
Chapter 6
Resonances in Electron Collisions with Small
Biomolecules Using the R-Matrix Method

Lilianna Bryjko, Amar Dora, Tanja van Mourik, and Jonathan Tennyson

Abstract It is now widely accepted that collisions with low-energy electrons are
the major cause of radiation damage in living cells and that it is the capture of
these electrons into long-lived quasi-bound states, resonances, that is responsible
for this damage. We have undertaken a set of systematic calculations using the
UK Molecular R-matrix codes to study electron collisions with DNA and RNA
bases. Here we summarise the results of our calculations for electron collisions with
adenine, guanine, uracil, cytosine and thymine. These studies aim to characterize not
only low-lying shape resonances, which have been relatively well-studied, but also
to detect longer-lived Feshbach resonances which are associated with simultaneous
electronic excitation of the target molecule. The results of these calculations are
dependent on the model chosen: only the more sophisticated, and computationally
expensive, models give Feshbach resonances.

6.1 Introduction

The processes that follow the creation of thousands of low-energy electrons are now
recognised as being extremely important [8]. These electrons are stripped off from
molecules in the cell either directly by radiation or else by its first products, highly
energetic primary electrons that can cause electron-impact ionisation. As a result,
in the past few years, a growing literature has emerged concerning the damage to
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nucleic acids by low-energy electrons (LEE) with energies between 0 and 20 eV
[1, 4–8, 12, 18, 20, 30, 33–36, 38, 39, 57] produced by ionising radiation.

The mechanism of DNA-LEE interaction is important because the low-energy
secondary electrons are the most abundant radiolysis species generated following
the impact of high-energy radiation [12, 31, 32] and therefore highly pertinent to
issues such as radiation damage and the development of radio therapy. Nucleic acids
can be ionised and damage produced through the dissociation of the anion when
the electron energy is higher than the ionisation threshold for DNA (between 7.85
and 9.4 eV, as measured for the DNA bases [22]). If the electron energy is lower,
damage can still be generated, but through a negative anion-mediated mechanism,
which starts with the capture of the electron in a molecular resonance, followed by
the transfer of energy and electron density towards a weak bond that subsequently
ruptures.

There are many controversial issues that concern the location of the initial capture
site [8, 40], the dynamics of the metastable anion generated by electron capture
(called transient molecular anion), and the identification of the final bond that
ruptures [5–7, 23, 27–29, 41, 57].

There is a wide agreement that the electron capture is mainly due to the DNA
and RNA bases, because these molecules have extended aromatic systems. The
scattering electron can temporarily be captured by an unoccupied �� orbital giving
rise to a shape resonance [1, 5, 25]. When scattering is connected with electron
excitation, Feshbach or core-excited resonances can occur. It has been suggested
that electron attachment to the phosphate group also contributes to DNA strands
breaks [5, 6, 28, 37].

Simons and co-workers [5–7] performed model calculations which showed
that electrons with energies of about 1.0 eV can attach to a base to form a ��
anion, which then can break a � bond connecting the phosphate to a sugar group.
Li et al. [21] performed calculations on a sugar-phosphate-sugarmodel system using
the ONIOM layer method and found that the activation barrier for bond rupture of
the anion’s phosphate-sugar C–O bond is only 0.5 eV, indicating that very-low-
energy electrons can induce DNA strand breaks. Berdys at al. [6, 7] found that near
zero energy, electrons may not easily attach directly (i.e. vertically) to the phosphate
units, but can produce a metastable P D O �� anion above 2 eV.

Resonances were observed by Pan et al. [27,28] in linear and super-coiled DNA.
They also observed desorption of H� as the result of temporary capture of electrons
by the bases, with a small contribution from a core-excited resonance on the sugar
group, OH� desorption by the localisation of electrons on the protonated form of the
phosphate group, and production of O� via the temporary localisation of electrons
on the �� double bond of the phosphate group. Pan and Sanche [29] measured
dissociative-electron attachment (DEA) to the monosodium salt of phosphoric acid,
Na2PO4, in the condensed phase, confirming DNA damage can be induced by low-
energy electrons. A single broad peak whose maximum fell at 8.8, 8.0 or 7.3 eV,
depending on whether the anion detected was H�, O�, or OH�, was observed.
König et al. [19] measured DEA spectra for the dibuthyl and triethyl phosphate ester,
and observed a variety of anionic fragments. Using dibuthyl phosphate they found
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that the compound undergoes effective DEA within a low-energy resonant feature
at 1 eV and a further resonance peaking at 8 eV. The DEA reactions are associated
with the direct cleavage of the C-O and the P-O bonds but also the excision of
the PO�, PO�

3 and H2PO�
3 units. They propose that the most direct mechanism of

single strand breaks occurring in DNA is due to DEA directly to the phosphate
group.

Low-energy electron collisions with molecules can result in a variety of different
processes [46]. A common feature of all these processes is that they can be
considered to go via an intermediary, AB�. One of the methods used to consider
low-energy electron-molecule collisions is the R-matrix method [10, 11, 45], which
is built around obtaining accurate wave functions for this intermediary and hence
gives a theoretical framework capable of modelling all the above processes.

In this chapter we describe the application of R-matrix calculations to DNA
and RNA constituents. A particular advantage of this method is its ability to
treat not only shape resonances, which have been widely studied by a vari-
ety of methods, but also Feshbach resonances. Feshbach resonances have been
found to be important experimentally [2, 3] but have received much less attention
theoretically.

The size of these molecules and, in particular, the complexity of their electronic
wavefunctions makes such calculations very challenging. So far the study of each
system has necessitated the consideration of a number of models in order to obtain
reliable results. We have completed studies on electron collisions with uracil [13],
phosphoric acid [9], adenine, guanine, cytosine and thymine which consider these
issues in turn for each molecule. Here, instead, we present a set of results for
electron collisions with the bases calculated using a single model, which facilitates
intercomparison between these species.

6.2 The R-matrix method

The basis of our calculations is the R-matrix method. The topic of electron-molecule
collision calculations has been extensively reviewed by one of us [45] and only a
flavor of the method will be given here.

The underlying physical model used in R-matrix calculations is the division of
space into an inner region, contained within a sphere of radius a and centered on
the target center-of-mass, and an outer region. The inner region is designed to be
large enough to contain the entire electron density of the molecular target, including
those for excited states in calculations which consider electronic excitation. This can
be an issue for the biomolecules considered since they are considerably larger than
the small molecules traditionally studied using this methodology. In the inner region
the scattering electron and target electrons are treated as being indistinguishable and
all interactions, including electron-electron correlation and exchange, are explicitly
considered. Conversely, in the outer region the scattering electron is only affected
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by the long-range potential of the target. As all the molecules considered here have
permanent dipole moments, the long-range effect of the resulting dipole potentials
need to be treated.

The R-matrix, which relates the scattering wavefunctions to its derivative at a
given distance, is constructed on the boundary of the inner and outer region. The
R-matrix itself is energy-dependent but can be built from the results of energy-
independent inner-region calculations. This has the significant advantage that the
energy dependence is entirely obtained from rapid, outer-region calculations. This
is particularly useful for calculations aimed at characterizing resonances since such
calculations usually require the use of a dense grid of energies.

In this work the R-matrix method is used to obtain the eigenphase sums. To
obtain resonance positions and widths, these eigenphase sums were automatically
fitted to a Breit-Wigner form by the recursive resonance fitting [47]. The calculations
also give elastic electron collision cross sections and, for models which include elec-
tronically excited states in the close-coupling expansion, electron impact electronic
excitation cross sections.

The UK Molecular R-matrix codes [26] are designed to be very flexible and a
number of models have been tested in the course of the work considered here. The
simplest of these models is the so-called static exchange (SE) approximation in
which a full collision treatment is used for a target which is not allowed to relax
during the collision. Polarisation effects can be included using the static exchange
plus polarisation (SEP) approximation which allows for single excitations of the
target wavefunction. The only resonances that can be detected in an SE calculation
are shape resonances where the electron is temporarily trapped behind a centrifugal
barrier. The SEP model moves these resonances to lower energy and also can,
at least in principle, give Feshbach resonances. Feshbach resonances, which are
associated with simultaneous electronic excitation of the target and trapping of the
electron, are best given by calculations which explicitly include the parent target
state(s) for a given resonance, These are best considered by using several states in a
close-coupling (CC) expansion. Our best results presented below were all obtained
using CC models.

The use of CC methods for molecules with many valence electrons, such as
the ones considered here, leads to very large Hamiltonian matrices. That has led
to the development of special methods for treating the problems both in terms of
Hamiltonian construction [42] and diagonalisation [16, 44]. In particular the use of
the so-called partitioned R-matrix [44] means that it is not necessary to explicitly
obtain all the eigenvalues and eigenvectors of the scattering Hamiltonian. The CC
results presented below are based on the use of all eigenvalues and vectors (typically
4000 to 6000) for “contracted” calculations but only the 5000 lowest solutions
for “uncontracted” calculations which lead to very large Hamiltonian matrices,
typically of dimension significantly bigger than 100 000.

The biomolecules considered here have also been the subject of R-matrix
calculations by Tonzani and Greene [50]. The R-matrix method developed by
these workers [48, 49] has significant differences from the one used by us. Their
method involves using R-matrices to solve the electron-molecule scattering problem
defined entirely by potentials. Even if one ignores the issue that interactions
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6 Resonances in Small Biomolecules 119

such as exchange cannot be written as a simple, energy-independent potential,
the method is only capable of performing calculations within the SE and SEP
models.

6.3 Target calculations

The geometries of all DNA bases except uracil were determined using B3LYP/6-
31CG* density functional theory and Gaussian 03 [24]. Except for thymine,
the molecules were constrained to be in Cs symmetry. The geometry of uracil
was optimised with the MP2 method and using a 6-31G* basis set as reported
previously [52].

There are various issues in choosing a suitable target wavefunction for use in
scattering calculations, which depend on what aspect of the problem is of interest.
For the SE and SEP models the use of Hartree-Fock wavefunctions is standard;
for CC calculations there is more choice. In particular these calculations usually
attempt to represent several low-lying states of the target. This can be difficult given
the constraints that all states must be represented by a single orbital set and that it
must be possible to use in a balanced and tractable scattering calculation.

Our favoured method is to represent CC target wavefunctions using a complete
active space (CAS) configuration interaction (CI) model. In the CAS-CI model,
core electrons are frozen in the self-consistent field (SCF) orbitals and the active
electrons are distributed amongst all the valence orbitals, subject only to the con-
straints of overall space-spin symmetry. This approach has significant advantages
in terms of performing a balanced treatment between the target and the scattering
wavefunction [43].

Even within the CAS-CI model there is considerable flexibility over the precise
choice of molecular orbitals used. Here we use CAS-SCF orbitals generated by
MOLPRO. Table 6.1 presents results for the bases considered. The calculations
were performed using cc-pVDZ Gaussian Type Orbital (GTO) basis sets and an
active space of 14 electrons in 10 orbitals for uracil, cytosine and thymine, 12
electrons in 10 orbitals for adenine and 12 electrons in 9 orbitals for guanine. Full
details, including the actual configurations used, are given in Table 6.2. Besides the
calculated energies for the ground and 15 lowest excited states, the table gives our
calculated permanent dipole moment for each molecule. This property is important
since the long-range nature of this moment has a strong effect on the scattering.

6.4 Scattering calculations

In the scattering calculations the target basis set was augmented with sets of
GTOs with ` � 4 (up to g-wave) to represent the continuum wavefunctions [14].
All calculations were performed for an R-matrix radius a D 13 a0 except those on
thymine which used a D 15 a0.
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Table 6.1 The CASSCF X 1A0 (or X 1A) ground state energies (in a.u.) and dipole
moments (in Debye), and the relative energies (in eV) of the lowest 15 excited states of
the nucleic acid bases

Adenine Guanine Uracil Cytosine Thymine

�464.6212766 �539.476656 �412.563491 �392.691128 �451.606027
4.61 (3A0) 3.93 (3A0) 3.87 (3A0) 3.53 (3A0) 3.86 (3A)
5.47 (3A0) 5.02 (3A0) 4.75 (3A00) 4.63 (3A0) 4.85 (3A)
5.87 (3A0) 5.53 (3A00) 4.92 (1A00) 4.64 (3A00) 5.03 (1A)
6.13 (1A0) 5.66 (1A00) 5.49 (3A0) 4.75 (1A0) 5.54 (3A)
6.39 (3A0) 5.75 (3A0) 6.29 (3A00) 4.75 (1A00) 6.36 (3A)
7.09 (1A0) 6.07 (1A0) 6.36 (3A0) 5.35 (3A00) 6.38 (3A)
7.34 (3A00) 6.58 (1A0) 6.49 (1A00) 5.39 (3A0) 6.56 (1A)
7.41 (1A00) 6.85 (3A00) 6.59 (1A0) 5.55 (3A00) 6.62 (1A)
7.82 (1A0) 7.11 (1A00) 7.00 (1A0) 5.57 (1A00) 7.20 (1A)
7.85 (3A00) 7.14 (3A0) 7.70 (3A0) 5.64 (1A00) 7.78 (3A)
8.09 (1A00) 7.84 (3A00) 7.78 (3A00) 6.48 (1A0) 7.92 (3A)
9.38 (3A00) 7.98 (1A00) 7.89 (1A00) 6.92 (3A0) 7.98 (1A)
9.43 (1A00) 8.12 (3A00) 7.93 (3A00) 7.93 (3A0) 7.98 (3A)
11.21 (3A00) 8.14 (1A00) 7.96 (1A00) 7.98 (3A00) 8.05 (1A)
11.23 (1A00) 8.14 (1A0) 8.56 (3A0) 7.98 (1A00) 8.71 (1A)
3.06 1.58 4.06 6.33 3.96a

a Calculated ground state dipole moments.

Table 6.2 Configurations used in the CASSCF to generate the orbitals and in
the final CAS-CI model

Molecule CAS Configurations

Adenine (12,10) (1a’-29a’)58 ,(30a’,1a”-9a”)12

Guanine (12,9) (1a’-30a’)60 ,(1a”-3a”)6 ,(31a’,32a’,4a”-10a”)12

Uracil (14,10) (1a’ - 22a’)44 , (23a’, 24a’, 1a” - 8a”)14

Cytosine (14,10) (1a’ - 22a’)44 , (23a’, 24a’, 1a” - 8a”)14

Thymine (14,10) (1a - 26a)52 , (27a- 36a)14

In the course of this work we have performed many scattering calculations and
this section will only summarise the results, see Table 6.3. In doing this we have
chosen to select calculations performed in a uniform manner so that trends become
apparent, rather than taking calculations individually optimized for each system.
In particular we note that there are quite a number of ways of performing CC
calculations. Of particular significance is the choice as to whether to “contract” or
“uncontract” the configurations which involves placing the scattering electron in a
target virtual orbital [43].

Although the difference between these two approaches may seem technical they
actually differ quite significantly. The contracted method is standard but, without
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(Å

2 )

121086420

50

40

30

20

10

Fig. 6.1 Calculated elastic cross sections for the purine bases adenine and guanine. See text for
details of the models used

performing exceptionally large CC expansions, tends to overestimate resonance
positions. The uncontracted approach leads to systematically lower resonance
positions. However it is not clear that this approach is completely balanced [43]
and therefore it is possible to obtain resonances which are too low in energy or
even become bound states. Furthermore, fully uncontracted calculations can become
very large, requiring either unacceptably long times for the calculations or further
compromises to be made on the size of the model wavefunctions chosen. For
a more thorough discussion of the differences between these models, including
full technical details, the reader is referred to our study on uracil [13]. The CC
calculations reported here retained the lowest 32 states for uracil (U), 16 states for
guanine (G), adenine (A) and thymine (T) and 20 states for cytosine (C).

Our previous study of resonances in phosphoric acid [9] revealed that the
resonances showed little sensitivity to isomerisation. Our calculations suggest that
this insensitively even extends between molecules with similar structures. Thus our
calculations show a total of four �-type shape resonances for the purine bases, while
the pyrimidines all have three.

The effect of these resonances can clearly be seen in the elastic cross sections.
Figures 6.1 and 6.2 summarize our calculated elastic cross sections for the purine
and pyrimidine DNA bases respectively. It should be noted that for strongly dipolar
systems, such as the ones considered here, higher partial waves have a profound
effect on the total elastic cross section, particularly at low energy. It is possible to
correct for this using the Born approximation [56], which we have indeed done
elsewhere [13]. However this correction is so big that it obscures the resonance
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(Å

2 )

1086420

140

120

100

80

60

40

Cytosine : A�

σ
(Å
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Fig. 6.2 Calculated elastic
cross sections for the
pyramidine bases cytosine
and thymine

structures. For this reason the cross sections we present here are uncorrected. They
are also, where possible, separated by symmetry to again emphasize the presence of
the resonances.

6.5 Conclusion

This chapter summarizes our approach to identifying resonances in electron colli-
sions with nucleic acid bases. The calculations presented here show that any of the
nucleic acid base sites in DNA/RNA is capable of capturing low-energy electrons
into � molecular orbitals to form a resonant � anionic state. This observation is in
line with the suggestion that such � captures are followed by energy transfer to the
� molecular orbitals which in turn results in strand breaks [8].

A similar R-matrix approach to the one taken here has been used to consider
resonances and electron collision cross sections in other biological important
molecules such as phosphoric acid [9]. In this context it is worth noting that the
R-matrix approach has been systematically applied to the study of low-energy
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electrons with water, perhaps the most important biomolecule, obtaining results of
exceptional accuracy [15]. However the only resonances supported by water are
at relatively high electron impact energies [17] and are therefore unlikely to play
a significant role in DNA strand breaks and other processes resulting in radiation
damage.
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