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Abstract: An analysis of the charge transfer mechanism in the collision of multiply charged ions with molecular and
biomolecular targets is performed, considering the non-adiabatic interactions between the molecular states
involved. Collisions of doubly charged C2+ ions on small molecular targets, CO andOH, have been investi-
gated, together with the analysis of charge transfer between C4+ ions on uracil and halouracil biomolecular
targets. The process is studied theoretically by means of ab-initio molecular calculations followed by a
semi-classical treatment of the collision dynamics. The influence of rotational couplings is discussed with
regard to the collision energy. Strong anisotropic and vibration effects are pointed out.
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1. Introduction

Non-adiabatic interactions between molecular states are
the driving force behind a number of mechanisms, for ex-
ample photodissociation [1, 2] or charge transfer reactions
[3, 4]. Special attention has thus to be paid to the critical
regions of the potential energy surfaces, such as avoided

∗E-mail: bacchus@univ-lyon1.fr
†E-mail: vibok@phys.unideb.hu (Corresponding author)

crossings or conical intersections, where a reorganization
of the electronic wavefunctions may occur, inducing strong
peaked radial coupling matrix elements [5, 6]. Such in-
teractions may be investigated with regard to different
features, for example the anisotropy of the process or vi-
brational motion during collisions, in order to develop a
detailed understanding of the mechanism and try to ex-
tract some general conclusions.
This paper is specifically focused on charge transfer pro-
cesses. Electron exchange is an important process in
physics, chemistry and even biochemistry. In particular,
recombination of multiply charged ions from atomic or
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molecular targets is fundamental to controlled thermonu-
clear fusion research and astrophysics. Recently, such
reactions have also been extensively investigated in re-
lation to lesions induced by irradiation of the biological
medium. It has been shown effectively that significant
damage to biological tissues may arise due to secondary
particles, such as low-energy electrons, radicals or ions,
generated on the track after the ionizing radiation has in-
teracted with the biological environment [7]. An investiga-
tion at the molecular level of the elementary mechanisms
involved is therefore important for understanding more
complex biological reactions.

An overview of different collision systems is presented in
this paper. Firstly, the charge transfer in collisions be-
tween doubly charged C 2+ ions and small molecular tar-
gets, CO and OH , is investigated with regard to non-
adiabatic interactions, taking account of the projectile-
target orientation and the vibrational state of the di-
atomic molecule in the collision process [14–16]. Sec-
ondly, this study is extended to more complex biomolec-
ular targets, namely the RNA base uracil as well as
halouracil molecules, which correspond to the same 6-
membered ring with a hydrogen or halogen atom sub-
stituent [23, 26, 27, 29, 30]. In such a study, the influence
of the electro-negativity of the substituent may be inves-
tigated, as well as possible steric hindrance related to the
size of the substituent.

2. Collisions with diatomic targets

Charge transfer processes Aq+ +B −→ A∗(q−1)+ +B+ may
be treated within the framework of the molecular descrip-
tion of the collisions. We have thus to determine the po-
tential energies of the different molecular states involved
in the process as well as the couplings between these
states. They are determined by means of ab-initio quan-
tum chemistry calculations. For diatomic targets, the ge-
ometry is described in the internal Jacobi frame {R, r, α}
with the origin at the centre of mass of the molecular
target. The angle α = 180o corresponds to the linear
approach (with collision) of C 2+ toward the more elec-
tronegative atom of the molecule, in this case oxygen, for
both CO and OH .

The MOLPRO code 1 has been used for all molecu-
lar calculations. The molecular orbitals have been op-
timized with the state-averaged CASSCF (Complete Ac-
tive Space Self Consistent Field) method completed by

1 H.J. Werner, P. Knowles, MOLPRO package of ab-initio
programs, 2010
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Figure 1. Internal Jacobi coordinates. AB=OH or AB=OC.

Multi-Reference Configuration Interaction (MRCI) calcu-
lations for specific points. The quadruple zeta correlation-
consistent basis aug − cc − AVQZ has been used for
all atoms [8]. The vibration of the diatomic molecule has
been taken into account by performing calculations for dif-
ferent distances r around the equilibrium geometry. The
charge transfer cross sections have been calculated for
given projectile-target orientations in order to analyze the
anisotropy of the process. In the energy range we are
dealing with, spin-orbit effect can be neglected.
The non-adiabatic radial coupling matrix elements
gKL(R ) = 〈ΨK |∂ /∂R |ΨL〉 between states of the same
symmetry are determined for each geometry using the fi-
nite difference technique [9]:

gKL(R ) = lim
∆→0

1/∆〈ΨK (R )|ΨL(R + ∆)〉 (1)

with the parameter ∆ = 0.0012a.u. [10]. The signs of
the radial coupling matrix elements are settled point by
point with regard to the change of the wavefunction and
molecular orbitals along R.
For higher keV collision energies, the rotational cou-
pling matrix elements between states corresponding to
∆Λ = ±1 also have to be considered. They are deter-
mined analytically from the quadrupole moment tensor
which allows the consideration of translation effects in
the collision dynamics [11].
Using these molecular data, a collision treatment has to
be carried out in order to determine the charge transfer
cross sections. The collision dynamics have been treated
by means of a semi-classical approach considering a rec-
tilinear trajectory for the nucleus which may provide ac-
curate results in the keV laboratory energy range. The
EIKONXS code [12] has been used. In very rapid charge
transfer processes such as these, electronic transitions are
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Figure 2. Potential energy curves for the 1Σ+ (full line) and 1Π
(broken line) states of the C 2+ + CO molecular system
at equilibrium, internal Jacobi coordinates {R, r, α} with
α = 135o. 1, C+(2p)2P + CO+(A2Σ+); 2, C+(2p)2P +
CO+(A2Π); 3, C+(2p)2P + CO+(B2Σ+); 4, C 2+(1S) +
CO(1Σ+) entry channel.

much faster than vibrational and rotational motions, which
may therefore be considered as frozen during the collision.
The total and partial cross sections are thus determined
in the framework of the sudden approximation hypothe-
sis, considering the internuclear distance of the diatomic
target fixed in a given geometry [13].

2.1. Influence of rotational coupling

The electron exchange mechanism proceeds mainly
through the non-adiabatic interactions between molecular
states. They are characterized by strong avoided cross-
ings of the potential energy curves leading to sharp peaks
of the corresponding radial coupling matrix elements. This
is displayed on the C 2+ + CO collision system presented
in Figures 2 and 3.
Radial couplings show significant peaks in the vicinity
of the avoided crossings, in particular between the entry
channel C 2+(1S)+CO1(Σ+) and the highest charge trans-
fer level C+(2p)2P + CO+(B2Σ+). Such interactions are
determinant at low collision energies, but rotational cou-
plings have to be taken into account for the treatment of
charge transfer at higher energies, typically in the keV
range. This is exhibited in Figure 4 for the C 2+ + CO
collision system, taking account of all the three Π states
involved in the process. For collision velocities lower than

Figure 3. Corresponding radial coupling matrix elements for the 1Σ+

states of the C 2+ + CO molecular system

Figure 4. Charge transfer cross sections with (full line) and without
(broken line) rotational coupling for C 2+ + CO at α = 45o.

0.3a.u. (Elab = 27keV ), the rotational coupling contri-
bution is weak. It is therefore reasonable to neglect the
rotational coupling in the determination of charge transfer
cross sections without inducing significant errors. How-
ever, at higher energies above ∼30 keV , its contribution
is quite significant, and it has to be considered in the de-
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Figure 5. Charge transfer cross sections with regard to the orien-
tation angle α in a wide energy range for the C 2+ + CO
collision. Magenta, 3keV ; light blue, 27keV ; blue, 75keV ;
green, 108keV ; red, 147keV .
Black, variation of the maximum of the g34 main radial cou-
pling between 1Σ+ levels with regard to the α angle.

scription of electron exchange. This indicates clearly the
domain of validity of the method.

2.2. Orientation and vibrational analysis

The anisotropy of the charge transfer process may be
treated by considering the cross sections for different ori-
entations α of the projectile toward the target. Looking
at the main non-adiabatic interaction between the entry
channel and the highest charge transfer level, we observe
a very interesting correlation between such radial cou-
pling and the corresponding charge transfer cross sections.
Corresponding results are presented in Figure 5 for the
C 2+ + CO collision system.
The charge transfer cross sections clearly show a mini-
mum value close to the perpendicular orientation, around
α = 80o, and reach their maximum for α = 180o. The
charge transfer process therefore appears to be preferred
along the CO axis, in the direction of the oxygen atom, and
markedly unfavored for a perpendicular approach. Broadly
speaking, at higher energies around 100 keV the cross
sections are about 1.5 times higher in the colinear colli-
sion toward O than in the approach toward C, and 3 times
higher than in the perpendicular orientation. These ratios
increase at lower energies, to reach about 2.5 between
O and C colinear approaches, and up to 5 between the

colinear collision toward O and the perpendicular orien-
tation. Correspondingly, the main g34 radial coupling is
at its minimum around the perpendicular orientation and
reaches its maximum at α = 160o close to the linear ge-
ometry. This conclusion may be extended to a series of
diatomic targets: OH, HF, HCl [14, 17, 18]. The charge
transfer process appears in all cases to favor a linear ap-
proach toward the atom of highest electronegativity.
Such a correlation between charge transfer cross sec-
tions and non-adiabatic coupling may be also exhibited
with regard to the vibrational motion during the colli-
sion process, in particular for diatomic molecular targets.
The electron capture cross sections on the different vibra-
tional levels are calculated by developing the wavefunc-
tions on the vibrational levels of the molecule and its ion
[14, 17, 19]. Figures 6 and 7 show such a correlation for
the C 2+ +OH(v = 0) −→ C+ +OH+(v ) reaction.
Around the equilibrium distance rOH = 1.835a.u., the
variation of the cross sections is regular, with a smooth
increase from OH = 2.0 to 1.7a.u., in fair agreement
with the regular variation of the most important radial
coupling. The behavior of the electron exchange cross
section appears quite different at the shortest 1.6a.u.OH
distance with, first of all, a decrease of the cross section
with increasing energy at lower collision energy, followed
by an increase to reach a regular variation as previously
observed. Such short OH distance corresponds to a very
constrained geometry, and a first rapid relaxation of the
diatomic molecule may be expected, characterized by the
well of cross section values around v = 0.2a.u. (Ecoll =
12 keV ) before the charge transfer process could occur.
This specific mechanism may be correlated to the specific
strong increase of the radial coupling observed for this
OH distance.

3. Collisions with pyrimidine nucle-
obases
Such treatment may be extended to more complex targets.
In particular, we are interested in collisions between ions
and biomolecules, in relation to the action of ionizing ra-
diation on the biological medium [7, 20]. Different pro-
cesses may be induced in such reactions, including: ex-
citation and ionization of the target, fragmentation of the
ionized biomolecule, and electron exchange from the inci-
dent ion toward the biomolecular system [21]. In exper-
imental studies, fragmentation yield may be determined
through analysis of the different fragments by mass spec-
troscopy [22]. This, however, does not provide informa-
tion on charge tranfer, which may be studied by means of
theoretical collision approaches. We have considered the
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Figure 6. Variation of the main radial coupling between 1Σ+ levels of
the C 2+ + OH system in the linear approach for different
geometries of the OH radical (OHeq = 1.835a.u.) [14].

Figure 7. Corresponding charge transfer cross sections [14]

reaction of a given ion on a series of biomolecular targets
with the same 6-membered ring exhibited by pyrimidine
nucleobases, with different substituents on the carbon C5
(Figure 8). In order to analyze the influence of the electro-
negativity, as well as of the size of the substituent, we have
performed the same theoretical treatment with uracil, and
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Figure 8. Geometry of the biomolecule: uracil, X=H; 5-fluorouracil,
X=F; 5-chlorouracil, X=Cl; 5-bromouracil, X=Br.
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Figure 9. Internal coordinates for the C 4++ biomolecule system.
Origin at the center-of-mass of the biomolecule. Angle φ
(projection ofOC 4+ on the yOz plan) kept fixed at φ = 60o.

successively 5-halouracil targets.
For that purpose, a simple model has been developed
in the framework of the one-dimensional reaction coor-
dinate approximation, considering the evolution of the
ion/biomolecule collision system driven by the coordinate
R between the incident ion and the centre of mass of
the biomolecule. The geometry of the biomolecular target
is kept frozen. With regard to previous studies [22, 23],
the analysis has been performed with the C 4+ carbon ion
which drives significant charge exchange. The geometry
of the collision system is presented in Figure 9.
The calculations have been performed for different orien-
tation angles θ, from a perpendicular approach (θ = 90o)
to a planar one. The angle φ is fixed at φ = 60o which
corresponds to a direction opposite to the X substituent.
As in the previous case, the molecular calculations have
been performed using the quantum chemistry methods de-
veloped in the MOLPRO code. Potentials and couplings
were determined at the CASSCF level of theory with the
6 − 311G∗∗ basis of atomic orbitals for all atoms. Only
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states correlated by means of radial coupling matrix el-
ements have been taken into account. The collision dy-
namics have been calculated with the EIKONXS pro-
gram. The calculations have been extended over a wide
collision energy range, from eV to keV , taking account of
our previous study comparing semiclassical methods and
wave-packet time-dependent quantum treatments [24, 25].
In recent work, we have shown that indeed semiclassical
methods can give quite accurate cross sections down to
10− 20 eV for charge transfer processes. The divergence
with quantum time-dependent approaches appears only at
lower energies, below 10 eV [24, 25].

3.1. Orientation analysis

As previously noted in the case of diatomic targets, the
charge transfer process is markedly anisotropic [26–28].
The cross sections appear strongly dependent on the ori-
entation angle θ. For the C 4++ uracil collision system,
the charge transfer is preferred for geometries close to
the perpendicular approach. Over a wide collision energy
range, the cross sections have a maximum value for the
angle θ = 70o, they are slightly lower for the perpen-
dicular orientation and decrease significantly, by about 2
orders of magnitude, when reaching the orientation angle
θ = 20o. The results for collision energies from 10 eV
to 100 keV are presented in Figure 10 showing that the
C 4++ uracil charge transfer is more effective for angles
about 20o around the perpendicular orientation, and de-
creases significantly when moving toward near-planar ori-
entations.
A significant anisotropy is also found for halouracil tar-
gets. The results for the wide collision energy range, from
eV to keV , are presented respectively in Figure 10 for the
5-fluorouracil, and in Figure 11 for the 5-chloro and 5-
bromouracil targets. For the C 4++ 5-fluorouracil system,
the charge transfer cross sections are maximum around the
angle θ = 70o, as in the C 4++ uracil collision. However,
they decrease much more significantly in the perpendicu-
lar orientation, as observed previously for the uracil target,
and are minimum for the angle θ = 45o. The fluorine atom
has a small atomic radius which cannot induce steric hin-
drance of the incident ion. On the contrary, for 5-chloro-
and 5-bromouracil targets, the charge transfer appears
clearly dominant for an orientation θ = 45o, in the direc-
tion opposite to the halogen. For these targets, the pro-
cess is at its minimum around the perpendicular geometry.
Chlorine and bromine have larger atomic radii, therefore
steric effects certainly have to be considered. The ac-
cess of the incident ion in the perpendicular geometry is
reduced and an approach further from the heavy halo-
gen atom is more likely. With regard to steric effect, two

Figure 10. Charge transfer cross sections for given orientations of
the C 4++ uracil (blue) and C 4++ 5-fluorouracil (green)
collision systems. Dashed lines, θ = 90o; full lines, θ =
70o; dotted lines, θ = 45o; dotted-dashed lines, θ = 20o.

groups can be exhibited: for small substituents, such as
hydrogen or fluorine present in uracil and 5-fluorouracil,
the charge transfer is favored around the perpendicular
direction; for 5-chloro- and 5-bromouracil, the process is
favored in a direction opposite to the heavy substituent
where access is easier [29].

3.2. Radiation sensitivity
The previous results for uracil and halouracil targets have
to be discussed also taking account of the order of magni-
tude of the charge exchange cross sections. These cross-
sections are at least two orders of magnitude lower for
halouracil targets, compared to uracil, across the whole
energy domain from eV to keV energies [26, 27, 29].
Charge transfer cross sections are always lower than
0.1 × 10−16 cm2 for fluoro- and chlorouracil, and lower
than 0.01 × 10−16 cm2 for bromouracil. As the relative
fragmentation yield can be assumed to be inversely pro-
portional to the electron capture cross section [23], frag-
mentation would be expected to be highly amplified for
halouracil targets. This effect is most strongly empha-
sized for 5-bromouracil, for which the rate reaches up to
103. This is extremely important with regard to the sen-
sitivity of halouracils to ionizing radiation, in particular
for hadrontherapy treatments by carbon ions. Effectively,
early studies have shown that DNA damage is strongly
enhanced when replacing thymine by 5-bromouracil [31].
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Figure 11. Charge transfer cross sections for given orientations of
the C 4++ 5-chlorouracil (blue) and 5-bromouracil (red)
collision system. Same labels as in Figure 10.

Such radio-sensitivity has also been identified more gen-
erally for 5-halouracil molecules and is widely used in
radiation therapy treatments [32]. With regard to the
very low charge transfer cross sections in collisions with
halouracils, we would expect a very high fragmentation
yield, in complete agreement with medical radiation dam-
age observations. Such an approach is, of course, quite
qualitative, but it gives an order of magnitude estimate of
the radiation sensitivity which may provide a classifica-
tion of the biomolecular targets: the cross-section values
are lower by a factor of 10 for 5-bromouracil, which is
expected to be the most efficient radio- sensitizer. The
specificity of the different halouracils could be related to
their strong electronegativity, inducing an electronic ef-
fect which could be competitive with the electron transfer
from the target to the incident ion, and which therefore
reduces the charge transfer efficiency.

4. Conclusion
The non-adiabatic interactions exhibited in charge trans-
fer reactions have been analyzed with regard to a number
of important features present in such processes. The non-
adiabatic interactions between molecular states are the
driving force behind the charge transfer mechanism. How-
ever, a consideration of rotational coupling is necessary
to have an accurate determination of the cross sections at

intermediate energies. The process is strongly anisotropic
with dependence on the vibration of the molecular target,
and interesting correlations with non-adiabatic couplings
have been presented. Similar conclusions can be extended
to complex biomolecular systems. Here, our treatment
can provide an order of magnitude estimate of the radio-
sensitivity properties of halouracil targets, which may be
of medical interest.
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