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We have investigated the gas phase fragmentation dynamics following the core ionisation of 2-deoxy-bp-

ribose (dR), a major component in the DNA chain. To that aim, we use state-of-the-art ab initio Density

Functional Theory-based Molecular Dynamics simulations. The ultrafast dissociation dynamics of the
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core-ionised biomolecule, prior Auger decay, is first modelled for 10 fs to generate initial configurations
(atomic positions and velocities) for the subsequent dynamics of the doubly ionised biomolecule in the
ground state. The furanose, linear and pyranose conformations of dR were investigated. We show that

fragmentation is relatively independent of the atom struck or of the duration of the core vacancy, but
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1 Introduction

Ionising radiations (electromagnetic radiation, beams of electrons,
protons, or heavy ions) are commonly used in cancer therapy to
irradiate “risk zones” or tumours. It is well understood that energy
deposition by ionising radiation at various DNA sites, such as
sugars and bases, can lead to permanent molecular changes, and
some of those are known to be the initiating events for the
cells inactivation or the formation of chromosomal aberrations.
Establishing the origins of radiation induced DNA damage thus
seems an important step for the application of these therapies and
for the investigation of their possible undesirable side effects.
The purpose of this paper is to understand, at the atomic
level, the direct effects of ionising radiations on DNA building
blocks. Here, we will focus on describing, by means of quantum-
classical theoretical methods, the fragmentation processes of core
ionised deoxyribose (dR), at the molecular scale, since the induction
of core holes in the DNA molecule was shown to lead to major lethal
effects in cells."® The overall proposed mechanism is the following:
core hole states have a strongly dissociative character. They may
induce ultra-fast dissociation reactions in which the nuclear
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depends rather critically on the molecular orbital removed following Auger decay.

dynamics takes place on time scales comparable to the lifetime
of the core vacancies, which is about 8 and 5 fs in the case of
carbon and oxygen atoms, respectively.” Moreover, in the relaxation
process following the inner-shell ionisation events, Auger transition
probabilities are nearly 100% in DNA constituent atoms, leading to
the multi-ionisation of the atom struck and to the emission of two
low energy electrons, the photo- and Auger electrons, which can in
turn, locally damage DNA.

Many experiments have been performed in the gas phase in
order to understand the mechanisms of fragmentation of
sugars after K-shell ionisation and/or multiple ionisation events
(by ionisation or charge transfer).®'° Several authors have pointed
out that the dissociation process of a molecule after K-shell
excitation or ionisation in light atoms does not seem to depend
on the position nor on the nature of the core-ionised atom but
rather on the molecular orbitals (MO) ionised after Auger
decay.'®™ In order to understand this experimental fact, we
have simulated core holes dynamics followed, after Auger decay,
by double hole dynamics.

Different theoretical approaches have been developed in
order to describe the fragmentation processes of doubly ionised
biomolecules. In previous studies, we have used Time-Dependent
Density Functional Theory (TD-DFT) molecular dynamics (MD) to
remove electrons from selected MO and follow in time the nuclear
and electrons dynamics."*® This method is computationally
demanding but provides the physical origin of bond breakage.
Born Oppenheimer and Car Parrinello MD of ground state doubly-
ionised isolated uracil were also performed at high temperature in
order to take into account the energy deposit by the incoming
high velocity ion."> Other methods were recently developed.
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Fig. 1 Structures of the pyranose, linear and furanose forms of 2-deoxy-
D-ribose.

One of them' is a simple statistical approach based on the
enumeration of assumed equiprobable pathways of breakage of
doubly ionised molecules. The other one'® is based, like ours,
on molecular dynamics simulations. Initial states are generated
with internal energy, ie. temperature, corresponding to a
sampling of energies within a range of estimated energy
deposits in the molecule after core ionisation and different
Auger decay channels. Starting from these different initial
configurations (atomic positions and velocities), ground state
double hole MD are performed. These methods provide the
different fragmentation pathways but do not describe the
driving mechanisms (electron dynamics).

As pointed out in experimental and theoretical works,*° the
2-deoxy-p-ribose molecule may be found under different con-
formations with regards to the environment (Fig. 1). In the DNA
backbone, this monosaccharide is mainly in the furanose form
constructed around a 5-membered ring with CH,OH and OH
substituents. Such a conformation has been considered in our
previous work'® and is worth investigating with regards to the
behaviour of DNA building blocks. However, in gas-phase
experiments after being heated in an oven, the pyranose form
appears dominant®® and comparison with experimental data
should take this conformation into account. The 2-deoxy-b-
ribose may also exist under a linear form. To understand the
impact of the sugars conformation on their dissociation, we have
investigated in parallel the fragmentation induced by K-shell
ionisation followed by Auger processes for the furanose, pyranose
and linear conformations of 2-deoxy-p-ribose.

2 Material and methods

We explicitly model core-ionisation of the carbon and oxygen
atoms of the sugar as initial electronic conditions, and follow the
subsequent dynamics of the ionised sugar by Born-Oppenheimer
Molecular Dynamics simulations (BOMD). These simulations
were performed with the plane wave Kohn Sham based DFT
code CPMD.*" Core electrons were replaced by pseudopotentials
of the Trouiller-Martins form.>* The Kleinman-Bylander integra-
tion scheme was used for all atom type, and the plane-wave basis
set was truncated at an energy cutoff of 90 Rydberg (Ry: 1
Ry = 2.17989 x 10'® J). The exchange and correlation energy
was calculated using the generalized gradient approximation
(GGA) functional BLYP.*>** The longrange electrostatic
potential was computed using the standard Ewald summation
scheme and a compensating background was thus used for the
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Fig. 2 The three deoxyribose conformations investigated: A and B, pyranose;
C and D, furanose; and E and F, linear. A, C and E, atom labelling; and B, D and
F, HOMO negative (yellow) and positive (orange) contours. C blue, O red,
H white.

charged simulations. The analysis of the fragments charges were
performed in the Bader scheme.?

The three different conformations of deoxyribose investigated
in this study are presented in Fig. 2. All simulations presented
here model the three isomeric forms of 2-deoxy-p-ribose in a
cubic box of size L = 20 A. The initial atomic configurations
(positions and velocities) were generated at the end of a 10 ps
equilibration run with the Car-Parrinello MD algorithm thermo-
stated at 320 K by a Nosé-Hoover chain. For the pyranose and
furanose forms, ten different initial configurations were selected
at 484 fs intervals along a neutral BOMD, taking time steps of
0.12 fs. For the linear form, two different initial configurations
were selected at 1 ps intervals along a neutral BOMD, taking time
steps of 0.12 fs.

The dissociation induced by the ionisation of core electrons of
dR atoms was modelled in two steps: (1) the ultrafast dissociation
reactions induced by the core vacancy, before Auger decay, was
simulated first. This step was described by replacing the 1s?
pseudopotential of one atom of the target molecule with a
pseudopotential for a 1s' core-hole state, as detailed in ref. 26.
A global charge equal to unity was added to the system to take
into account the missing electron. BOMD simulations of the

This journal is © the Owner Societies 2015
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core-ionised system were then performed for 9.6 fs, taking time
steps of 0.024 fs. One initial configuration was selected for each
dR conformation. Core-holes were placed successively on each
of the five carbon and four oxygen atoms of the dR molecule.
Consequently, nine core-hole trajectories were generated for
each dR conformation. (2) The dissociation dynamics of the
doubly-ionized dR molecule, after Auger decay, was then modelled.
In the second step, we thus started from atomic configurations
generated during the first step (at ¢t = 4.8 fs and ¢ = 9.6 fs) but
changing the charge of the system from +1 (step 1) to +2 (step 2,
this step). BOMD of ground state dR** were performed for several
hundreds of femtoseconds, taking time steps of 0.024 fs. Two
different dR>" trajectories were thus generated for each core-hole
trajectory, replacing the core hole by a double vacancy at either
t=4.8fsort=9.6fs.

In parallel, we have investigated the fragmentation of
doubly-ionized dR (without prior core ionisation) starting from
several different initial configurations and removing the two
electrons from the highest occupied MO (HOMO, see Fig. 2).
BOMD were performed for several hundreds of femtoseconds,
taking time steps of 0.024 fs. These dynamics will provide a
benchmark to compare to the fragmentation induced by double
ionisation events resulting from core ionisation and subsequent
Auger decay.

3 Results and discussion

3.1 Pyranose conformation

3.1.1 Double hole dynamics. BOMD of ground state dR*" in
the pyranose conformation were performed for at least 300 fs,
starting from ten different initial configurations. Two different
fragmentation patterns were found.

The most probable pathway, which corresponds to eight out
of ten cases, is illustrated in Fig. 3. In this particular dynamics,
the C1C2 and C3016 bonds first dissociate at 15.3 and 52.5 fs,
respectively. In the following, CO and CC bonds will be considered
broken when the bond distance exceeds 2 A. A criteria of 1.5 A is
used for OH bonds.”” A CH,O fragment (30 amu) is thus formed,
which is almost neutral (charge about +0.3e). The remaining
C,Hg0;"”" fragment is shown to dissociate after 408 fs to form
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C,H,0,>°" (60 amu) and C,H,0%*" (44 amu) fragments. In all eight
cases, the fragmentation of the C1C2 bond is the fastest, between
15.3 to 17.9 fs, while the C3016 bond breaks after 46 to 168 fs. The
second fragmentation step takes place at much longer times and
was only observed in two cases, at 408 and 474 fs. The CH,0**"
fragment sometimes exited the simulation box. When it was more
than 12 A away from C,Hz0,""", typically after about 350-410 fs,
the C,HgO; fragment was isolated and BOMD were performed for
the doubly ionized system.

The second fragmentation pathway is shown in Fig. 4. In
this particular dynamics, the C1C5 bond dissociates at 19.2 fs.
This bond was found to dissociate at 18.2 fs, in the other case
leading to the same fragmentation pattern. As a consequence, the
dR** molecule becomes linear and this configuration remains
stable within the few picoseconds investigated in this paper.

In conclusion, two different fragmentation pathways are
found, initiated by the rupture of either the C1C2 or the C1C5
bond. The HOMO orbital is localized on these two bonds at the
beginning of the dynamics (Fig. 2B) and there appears to be a
competition in the fragmentation induced in these two bonds by
the removal of the HOMO.

3.1.2 Core hole dynamics. Fragmentation was never
observed to occur within the lifetime of inner shell vacancies
in the case of isolated deoxyribopyranose. The bonds involving
the core-ionised atom usually exhibit the largest length varia-
tions. In the case of carbon-K vacancies (labelled C*), C*H bond
distances typically decrease from 1.1 A to 1.0 A at ¢ = 4.8 fs, and
increase again up to 1.1 A at 9.6 fs. C*O bond decrease slightly
by 0.01 to 0.06 A during the 9.6 fs dynamics, whereas C*C bond
distance variations range from —0.03 to 0.09 A at ¢ = 9.6 fs. The
largest variations are for C1C5 when a core hole is placed on
either C1 or C5 and C3C4 when a core hole is placed on C4.

In the case of oxygen-K vacancies (labelled O*), O*H bonds
remain fairly constant. In contrast, CO* bonds exhibit relatively
large increase by 0.08 to 0.33 A as shown in Table 1. The
smallest variations correspond to the localization of the core
hole on 016, which is located within the ring, while the largest
corresponds to a core hole on 017.

3.1.3 Double hole dynamics following core ionisation. We
propagated the core-hole states for 9.6 fs, probing the different
carbon and oxygen atoms in the dR molecule. We then switched

0.0 fs
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€

:

Fig. 3 BOMD trajectory initiated from an electronic configuration where two electrons were removed from the HOMO of the deoxyribopyranose
molecule (left, t = 0). The C4,O3Hg>* fragment was isolated during the last 290 fs of the dynamics. Bond breakage positions are marked by arrows. C blue,

O red, H white.

This journal is © the Owner Societies 2015

Phys. Chem. Chem. Phys., 2015, 17, 32375-32383 | 32377


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cp05196g

Open Access Article. Published on 09 November 2015. Downloaded on 1/19/2026 6:59:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Fig. 4 BOMD trajectory initiated from an electronic configuration where
two electrons were removed from the HOMO of the deoxyribopyranose
molecule. C blue, O red, H white.

Table 1 Pyranose conformation. Oxygen core-hole dynamics

Bond distance A

Atom Bond t=0 t=4.8fs t=9.6fs
016 C2-016* 1.47 1.51 1.59
C3-016* 1.44 1.48 1.61
C3-017 1.46 1.42 1.35
017 C3-017* 1.46 1.55 1.79
C2-016 1.47 1.49 1.54
C3-016 1.44 1.38 1.26
018 C5-018* 1.46 1.52 1.68
019 C1-019* 1.44 1.50 1.66

to doubly-charged state after either 4.8 or 9.6 fs of core-hole
states. The initial configuration is the same as in Fig. 4, which
led to the linearisation of the doubly ionised molecule, without
prior core ionisation.

When the core hole is located on C1, C4 or C5 during either
4.8 fs or 9.6 fs, or on C3 and O17 during 4.8 fs before double
ionisation, the dR®*" molecule breaks at the C1C5 bond and
remains linear. The dissociation of dR>" is thus not modified by
the slight changes in the molecules geometry induced by the
presence of the core vacancy.

When the core hole is located on C2, 016, 018 or O19 during
either 4.8 or 9.6 fs, or on C3 during 9.6 fs before double
ionisation, the dR** molecule breaks at the C1C2 and C3016
bonds, leading to the formation of CH,0°*" (30 amu) and
C4Hg0;"7" (104 amu) fragments. In the case of core holes on
016 (4.8 fs), 018 (9.6 fs) and 019 (4.8 and 9.6 fs), the remaining
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linear fragment further dissociates after about 400 fs to form
C,H,0%*" (44 amu) and C,H,0,%°" (60 amu) fragments. These
fragmentation patterns were also observed in dR*", without prior
core ionisation, but starting from other initial configurations. It
thus appears, that the molecules geometry modifications induced
by the presence of these core vacancies favour the second identified
dissociation pathway for dR** in its ground state.

Finally, when a core hole is placed on O17 during 9.6 fs, the
fragmentation pattern is completely different, as shown in
Fig. 5. First, the C3017 bond dissociates at ¢ = 13.7 fs to yield
an OH fragment, then the C1C5 bond dissociates (¢ = 29.1 fs).
This is followed by the dissociation of the O18H13 bond at
t = 57.4 fs. The H13 atom reacts with the OH fragment to form
an H,0 molecule. Finally the C5C4 bond breaks at ¢ = 241 fs,
releasing a CHO fragment. This whole set of events leads to the
formation of 3 fragments: H,0%>" (18 amu), CHO®®** (29 amu)
and C,H,0," (87 amu). The presence of a core vacancy on 017
during 9.6 fs induced an increase of the C3017* bond by about
0.3 A (see Table 1), which could be at the origin of this new
fragmentation pathway for the subsequent dR** dynamics. This
case corresponds to the largest CO* bond increase observed
during the core hole state for deoxyribopyranose.

As a conclusion, in all cases but one, the fragmentation
pathways are the same as those found for ground state dR*",
without prior core ionisation.

3.2 Furanose conformation

3.2.1 Double hole dynamics. BOMD of the ground state
dR*" were performed for 380 fs, starting from ten different initial
configurations. The fragmentation pattern is similar in all cases.
As illustrated in Fig. 6, the C5C3 bond breaks between 14.6 and
38.2 fs leading to the release of a CH;O" fragment (mass
31 amu). In a second step, the ring opens up at the C1016 bond
after 27.1 to 59.5 fs (depending on the trajectory). Large C2C4
bond vibration are observed (i.e. resulting in bond distances
larger than 2 A in some cases).

3.2.2 Core hole dynamics. Fragmentation was never
observed within the lifetime of inner shell vacancies in isolated
deoxyribopfuranose. In the case of carbon core-holes (C*), the
core vacancy induces only very slight modifications of the dR
geometry. The largest variations are observed for C*H bonds.
These bond distances decrease between 0.09 and 0.17 A during

21.7fs

0.0 fs

<

2.32A

o

e

70.1fs

Fig. 5 Fragmentation dynamics of deoxyribopyranose, after a core hole was placed for 9.6 fs on O17. C blue, O red, H white.
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0.0 fs

Fig. 6 BOMD trajectory initiated from an electronic configuration where
two electrons were removed from the HOMO of the deoxyribofuranose
molecule. C blue, O red, H white.

the first 4.8 fs, and then return approximately to their initial
values at t = 9.6 fs.

In contrast, oxygen core-holes (O*) induce significant CO*
bond elongation as summarized in Table 2. The smallest bond
elongation is observed in the case of the 016 K-hole, which is
located in the furanose ring. This is accompanied by a reduction
in the C1019 bond by 0.14 A at ¢ = 9.6 fs. The largest increase is
observed when a core hole is placed on 019, corresponding to an
elongation of the C1019 bond by about 0.30 A at 9.6 fs. It also
induces variations in the bonds involving O16.

3.2.3 Double hole dynamics following core ionisation. We
studied the core-hole states individually for about 10 fs, then
switched to the doubly-charged state after either 4.8 or 9.6 fs of
the core-hole dynamics. In all cases but one, the fragmentation
pattern is the same as that of dR** without prior core ionisation.
The fragmentation dynamics goes through the following steps:
(i) dissociation of C3C5 bond, which leads to the dissociation of
dR*" into two fragments: CH;O" with mass 31 amu and C4H,0;"
with mass 103 amu; and (ii) C1016 bond breakage, which leads
to the ring opening.

Most interestingly, we observed a new fragmentation pattern
when the K-shell vacancy was placed on O18 during 9.6 fs
before the dR** dynamics, as shown in Fig. 7. The trajectory
reveals that the C3C4 and C1016 bonds first break at 23.6 and
41.9 fs, respectively. Two fragments are thus formed, C,H,0,
and C3Hg0,. The smallest fragment breaks at the C3C5 bond at
102 fs. As a results, this dynamics leads to the formation of
CHO%?** with mass 29 amu, CH,0%*** with mass 31 amu and
C3;H0,'°" with mass 74 amu.

Table 2 Furanose conformation. Oxygen core-hole dynamics

Bond distance A

Atom Bond t=0 t=4.8fs t=9.6fs
016 C1-016* 1.47 1.54 1.63
C3-016* 1.49 1.51 1.65
C1-019 1.45 1.42 1.31
017 C4-017* 1.48 1.54 1.68
018 C5-018* 1.44 1.50 1.64
019 C1-019* 1.45 1.56 1.76
C1-016 1.47 1.41 1.30
C3-016 1.49 1.52 1.57

This journal is © the Owner Societies 2015
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3.3 Linear conformation

3.3.1 Double hole dynamics. BOMD of ground state dR**
were performed for 200 fs. The two initial configurations inves-
tigated led to different dissociation patterns. The first pathway is
illustrated on Fig. 8. The C1C2 bond dissociates very fast, leading
to the formation of a CH;0" fragment.

In the second pathway, the C1C5 bond breaks leading to the
formation of C,0,Hs" and C,0;Hs" fragments.

Here again, the bonds which first break are the CC bonds on
which the HOMO presented ¢ character (see Fig. 2), and from
which the two electrons were removed.

3.3.2 Double hole dynamics following core ionisation. We
have studied the oxygen core-hole states individually for 9.6 fs
and then switched to doubly-charged states. We thus generated
four trajectories from the same initial configuration as in Fig. 8.
Without prior core ionisation, this configuration was shown to
lead to the fragmentation of the dR** molecule at the C1C2
bond (see Fig. 8).

The presence of a core vacancy on 017, 018 or 019 during
9.6 fs, before the double hole dynamics, led to the same
fragmentation pattern as that of dR** without the presence of
a core hole, that is the one depicted on Fig. 8.

When a core hole is placed on 016 during 9.6 fs, the
fragmentation pattern was different. As shown on Fig. 9, the
C1C5 bond breaks, which is also one of the dissociation patterns
found for dR*" without prior core ionisation, but starting from
another initial configuration.

3.4 Excited states and discussion of results

Our results can be compared to the experiment by Ha et al.,"’
who irradiated dR with soft X-rays at energies near the C-K and
O-K edges and measured charged fragments in coincidence. In
these gas phase experiments, the most probable conformation
is the pyranose one. For this conformation, we found that the
main dissociation pathways (see Table 3) are either a linearisa-
tion of the molecule or the production of CH,0O and C4HgO;>"
fragments. These fragments will not appear on coincidence
spectra, as only one of the two fragments is charged. Ha et al. in
fact point out that the absence (or weak traces) of fragment
CH,O" (30 amu) is noteworthy considering that these are most
likely the moieties that are the precursors of the CHO" frag-
ments. Here, this fragment is found mostly neutral. It should
also be mentioned that CH,O" (x = 1,...) fragments were shown
to desorb from dR films upon soft X-ray impact.**>° We also
find that the C,HgO;>" fragment sometimes dissociates into
C,H,0" (44 amu) and C,H,0," (60 amu). Ha et al. have only
observed fragments with mass less than 43 amu. It is thus likely
that C,H,0" and C,H,0," further fragment at longer times, not
accessible in terms of the present work trajectory length times.
In one case, we show the production of H,0%*" and CHO*®".
Although the charge of the water molecule is only +0.2e,
indicating that it is most often neutral, we find possible (18 amu,
29 amu) coincidence, as measured by Ha et al. Nonetheless, the
most probable pathway is the formation of CHO" (29 amu) together
with C,H,0," (87 amu). CHO" has been measured in coincidence

Phys. Chem. Chem. Phys., 2015, 17, 32375-32383 | 32379


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cp05196g

Open Access Article. Published on 09 November 2015. Downloaded on 1/19/2026 6:59:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

38.4fs

0.0 fs

52.8 fs 146 fs

Fig. 7 Fragmentation dynamics of the furanose conformation of dR?*, after a core hole was placed for 9.6 fs on O18. C blue, O red, H white.

180fs :'" .

( b
(%

Fig. 8 BOMD trajectory initiated from an electronic configuration where
two electrons were removed from the HOMO of the linear dR conforma-
tion. C blue, O red, H white.

52.8 fs

o' b

([

Fig. 9 Fragmentation of the linear conformation of dR?", after a core hole
was placed on O16 during 9.6 fs. C blue, O red, H white.

with different fragments with masses smaller than 43 amu,
which suggests that the 87 amu fragment could undergo
fragmentation at longer times.

For the three deoxyribose conformations investigated, the
fragmentation induced by the removal of two electrons from
the HOMO (without prior core ionisation) appears to be guided
by the initial localization of the holes. Fig. 10 shows that the
first bond to break is always a CC bond on which the HOMO
has a o-type: C1C2 and C1C5 in the linear case, C1C2 and C1C5
in the pyranose case and C5C3 in the furanose case. In pyranose
singly ionised dR", similar conclusions have been drawn.*°
Indeed Ab Initio MD (AIMD) simulation reveals that most of
the fragmentation events start with C1C2 bond breaking, which
is also attributed to the MO shape of removed electron (i.e. the
HOMO). Moreover, when the K-hole dynamics before Auger

32380 | Phys. Chem. Chem. Phys., 2015, 17, 3237532383

decay is taken into account, we find that the fragmentation
pathway after Auger decay is almost always one of the dissocia-
tion schemes found for dR*>" without prior core ionisation. Only
in two cases, when the core hole was placed on one of the oxygen
atom (O*) for 9.6 fs, was the CO* bond elongation sufficient to
open a new dissociation pathway. Due to the very short lifetime
of core vacancies (about 5 fs in the case of oxygen atoms), this
will only occur for a small fraction of the core-ionised molecules.
As a conclusion, the fragmentation process seems mainly driven
by the double-hole state following Auger decay.

To have a complete picture of decay, it would thus be
interesting to use a complementary method which allows to
follow the dynamics of doubly ionised states in which electrons
are ejected from inner valence molecular orbitals. The calcula-
tion of the branching ratios of the Auger deexcitation channels
would be prohibitive taking into account that the number of
2-combinations from a set of 54 orbitals (in a local spin density
approximation picture) is almost 700. Nevertheless, we tested
the effect of removing electrons from inner valence molecular
orbitals. To that aim, we used Time Dependent-DFT Ehrenferst
Molecular Dynamics which allows the description of the
nuclear dynamics guided by the evolution of the electronic
density, as done in some of our previous works.'*'® Since this
method is very computationally consuming, we restrict our
tests to the furanose conformation and a few location of double
holes at the beginning of the dynamics.

The four cases exhibit a common feature (see Fig. 11): the
fragmentation is guided by the location of the holes at the
beginning of the trajectory, as when the two electrons are
removed from the HOMO (see Fig. 10). The fragmentation is
more harmful than in the case of double holes in the HOMO,
which is not very astonishing in view of the energy deposit in the
system (about 20 eV). This kind of ultrafast multi-fragmentation
could explain the fact that no large fragments were measured by
Ha et al,' even if the conformation in this experiment is the
pyranose one. As a conclusion, the fragmentation appears to be
mainly guided by the rearrangement of the electronic density
during the deexcitation of the doubly excited ionised state
leading to double holes in valence bonds.

This could explain why experimental findings exhibit no
difference in fragmentation whether core holes are induced in
carbon or oxygen atoms since molecular orbitals are affected in
the whole core ionisation and subsequent Auger decay processes.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cp05196g

Open Access Article. Published on 09 November 2015. Downloaded on 1/19/2026 6:59:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Table 3 Different fragmentation patterns
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Conformation  Fragments formed ITonisation process
Pyranose CH,0°?*" (30 amu) C4Hg03"7"" (104 amu)* Double ionisation (8/10 cases)
Core holes on 016, 018, 019, and C2 during
4.8 and 9.6 fs
Core holes on C3 during 9.6 fs
Linear stable (134 amu) Double ionisation (2/10 cases)
Core holes on C1, C4 and C5 during 4.8 and 9.6 fs
Core holes on 017 and C3 during 4.8 fs
CHO®" (29 amu) H,0%*" (18 amu) C4H,0," (87 amu) Core hole on 017 during 9.6 fs
Furanose CH;0" (31 amu) C4H,0;" (103 amu) Double ionisation (10/10 cases)
Core holes, except 018 during 9.6 fs
CH;0%**" (31 amu) CHO?*" (29 amu) C3He0,"”" (74 amu)  Core hole on 018 during 9.6 fs
Linear CH;0" (31 amu) C4H,0;" (87 amu) Double ionisation (1/2 cases)

C,H;0," (61 amu) C3H50," (73 amu)

Core holes on 017, 018 and 019 during 9.6 fs
Double ionisation (1/2 cases)
Core hole on 016 during 9.6 fs

% In some cases, dissociation of the large fragment occurs leading to the formation of C,H,0%%" and C,H,0,%°".

B H10

D H10

Fig. 10 Fragmentation of the different conformations of dR®*, after
double ionisation in the HOMO. The position of the first bond to break is
marked by an arrow. In parenthesis, the fraction of the trajectories starting
with this bond break divided by the number of initial configurations
investigated. C blue, O red, H white.

Several authors'>"® have indeed pointed out that the dissocia-
tion of a molecule after K-shell ionisation in light atoms and

This journal is © the Owner Societies 2015

Fig. 11 Fragmentation of furanose dR?" after removal of deep molecular
orbitals with energy (A) 25.9 eV, (B) 24.9 eV, (C) 24.8 eV and (D) 18.8 eV.
The localization of the MO electronic density are schematized as ellipses.
Bond breakage positions are marked by arrows. C blue, O red, H white.

Auger decay does not seem to depend on the position nor on the
nature of the K ionised atom. Statistically one cannot directly
deduce from the two charged fragments emitted in coincidence
where the K holes were induced by the photoionisation process in
this kind of polyatomic molecules. On the contrary, in the case of
small symmetrical molecules, where measurements and comple-
tely quantum theoretical calculations are possible, dissociation
pathways could be deduced as an evidence of preferential bond
breaking following Auger decays, with photoelectron-photoion-
photoion coincidence technique measurements performed for
C,H, molecule irradiated at the C-K threshold.** In this case,
the photoelectron angular distribution (PAD) for non-symmetric
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fragmentation provided direct evidence of a localized core-
hole and preferential bond breaking following Auger decays.
In the case of dR, although core holes are not degenerated in
energy (so distinguishable), differences coming from the
localization of the K hole could not be observed in experi-
mental spectra."’

The furanose conformation study will provide a reference for
future works in which we will (step by step) increase the
complexity of the molecule investigated and include a liquid
water environment. Future work will consider the effect of
adding the base at C1’ and the phosphate groups at C3’ and
C5’ to the furanose dR conformation to provide a more realistic
model of dissociation of core ionized dR in the DNA molecule.
Also, as pointed out in previous studies on the uracil molecule,
the water environment plays a critical role on the fragmentation
induced both by core holes®® and double ionization events.®
We are currently investigating the effect of the liquid water
environment on the fragmentation of core-ionized dR.

4 Conclusions

For the three conformations investigated, we find the same
fragmentation patterns for ground-state doubly-ionised deoxyribose
whether or not the core hole dynamics is taken into account before
Auger decay. In most cases, no clear memory of the K-hole
location neither of the nature of the atoms struck, apart from
the energy induced in the molecule, could be found. For the
sake of comparison, we have performed TD-DFT Ehrenferst MD
which is the only possible method for representing the very
excited doubly-ionised states resulting from K-shell ionisation
and subsequent Auger effect. Such a method cannot be used for
statistics because of the too large computational cost necessary.
But these preliminary dynamics reinforce the conclusion that
the main ingredient for the dissociation is the excited state, i.e.
the localization of the holes in the molecule, after Auger decay.
We have indeed previously shown that doubly-ionised states,
created by removing electrons in MO with very near energy but
localized in different bonds, lead to very different bond break-
age in the case of isolated uracil."® This fact shows that the
energy deposited in the molecule is not the unique criteria to
take into account for the fate of a doubly ionised molecule.
Moreover, in the gas phase, such polyatomic molecules do not
exhibit very large bond elongations during the core hole
dynamics, before Auger decay. Here, specific fragmentation
was only found in two cases, when the core vacancy was located
on an oxygen atom external to the cycle for 9.6 fs. Due to the
very short lifetime of O-K vacancies (about 5 fs), this will only
occur for a small fraction of the core-ionised molecules. As a
conclusion, the location of the K hole does not play a major role
in elongating bonds within the cycle in such cyclic polyatomic
molecules. The location of the core hole will play a major role to
induce Auger effect thus 2 holes in different orbitals of the
molecule. The fragmentation will not only depend on the
energy but also strongly on the location of the empty orbitals
thus created.
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