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Introduction

Inter-particle Coulombic Electron Capture (ICEC) is a newly discovered electron capture mechanism, where
a free electron attaches to a system—such as an ion, atom, molecule, or quantum dot—while the released
energy  ionizes  a  neighboring  system.  Theoretical  studies  have  explored  ICEC  in  van  der  Waals  and
hydrogen-bonded systems, as well as in quantum dot arrays, using methods ranging from analytical models
to ab initio electronic structure and dynamics simulations.

Most  existing approaches assume fixed nuclear positions during ICEC. However, recent  findings by the
French PI reveal that nuclear dynamics significantly affects both the efficiency of the process and the final
state of the system. Our project aims to build on the quantum-dynamical methods developed by the Mexican
PI to deliver a comprehensive, atomistic description of ICEC.

Context and state-of-the-art

Electron attachment processes are fundamental across plasma physics [1], astrophysics [2], environmental
science [3], and radiation damage research [4-6], and have been studied extensively since the early days of
quantum  mechanics.  The  Inter-particle  Coulombic  Electron  Capture  (ICEC)  can  be  understood  as  an
extension of Inter-particle Coulombic Decay (ICD) [7] which has been (and still  is) extensively studied.
While ICD involves the emission of an electron, ICEC is the inverse process: one atom captures an electron,
and the released energy is used to ionize a neighboring molecule. ICEC was predicted around 15 years ago to
dramatically enhance electron attachment processes in the presence of a chemical environment [8,9]. ICEC
has since been  the subject of extensive theoretical investigation across diverse systems, including van der
Waals complexes, hydrogen-bonded networks, and quantum dot materials. This body of work has laid the
foundation for understanding how ICEC operates in controlled environments. For a comprehensive overview
of these theoretical advancements, see the recent review by [10].

Most theoretical studies to date assume static nuclei during ICEC. However, recent work by the French PI
demonstrates  that  nuclear  motion  profoundly  influences  both  the  efficiency  of  ICEC and  the  resulting
products [11,12]. In the proposed PhD project, we will adapt the Electron-Nuclear Dynamics (END) code,
further developed at UNAM by the Mexican PI, to enable the first comprehensive investigation of coupled
electron-nuclei dynamics in ICEC within biological model systems—a frontier currently beyond reach.

While the theoretical foundation of ICEC reveals a non-local electronic relaxation mechanism that dominates
in weakly bound clusters—the full understanding of its biological impact requires a transition from static
models  to  real-time dynamics.  The END framework provides  the  necessary non-adiabatic  machinery to
bridge this gap. By applying the END approach, pioneered for these complex processes by the Mexican PI,
we can move beyond the static calculations to a complete, 'on-the-fly' simulation of the coupled electronic
and nuclear motion. This is particularly vital for modeling ICEC in biologically relevant systems; unlike
traditional methods, END allows us to visualize the real-time capture of an electron and the subsequent
dynamics of the environment. This integrated approach provides the first complete description of how ICEC
amplifies electron attachment, ultimately uncovering the precise dynamical pathways that lead to radiation-
induced damage. By providing the first complete description of ICEC in biologically relevant systems, this



project  aims to  uncover  its  potential  impact  on radiation damage and advance our  understanding of  its
broader implications.

Methodology

The French PI has utilized the R-matrix approach to investigate ICEC processes assuming fixed-nuclei or
within the Born-Oppenheimer approximation [13-15]. However, coupling nuclear and electronic dynamics
remains  computationally  demanding.  The  END  theory  overcomes  this  challenge  by  solving  the  time-
dependent Schrödinger equation in a non-adiabatic framework, enabling simultaneous treatment of electron
and nuclear  dynamics.  The  END is  a  time-dependent,  non-adiabatic  quantum chemical  framework that
simulates the simultaneous motion of electrons and atomic nuclei without relying on the Born-Oppenheimer
approximation.  By treating the molecular Hamiltonian as a whole,  END describes both light  and heavy
particles  on  the  same  time  scale,  allowing  for  the  modeling  of  complex  processes  where  nuclear  and
electronic motion are coupled, such as high-speed atomic collisions, electron transfer, energy and momentum
transfer, and bond breaking [16]. The END theory has been applied successfully to ICD for the case of a Li
dimer [17].

In this PhD project,  the PhD student will  adapt the END code to explore ICEC in biologically relevant
systems, with a focus on microhydrated cations—key models for radiation damage studies. Building on the
French PI’s prior work on ICEC in microhydrated cations [18] within the fixed-nuclei approximation, this
research will mark a significant advancement by providing the first fully coupled electron-nuclear dynamics
description of ICEC in these relevant systems.
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