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Abstract. We report calculated electron-impact ionisation cross sections (EICSs) for 2′-deoxycytidine
(Cyt), 2′-deoxy-5-fluorocytidine (fCyt) and 2′,2′-difluorocytidine (gemcitabine, Gem) from threshold to
10 keV. We compare the Deutsch-Märk (DM) and the binary-encounter-Bethe (BEB) methods used to
obtain these cross sections. The methods yield excellent agreement with each other, within 3−4% at the
cross section maxima. In particular, the DM cross sections for Cyt, fCyt and Gem yield maxima of 29.88 Å2

at 79 eV, 28.96 Å2 at 82.2 eV and 29.51 Å2 at 83.4 eV, respectively, whereas the BEB cross sections yield
maxima of 28.89 Å2 at 87.6 eV, 27.97 Å2 at 91.6 eV and 29.02 Å2 at 93.4 eV, respectively. In addition, we
compute EICSs for small sequences built from the considered nucleosides, i.e. for the sequences Cyt-Cyt,
fCyt-Cyt, Cyt-fCyt, Gem-Cyt and Cyt-Gem. We find that the resulting EICSs differ only slightly between
different sequences of the same constituents. Moreover, they can be approximated with an accuracy within
6% by simply adding the EICSs of individual molecular subsystems. Finally, we find that alterations in
the ionisation energy due to the presence of an aqueous solvent can be substantial and may hence also
considerably affect the resulting EICSs especially at low energies close to the ionisation threshold.

1 Introduction

Patients diagnosed with cancer often receive combina-
tions of chemo- and radiotherapy in order to mutu-
ally enhance the effectiveness of the two treatments
[1]. Besides cisplatin (cis-diamminedichloroplatinum(II))
and 5-fluorouracil, gemcitabine (2′,2′-difluorocytidine;
denoted simply as Gem for the remainder of this work)
belongs to the pharmaceutical substances most widely
applied in concomitant chemoradiotherapy [2]. Besides the
biological effects of these compounds [3,4], cisplatin and
halogenated uracil molecules are also known for their effi-
ciency as radiosensitisers, i.e. they enhance DNA dam-
age and tumour cell killing rates upon irradiation of the
targeted cells [5–10]. In contrast, Gem has been widely
applied in anticancer therapy rather due to its effective-
ness towards a broad range of tumours by being highly
efficient in inhibiting DNA synthesis and repair [3]. How-
ever, it has also been suggested that fluorination of nucle-
osides results in increased induction of DNA damage via
fragmentation due to enhancement of the electron attach-
ment process [11]. Fragmentation enhancement factors of
2.8–5.5 have been reported depending on the location of
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fluorination in 2′-deoxycytidine (denoted simply as Cyt
for the remainder of this work) suggesting Gem also as an
efficient radiosensitiser [11].

Generally, when biological tissue is irradiated, products
of ionising radiation such as electrons not only interact
with the biomolecular environment but also with admin-
istered pharmaceuticals. Among others, such as electron
attachment processes, electron impact ionisation processes
constitute dominant processes for electron molecule scat-
tering phenomena and play also a role in interatomic
Coulombic decay (ICD) which is driven by energy trans-
fer [12]. Upon ICD, an ionised compound relaxes via
transferring its excess energy to a neighbouring molecule
which then becomes also ionised, resulting finally in two
positively charged products that repel each other and sub-
sequently often break apart [13]. ICD represents one of
the processes which need to be considered especially in the
context of electron interaction with molecules in biological
environments. Data on the probability distribution char-
acterising the interaction of the ionising radiation with
the cell as a function of impact energy are then required
as input for modelling purposes using e.g. Monte-Carlo
track structure simulations [14,15]. In general, these sim-
ulations also require, among other input, single and double
differential cross sections (SDCSs and DDCSs) to properly
describe the effects of secondary electrons in media. For
total cross sections, which can sometimes be enough for
some purposes, two widely established methods are the
Deutsch-Märk (DM) method [16], see Section 2.1, as well
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as the binary-encounter-Bethe (BEB) method [17,18], see
Section 2.2. While the DM method does not offer a pos-
sibility to calculate differential cross sections, the BEB
method allows in principle to derive SDCSs (energy dis-
tributions) although their shapes may not be realistic
[17]. To arrive at more realistic SDCSs in the frame-
work of inelastic electron scattering, the more sophisti-
cated binary-encounter-dipole method can be employed.
The modified Jain-Khare semi-empirical approach is the
only method that can be used to calculate (partial) SDCSs
and DDCSs for molecules in electron ionisation [19]. In the
context of radiation damage of biological tissue, interac-
tion of ionising particles with condensed matter is also of
importance. For such systems, methods exist which com-
bine a relative simplicity, accuracy and generality, which
can provide both total and differential ionisation cross
sections. Many of those are based on the dielectric for-
malism, which are applicable for ions [20–22] and elec-
tron impact [23–25]. Although it is important to note
that many ingredients are typically necessary as input for
the mentioned Monte-Carlo track simulations, we focus
here on a subset of these, i.e. the total cross sections.
In particular, we choose the above mentioned DM and
BEB methods to compute (total) electron-impact ionisa-
tion cross sections (EICSs) due to the typical reliabil-
ity, simplicity and generality of these models, see also
below.

Here, we assess calculated EICSs for the molecules Cyt,
Gem and 2′-deoxy-5-fluorocytidine (fCyt for the reminder
of this work), see Figure 1. These molecules also represent
building blocks of larger (fluorinated) DNA sequences. In
order to investigate effects due to different direct biomolec-
ular environments on the resulting EICSs, we report and
compare thus also the cross sections of the sequences Cyt-
Cyt, fCyt-Cyt, Cyt-fCyt, Gem-Cyt and Cyt-Gem (written
in a 3′-to-5′ direction). These sequences are constructed as
illustrated in Figure 1 for the case of Gem-Cyt. Moreover,
we report also EICSs for the considered molecules when
they are embedded in an aqueous solvent.

The distribution of the energies of secondary electrons,
i.e. electrons produced by highly-energetic primary ion-
ising radiation, has its maximum typically in the range
of a few tens of eV (=1.602× 10−19 J) beyond which it
decreases up to primary impact energies of about 10 keV
[26]. We hence calculate EICSs in an energy range from
threshold to 10 keV. Furthermore, we compare two of the
most-widely used methods for the computation of EICSs,
i.e. the BEB theory of Kim et al. [17,18] and the DM
method [16]. Both types of methods have been success-
fully applied to atoms, molecules, clusters, ions and radi-
cals. Their accuracy is typically in the same range as the
one of experimental data [27].

2 Methods

2.1 The Deutsch-Märk (DM) method

The DM method was originally developed as an easy-to-
use, semi-empirical approach for the calculation of EICSs
of atoms in their electronic ground state from threshold

Fig. 1. Schematics of the structures of the considered (fluo-
rinated) nucleosides Cyt, fCyt and Gem (top) and illustration
of how the sequence Gem-Cyt was constructed from its con-
stituents (bottom).

to about 100 eV [16]. In a more recent variant of the DM
method [27,28], the total single electron-impact ionisation
cross section σDM of an atom is expressed as:

σDM (u) =
∑
n,l

gnlπr
2
nlξnlb

(ξnl)
nl (u) [ln (cnlu) /u] , (1)

where rnl is the radius of maximum radial density of the
atomic sub-shell characterised by quantum numbers n and
l (as listed in column 1 in the tables of Desclaux [29])
and ξnl is the number of electrons in that sub-shell. The
sum extends over all atomic sub-shells labelled by n and l.
The gnl are weighting factors, that were originally intro-
duced by Bethe as a function of the quantum numbers
n and l using hydrogenic wave functions [30]. A histor-
ical description of their use in the DM method is given
in reference [32]. More particularly, they were originally
determined by a fitting procedure [31,32] using reliable
experimental cross section data for a few selected atoms,
for which the accuracy of the reported rate is in the range
of 7−15%. The reduced energy u is given by u = E/Enl,
where E refers to the incident energy of the electrons and
Enl denotes the ionisation energy of the sub-shell char-
acterised by n and l. The energy-dependent quantities
b
(ξnl)
nl (u) were introduced in an effort to merge the high-

energy region of the ionisation cross section, which follows
the Born-Bethe approximation [30], with the DM formula
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of the cross sections in the regime of low impact energies.
The function b

(ξnl)
nl in equation (1) has the explicit form:

b
(ξnl)
nl =

A1 −A2

1 + (u/A3)p
+A2. (2)

The four constants A1, A2, A3 and p were determined,
together with cnl, from reliably measured cross sections for
the various values of n and l [32]. The superscript ξnl in
equation (2) was introduced to allow the possibility to use
slightly different functions b(ξnl)

nl depending on the number
of electrons in the respective sub-shell. At high impact
energies u goes to infinity, the first term in equation (2)
goes to zero and b(ξnl)

nl (u) becomes a constant ensuring the
high-energy dependence of the cross sections predicted by
the Born-Bethe theory [30].

The DM formalism has been extended to the calculation
of EICSs of atoms in excited states, molecules and free rad-
icals, atomic and molecular ions, and clusters [27]. For the
calculation of the EICS of a molecule, a population analy-
sis [33,34] must be carried out to obtain the weights with
which the atomic orbitals of the constituent atoms con-
tribute to each occupied molecular orbital. These weights
are obtained from the coefficients of the occupied molec-
ular orbital after a transformation employing the overlap
matrix in order to correct for the non-orthogonality of the
atomic basis functions.

2.2 The binary-encounter-Bethe (BEB) method

The BEB model [18] was derived from the binary-
encounter-dipole model [17] by replacing the df/dE term
for the continuum dipole oscillator strengths by a simpler
form. Thus, a modified form of the Mott cross section
together with the asymptotic form of the Bethe theory
describing the electron-impact ionisation of an atom was
combined into an expression for the cross section:

σBEB (t) =
∑

occ.MOs

S

t+ u+ 1

×
[

ln (t)
2

(
1− 1

t2

)
+ 1 − 1

t
− ln (t)
t+ 1

]
, (3)

where t = E/B, u = U/B, S = 4πa2
0NR

2/B2, a0 denotes
the Bohr radius (0.5292 Å), R is the Rydberg energy
(13.6057 eV), and E denotes again the incident electron
energy. N , B and U are the electron occupation number,
the binding energy (ionisation energy), and the average
kinetic energy of the respective molecular orbital (MO),
respectively. In the BEB model, the total cross section,
similarly to the DM method, is then obtained by sum-
mation over the cross sections for all occupied MOs as
symbolically indicated in equation (3).

2.3 Quantum chemical calculations

After optimising geometries using the Amber99 force field
[35], the orbital populations required for the DM for-
malism were subsequently determined via Hartree-Fock

(HF) calculations in conjunction with the minimal CEP-
4G basis set [36–38]. Although larger basis sets result in a
better quality of the overall wave function, the decomposi-
tion into the atomic orbitals contributing to the molecular
wave function becomes worse due to the increasing overlap
between atomic orbitals centered at different nuclei. Occu-
pation, binding energy and average kinetic energy for each
molecular orbital, as required for the calculation of the
BEB cross sections, were also calculated at the HF/Def2-
TZVP [39] level of theory. In this case, the approxi-
mation of the electron binding energy via Koopman’s
theorem represents a more considerable limitation than
the choice of basis set. However, methods yielding typ-
ically more accurate estimates for the binding energies
such as outer valence Green’s function electron propaga-
tor theory [40] become computationally easily demanding
if not unfeasible (depending of course also on the accessible
computational resources). Moreover, all calculations were
repeated using the polarizable continuum model (PCM)
[41–44] in order to approximate effects due to an aqueous
solvent. In the PCM, the interaction between a quantum
mechanically described solute and the continuum mod-
elling the solvent is mediated solely by the permittivity of
the solvent. To compute the electrostatic potential due to
the polarization of the dielectric solvent surrounding the
solute, a molecular shaped cavity is generated by inter-
locking van-der-Waals spheres centered at the locations of
the nuclei constituting the molecule. To obtain the molec-
ular electrostatic potential and subsequently the solvation
energy, the Poisson problem is solved approximately. For
details see e.g. reference [43].

2.4 Analytical expression of the EICSs

We also fitted all cross sections to an analytical
5-parameter expression that has its roots originally in the
framework of nuclear fusion research, e.g. for usage in the
ERO code [45–47], but allows straightforward implemen-
tation and on-line computation of cross sections (instead
of supplying them as tabular input) regardless of the spe-
cific computational modelling context. The fitting expres-
sion is given by:

σ (E)=
(a1

E

)[
1 − Eth

E

]a2
[
ln
(
E

Eth

)
+ a3 + a4

(
Eth

E

)]
.

(4)
Here, the cross section σ is expressed in Å2 (=10−20 m2),

the incident electron energyE and the threshold energyEth

(i.e. the first or rather the lowest ionisation energy) are both
expressed in eV. The fit parameter a1 has the unit Å2 eV
while a2, a3 and a4 are dimensionless.

3 Results and discussion

The EICSs for gas-phase Cyt, fCyt and Gem obtained
with the DM and BEB methods in the energy range from
threshold to 10 keV are depicted in Figure 2. The com-
puted threshold energies, i.e. the first ionisation energies,
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Fig. 2. EICSs for Cyt (black lines), fCyt (red lines) and Gem
(blue lines) as obtained with the DM (solid lines) and BEB
(dashed lines) methods.

have been 9.04 eV, 9.11 eV and 9.16 eV for Cyt, fCyt and
Gem, respectively. Hence, fluorination affects the ionisa-
tion energy only slightly. An experimental value for the
ionisation energy of Cyt yields 8.46 eV [48] in reasonable
agreement with the value determined by Koopman’s the-
orem. The DM cross sections yield maxima of 29.88 Å2

at 79 eV, 28.96 Å2 at 82.2 eV and 29.51 Å2 at 83.4 eV for
Cyt, fCyt and Gem, respectively. The BEB cross sections
yield maxima of 28.89 Å2 at 87.6 eV, 27.97 Å2 at 91.6 eV
and 29.02 Å2 at 93.4 eV for Cyt, fCyt and Gem, respec-
tively. Hence, we find excellent agreement between the
DM and BEB methods, within about 3−4% at the cross
section maxima. The DM cross sections yield a somewhat
smoother increase in the threshold region, followed by a
steeper increase towards the maximum and also a steeper
decrease after reaching their maximum compared to the
BEB cross sections which appears as a typical feature
when comparing results obtained with the two methods,
see e.g. references [49–52].

The molecules considered in this work can be viewed
as building blocks of larger (fluorinated DNA) sequences.
It has been found that the specifics of the sequence at
hand can influence resulting outcomes such as the num-
ber of electron-induced DNA strand breaks [53–55]. Here,
we investigated (to some extent) how the EICSs are influ-
enced if larger nucleotide units are built from the three
bare nucleosides under consideration. In particular, we
computed the EICSs of the sequences Cyt-Cyt, fCyt-Cyt,
Cyt-fCyt, Gem-Cyt and Cyt-Gem. The DM cross sec-
tions for these sequences yield maxima of 62.48 Å2 at
81 eV, 61.75 Å2 at 82.8 eV, 61.92 Å2 at 82.4 eV, 61.02 Å2

at 84.4 eV and 61.93 Å2 at 83.2 eV, respectively. The
BEB cross sections yield maxima of 60.61 Å2 at 89.2 eV,
60.23 Å2 at 91.0 eV, 60.54 Å2 at 90.8 eV, 59.02 Å2 at 93 eV
and 60.34 Å2 at 92.2 eV, respectively. Hence, the two
methods again yield excellent agreement with each other,
within 2−3%. The threshold energies (first ionisation ener-
gies) have been computed to 8.68 eV, 8.76 eV, 9.02 eV,
8.80 eV and 8.86 eV, respectively.

In a first approximation, cross sections for larger molec-
ular compounds can to some extent be estimated by sum-
mation of the cross sections of their individual parts. This

Fig. 3. EICSs obtained with DM for the sequences Cyt-
Gem (dashed line) and Gem-Cyt (dash-dotted line). The cross
section obtained by summing the cross sections of the molec-
ular constituents of the sequences (as explained in the text) is
given by the solid line.

approach was followed sometimes in earlier work to esti-
mate molecular cross sections from known atomic cross
sections [56–58] which yields at least an upper bound for
the real molecular cross sections. Improving the approxi-
mation, however, requires a refined approach [59].

Here, we investigate how well the cross sections of the
considered sequences are approximated by adding the
cross sections of their building blocks. In particular, we
approximate the cross section of the sequence X − Y by

σ(approx.) (X − Y ) ≈ σ (X) + σ (Y ) + σ (PO2)− 2× σ (H) ,
(5)

with X − Y = Cyt-Cyt, fCyt-Cyt, Cyt-fCyt, Gem-Cyt or
Cyt-Gem.

In Figure 3, we depict the EICSs obtained with the DM
method for the sequences Gem-Cyt and Cyt-Gem and the
cross sections obtained via summation of the individual con-
stituents. Obviously, the cross sections obtained via sum-
mation are the same for both sequences. Due to the excel-
lent agreement found between the cross sections obtained
with the DM and BEB methods, we limit the following dis-
cussion to the case of DM cross sections. We find only a
slight influence of the sequence of the constituents for the
resulting cross sections. In particular, the EICS forGem-Cyt
is slightly smaller by about 1.2 Å2 than the EICS for Cyt-
Gem. Moreover, both cross sections are slightly smaller than
the approximation via summation which hence, expectedly
forms an upper bound for both cross sections. The latter is
true only at energies for which each of the summed terms in
equation (5) yields non-zero values. Otherwise, it may hap-
pen that the cross section of the compound system is smaller
thantheoneobtainedbysummationsimplybecause the ion-
isation threshold of the compound is smaller than the ones
of the constituents. This is seen also in Figure 4, in which we
plot the differences between DM cross sections of the consid-
ered sequences and the approximations obtained via sum-
mation, i.e.∆σ = σ(DM)−σ(approx.).Apart fromthis feature
in the threshold region, we note that absolute differences
between the compared cross sections are below 3.5 Å2 for
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Fig. 4. Differences (absolute: top panel; relative: bottom
panel) between EICSs computed for all considered sequences
and the corresponding approximations via summation of EICSs
of the constituting molecular parts as described in the text.

all sequences under consideration which accounts for a rel-
ative agreement within about 6% at the cross section max-
ima and beyond (see Fig. 4). Hence, the cross sections for
the considered sequences and supposedly also the ones for
larger sequences may be approximated rather well by sum-
mation of cross sections of their individual molecular parts
although subtle differences with respect to the relative order
of constituents in the sequences is obviously lost then.

Solvent effects may affect the ionisation thresholds quite
substantially which then, as a consequence affect also the
resulting EICSs. For the considered bare nucleosides Cyt,
fCyt and Gem we obtain 9.40 eV, 6.65 eV and 9.55 eV,
respectively, when using the PCM to model effects of an
aqueous environment. Earlier experimental and theoreti-
cal investigations yield an ionisation energy of Cyt in aque-
ous solution of 8.3 eV and 7.8 eV [48], respectively, which
are considerably lower values than the ones obtained by
us. We note thus, that our computational model may over-
estimate the resulting ionisation energies which, however,
puts even more emphasis on the following discussion.

Whereas for Cyt and Gem the obtained threshold num-
bers are quite comparable to the gas-phase (for which they
have been 9.04 eV and 9.16 eV, respectively), for fCyt the
ionisation threshold is lowered by about 2.5 eV due to the
aqueous solvent. For the considered sequences Cyt-Cyt,
fCyt-Cyt, Cyt-fCyt, Gem-Cyt and Cyt-Gem we obtain ion-
isation thresholds of 7.56 eV, 9.55 eV, 9.51 eV, 9.42 eV and
9.54 eV, respectively, using the PCM compared to 8.68 eV,

Fig. 5. EICSs obtained with the DM (black lines) and BEB
(red lines) methods for fCyt in the gas-phase (solid lines) and
applying the PCM with an aqueous solvent (dashed lines) in
the energy range from 6.5 to 20 eV.

8.76 eV, 9.02 eV, 8.80 eV and 8.86 eV, respectively, in the
gas-phase, giving rise to changes in the ionisation energy
in a range from 0.49 to 1.12 eV.

These changes in ionisation energy affect also the result-
ing ionisationcross sectionsmostly in theenergy regionclose
to the threshold, which is illustrated for the most extreme
case, i.e. the fluorinated nucleoside fCyt, in Figure 5. There
we plot the EICSs obtained with the DM and BEB meth-
ods for this molecule on a double-logarithmic scale. We find
that, in an aqueous environment ionisation processes can
be more abundant by an order of magnitude than in the
gas phase for electron energies of about 10 eV close to the
ionisation thresholds due to the considerably larger ioni-
sation cross section, see Figure 5. However, we note that
although ionisation is typicallymore likely inapolar solvent,
we also obtained ionisation thresholds considerably larger
when employing the PCM than in the gas phase (see Tab. 1).
Some of the variation in our results cannot be excluded to
be due to approximating the ionisation thresholds using
Koopman’s theorem. Hence, what may be safely stated,
is rather that solvation can have a considerable effect also
on electron impact ionisation and associated processes.
Especially in the framework of fundamental research on
the interaction of radiation with biological matter such as
in radiochemotherapy, the importance of secondary low-
energy electrons as mediators for DNA damage is well-
established [60–63]. Furthermore, it has become well-known
that the aqueous environment typically present in biological
tissue can have substantial effects on a variety of molecular
properties and processes [64]. In this respect, our findings
put further emphasis on the need to be cautious with the
interpretation and even more so with the eventual generali-
sation of either experimentally or computationally obtained
results in the gas-phase. Nevertheless, it has become clear
that in principle solvation can substantially affect electron
impact ionization.

For completeness, we supply also the cross section max-
ima and their locations (at the energy-scale) of the vari-
ous considered molecules in the case of applying the PCM
in order to characterise the respective cross sections. For
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Table 1. Computed ionisation thresholds and fit coefficients as obtained with the DM and BEB methods as well as with the
gas-phase and polarisable continuum models for all molecules considered in this work.

Molecule Model Eth (eV) a1 (Å2eV) a2 a3 a4

DM BEB DM BEB DM BEB DM BEB

Cyt Gas-phase 9.04 1223 2493 5.663 4.177 1.642 −0.8544 0.238 1.797
PCM 9.40 1249 2460 5.359 4.067 1.554 −0.8193 0.0382 1.763

fCyt Gas-phase 9.11 1245 2519 5.811 4.472 1.568 −0.8737 0.08217 1.944
PCM 6.65 1122 2400 8.778 7.331 1.9 −0.9647 0.3141 3.098

Gem Gas-phase 9.16 1292 2694 5.867 4.42 1.542 −0.9231 0.09874 1.953
PCM 9.55 1295 2657 5.638 4.287 1.554 −0.8864 0.05936 1.911

Cyt-Cyt Gas-phase 8.68 2636 5287 6.068 4.624 1.567 −0.8772 0.15 1.983
PCM 7.56 2343 4954 7.7 6.658 2.133 −0.8149 0.3854 3.084

Cyt-fCyt Gas-phase 9.02 2657 5414 5.946 4.458 1.592 −0.8816 0.1528 1.951
PCM 9.51 2713 5319 5.564 4.348 1.518 −0.8326 0.1084 1.937

fCyt-Cyt Gas-phase 8.76 2602 5348 6.256 4.76 1.688 −0.8772 0.1646 2.062
PCM 9.55 2716 5321 5.537 4.319 1.51 −0.8314 0.1075 1.925

Cyt-Gem Gas-phase 8.86 2689 5474 6.125 4.677 1.559 −0.9034 0.1463 2.037
PCM 9.55 2737 5424 5.626 4.373 1.515 −0.853 0.1205 1.955

Gem-Cyt Gas-phase 8.80 2644 5354 6.324 4.887 1.629 −0.887 0.1478 2.104
PCM 9.42 2712 5385 5.753 4.527 1.545 −0.8474 0.1297 2.019

the bare nucleosides Cyt, fCyt and Gem, the DM cross sec-
tions yield maxima of 29.61 Å2 at 79.6 eV, 28.94 Å2 at 82 eV
and 29.2 Å2 at 84.2 eV, respectively. The BEB cross sections
for these molecules yield maxima of 28.30 Å2 at 88.4 eV,
28.33 Å2 at 90.6 eV and 28.42 Å2 at 94.2 eV, respectively.
For the considered sequences Cyt-Cyt, fCyt-Cyt, Cyt-fCyt,
Gem-Cyt and Cyt-Gem, the DM cross sections yield max-
ima of 61.74 Å2 at 81.8 eV, 61.38 Å2 at 83.2 eV, 61.48 Å2 at
83 eV, 61.09 Å2 at 84.4 eV and 61.28 Å2 at 84.2 eV, respec-
tively.TheBEBcross sections for thesemoleculesyieldmax-
ima of 58.83 Å2 at 90.8 eV, 58.78 Å2 at 92.2 eV, 58.81 Å2 at
92 eV, 58.69 Å2 at 93.6 eV and 58.89 Å2 at 93.4 eV, respec-
tively. Comparison of these values with respective gas-phase
results shows that the cross section maxima are largely unaf-
fected by effects of an aqueous solvent. The same holds for
elevated energies beyond the maxima. Hence, solvent effects
are of most importance especially for low impact energies
around the ionisation thresholds.

In Table 1, we summarise all ionisation thresholds for
all considered molecules in both cases, i.e. in gas-phase
and in aqueous solution. We also supply the obtained fit
coefficients for fitting the computed cross sections to the
analytical 5-parameter expression described in Section 2.4.

4 Conclusions

We computed electron-impact ionisation cross sections
(EICSs) for 2′-deoxycytidine (Cyt) and two fluorinated vari-
ants of this nucleoside, 2′-deoxy-5-fluorocytidine (fCyt) and
2′,2′-difluorocytidine (gemcitabine, Gem). We compared
the Deutsch-Märk (DM) and the binary-encounter-Bethe
(BEB)methods toobtain these cross sections.TheDMcross
sections for Cyt, fCyt and Gem yield maxima of 29.88 Å2 at
79 eV, 28.96 Å2 at 82.2 eV and 29.51 Å2 at 83.4 eV, respec-
tively, whereas the BEB cross sections yield maxima of
28.89 Å2 at 87.6 eV, 27.97 Å2 at 91.6 eV and 29.02 Å2 at
93.4 eV, respectively. The two methods are thus in excel-

lent agreement with each other, within 3−4% at the cross
section maxima. We found further that EICSs for the small
nucleotide sequencesCyt-Cyt, fCyt-Cyt,Cyt-fCyt,Gem-Cyt
and Cyt-Gem, are only slightly affected by the order of the
constituents of the sequence and can be approximated with
an accuracy within 6% by simply adding the EICSs of indi-
vidual molecular constituents. In addition, we computed
EICSs applying the polarisable continuum model (PCM) to
study eventual effects of an aqueous environment. We found
that differences in the ionisation energy due to the aqueous
solvent can be substantial and hence, affect also the EICSs
especially around the threshold region. This puts further
emphasis on exercising caution when interpreting results
obtained in the gas-phase in the framework of research on
the interaction of radiation and particularly secondary low-
energy electrons with biological matter. Finally, we fitted all
computed EICSs to an analytical 5-parameter expression in
order to allow straightforward implementation and usage in
further computational research.
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