of the
central carbon atom of one of the FA monomers. The principal
approximation in this model is the neglect of hydrogen bonding
between the monomers, which can lead to differences in the
energetics of the ground state and the two excited states. Using
this quantum-chemical model, we performed non-adiabatic
ab initio molecular-dynamics (NA-AIMD) simulations in which
both the explicit monomer cation and the movable charge
representing the partner monomer were included. Further com-
putational details and checks of the model validity, including
simulations of FA" monomers without a point charge, are provided
in the SI and Methods section.

The simulated KER spectrum of the two-body breakup
channel is shown in Fig. 1a. It exhibits a narrow distribution
peaking at 4 eV, in good agreement with the experimental data.
The blue bars represent contributions from simulated trajec-
tories on the SO potential surface of the explicit monomer
cation. All 100 SO trajectories led to the two-body FA" + FA"
dissociation channel. This was seen for the CASPT2 trajectories
in the simple monomer model and also for DFT simulations of
the triplet FA,>" ground-state dynamics, where both monomers
were fully represented. The DFT calculations of the singlet
ground-state dynamics were discarded because of their non-
single-determinant nature. Using NA-AIMD, we found that the
dynamics on the first excited state (S1) contribute only weakly
to this two-body FA" + FA" channel, as indicated by the red bars
in Fig. 1a.
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Fig. 2 Typical H,O-forming NA-AIMD trajectory that is initiated on the S;
state of the dimer dication. The initial FA,2* geometry at O fs and 120 fs
after ionisation is shown, where one of the FA™ molecules is modelled with
an equivalent 46 amu cation. (a) Selected atomic distances as a function of
time after ionization: solid and dashed black curves show the C-H and
C-C distances, respectively. Color-coded curve shows the H-OH dis-
tance, and its colour indicates the instantaneous electronic adiabatic state,
with S1 represented by red and SO by blue. (b) S1 (in red) and SO (in blue)
potential energies along the same trajectory. Shaded region indicates the
OH-roaming time until the formation of the H,O" product by proton
capture and its dissociation from the CO moiety.

The inset in Fig. 1a shows the measured effect of introdu-
cing a time-resolved near-IR probe on the ionization-induced
dynamics. For the two-body FA" + FA" product channel, the
time-delayed probe reduced the channel yield by about 20%.
We attributed the reduced yield to enhanced electronic excita-
tion of the dication by the near-IR pulse, thus supporting the
theoretical prediction that the two-body channel originates
primarily from the ground-state dynamics.

The dominant three-body breakup channel (33% of all
dication fragmentation events) is FA" + CHO" + OH, exhibiting
the breakup of the intramolecular C-O bond in addition to the
dimer dissociation. Its experimental KER distribution, shown in
Fig. 1b, peaks at 3.9 eV and is markedly broader than that of the
two-body channel. The simulations showed that this channel is
obtained only for dynamics initiated on excited electronic states
(S1 and S2) with a broad distribution similar to that of the
experiment. Trajectories initiated on S1 reproduce the experi-
mental KER distribution well, whereas those from the S2 peak
~0.9 eV higher. Consequently, the total simulated distribution
(S1 + S2) is pulled toward higher KER. This discrepancy likely
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arises from our assumption of equal initial populations for
S1 and S2 (whereas double-ionization by the EUV pulse may
favour S1) and/or from the reduced-dimensionality model, in
which one FA monomer is treated as a movable point charge,
and thus may underestimate the dissipation of excess energy
into its internal vibrational modes.

The dissociation of the C-O bond can also be accompanied
by additional structural rearrangement and the formation of
the H,O" product. The KER distribution of the FA" + H,O" + CO
channel peaks at 3.8 eV and is similarly broad, though ~10
times weaker in yield than the FA* + CHO" + OH channel, as
shown in Fig. 1b. Simulations indicate that this pathway like-
wise requires the population of the excited states. The relative
calculated yields of these three-body channels closely follow the
experimental ones. This stands in contrast to the overestimated
two-body breakup simulated in Fig. 1a, which must be scaled by
1/10 to match the average number of FA" + FA" events per 24 h
measurement time.

In our earlier single-photon double ionization studies in
methanol, we found uniform population of the low-lying singlet
dication states.®® However, the strong dominance of the three-
body breakup channels indicates that double ionization of the
formic acid dimer by the EUV pulse preferentially populates
excited dication states rather than the ground state. This can be
explained by a mechanism in which one monomer is initially
doubly ionized, followed by ultrafast intermolecular charge
transfer,”” or by intermolecular coulombic decay (ICD)***” follow-
ing an initial single-ionization of an inner level by the EUV pulse.
These electronic decay processes typically occur on a fs or sub-fs
timescale, effectively setting the “time zero” for subsequent
nuclear dynamics before any significant structural rearrangement
can occur. The rapid transition to excited states accounts for the
relatively low yield of the two-body breakup channel, which the
current model attributes mainly to ground-state dynamics.

The last three-body breakup channel exhibits H atom ejec-
tion from one of the dissociating monomers. Fig. 1d shows the
measured KER spectrum of the FA" + (FA-H)" + H channel,
exhibiting a narrow distribution peaking at ~ 3.8 eV, similar to
the two-body channel. This channel was measured with similar
yields as the two-body channel; nevertheless, it occurred in only
3 simulated trajectories on the S2 excited state. Zhou et al.
reported the same channel in electron-impact double ionization
experiments and attributed it to sequential dissociation of the
C-H bond on one of the FA" monomers following the dimer
breakup.’” To account for the excess excitation of electronic
degrees of freedom and reproduce the C-H dissociation, Zhou
et al. performed theoretical ground-state simulations, including
the addition of 5.44 eV vibrational energy to FA,>".>” The S2 state
lies only ~3.2 eV above the dication ground state, and it is
therefore possible that the main contribution to H dissociation
is associated with higher lying potentials that were not consid-
ered here. Higher lying potentials are also likely to be involved
in the observed four-body breakup channels. For example, the
prominent (FA-H)" + H + CHO' + OH channel involves the
dissociation of both FA monomers. See the SI for the complete
branching ratios of all the measured CE channels.

This journal is © the Owner Societies 2026
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The observed H,O" products indicate a particularly non-
trivial dissociation mechanism. Earlier studies of intense laser
ionization of the FA monomer reported H,O" formation and
attributed it to the migration of the H atom from the C atom to
the OH.®® Nevertheless, its production in FA dimer ionization
was not considered in the earlier experimental and theoretical
studies.’’° One can tentatively consider several mechanisms
that could form H,O", starting from the initial geometry in
which the two H atoms are separately situated in the CH and
the OH moieties. An H-migration mechanism can be proposed,
conversely, the heavier OH moiety can migrate towards the H
atom on the other side of the FA monomer.*>*°® Fig. 2 shows
a typical H,O" forming trajectory that was initiated on the S1
state. The dashed line in Fig. 2a shows the simulated C-C
distance (represented by the distance between the carbon atom
of the explicit monomer and the position of the movable charge)
that exhibits a direct ultrafast dissociation of the FA,*" dimer. In
contrast, the C-H bond, indicated by the full black line, remains
stable at ~1 A, until a secondary dissociation occurs at ~330 fs
after ionization. The mechanism becomes clear when we con-
sider the H-OH distance as a function of time after ionization,
indicated by the color-coded curve. Initially on the S1 state, the
H-OH distance remains stable at ~2 A, reflecting the distance
between the OH moiety and the second H that is bound to the
carbon in the neutral FA monomer. After the dimer dissociation is
well on its way, at ~44 fs, we observe a non-adiabatic transition
from the S1 state to the SO ground state, labelled, respectively, with
red- and blue-coloured lines. As seen in Fig. 2b, at that time, the S1
and SO potentials pass very close to a conical intersection that
facilitates the non-adiabatic transition. On S0, the H-OH distance
grows, as can be seen in Fig. 2 showing the FA," geometry
snapshot taken 120 fs after ionization. The H-OH distance exhibits
oscillations on a ~40 fs time scale as the OH moiety roams around
the monomer until it reaches the H atom on the other side. During
the OH roaming, S1 and SO become nearly degenerate, as the spin
direction of the OH radical does not affect the potential of the
distant CHO'. However, as OH captures a proton and dissociates,
the degeneracy is lifted and the H-OH distance exhibits vibrational
oscillations around the characteristic length of ~1 A of the OH
bond of H,0".*® The supplementary video file shows a molecular
dynamics movie of this typical trajectory, clearly exhibiting roam-
ing OH dynamics. This scenario concerning the onset of roaming
is also typical for the dynamics initiated on the S2 state. In both
initially excited states, the secondary dissociation of the H,O"
product occurred after a long time, up to 1 ps after ionization.
More details about the simulated ensemble are provided in the SIL

When considering the combined yield of all three-body and
four-body C-O bond breaking channels, we observed (as shown
in the SI) few percent enhancement for positive probe delays,
further supporting the theoretical prediction that the intermo-
lecular fragmentation originates from excited-state dynamics.
Additional time-resolved insights can be obtained by compar-
ing the measured and simulated momentum correlations of the
three-body breakup events’® shown in Fig. 3, where three-body
momentum correlations are shown using the mass-scaled Dalitz
plot representation. Fig. 3a shows the mapping of momentum
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Fig. 3 Three-body momentum correlations for the FA* + CHO* + OH
and FA* + H,O" + CO channels. (a) Mapping of FA* + H,O" + CO
momentum correlations onto the mass-scaled Dalitz plot representation.
(b) and (c) Measured and simulated correlations of the FA* + H,O" + CO
channel. (d) Measured correlations of the FA™ + CHO* + OH channel. (e)
and (f) Simulated correlations for the trajectories of the same channel
initiated on the S1 and S2 states, respectively.

correlations for FA® + H,0" + CO dissociation events. Three
correlated kinetic energy fraction axes ¢par, eu,or and eco are
indicated, corresponding to the kinetic energy fraction of each
fragment, scaled by the maximal possible fraction of each mass
while conserving the total momentum in the center of mass
frame. An uncorrelated three-body breakup would appear as a
uniform distribution inside the unit circle. In contrast, the
measured FA" + H,0" + CO events exhibit a highly correlated
distribution that is shown in Fig. 3b. In this channel, the FA" ions
carry nearly the maximum possible kinetic energy while the
remaining energy is randomly distributed between the H,O"
and CO products. This momentum correlation is typical for
sequential dissociation,®”®>”" in which an initial dissociation
releases most of the available energy in a FA'-FA" Coulomb
explosion. The secondary dissociation occurs after a sufficiently
long time-delay, allowing for the loss of correlation between the
angle of the H,0" + CO dissociation vector and the direction of
the intact FA" fragment. The same correlations can be seen in the
simulated momentum correlations of the roaming OH dynamics,
resulting in the FA* + H,O" + CO channel shown in Fig. 3c.

It is also interesting to consider the measured 3-body momen-
tum correlations of the FA* + CHO' + OH channel, as shown in
Fig. 3d. Similar to the H,O" formation channel, the distribution
peaks at the maximal possible FA" energy fraction. However, for
events with lower &ga+, the remaining energy is not randomly
shared between CHO' and OH and is preferentially carried by
the ecno+ product. This suggests a different scenario, in which the
second dissociation step can occur on a faster time scale that does
not allow the loss of correlation due to the rotation of the C-O
bond direction with respect to the direction of the dissociating
FA' monomer. Furthermore, in such an early dissociation
scenario, the ionic CHO' product can still gain additional
kinetic energy due to the long-range repulsion from the FA'
fragment. Fig. 3e and f show the simulated momentum correla-
tions for the FA" + CHO" + OH channel, initiated, respectively,
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on the S1 and S2 states. Trajectories starting on the S1 state
reproduce the peak of the measured distribution attributed to
long-time delay between the intermolecular dissociation and the
intramolecular dissociation, while the S2 trajectories reproduce
the correlated intermolecular and intramolecular bonds. Indeed,
the analysis of the simulated trajectory ensemble shown in the SI
demonstrates that roaming OH events initiated on S1 can culmi-
nate, up to 1 ps after ionization, upon release of the roaming
neutral OH moiety rather than proton transfer and H,O" for-
mation. Most trajectories initiated on the S2 state exhibit a faster
OH release within the first 100 fs, making it difficult to clearly
assign the characteristic roaming OH motion.

Conclusions

In summary, the ultrafast intermolecular and intramolecular
fragmentation dynamics of FA,>" dimers were studied by
double-ionization in ultrafast EUV pump - near-IR probe experi-
ments. Then, 3D coincidence imaging measurements of the two-
body and three-body breakup channels were directly compared
with the NA-AIMD simulations of excited-state dynamics. The
three-body momentum correlations reveal a rich roaming OH
dynamics that are initiated after the dissociation of the dimer
and the non-adiabatic transition of initially electronically excited
dication to the ground-electronic state on which the roaming
occurs. The success of the simulations to predict channel-
resolved kinetic energy release, H,O' vs. OH relative yields and
momentum correlations in three-body breakup channels vali-
dates the chosen theoretical model that simplifies the cluster
dynamics by considering one of the monomers as a point
charge, while conserving the high-level electronic-structure cal-
culation and non-adiabatic dynamics. We found not only that
the H,O" formation is facilitated by the roaming of the heavier
OH moiety, rather than the migration of a lighter H atom, but
also that the ejection of neutral OH proceeds similarly via the
roaming OH mechanism. Further studies are required to
explore and validate the approach for the simplified simulation
of excited-state dynamics in other molecular cluster systems, as
well as to elucidate the role of roaming OH dynamics in other
systems that exhibit competing H,0" and OH production.

Methods

Experimental methods

The experimental setup and methodology have been described in
the earlier work.’***®® The molecular beam of formic acid
dimers was produced in an effusive beam, formed by room-
temperature vapor pressure of FA passed through a 200 micron
aperture."® Ultrashort EUV pulses were produced by HHG in a
semi-infinite Argon gas cell,”*”* and were spatially filtered from
the fundamental 800 nm laser of 35 fs pulse. The broad-
bandwidth EUV pulses, extending up to ~40 eV,”* initiated
dynamics on the ground and excited states of the FA,>" dication
by single-photon double-ionization, or by single ionization of an
inner electron followed by a nearly instantaneous ICD. The
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dynamics were probed by a time-delayed near-IR pulse, mildly
focused to ~0.5 mm diameter and merged with the EUV pulse in
the interaction region. The ionic products were accelerated to a
time- and position-sensitive MCP detector, equipped with a
phosphor anode. The timing information was read out by a fast
scope, and position information was acquired optically. Gain
amplitude fluctuations were used to correlate time and position
information.”*””” Then, 3D ion momenta were extracted from the
ion recoil position in the detector plane and ion recoil in the
time-of-flight direction. In the three-body breakup channels, the
neutral fragment momentum was calculated from the ion center
of mass recoil in the lab frame,” thus making it possible to
measure the channel-resolved KER distributions and three-body
momentum correlations.>***®* The reported data were acquired
at a 1 kHZ repetition rate over a period of 56 days, while scanning
the near-IR delay in 50 fs steps.

Computational methods

NA-AIMD. The calculations were performed in three stages:

(1) Thermalized initial conditions. The long-duration ab
initio molecular dynamics (AIMD) simulation of the neutral
FA dimer was performed at 300 K using the DFT/BNL* func-
tional (with range-separation parameter y = 0.417 a, ', deter-
mined by tuning’®®°) and the aug-cc-pVDZ basis set, as
implemented in Q-Chem 5.4.5! From this trajectory, 100 well-
separated snapshots—chosen after the decay of temporal
correlations—were extracted to represent a thermalized ensem-
ble of initial geometries.

(2) Replacement of one formic acid monomer by a dummy
atom. For each initial condition, one formic acid molecule was
replaced by a movable charge carrying the same net positive charge
and mass as the monomer. The movable charge was positioned at
the location of the carbon atom of the original acid molecule.

(3) Nonadiabatic ab initio molecular dynamics (NA-AIMD).
Each of the 100 configurations generated in Stage 2 was used to
initiate nonadiabatic molecular dynamics (MD) calculations on
each of the three lowest-lying dicationic electronic states, yielding a
total of 300 trajectories. The nonadiabatic dynamics were treated
using surface-hopping molecular dynamics trajectories® generated
at the XMS-CASPT2/(13e,90)/aug-cc-pVDZ/density-fitting level using
the BAGEL electronic structure package.®® The single-state single-
reference (SS-SR) contraction scheme®®> was employed, with a
vertical shift set to 0.2 E;. BAGEL was interfaced with Newton-X
(v2.2)*® to perform the surface-hopping NA-AIMD,*” using a time
step of 0.3 fs. Transitions were restricted to hops between the
adjacent electronic states due to computational constraints. The
ab initio dynamics were propagated for up to 1 ps or until the
interfragment velocities reached an asymptotic, monotonic regime.
At this point, the residual long-range Coulomb repulsion was
accounted for by propagating the centers of mass of the resulting
cationic fragments using classical equations of motion.

Fully atomistic DFT AIMD reference simulations

In addition to the NA-AIMD calculations, fully atomistic DFT
AIMD simulations were carried out assuming a triplet ground
electronic state, with both FA monomers explicitly represented.
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The same electronic structure package and DFT methodology
described in stage 1 were employed. The simulations were
initiated from the same 100 well-separated snapshots described
in stage 1, and all trajectories were propagated for 1 ps.
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