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SPECIAL TOPIC — Ultrafast physics in atomic, molecular and optical systems
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The ultrafast structural dynamics of the pyrrole trimer induced by femtosecond laser pulses have been investigated
using the Coulomb explosion imaging technique. Coincidence measurements of the three-body dissociation channel
((C4H5N)§+ — 3 C4H5N™) reveal the geometric configuration and fragmentation behavior of the trimer in the gas phase.
Analysis of the kinetic energy release (KER) and fragment angular distributions, combined with Dalitz-plot reconstruc-
tion, indicates that the pyrrole trimer predominantly adopts a stable equilateral triangular (cyclic) configuration. Ab initio
molecular dynamics (AIMD) simulations show that the experimental KER distribution can be reproduced only when the
structural evolution proceeds along the ground state of the trimer dication within ~ 50 fs. These results demonstrate that
significant intracluster structural rearrangement occurs on an ultrafast timescale during multiple ionization, highlighting the
strong coupling between electronic excitation and nuclear motion even in relatively large molecular clusters.
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1. Introduction

Molecular clusters, situated between isolated molecules
and condensed-phase matter, provide an ideal platform for
investigating intermolecular interactions, energy redistribu-
tion, and structural stability at the microscopic level.l'"01 As
a prototypical hydrogen-bonded aromatic molecule, pyrrole
can act as both a hydrogen-bond donor and acceptor, and its
molecular skeleton is closely related to biologically important
macrocyclic systems such as porphyrins and heme.”-8! Con-
sequently, elucidating the geometric configurations of pyrrole
clusters is crucial for understanding molecular recognition,
biomimetic architectures, and strong-field laser—matter inter-
actions.

In recent years, systematic progress has been achieved
in the study of pyrrole clusters. Early investigations com-
bining spectroscopy with quantum-chemical calculations re-
vealed the existence and cooperative effects of N-H--- 7 in-
teractions in pyrrole dimers, trimers, and larger aggregates.
These findings were corroborated by infrared and Raman spec-
troscopic measurements as well as theoretical analysis.[%!0]
Subsequent theoretical studies and molecular dynamics sim-
ulations further demonstrated that N-H- - - £ hydrogen bonds

TThese authors contributed equally to this work.
Corresponding author. E-mail: helanhai @jlu.edu.cn
$Corresponding author. E-mail: ccwang @jlu.edu.cn

CSTR: 32038.14.CPB.ae3556

are preserved during the transition from clusters to the liquid
phase.!!l Moreover, experiments employing supersonic jet ex-
pansion and matrix isolation techniques showed that stepwise
complexation with nitrogen molecules can effectively repro-
duce the vibrational frequency shifts of pyrrole observed be-
tween gas-phase and matrix environments,!'!] thereby estab-
lishing a continuous model for understanding weak hydrogen
bonding and matrix effects.

Coulomb explosion imaging (CEI) is a powerful tech-
nique capable of reconstructing the initial geometries of gas-
phase molecules and clusters with femtosecond temporal
resolution.['>~1®! In CEI, intense laser pulses rapidly remove
multiple electrons from the target, inducing strong Coulomb
repulsion among the resulting ionic fragments and driv-
ing subsequent fragmentation.!”-2! By recording the three-
dimensional momenta of all fragments in coincidence, the
spatial configuration prior to explosion can be inferred. CEI
has been successfully applied to small molecules, hydrogen-
bonded dimers, and van der Waals clusters, revealing struc-
tural information often inaccessible to conventional spectro-
scopic methods.[%18:22-30] These studies have demonstrated

the unique capability of CEI to capture transient configurations
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and ultrafast structural rearrangements during strong-field in-
teractions.

In this work, we perform high-resolution coincidence
measurements of the three-body Coulomb explosion of neu-
tral pyrrole trimers in the gas phase. Conformational can-
didates obtained from GMMX searches in Gaussian*!l were
used to identify the three lowest-energy isomers, which were
subsequently employed for classical Coulomb-explosion and
Dalitz-plot simulations. Comparison with the measured ki-
netic energy release (KER) and fragment momentum distribu-
tions, together with Dalitz-plot analysis, reveals that the pyr-
role trimer is dominated by a cyclic equilateral-triangle config-

Y132-351 simula-

uration. Ab initio molecular dynamics (AIMD
tions based on the same initial geometries reproduce the exper-
imental KER distribution only when ultrafast structural evo-
lution along the ground-state dication potential occurs within
~ 50 fs. The combined experimental and theoretical results
consistently demonstrate that the pyrrole trimer adopts a sta-
ble cyclic triangular structure in the gas phase, enabling re-
construction of its initial geometry prior to ionization. These
findings not only clarify the structural motif of the pyrrole
trimer but also raise intriguing questions about how strong-
field ionization drives structural rearrangement in hydrogen-
bonded molecular clusters — a topic that warrants further ex-
ploration.

2. Experimental methods

The ultrafast structural dynamics of the pyrrole trimer in-
duced by femtosecond laser pulses were investigated using a
cold target recoil ion momentum spectroscopy (COLTRIMS)
apparatus. In the experiment, helium gas at a backing pres-
sure of 2 bar was bubbled through liquid pyrrole at room tem-
perature and subsequently expanded into a vacuum chamber
through a 30 um nozzle, generating a molecular beam contain-
ing pyrrole trimer in the interaction region.3*-381 The transla-
tional temperature of the sample beam was estimated to be
approximately 42 K from the longitudinal momentum spread
of the produced ions along the jet propagation axis. A linearly
polarized femtosecond laser pulse with a central wavelength
of 800 nm and a pulse duration of 55 fs was focused onto the
target using a concave mirror with a focal length of 75 mm,
yielding a focused spot size of approximately 8§ pm and a peak
intensity of 300 TW/cm?. The laser field ionized and dissoci-
ated the pyrrole trimers within the COLTRIMS spectrometer,
enabling momentum-resolved detection of all ionic fragments.
The fragments were further selected according to momentum
conservation to isolate the coincidence channel

(C4HsN)3™ — C4HsNT 4+ C4HsNT 4+ C4HsN T

3. Theoretical model

AIMD simulations were performed using the Gaussian09
software package. Conformational searches were first car-
ried out with the GMMX module using the MMFF94 force
field, with an energy threshold of 3.5 kcal/mol and a max-
imum of 10000 search steps. To further refine the struc-
tural and energetic details, all candidate geometries identi-
fied by GMMX were subsequently optimized at the MO6-
2X/aug-cc-pVDZ level (optimized structure shown in Fig. 1).
Dynamical simulations were conducted for the lowest-energy
cyclic equilateral-triangle isomer. Conformational sampling
was generated under a Boltzmann distribution at 50 K, and
the sampled geometries were used as initial conditions for the
dynamics.

(a) ®)
/ j:‘ 3,! & » 3
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Fig. 1. Schematic representations of the optimized geometries of the pyr-
role trimer.

Trajectory propagation was performed using the atom-
centered density matrix propagation (ADMP) method at the
0B97XD/6-31G level.[32:39-421 1y the simulation, no inter-
atomic distances within the molecules were constrained, in
order to accurately capture the dissociation dynamics and to
avoid the artifact whereby all Coulomb potential energy is con-
verted into translational kinetic energy of the center-of-mass
motion. Evolution on the dicationic potential-energy surface
resulted in ionization and subsequent dissociation within ap-
proximately 50 fs.

To evaluate the total KER, the kinetic energies of the re-
sulting ionic fragments were summed and augmented by the
residual Coulomb potential energy calculated from the dis-
tances between their centers of mass.

4. Results and discussion

Upon rapid removal of three electrons from the equilib-
rium geometry, the initially bound pyrrole trimer transitions
into a Coulomb-repulsive state and undergoes prompt dissoci-
ation. The resulting ionic fragments were selected according
to momentum conservation, enabling clear identification of the
dissociation channel C4HsN™ + C4HsN™ + C4Hs5N ™, as illus-
trated in Fig. 2. In this plot, the horizontal axis represents
the time-of-flight (TOF) of the first ion, while the vertical axis
corresponds to the sum of the TOFs of the second and third
ions. The broadened lines in the spectrum are attributed to
the emission of neutral pyrrole fragments during dissociation,
whereas vertical and horizontal streaks arise from accidental
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coincidences. The dashed lines and their associated distribu-

tions are assigned to channels involving the 13C isotope.
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Fig. 2.  Time-of-flight coincidence map for the dissociation of

(C4H5N)3™. Solid lines indicate the dissociation channel (C4HsN)3* —
C4HsNT +C4HsNT 4+ C4HsN ™, while the dashed lines correspond to the
13C isotopic channel.

The three-body dissociation channel can generally pro-
ceed via either a sequential or a concerted fragmentation
mechanism. In the sequential pathway, the parent ion first dis-
sociates into an intermediate species before further fragmenta-
tion, which violates the recoil approximation. Consequently,
the measured fragment momenta no longer accurately reflect
the initial geometry of the neutral trimer. To clarify the disso-
ciation dynamics of the pyrrole trimer under Coulomb explo-
sion, we first examined the momentum correlations among the
three ionic fragments.

To determine the initial geometry of the pyrrole trimer,
standard momentum-correlation analysis tools — the Dalitz
plot and the Newton diagram — were employed (Fig. 3). In
the Dalitz representation (Fig. 3(a)), the kinetic energies of the
three fragments are projected into an equilateral-triangle coor-
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where E|, E, and E3 denote the kinetic energies of the indi-

X Y= E_ 1,

Ey 3
vidual fragments and E is the total kinetic energy. This repre-
sentation clearly reveals energy correlations among the three
fragments. The experimental data show that the pyrrole trimer
predominantly lies around the origin (0,0), indicating near-
equal partitioning of kinetic energy and simultaneous fragment
release, consistent with a concerted three-body dissociation.
From this observation, one may reasonably infer that the inter-
centroid distances among the three pyrrole monomers in the
precursor trimer are effectively equal.

In the Newton-diagram analysis, the momentum direction
of the first detected fragment was defined as the positive x-axis
and normalized to unity, with the momenta of the remaining
two fragments scaled and compared in the same frame. The
normalized distribution exhibits equal momentum magnitudes
for all three fragments, with mutual angles of approximately
120° between them. This momentum geometry directly corre-
sponds to an equilateral-triangle configuration, providing fur-
ther support for a concerted dissociation originating from a
cyclic equilateral-triangle initial structure.

To exclude contributions from alternative isomers, Dalitz
plots were simulated for the three candidate geometries shown
in Fig. 1 under the assumption of concerted dissociation
(Fig. 4). Because identical-mass fragments cannot be uniquely
labeled experimentally, fragment indices were randomly per-
muted in the simulation to reflect indistinguishability. Com-
parison between the simulated and experimental Dalitz dis-
tributions shows that only the cyclic equilateral-triangle iso-
mer produces clustering at the origin, in agreement with the
momentum-correlation analysis. These results demonstrate
that the pyrrole trimer in the molecular beam predominantly
adopts a cyclic equilateral-triangle configuration.
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Fig. 3. Energy and momentum correlation maps for the three-body dissociation of the pyrrole trimer. (a) Dalitz plot with X = (E, — E,)/(v/3 E)
and Y = Ey/E; — 1/3; the high-density region at the center indicates near-equal kinetic-energy partitioning and synchronous fragment release.
(b) Newton diagram showing momentum vectors of the three ions; red arrows indicate momentum, with mutual angles of ~ 120°, consistent

with an equilateral-triangle geometry.
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Fig. 4. Simulated Dalitz plots for the pyrrole trimer based on different initial structures, assuming concerted three-body dissociation.

To further validate this assignment, AIMD simulations
were performed. The neutral trimer geometry was first op-
timized using standard cluster-conformation search methods,
yielding the lowest-energy equilateral-triangle structure. Start-
ing from this optimized geometry, three electrons were re-
moved to construct the tricationic system, and trajectories
were propagated at 50 K with a time step of Az = 0.5 fs for a
total duration of 500 fs. The initial sampling and the electron-
removal protocol were chosen to ensure consistency with the
experimental conditions.
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Fig. 5. KER distributions for the pyrrole trimer. The black dotted line
denotes the experimental data. The blue histogram corresponds to ver-
tical ionization of the neutral geometry to the tricationic state, while the
red histogram represents vertical ionization to the dicationic ground state
followed by ~ 50 fs evolution and subsequent ionization to the tricationic
state. The error bars indicate the statistical uncertainty.

The simulated total KER distribution was then compared
with the experimental data (Fig. 5). Direct vertical ionization
simulation to the tricationic state yields a KER peak at 8.8 eV,
whereas the experimental peak is at 8.1 eV, a discrepancy of
approximately 0.7 eV. This difference is primarily attributed
to the vertical-ionization approximation, which neglects laser-
envelope-induced bond elongation and ultrafast structural evo-
lution during ionization. When the neutral geometry is instead
vertically ionized to the dicationic ground state and allowed
to evolve on that surface for ~ 50 fs prior to further ioniza-
tion and dissociation, the resulting KER distribution shows
good agreement with experimental data. During this ultrafast
evolution, the center-of-mass distance between pyrrole units

stretched by approximately 0.12 A. This observation indicates
that ultrafast structural evolution plays a significant role in de-
termining the final energy partitioning in multiple-ionization
processes.

5. Conclusions

The fragmentation dynamics of pyrrole trimers in the
gas phase have been elucidated by Coulomb explosion imag-
ing, with experimental identification of a symmetric three-
body dissociation channel and momentum-resolved measure-
ments enabling precise reconstruction of the initial molecu-
lar geometry. Complementary AIMD further confirmed the
cyclic equilateral-triangle configuration and accurately repro-
duced the observed kinetic energy distributions. These find-
ings demonstrate that the pyrrole trimer adopts a stable cyclic
triangular arrangement in the gas phase and establish a reli-
able framework for investigating ultrafast structural evolution
in weakly bound systems. Moreover, the combined experi-
mental and theoretical approach highlights the critical role of
electron-nuclear coupling in driving ultrafast structure rear-
rangements during multiple ionization, suggesting that simi-
lar mechanisms may govern the dynamics of larger hydrogen-
bonded molecular clusters under strong-field conditions.
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