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Synopsis:  We have studied the fragmentation of uracil in both gas phase and water environments. We have ap-
plied a combination of time-dependent density functional theory and Born-Oppenheimer molecular dynamics 
methods to investigate fragmentation of doubly-charged uracil. We also present the results of new ion/ion coin-
cidence measurements in which uracil fragments are produced in collisions with 100 keV protons. Breaking of 
the molecule in more than two fragments mainly arises from inner shell two-electron vacancies. Orbitals of simi-
lar energy and/or localized in similar bonds can lead to very different fragmentation patterns, thus showing the 
importance of the intramolecular chemical environment. Simulations performed in a liquid environment predict 
the formation of very different fragments.   

 Collisions with energetic ions are key processes in 
radiation damage and modern cancer therapies. The 
early stages of damage, which occur during the first 
few femtoseconds after irradiation and lead to 
fragmentation of the biomolecule, are far from 
being understood. To unravel the mechanisms at 
this early stage, we present a combined theoretical 
and experimental study for the fragmentation of 
uracil[1]. Ab initio molecular dynamics (MD) 
calculations based on time-dependent density 
functional theory (TD-DFT) methods [2] have been 
used. We consider initially two-electron removal 
from inner molecular orbitals (MO). Non-adiabatic 
effects in the fragmentation have been considered 
by first-principle calculations within the so-called 
Ehrenfest MD approximation where the mean field 
potential energy surface driving the nuclear 
dynamics is computed at the TDDFT level. These 
methods have been already applied to investigate 
the radiolysis of bulk and water clusters [3,4].  
 
  We show not only that theoretical results are 
compatible with the experimental ones, but also that 
fragmentation depends critically on the energy, 
shape and intramolecular chemical environment of 
the ionized MO. This suggests that, by targeting 
specific MOs, damage can be induced rather 
selectively. Calculations show that production of 
inner-shell vacancies leads to more than two 

fragments and almost never proceeds through the 
energetically most favourable dissociation path. 
Besides bond breaking, atom migration leading to 
the formation of new bonds is also observed. 
Therefore, one can conclude that the experimental 
observations are mainly due to sophisticated 
electronic dynamical effects taking place during the 
first few fs after removal of electrons. 
 
  Similar calculations considering the uracil 
surrounded by water molecules [5] show that when 
the electrons are extracted from orbitals equivalent 
to those of the gas phase calculations, the 
fragmentation patterns observed are very different. 
We have also considered the effect of the double 
ionization of the surrounding water molecules. 
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