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Investigations of collision-induced processes involving carbon ions and molecules of biological interest, 
in particular DNA building blocks, are crucial to model the effect of radiation on cells in order to 
improve medical treatments for cancer therapy. Using carbon ions appears to be one of the most 
efficient ways to increase biological effectiveness to damage cancerous cells by irradiating deep-seated 
tumors. Therefore, interest in accurate calculations to understand fundamental processes occurring in 
ion–molecule collision systems has been growing recently. In this context, the charge transfer process 
in the collision of C2+(1s22s2) ions with the heterocyclic sugar moiety building block tetrahydrofuran 
(THF) was studied in order to interpret the mechanisms occurring at the molecular level. The molecular 
structure properties of THF were obtained by means of ab initio quantum chemistry methods. The role 
of the conformational structure and the orientation of the THF molecule in collision with C2+ ions are 
particularly discussed. Anisotropic effects of the process dynamics in the collision energy ranging from eV 
to keV by means of semiclassical treatment are also presented and compared to previous experimental 
and theoretical investigations. A detailed analysis of the obtained cross sections points out an increase in 
these values by three orders of magnitude by a change of the THF symmetry from C2v to Cs in collision 
with C2+, which determines a more efficient charge transfer in this case.

An extensive research study has focused on understanding the
effects of ionizing radiation on living matter, and an enormous
amount of work has been carried out in this field, especially in
the past two decades. It has been shown that the interaction of
ionizing radiation with biological tissue can induce different
types of damage or modifications to DNA. These effects can
increase the risk of cancer, but they can also be used in a
positive way, as in heavy ion radiotherapy. Most significant
biological consequences are related to single- and double-
strand breaks caused by radiations with DNA chains. It is
known that direct damage to DNA is not only due to the
primary quanta of radiation itself, but also to secondary parti-
cles generated along the track after the interaction of the
ionizing radiation with the biological medium.1,2 These parti-
cles may be either low energy electrons, radicals, or singly and
multiply charged ions. A lot of experiments and theoretical

studies have been performed recently in order to investigate the
action of these particles on biologically relevant molecules.

From the experimental point of view, many studies have thus
focused on the dynamics of molecular ionization and fragmenta-
tion processes induced by the interaction of photons,3,4 low-energy
electrons5–8 and keV ions4,9,10 with biomolecules. They allow an
evaluation of the relative cross sections for different reactions
directly from the mass spectra. Unfortunately, such experimental
results, focused mainly on the fragmentation process, cannot
provide any information on possible charge transfer. Obviously,
theoretical approaches and simulations help following the main
processes which can occur during ion–(bio)molecule collisions.
Those can be either: excitation and fragmentation of the bio-
molecule, ionization of the target and possible electron capture
from the biomolecule towards the multicharged ion.

The most recent investigations using different experimental
techniques have been devoted to the fragmentation of THF
molecules induced by photons,11,12 low energy electrons13–17 and
neutral potassium atoms.18,19 However, from the theoretical
point of view, less is known about the efficiency and accuracy
of quantum chemistry methods for the determination of the
structural properties of the THF molecule and the dynamics
of the processes in these collisional systems. A precise analysis
of the possible channels for charge exchange processes
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groups and nucleobases in the DNA chain and it can occur in its
furanose or pyranose form depending on the environment. This
simple THF heterocyclic five-membered molecule has been exten-
sively studied in the past with respect to both its vibrational and
electronic structure by experimental13–15,17,25–27 and theoretical
approaches.28–32 Many studies have focused on the pseudo-
rotational properties of tetrahydrofuran, but the geometry of the
equilibrium structures still remain unclear. According to recent
investigations,14 the most stable THF structure is a Cs-symmetric
envelope conformation.

Here, in order to understand the charge transfer mechanism
we introduce the results of the latest investigations of the collision
of C2+(1s22s2) ions with the THF heterocyclic molecule.20,33 No
detailed theoretical study of the potential energy curves and
nonadiabatic couplings, which are important for an evaluation
of the charge transfer cross sections, is reported in the literature
for this system. Therefore, as a first step, we carefully analyzed the
charge transfer for this C2+–THF reaction, including different
orientations of the target molecule investigated, for the simplicity
of calculations in two chosen conformers: envelope with Cs sym-
metry and planar with C2v symmetry. Particularly, dependence of
the geometry on the molecular target was observed in the frag-
mentation process, pointing out different fragmentation pathways
with regard to the conformation of the molecular target.34 We
plan to investigate the dependence of the charge transfer dynamics
not only on the collision energy but also on the orientation of the
target molecule during the collision as well as on the electronic
structure of the ionized projectile. In order to obtain an intrinsic
picture of the dynamics of the process, the obtained results
were compared with those performed on 2-deoxy-D-ribose with
C4+ ions.35,36 The present article is organized as follows: Section 2
presents the collisional model and the computational methods
employed to calculate potential energy curves, couplings and charge
transfer cross sections. The obtained results are given and discussed
in detail in Section 3. Finally, in Section 4, conclusion remarks and
perspectives are included.

2. Theoretical treatment
2.1. Molecular model

A complete study of the mechanism and quantitative character-
istics of charge exchange processes in the C2+–THF interaction

Fig. 1 (a) Internal coordinates and numbering of the atoms in THF and
(b) molecular model of the collision: planar for y = 01 and perpendicular for
y = 901.

(capture of single and double electrons) requires very accurate 
potential energy curves and couplings that are usually deter-
mined by ab initio quantum chemistry approaches. A good 
assessment of the employed methods is also necessary to 
calculate with high precision the charge transfer cross sections. 
The prediction of the order of magnitude of the cross sections 
provides valuable information concerning the elucidation of 
the charge exchange and fragmentation mechanisms.

One of the main motivations of our theoretical investigation is 
the very recent experimental study of the fragmentation processes 
of THF molecules induced by C+, H+ and O+ collision for incident 
energies between 25 eV and B1 keV.20 Here, using cation-induced 
luminescence spectroscopy, several neutral fragments, as well as 
singly ionized C, H and O atoms, were detected  and compared  
with the existing spectroscopic data. Moreover, in this experiment, 
it has been shown that the fragmentation mechanism strongly 
depends on the projectile and is dominated by electron transfer 
from tetrahydrofuran molecules to the projectile cations. For the 
specific C+–THF collision, it was postulated that the rapid 
enhancement of the CH (A2D) fragmentation yield, which 
occurred at lower velocities, may indicate the formation of the 
temporary [C–C4H8O]+ complex prior to dissociation.

Therefore, our theoretical efforts focused on the determination 
of electron capture cross sections with THF at keV impact energy 
as in the collisions of heavy ions with nucleobases.21–24 In parti-
cular, the inclusion of carbon ions is proven to be the best choice 
for selectively irradiating deep-seated tumors during therapy. For 
such systems, we have thus proposed and developed a uniform 
framework based on the ab initio molecular calculations of the 
potentials and nonadiabatic couplings between the different 
molecular states involved in the process followed by collisional 
dynamics in a wide energy range of interactions, from eV to keV. 
Our first prototypical study of the charge transfer process  for the  
Cq+ + uracil system for a series of charge q = [2–4] has shown that 
the fragmentation and charge exchange process appear to be 
complementary.21 Indeed, this was in agreement with the experi-
mental data in which the relative uracil fragmentation cross sec-
tions for the interaction with Cq+ have been measured. A general 
conclusion from the experimental findings was that the relative 
fragmentation yield for a molecular target after impact with a 
projectile ion can be assumed to be inversely proportional to the 
electron capture cross section.9 The effects of the projectile 
electronic  structure have also been discussed. The details of  the  
model will be discussed in the following sections.

Consequently, in recent calculations we have selected five- and 
six-membered heterocyclic molecules, which can also serve as 
simple models of the DNA structural units (nucleic bases, deoxy-
ribose) in the investigations of the action of ionizing radiation in 
biologically important materials, as well as in the synthesis of new 
compounds which are especially useful in medicinal chemistry. 
The tetrahydrofuran (C4H8O) (Fig. 1a) molecule has attracted a lot 
of attention owing  to its applications in many chemical areas. It is  
regarded as the simplest analogue of the 2-deoxy-D-ribose (dR)
(C5H10O4) and  D-ribose (C5H10O5) molecules, which are one of 
the most important molecules in DNA and RNA structures. 
Deoxyribose plays a crucial role as a linker between the phosphate
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requires a model that is simple enough to be computationally 
feasible, but which includes sufficient details of the problem 
to reproduce the essential features of the process. In a theo-
retical treatment of such a system, as a first step we have to 
determine the structure of the THF molecule as well as the 
potential energies and couplings of the different molecular 
states involved in the collision process. In general, the mole-
cular system is complex, and a complete treatment should 
take into account all the possible vibration and rotation move-
ments, which of course would lead to a number of degrees of 
freedom impossible to handle in a calculation. In 2005, we 
showed it was possible to extend the close-coupling method, 
which is well-adapted to the treatment of charge transfer 
processes in ion-atom collisions,37–39 to much more complex 
systems, in particular those of biological interest. As a first 
case  study  we choose the Cq+ (q = 2–4)–uracil system.21 A 
simple model of this polyatomic complex collisional system 
was proposed by means of the one-dimensional reaction coordi-
nate approximation in which a projectile ion approaches 
the corresponding target molecule on a single straight-line 
trajectory. Under such an assumption, in the case of an inter-
action of the THF molecule with carbon ions, the collision 
can be represented as the evolution  of  the polyatomic  
C2+–THF complex, which, in a first approximation, could be 
treated as a pseudo-diatomic system, the reaction coordinate 
corresponding to the distance R between the center-of-mass of 
the THF molecule and the colliding carbon ion. Since the 
charge transfer process is extremely fast, the geometry of the 
THF target can be considered as frozen during the collision 
time. Of course, such an approach does not consider the 
degrees of freedom of the complex and the internal motions 
of the molecule, but seems reasonable in a very fast collision 
process where nuclear vibration and rotation periods are 
assumed to be much longer than the collision time (typically 
10�16 s).

For the heterocyclic THF molecule, the geometry is con-
structed around a five-membered planar (C2v symmetry) ring, 
and the anisotropy of the charge transfer process can be con-
sidered for different orientations of the projectile ion toward this 
ring plane, for the collision of C2+–THF. In such a case, different 
molecular states of the C2+–THF collisional system are involved 
and the potentials can be calculated along the reaction coordi-
nate R for different angles y from perpendicular (y = 901) to  
planar geometry (y = 01) in order to take into account the 
anisotropy of the process. The model of the collision is illus-
trated in Fig. 1b. Additionally, to include a change of the con-
formation of the target molecule, the collision model also 
considers the THF molecule in the Cs symmetry (envelope 
conformer). In such a case, an oxygen atom is displaced by 
about a = 23.341 from the plane of the THF and the carbon ion 
approaches along the side of the axis, which is determined 
within the C–O bond (Fig. 2).

The charge transfer process is mainly driven by the non-
adiabatic interactions in the region of the avoided crossings. 
The corresponding nonadiabatic radial coupling matrix 
elements between all pairs of states of the same symmetry have

been calculated numerically by means of the finite difference
technique:

gradKLðRÞ ¼ CK
@

@R

����
����CL

� �
¼ lim

D!0

1

D
CKðRÞjCLðRþ DÞ �CLðRÞh i

¼ lim
D!0

1

D
CKðRÞjCLðRþ DÞh i � CKðRÞjCLðRÞh i½ �;

where hCK| and |CLi are the eigenfunctions of the different
molecular states involved in the process. As hCK| and |CLi
are orthonormal, the expression reduces to gradKLðRÞ ¼

lim
D!0

1

D
CKðRÞjCLðRþ DÞh i. The use of this numerical method

requires the stability to be checked with respect to the differ-
entiation step D. In order to obtain better numerical accuracy,
the two-point numerical differentiation method has been used
for numerical accuracy with a value of D = 0.0012 a.u. and with
the center-of-mass of the THF molecular target chosen as the
origin of the coordinates.

2.2. Collision dynamics

The collision dynamics of the charge transfer process have been
treated by means of the semiclassical method in the framework
of the sudden approximation hypothesis. Since electronic tran-
sitions are much faster than typical vibration (B10�12 s) and
rotation motions in the molecule, the molecular target internal
degrees of freedom in both the C2v and Cs geometries can be
considered to be unchanged during the collision time within
the investigated energy range. The absolute total and partial
cross sections, corresponding to purely electronic transitions,
are then calculated by solving the impact-parameter equation
as in the usual ion-atom approach,40 assuming the geometry of
the molecular target fixed in its ground state. In a straight-line
impact-parameter treatment, the total electronic wave function
is expanded onto a set of configurations built with the product of
one-electron orbitals, which are exact solutions of one-electronic
two-center Hamiltonian. The introduction of this expansion in the
Schrödinger equation leads to a set of coupled equations that is
numerically integrated.

Such approximation gives a visual description of what is
happening during the collision as it is much easier to picture
a classical trajectory than a vector of rapidly oscillating wave
functions. In semiclassical approximation, the system follows
time evolution as it is very characteristic of classical descrip-
tion. In the impact parameter method, the nuclear trajectory
(relative motion of atoms and molecules) is given a priori as a

Fig. 2 Geometry of THF in an orientation close to the planar attack. The
THF ring is kept in the Cs symmetry; the a angle is a displacement of the
oxygen atom (O) from the plane of symmetry of the THF molecule.
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function of time and is treated as a kind of external parameter 
for the electronic degrees of freedom.

This methodology has been proved to provide quite accurate 
results for ion-diatomics38,41 collisions, as well as in ion-polyatomic 
processes39 for energies higher than around 10 eV amu�1. 
Effectively, at these collision energies, as previously pointed out 
for collisions of carbon ions with uracil and halouracils,21,24,42 

the collision time is shown to be much shorter than the typical 
vibration time and typical rotation time. The present treatment 
has been extended to collision energies in the eV domain taking 
into account a recent comparative study of time-dependent 
quantum wave packet and semiclassical methods in ion-atom 
charge transfer processes at very low (much below 1 keV)43–45 and 
even at ultra low (below 10 eV) energies.46,47 Nevertheless, the 
application of quantal wave packet approaches for studying the 
charge exchange processes with good accuracy is numerically very 
demanding, as was shown for chosen ion-atom cases,43,46 espe-
cially in a two-dimensional model.47 Thus, one can always keep 
in mind a compromise regarding the efficiency and computa-
tional cost of the performed calculations. However, the compa-
rative results presented in the literature for the few already 
investigated cases44,47,48 lead to the observation that the discre-
pancy of the quantal approach with respect to the semiclassical 
approach appears only for the energy of few eV. Therefore, 
employing semiclassical treatment for ion–(bio)molecule colli-
sions seems to be reasonable as a first choice for understanding 
the dynamics of the charge exchange process. Particularly, based 
on our previous experience with the consideration of biological 
targets, we can thus expect a semiclassical approach to provide a 
correct order of magnitude of the charge transfer cross sections 
in a wide collision energy range.

In the present paper, the ion–molecule collision dynamics 
calculations have been performed in a laboratory energy range 
from 14.7 eV to 12 keV for both in-the-plane and perpendicular 
orientations of the C2+–THF system. In this energy domain, 
semiclassical approaches using the EIKONXS code based on an 
efficient propagation method49 have been used with good 
accuracy for impact parameters between 1.5 and 18.5 a.u. All 
the transitions between the states of the same symmetry, driven 
by radial coupling matrix elements, have been considered for 
the colliding C2+ carbon ions. The coupled equations have been 
solved with a step size such that a numerical accuracy of 10�4 

for the symmetry of the S matrix is fulfilled. As previously 
stated,21 rotational couplings have not been taken into account 
in this calculation. To our knowledge, this is the first attempt to 
generate single and double electron capture cross sections for 
the collision of the tetrahydrofuran molecule with carbon ions 
in the considered energy range.

3. Results and discussion
3.1. Molecular calculations

From a theoretical point of view, we have performed a series of 
careful quantum chemical calculations of THF. The geometries 
have been optimized at the Hartree–Fock level as well as at

higher ab initio levels such as Coupled Cluster Singles Doubles
(with parametrical Triples) (CCSD(T)), second order Møller–Plesset
(MP2) and by means of Density Functional Theory (DFT) with
standard Pople’s and Dunning’s basis sets. The obtained energy
values are presented in Table S1 in the ESI.† Our calculations
are in good agreement with other proposed models, which
studied pseudo-rotation motion in THF.29,31 All calculations
have been performed by means of the MOLPRO suite of ab initio
programs.50,51

The geometry of the ground state, as well as singly ionized
THF molecules, has been optimized by means of DFT calcula-
tions using the Becke–Lee–Yang–Parr density functional52–54

(B3LYP), which has been shown to be computationally efficient
and provides accurate structures and transition energies. Geo-
metric parameters (bond lengths and bond angles) for studied
conformations of tetrahydrofuran optimized at the B3LYP/
6-311++G(d,p) level of theory chosen for further calculations are
given in Table S2 in the ESI.† In addition, to specify the order of
electronic transitions, the excitation energies, oscillator strengths
( fL, in the length gauge) and electronic radial spatial extents
(hr2i) of THF were calculated for singlet states with the equation
of motion coupled cluster method restricted to single and double
excitations (EOM-CCSD)55 using the geometry previously optimized
with B3LYP/6-311G++(d,p). The calculated properties for ten states
are presented in Table S3 (for C2v symmetry) and Table S4
(for Cs symmetry) in the ESI.†

In order to determine the potential energy surfaces and
couplings of different molecular states involved in the collision
process as a function of the internuclear distance R, necessary
calculations have been carried out at the Complete Active Space
Self Consistent Field (CASSCF)56 level of theory with the chosen
6-311++G(d,p) basis set. Each active space takes into account
important orbitals of the THF and carbon ion. Several, carefully
chosen active spaces have been considered and will be described
in detail for each collision set up. The potential energy curves of
the different molecular states involved in the process are deter-
mined along the reaction coordinate R for a large number of
R values from 0.5 to 10 a.u. Tetrahydrofuran targets in chosen
symmetries are considered in their ground state geometry and
kept frozen during the collision process.

3.2. Potential energy curves

In order to take into account the inner excitations of the
electrons in the 5-membered ring in the two different symme-
tries (C2v and Cs) and to analyze their overall influence on the
charge transfer process, different active spaces have been con-
structed and applied in the following calculations. The first
considered active space includes the six electrons distributed
over three valence and three virtual orbitals, CAS(6,6), constructed
mainly on the highest occupied molecular orbital (HOMO) nO(2pz)
orbital and 2py orbital centered on an oxygen O atom, as well as
the C3–C4 (2pz) orbital of the THF ring. Additionally, the 2px

lowest unoccupied molecular orbital (LUMO), 2py and 2pz orbitals
of the colliding carbon ion are also included. In order to take into
account the inner shell molecular orbitals, the active space has
been extended to the CAS(10,8), including the doubly occupied
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C3–C4 (2px) and C3–C4 (2py) orbitals. The 1s orbitals of all the 
atoms are treated as frozen cores. The main orbitals of THF in 
C2v symmetry are presented in Fig. 3.

The corresponding adiabatic potential energy curves for 
CAS(6,6) in in-the-plane and perpendicular attacks are pre-
sented in Fig. 4. Looking carefully at the evolution of the wave 
function with the internuclear distance R between the colliding 
C2+ ion and the oxygen atom in-the-plane symmetry (Fig. 4a), 
there is globally no evidence for the presence of a strong avoided 
crossing, except between states 41A1 and 51A1 around R = 2 a.u.  
Besides, a smooth avoided crossing could be pointed out between 
states 21A1 and 31A1 around R = 3 a.u., but the potential energy 
curves mainly correspond to their molecular configuration in the 
asymptotic region. Such an observation was also supported by the 
determination of the nonadiabatic couplings, where the values 
obtained were very small (in the order of magnitude between 
10�8 a.u. and 10�15 a.u., so one can say they were almost 
negligible). As a consequence, we can expect that for the in-
the-plane collisional C2+–THF (C2v) system, the chosen active 
space was not sufficient to describe properly the charge transfer 
process and, consequently, the cross sections could give marginal 
values in the dynamics calculations. Therefore, as a next step, the 
collisional system of C2+–THF (C2v) in the perpendicular direction 
was investigated for the same active space. For this perpendicular 
collision, the colliding ion approaches along the z axis and the 
THF molecule remains in the xy plane with the origin of coordi-
nates at the center-of-mass. Such collisional system presents 
the Cs symmetry with only A0 and A00 states.

A particularly strong delocalization of the electrons of the 
target towards the projectile at a close range of internuclear 
distance R can be seen directly, and an interesting conclusion 
can therefore be made. Indeed, at first sight, single and double 
electron captures are clearly observed. The charge transfer pro-
cess is mainly driven by the nonadiabatic interactions in the 
vicinity of the avoided crossings. In the perpendicular geometry 
(Fig. 4b), two significant avoided crossing regions are exhibited 
around [1.5–1.7] Å between the molecular states 21A0 {nO(2pz

O) 2pz
C} 

and 31A0 {nO(2py
O) 2py

C}, corresponding to the single electron 
capture channels with the C+ + THF+ configuration, as well as 
between the 51A0 {nO(2pz

O) 2py
C2px

C} and 61A0 {nO(2pz
O) 2pz

C2px
C} 

where the double electron transfer is observed, leading to the 
C + THF2+ configuration. However, the main process is double 
excitation of one electron from the nO(2pz

O) orbital and one 
from the pC3C4(2pz) orbital, both of which are located on the

THF ring to the 2p components of the colliding carbon,
corresponding to the C + THF2+ level. The strong degeneration
of all the considered states may be observed at the asymptotic
region corresponding mainly to the three charge transfer
configurations (Fig. 4b): {nO(2pO

z ) 2pC} for states 11A0 and
21A0; {nO(2pO

y ) 2pC} for states 31A0 and 41A0; and {nO(2pO
z ) 2p2C}

for states 51A0 and 61A0, respectively.
To conclude, we can point out that for the limited active space

used in the above calculations the charge transfer appears to be
strongly dependent on the orientation of the projectile. For the
purpose of extending our approach by including two more inner

Fig. 3 Main molecular orbitals involved in the charge transfer process located
on the THF (C2v) ring molecule taken into the active spaces CAS(6,6). The
orbital HOMO is defined as nO(2pO

z ), HOMO�1 as nO(2pO
y ), and HOMO�2

as pC3C4(2pz).

Fig. 4 (a) Adiabatic potential energy curves of the 1A1 states of the
C2+–THF collision system (C2v) in-the-plane orientation along the y axis.
Numbering by increasing energy: 1 (red) corresponding to the configu-
ration {nO(2pO

z ) 2pC
z }; 2 (green) corresponding to {nO(2pO

y ) 2pC
y }; 3 (blue)

corresponding to {nO(2pO
z ) 2pC

y } and to {pC3C4(2pz) 2pC
x }; 4 (light blue)

corresponding to {nO(2pO
z ) 2pC

x } and to {pC3C4(2pz) 2pC
y }; and 5 (brown)

corresponding to {nO(2pO
y ) 2pC

x }; the second electron capture comes from
the pC3C4(2pz) orbital located on the THF ring to 2pC

z . (b) Adiabatic potential
energy curves of the 1A0 states of the C2+–THF collision system (C2v) in the
perpendicular orientation along the z axis. Numbering by increasing energy:
1 (red) corresponding to the configuration {nO(2pO

z ) 2pC
y }; 2 (green) corres-

ponding to {nO(2pO
z ) 2pC

z }; 3 (blue) corresponding to {nO(2pO
y ) 2pC

y }, 4 (light
blue) corresponding to {nO(2pO

y ) 2pC
z }; 5 (brown) corresponding to {nO(2pO

z )
2pC

y 2pC
x }; the second electron capture comes from the pC3C4(2pz) orbital

located on the THF ring; and 6 (orange) corresponding to {nO(2pO
z ) 2pC

z 2pC
x };

the second electron capture comes from the pC3C4(2pz) orbital located
on the THF ring.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://dx.doi.org/10.1039/c7cp02100c
http://mostwiedzy.pl


shell orbitals, the calculation in-the-plane direction along the y
axis for CAS(10,8) has also been performed. The corresponding
adiabatic potential energy curves are presented in Fig. 5.

In this case, the calculated five potentials show very inter-
esting features. Firstly, the charge transfer levels present clearly
an avoided crossing around R = 2.2 Å between the single
capture levels: 21A1 corresponding to {nO(2pO

y ) 2pC
y } and 31A1

corresponding to {pC3C4(2px) 2pC
y } configurations, respectively.

This is also confirmed in the nonadiabatic coupling calcula-
tions (reaching values of 10�2 a.u.), where the avoided crossing
region is favoured for the transition of the electrons. A single
electron capture thus takes place mostly from a p-electron of
the highest occupied molecular orbital of the THF molecule,
nO(2pO

z ), to the unoccupied 2p orbital of the projectile carbon ion
(Fig. 5: states 11A1 and 21A1, respectively). This can be attributed
to the {C+(1s22s22p) + THF+} level. Additionally, at increasing
energy, two simultaneous excitations from the pC3C4(2px) and
pC3C4(2py) orbitals to the components of the 2p orbital of the
colliding carbon ion were found (Fig. 5: 31A1 and 41A1) leading to
two excited {C+(1s22s22p) + THF+*} levels. Effectively, these two
levels are correlated adequately with the 2py and 2px components
of the 2p level of the carbon projectile and evidently they are
degenerated at a long range. Such a situation can be noticed by
observation of the localization of the electrons at a long range on
the active orbitals involved in the reaction. Furthermore, double
excitation from the nO(2pO

z ) and pC3C4(2pz) orbitals on the THF
ring to the 2py and 2px components of the 2p orbital centered
on the colliding carbon ion was also observed, which can be
attributed to the {C(1s22s22p2) + THF2+} state.

Finally, the molecular calculations for the collision of carbon
C2+ ions with the THF molecule, being in the Cs symmetry, have
been performed. In this case, the collision takes place along the
C–O chemical bond corresponding to the y axis and the oxygen

atom is slightly displaced from the plane symmetry of the THF
molecule by an angle of a = 23.341. To overcome the difficulties
concerning the symmetry, the system has been studied using
the Cartesian coordinates with the origin at the center-of-mass
of the THF molecule. All calculations have been performed with
an active space CAS(10,8) taking into account the highest occupied
orbitals on the THF ring as well as the 2px, 2py and 2pz orbitals
of the colliding carbon ion. The corresponding potential energy
curves in this orientation are presented in Fig. 6. The molecular
orbitals of the THF ring involved in the charge transfer are quite
similar to those for C2v symmetry. The lowest electronic transitions
from the main orbitals of THF in Cs symmetry are given in
Table S4 (ESI†).

Looking in detail at the potential energy curves, the trend of
the curves radically changes with a decrease in the distance R
between the colliding C2+ ion and the THF molecule in Cs sym-
metry. This can be caused by the strong delocalization of the
electrons along the C–O bond, especially in the short-range
region in which the target and the projectile start to interact.
Indeed, two avoided crossings can be observed, one at a distance
of around R = 1.7 Å and a second one around R = 2.2 Å, showing
strong nonadiabatic interactions between corresponding states
(Fig. 6). A very substantial interaction can also be directly
noticed between the {nO(2pO

z ) 2pC
y } and {nO(2pO

y ) 2pC
z } levels

(Fig. 6: states 21A0 and 31A0, respectively). From the detailed
analysis of the calculated results, it can be concluded that both
curves do not overlap but show very smooth avoided crossing.
However, we think that this feature may be caused by the
orientation of the THF target molecule, which has changed with
respect to the previous calculations, driving enhanced delocali-
zation of the electrons mainly located on the displaced out-of-
plane oxygen atom, especially towards an incoming projectile
carbon ion. This could suggest that the charge transfer process
may be favorable in the collision system in which the tetra-
hydrofuran is in the Cs envelope symmetry. Furthermore, in such

Fig. 5 Adiabatic potential energy curves of the 1A1 states in the collision of 
C2+ ions with THF (C2v) in-the-plane orientation along the y axis for 
CAS(10,8). Numbering by increasing energy: 1 (red) corresponding to the 
configuration {nO(2pz

O) 2pz
C}; 2 (green) corresponding to {nO(2py

O) 2py
C}; 

3 (blue) corresponding to {pC3C4(2px) 2py
C}, 4 (light blue) corresponding to 

{pC3C4(2py) 2px
C}; and 5 (brown) corresponding to {nO(2pz

O) 2px
C2py

C}; the 
second electron capture comes from the pC3C4(2pz) orbital located on the 
THF ring with {pC3C4(2pz) 2px

C2py
C} configuration.

Fig. 6 Adiabatic potential energy curves of the 1A0 states in the collision
of C2+ ions with THF (Cs) along the y axis for CAS(10,8). Numbering by
increasing energy: 1 (red) corresponding to the configuration {nO(2pO

z ) 2pC
z };

2 (green) corresponding to {nO(2pO
z ) 2pC

y }; 3 (blue) corresponding to
{nO(2pO

y ) 2pC
z }, 4 (light blue) corresponding to {nO(2pO

y ) 2pC
y }; 5 (brown)

corresponding to {pC3C4(2pz) 2pC
x }.
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a short distance range, one can expect the formation of a tem-
porary cluster molecule leading to the {C+(1s22s22p) + THF+} level.

Moreover, in this case, the process is driven by excitation of 
the single occupied nO(2pO) level centered mainly on the 2pz on 
the oxygen of the ring to the 2pz and 2py orbitals of the colliding 
carbon (Fig. 6: states 11A0 and 21A0, respectively). Both consid-
ered states are degenerated at long range and correspond to the 
{C+(1s22s22p) + THF+} level. Accordingly, for states 31A0 and 
41A0, single electron capture takes place from the nO(2pO) level 
centered on the 2py on the oxygen of the ring to the 2pz and 2py 

of the colliding carbon and the highest calculated state corre-
sponds to the excitation of the nO(2pO) orbital located on the 
THF ring toward 2px of the colliding carbon. No double electron 
capture has been observed in this case.

In summary, good overall agreement is seen for all the con-
figurations of the molecular system. Indeed, with the change of 
the orientation of the target molecule from planar or quasi-planar 
geometry (THF in Cs symmetry with a deviated oxygen atom) to 
the perpendicular one, interesting features may be observed in 
the C2+–THF collision system. In each considered case, regardless 
of the orientation of the molecular system, single and/or double 
electron captures have been observed, taking place from the 
valence orbitals of the THF molecule to the 2p orbital of the 
colliding carbon ion C2+. This suggests, in agreement with pre-
vious experimental observations on ion–molecule collisional 
systems,57–59 that in such processes we can expect a strong 
electronic rearrangement with predominance of multielectron 
capture from the electronic cloud of the THF molecule towards 
the C2+ colliding ion. Additionally, the same features may be 
observed in the perpendicular and close to the planar geometry of 
the system in which in both cases we observed strong degene-
ration of the single electron transfer levels and, in the case of 
perpendicular attack for y = 901, double electron transfer.

It is worth pointing out that the position of the avoided 
crossings, as well as the delocalization of the electrons from the 
target molecule to the projectile, are strongly dependent on the 
orientation of the collision system. Generally, it seems that 
the interaction between colliding species occurs much more 
smoothly at lower internuclear distances when the approach angle 
decreases and moves from perpendicular geometry to a geometry 
closer to the planar one. At the lower angle, as for example a 
displacement a = 23.341 of the oxygen atom out-of-plane of the 
C4H8O molecule, the molecular system is dominated by short 
range avoided crossings between different potentials. Additionally, 
in the avoided crossing region for low values of R, where the  
transfer can occur, we could also observe step by step formation of 
the chemical bonding between the oxygen atom of the THF and 
the projectile carbon, indicating the possibility for the formation of 
the molecular complex [C+–C4H8O]+ prior to dissociation.

Indeed, such a result is in agreement with the experimental 
fragmentation studies induced by the C+–THF collision in which 
the existence of the [C–C4H8O]+ complex has been determined. 
In this case, investigation of the highest yields obtained for the 
production of excited C atoms in the C+–THF collision suggested 
that the fragmentation processes are mostly preceded by electron 
transfer from the THF molecule to the cation20 in agreement with

the previous studies in low-energy ion collisions with neutral
complex systems.8,23,24,42

The position of avoided crossings in the perpendicular orien-
tation of the colliding ion is similar to the case in which the THF
molecule is in Cs symmetry. This indicates that such a behaviour
strongly depends on the orientation of the target molecule and
that the collisional system is dominated by short range avoided
crossings between the different potentials. In spite of important
anisotropic effects, the mechanisms observed above can play a
dominant role and may drive different dynamics in the C2+–THF
reaction.

3.3. Cross sections

The corresponding absolute averaged charge transfer cross section
values in planar, close to planar (with deviation of the oxygen atom
of about a = 23.341 from the plane of the THF) and perpendicular
(y = 901) orientations are presented in Table 1 and Fig. 7. The cross
sections in the planar or near planar orientations are presented for
both structures of THF in C2v and Cs symmetry and calculated with
inclusion of the potentials and corresponding couplings obtained
with the CAS(10,8) active space. The perpendicular orientation is
considered only for the C2v orientation of THF with the smaller
CAS(6,6) active space in order to show the anisotropy of the

Table 1 Charge transfer cross sections for the C2+–THF collisional
system (in 10�16 cm2)

Velocity
(a.u.) Elab (eV) stot (C2v) plane stot (C2v) perp stot (Cs)

0.007 14.7 1.17 � 10�7 1.2978 � 10�5 7.1585 � 10�3

0.01 30 3.86 � 10�7 4.1663 � 10�5 1.5116 � 10�2

0.015 67.5 9.72 � 10�7 8.5604 � 10�5 2.7128 � 10�2

0.02 120 1.08 � 10�6 1.3159 � 10�4 2.4096 � 10�2

0.03 270 3.32 � 10�6 1.3858 � 10�4 3.9457 � 10�2

0.04 480 2.84 � 10�6 1.3099 � 10�4 0.14629
0.05 750 2.19 � 10�6 1.3057 � 10�4 0.21793
0.06 1.08 � 103 3.31 � 10�6 1.1848 � 10�4 0.15035
0.07 1.47 � 103 4.41 � 10�6 1.0966 � 10�4 0.23922
0.1 3.0 � 103 2.94 � 10�6 8.9648 � 10�5 0.36644
0.15 6.75 � 103 3.19 � 10�6 6.9418 � 10�5 0.33747
0.2 12.0 � 103 3.08 � 10�6 5.1324 � 10�5 0.29235

Fig. 7 Charge transfer cross sections in the C2+–THF collision system:
(blue), in-the-plane approach; (red), perpendicular approach; and (green),
collision for THF in Cs symmetry.
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collision model. As the process is clearly anisotropic, such a 
model can provide a rough estimate of the accuracy of the cross 
sections with respect to the experimental conditions. However, 
the obtained absolute values for the charge transfer cross  section  
can give only an order of magnitude of the process with regard to 
the limited number of states. In the following discussion, the 
obtained cross sections are interpreted starting from the lowest 
values and progressing to the highest.

Indeed, as can be seen in Fig. 7, the lowest values are 
obtained for the collision of C2+ alongside the C–O bond in-
the-plane of the tetrahydrofuran (C2v, planar conformer) mole-
cule for CAS(10,8). In this case, the C2+–THF collision system 
shows clearly a regular increase in the charge transfer cross 
sections with increasing velocity, at low energies. The values 
of stot for the C2+–THF (C2v) planar reach a smooth maximum, 
around 3.32 � 10�6 � 10�16 cm2 for Elab around 270 eV. Then, 
for higher energies they remain more or less constant with only 
small oscillating variations, around [3.0–4.0] � 10�6 � 10�16 cm2. 
The observed oscillatory dependence of the cross sections is due 
to interference between the energetically close reaction channels 
appearing as a result of interactions at large distances between the 
projectile and the target. This structure does not disappear after 
integration with respect to the impact parameter. Indeed, the 
oscillatory behaviour comes also from the existence of the avoided 
crossing of adiabatic potentials involved in the collision system 
and appears mostly in the lower collision energy region below 
10 keV. Although within all energy ranges we observe a slow 
increase of the cross sections in this planar attack, the values 
always remain very small, reaching an order of magnitude of 
around �10�22 cm2. This can be explained by the lack of a 
significant avoided crossing region for the potential energy 
curves considered for such a collision (as illustrated in Fig. 4a 
and 5). Therefore, the likelihood of having an important charge 
transfer in this case is rather weak. Such a conclusion may be 
significant in relation to the experimental collisional data on 
the fragmentation processes.20 The charge transfer process 
seems to be more efficient when the C2+ ion is colliding with 
the THF target in the perpendicular orientation. This is parti-
cularly effective at very low eV impact energies, where the charge 
transfer cross sections are higher by about two orders of magni-
tude in the perpendicular attack rather than in the planar colli-
sion (Fig. 7, stot for C2+–THF (C2v) perp. and stot for C2+–THF (C2v) 
planar, respectively). The behaviour of the C2+–THF (Cs symmetry, 
envelope conformation) collision system appears to be quite 
different. Effectively, the cross section first continuously increases 
at very low energies (up to B400 eV), then shows a smooth 
minimum with small variations of charge transfer cross sec-
tions with velocity around Elab = 480 eV [0.14629 � 10�16 cm2]. 
Besides, a strong increase of about one order of magnitude of 
the cross section values for energies up to 1 keV with evidence 
of a small minimum of around 0.15 � 10�16 cm2 is observed. For 
higher velocities, the values of charge transfer cross sections, stot 

for C2+–THF (Cs), remain more or less constant, peaking around 
0.36 � 10�16 cm2 in the range of energy between [3–12] keV. It is 
also clearly visible that all these values are at least two orders of 
magnitude greater than the ones observed for the C2+–THF (C2v)

in perpendicular attack and up to 106 higher compared to the
planar attack.

For a more detailed assessment of the sensitivity of our results
to the uncertainty of the cross sections, our results were compared
with previous calculations performed for the C4+ ion-induced
collision with a 2-deoxy-D-ribose (dR) target in the furanose
conformation.36,60 In the backbone of DNA, the 2-deoxy-D-ribose
sugar exists mainly in its furanose form, thus, tetrahydrofuran can
be regarded as a simple analogue of the dR molecule. Calculations
of the charge transfer cross sections for the C4+–dR case have been
performed in the [120 eV–108 keV] laboratory energy range in both
restricted orientations, in the xy plane corresponding to the mean
plane of the ring of the dR molecule, and in the perpendicular
orientation along the z axis. The cross sections in perpendicular
and planar orientations are displayed in Fig. 8, for both C2+ and
C4+ projectile ions colliding with the THF and dR target mole-
cules, respectively. Effectively, strong conformation and orienta-
tion dependence in carbon ion-induced collisions with both DNA
building blocks may directly be observed. From the present
results, it appears to be clear that for both collision systems, the
charge transfer is favoured in the perpendicular or close to
perpendicular geometry. In contrast, in the planar attack, the
charge transfer process appears not to be particularly efficient.

However, the values of the cross sections for the C2+–THF
(C2v symmetry) collision system in-the-plane orientation are
significantly lower than the charge transfer cross sections calcu-
lated also for C4+–dR in-the-plane orientation, reaching at the
maximum, an order of magnitude of 10�4 � 10�16 cm2. Such a
result is not surprising since it was confirmed both by experimental
data61 and a series of calculations for collisions with carbon ions
for q 4 2,22,62,63 that, generally, a higher charged projectile ion can
induce higher charge transfer cross sections.

On the other hand, the low values of the cross sections can
also be analyzed in relation to the experimental observations,
considering that the relative fragmentation yield for a molecular

Fig. 8 Charge transfer cross sections for C2+–THF (in the planar and
perpendicular orientation, C2v symmetry of THF), C2+–THF (Cs symmetry)
as well as for collision of the C4+–dR sugar moiety in furanose form for the
planar and perpendicular orientations. Color code: (blue), in-the-plane
approach for C2+–THF (C2v); (red), perpendicular approach for C2+–THF (C2v);
(green), collision for C2+–THF (Cs symmetry); (magenta), in-the-plane
approach for C4+–dR; and (brown), perpendicular orientation for C4+–dR.
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target after impact with a projectile ion can be assumed to be 
inversely proportional to the electron capture cross section.4,61,64 

Therefore, the obtained very low values of the cross sections in the 
planar attack for C2+–THF can be regarded as evidence of efficient 
fragmentation of the molecular target during the collision. 
Indeed, such an assumption has been confirmed by experimental 
observations,65 taking into account various projectiles for differ-
ent collision energies. Moreover, our results show the importance 
of the assessment of the general features for the 5-membered 
DNA analogue and give the order of magnitude of the considered 
process.

4. Conclusions

In this work, we present a complete theoretical study of a funda-
mental charge transfer process occurring in collision between 
multiply charged carbon ions and biomolecules in the context 
of investigating radiation damage in biological systems. This 
study presents a model of the charge exchange interaction, con-
sidering the collision between C2+ ions and THF in the frame 
of a molecular treatment of collision dynamics. A detailed 
theoretical analysis of the electronic structure of the target 
THF molecule by employing several very accurate quantum 
chemistry approaches has been shown in order to determine 
the geometry of the molecule and its excited states, and to 
define the most important orbitals, which were included in the 
chosen active spaces.

Different collision orientations have been considered taking 
into account two conformations of the target THF molecule 
(in planar C2v and envelope Cs symmetry). Planar and perpendi-
cular attacks of the C2+ projectile on the THF target were 
investigated using ab initio potential energy curves and couplings 
calculated along internuclear distance R followed by a semiclassical 
collisional treatment in the impact energy range from eV to keV. 
In order to identify single and double electron capture channels, 
particularly special attention has been paid to the exploration of 
the adiabatic potential energy curves. Strong delocalization of 
the p electrons of the THF ring towards the C2+ ion, leading 
to the creation of a chemical bond between the oxygen atom and 
the colliding ion, has been observed. The presence of the cluster 
[C+–C4H8O]+ temporarily formed during the interaction has been 
noticed, which confirms the experimental prediction20 for the 
C+–THF system. Another important finding of this work con-
cerns the calculated values of charge transfer cross sections, 
which strongly depend on the orientation of the THF molecule 
considered in the collision framework. Despite the smaller active 
space used for the calculation, it appears to be clear that the 
perpendicular attack is preferable to the planar attack for 
impacting electron transfer. Differences in cross section values 
are mainly caused by two variables: (i) the existence of the two 
important avoided crossing regions and strong degeneration of 
the states at the long range observed for the perpendicular 
orientation in the molecular structure calculations and (ii) strong 
anisotropy of the symmetry of the THF molecule from C2v to Cs 

displacement of the a angle. It has been pointed out that a change

in the THF symmetry from C2v to Cs during collision with C2+ ions
leads to a significant increase in the cross section values up to
three orders of magnitude. Taking into account the dependence
between the fragmentation and electron capture processes, this
would suggest that the charge transfer process seems to be the
most efficient and is playing the most significant role when the
carbon ion is colliding with the tetrahydrofuran target in Cs

symmetry with displaced orientation along the C5–O1 bond.
From the present results, it appears that the consideration of the
nO(2pO

z ) orbital centered on the oxygen of the THF molecule is
absolutely necessary in order to provide an adequate determination
of the charge transfer cross sections. This feature is in agreement
with the previous calculations of M.-C. Bacchus-Montabonel
for C4+ ions interacting with the 2-deoxy-D-ribose molecule, where
delocalization between two 2pz orbitals situated on the oxygen
atoms taking part in the molecular model was observed.35 The low
values of the calculated charge transfer cross sections would also
suggest almost complete decay of 2-deoxy-D-ribose and its simple
analogue (especially in its C2v structure) in ion-induced collisions.

Therefore, to analyze further the influence of the orientation
of the target molecule of biological meaning in collision with
carbon ions, additional calculations, including all the confor-
mers of THF as well as different heterocyclic molecules, should
be performed. The influence of the charge state of the carbon
ions should also be investigated. This will certainly allow us to
understand in detail the anisotropy of electron capture pro-
cesses in ion-induced collisions with DNA sugar analogues,
especially in relation to new experimental findings.66 Particularly,
it has been suggested that collisions with carbon ions lead to a
more efficient dissociation of THF than collisions with protons.
Therefore, looking deeply into the context of the role and effi-
ciency of the charge transfer processes in cancer proton therapy,
the model collisions of protons with bio(molecular) targets should
also be investigated theoretically. Additionally, since a complete
approach should also take into account the fragmentation pro-
cesses, presently we are investigating the decomposition of the
simpler furan molecule by means of different state of the art
quantum chemistry approaches.

The present work thus can be regarded as a background to the
study of the fragmentation processes induced by the collision of
ions and protons with biologically relevant molecules or their five-
and six-membered heterocyclic analogues, which we hope to
present in the near future. A complete approach should take into
account forthcoming experimental fragmentation measurements
of the THF molecule by ion impact. The obtained experience and
results might then be used as a basis to extend the theoretical
studies to other RNA or DNA bases in a real environment, such as
aqueous solution.
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Y. Liu, A. W. Lloyd, R. A. Mata, A. J. May, S. J. McNicholas,
W. Meyer, M. E. Mura, A. Nicklass, D. P. O’Neill, P. Palmieri,
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