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Low-energy electron-impact hydrogen loss due to dissociative electron attachment (DEA) to the
uracil and thymine molecules in a water cluster environment is investigated theoretically. Only the
A′-resonance contribution, describing the near-threshold behavior of DEA, is incorporated. Calcula-
tions are based on the nonlocal complex potential theory and the multiple scattering theory, and are
performed for a model target with basic properties of uracil and thymine, surrounded by five water
molecules. The DEA cross section is strongly enhanced when the attaching molecule is embedded
in a water cluster. This growth is due to two effects: the increase of the resonance lifetime and the
negative shift in the resonance position due to interaction of the intermediate negative ion with the
surrounding water molecules. A similar effect was earlier found in DEA to chlorofluorocarbons.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4874841]

I. INTRODUCTION

Exposure of living cells to ionizing radiation leads to bi-
ological damage by both direct and indirect interactions with
the cell components. During the last decade there has been
increasingly stronger evidence that secondary electrons with
energies below 20 eV have the capability of producing single
and double strand breaks in DNA.1–5 The exact mechanism
of these strand breaks is still under discussion, but it is be-
coming more apparent that dissociative electron attachment
(DEA) processes are playing a decisive role in this damage.

The most abundant product of DEA to the building
blocks (purines and pyrimidines) of DNA is the dehydro-
genated closed-shell anion [M-H]−,6 therefore a lot of ef-
fort was devoted to studies of the hydrogen loss due to DEA
to uracil and DNA bases.5, 7–15 A series of sharp peaks in
DEA cross sections to uracil,7–13 thymine,14 and adenine12

were identified as vibrational Feshbach resonances (VFRs).16

The lowest A′ anion state is strongly antibonding between N1
and H, where the number 1 refers to the atom location, see
Fig. 1, and drives low-energy DEA with the production of
a (U-H)− anion and a H atom. In addition, due to the large
dipole moment of uracil, the incident electron can be cap-
tured in the dipolar field with simultaneous vibrational exci-
tation leading to VFR. The thymine molecule is not different
in this regard, and the same mechanism is working in N1-H
bond breaking in thymine at the energy of about 1 eV. As was
shown by Ptasinka et al.,12 there is a second peak in the H pro-
duction at about 2 eV for both targets which is due to breaking
the N3-H bond. The first peak was described quantitatively
by Gallup and Fabrikant17 by the use of a combination of the
finite-element discrete model18 with the resonance R-matrix
theory.19

In biological systems, it is important to know how these
fundamental mechanisms are affected and modified in the

a)E-mail: ifabrikant1@unl.edu

presence of vital cellular components, in particular water.5

In a combined theoretical and experimental work20 on low-
energy electron diffraction by hydrated DNA, Orlando et al.
found a constructive interference leading to energy-dependent
elastic-scattering features. This confirms the ability of water
to affect the probability of DNA damage.

First-principles molecular dynamics simulations21 indi-
cate that the excess electron in solvated DNA bases, although
initially delocalized, localizes around the nucleobases within
a 15 fs time scale. At this stage electrons exist in the so-called
presolvated (or prehydrated) state,22, 23 and DEA processes
might be strongly enhanced. In particular Lu and Sanche
showed that due to its strong trapping properties, H2O ice
strongly enhances DEA processes in halocarbons22 and hy-
drogen halides.23 The DEA of electrons trapped in ice to
chlorofluorocarbons plays an important role in the ozone-
depletion chemistry in polar stratospheric clouds.24, 25 Similar
effects were observed in biological systems26, 27 revealing a
new mechanism for reductive DNA damage.

The effect of DEA enhancement for chlorofluorocar-
bons in a water cluster environment was recently described
quantitatively28 by combining multiple-scattering theory29–31

with the resonance R-matrix theory.19 The calculations con-
firmed the existence of a strong enhancement in DEA due
to the water cluster environment. This was interpreted in
terms of electron trapping leading to a longer lifetime of the
temporary negative-ion state and an increase of its survival
probability.

In the present paper we extend our approach to electron
attachment to uracil (U) and thymine (T) leading to hydrogen
loss according to

e + U → (U − H)− + H. (1)

From the point of view of our theoretical model there is no dif-
ference between U and T, and indeed, the experimental data12

on DEA to uracil and thymine leading to breaking of the N1-H

0021-9606/2014/140(18)/184313/7/$30.00 © 2014 AIP Publishing LLC140, 184313-1
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FIG. 1. Structures of uracil and thymine ring. Numbers by the chemical sym-
bols indicate the atom positions. In this paper we discuss the N-H bond break-
ing at the N1 position.

bond demonstrate very similar results. Therefore, we assume
that our results can be applied to both molecules and refer to
the molecule under study as U/T.

First, we perform density functional calculations to es-
tablish the electronic and geometric structure of thymine
embedded into a cluster of five water molecules. Then we
employ the resonance R-matrix method19 to obtain scattering
T-matrices for elastic e-U/T collisions. We incorporate these
T-matrices, and T-matrices for scattering by water,31 in an ex-
tended multiple-scattering theory to include elastic electron
scattering by the water molecules and attaching molecule. Fi-
nally, we carry out DEA calculations and compare the cross
section for DEA to the isolated U/T molecule with that for
the molecule surrounded by a water cluster. As in Ref. 17, we
focus on the contribution of the lowest A′ resonance leading
to the first peak in the DEA cross section in the U/T system.
The complete treatment of the problem requires inclusion of
the coupling of A′ with the second A′′ resonance.17 This is
a much more challenging task which is postponed for future
studies.

II. T-(H2O) ELECTRONIC AND GEOMETRIC
STRUCTURE

All electronic structure calculations were carried out us-
ing the computational package NWChem.32 Geometry opti-
mizations were performed at the density functional level of
theory (DFT), using the hybrid functional PBE0.33 A triple-
zeta basis supplemented with diffuse and polarization func-
tions (6-311++G**) was used. MP2 single-point energy cal-
culations were performed at the optimized geometries using
the aug-cc-pvtz basis set, in order to confirm the DFT re-
sults. The geometry of the cluster, as illustrated in Fig. 2
was extracted from a condensed phase model (described in
Ref. 21) and subsequently reoptimized. It is suggested that
this system is representative of a liquid phase, where the five
water molecules included are all within 3 Å of the thymine
molecule and have thus formed hydrogen bonds with it. In-
deed it has previously been suggested,34 and confirmed by
us,21 that some of these H-bonds play an essential role in the
stabilization of an excess electron in U/T. Note that, depend-
ing on the geometry of the complex, the water molecules can
play a stabilizing or destabilizing role.35

FIG. 2. Illustration of molecular structure of a fully optimized cluster, con-
sisting of one thymine surrounded by five water molecules. The grey balls
show hydrogen bonds within the structure.

To find out how the presence of the water molecules af-
fects the energy of the T− resonance states, we have calcu-
lated the vertical attachment energy (VAE), i.e., the energy
difference between the anionic and neutral thymine molecule
optimized in the neutral geometry. In thymine there are two
types of binding sites for the water molecules, proton accep-
tor (the oxygen atoms) and donor (the hydrogen atoms at-
tached to the nitrogens in the ring). In our previous study21

we showed that the adiabatic electron affinity (AEA) is more
strongly affected by water binding to acceptor sites, while
binding to donor sites has a detrimental effect. This same
trend is observed here for the VAE. Therefore, in order to ex-
amine the effect of the individual acceptor hydrogen bonds,
we optimized the geometry of each one of the water molecules
at their respective binding sites (Fig. 3). Table I shows the
VAE for each case. Clearly, the binding of a single water
molecule has a positive influence in the attachment of an ex-
cess electron, i.e., it lowers the VAE. The gas phase value
of VAE for the lowest resonance state is 0.435 eV, which is
in good agreement with experimental data36 and scattering
calculations37 of the position of the first resonance of the A′′

symmetry. Upon addition of a single water molecule the VAE
decreases to a value that ranges from 0.163 to 0.299 eV, de-
pending on the location and characteristics of the H-bond (see

FIG. 3. Optimized structure of each individual water molecule attached to a
thymine nucleobase, in configurations A, B, and C, from left to right.
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TABLE I. Vertical attachment energies for gas phase thymine, three
thymine-single water structures (A, B, and C), and the fully solvated clus-
ter are also given (T+5H2O). Energies are calculated using PBE0 and
6-311++G** basis set, and are given in eV.

U/T 1A 1B 1C 5H2O

0.435 0.299 0.163 0.218 0.109

Fig. 3). Finally, Table I reports also the VAE for a cluster con-
sisting of thymine surrounded by the five water molecules,
i.e., a fully solvated shell. The VAE decreases to 0.109 eV.
We conclude that the first solvation shell leads to a negative
shift of the resonance position of about −0.326 eV.

Dedíková et al.38 have performed CCSD(T) calculations
of the AEA and the vertical detachment energies (VDE) of the
uracil molecule interacting with one to three water molecules
and showed that AEA and VDE for these systems are over-
estimated by DFT by up to 300 meV. However, in Figures 4
and 5 of this paper, it is clearly shown that the shift of AEA
and DEA upon solvation, which is the relevant quantity for
the present paper, does not depend significantly on the theory
level, whether PBE0, MP2, or CCSD(T). We have observed a
similar trend in our previous AEA calculations.21 We note that
AEA and VDE are not of direct relevance to the DEA process
as they deal with the relaxed anion geometry. By contrast,
for DEA calculations the VAE is of critical importance as the
electron attachment occurs, according to the Franck-Condon
principle, at the geometry of the neutral molecule. VAE cal-
culations, however, are much more challenging than AEA and
VDE as they deal with the quasibound (rather than bound)
state of the anion. Therefore, since shifts are well reproduced
by PBE0, we have chosen to stay also for the VAE within
this theory level, which is sufficient for our purpose. For what
concerns hydrogen bonds, it is well-documented that PBE0,
due to the dominance of electrostatics, renders the geometries
and energetics quite well in comparison to higher-level calcu-
lations and dispersion-corrected functionals.39

FIG. 4. Partial sums, Eq. (2), for mmax = 3 and 10. Blue dashed line: The
product σ (0)E in units 10−16 cm2 eV.

FIG. 5. The ratio of resonance widths, Eq. (14), as a function of energy cal-
culated for the equilibrium internuclear separation. Solid curve, with inclu-
sion of scattering by all molecules in the (H2O)5 cluster. Dashed curve, with
inclusion of scattering by only water molecules.

We assume then that for a localized valence orbital the
shift does not depend significantly on the shape of the or-
bital. We base this assumption on the results of much sim-
pler calculations of the shift40, 41 employing the model of a
point charge in the presence of a polarized medium. The cor-
responding resonance positions are in very good agreement
with experiments.40 On the other hand the A′ resonance is ex-
tremely broad and calculating its position by quantum chem-
istry methods is simply impossible. Therefore, we adopt the
value obtained for the shift of the A′′ resonance, for DEA cal-
culations via the resonance of the A′ symmetry.

Additional solvation shells would further decrease the
VAE, as shown in Ref. 21 for the AEA.

III. ELASTIC e-U SCATTERING

Low-energy electron collisions with uracil were studied
theoretically using a range of different ab initio methods in-
cluding the single-center expansion method,42, 43 Schwinger
variational method37 and the R-matrix method.44 These stud-
ies were focused on identification of narrow low-energy res-
onances, mainly of the A′′ (or π∗) type that do not contribute
directly to the low-energy DEA process because of their an-
tisymmetric (with respect to the molecular plane) character.
By contrast, the A′ resonance is symmetric with respect to the
molecular plane and contributes directly to DEA. In spite of
its very large width, this resonance makes the major contribu-
tion in low-energy DEA in formic acid,45, 46 uracil,6, 13, 17 and
aminobutanoic acid.47

Since we are concentrating on the A′ resonance contribu-
tion, our task is to perform a simple calculation of scattering
matrices in the A′ symmetry to be used in the multiple scat-
tering theory of DEA. For the sake of consistency we employ
the same resonance R-matrix model which was used in DEA
calculations for uracil.17 This model turned out to be success-
ful for the description of low-energy electron scattering by
simple polyatomic molecules.48 A detailed description is
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given in Ref. 48. Briefly, we start with the dipolar angular har-
monics representation49 for the S matrix. The lowest element
S00 is calculated using the resonance R-matrix theory19 with
R-matrix parameters obtained from the finite-element-
discrete-model calculations,17 and for all other elements
the effective range theory for electron scattering by polar
molecules50 is used. In this approximation the S matrix is
diagonal in the projection of angular momentum quantum
number m. Then the S matrix is transformed from the dipo-
lar angular harmonics representation to the angular momen-
tum representation and the partial in m cross sections σ (m) are
calculated.

In Fig. 4 we present the contribution of partial sums

σpartial =
mmax∑
m=0

σ (m), (2)

for mmax = 3 and mmax = 10 to the elastic cross section in the
A′ symmetry. Note that, for higher m, σ (m) is well represented
by the equation50

σ (m) = 4πμ2

k2
[2m2ψ ′(m) − 2m − 1],

where ψ ′(m) is the derivative of the digamma function, μ is
the dipole moment, and k2 = 2E, E being the electron energy.

The total cross section in the fixed-nuclei approximation
is divergent as harmonic series, and inclusion of molecular
rotations is required to obtain a finite result that is not the
purpose of the present work. We just note that qualitatively
and semiquantitatively our σ partial agrees with the results of ab
initio calculations,37 although for a quantitative comparison it
is necessary to know what is the effective cut-off in l and m in
these calculations.

We also present the product σ (0)E to show the influence
of the σ ∗ resonance on the elastic cross section. Since the
resonance is very broad this influence is hardly noticeable.
Therefore, it is not surprising that the resonance was not de-
tected in the ab initio calculations,37, 42, 44 although Winstead
and McKoy37 state that “it is possible that weak and/or broad
σ ∗ resonances could be hidden in the very large nonresonant
A′ background.” Gianturco et al.43 observed a similar trend.
This resonance is stabilized quickly with the stretching of the
N1-H bond,17 and this is what makes it important for our DEA
calculations.

The T-matrices for electron scattering by the water
molecule were obtained by ab initio R-matrix calculations as
discussed in Refs. 28, 30, and 31.

IV. MULTIPLE SCATTERING THEORY

In Ref. 28 we applied the multiple-scattering theory29–31

to calculations of attachment amplitude in the presence of a
water cluster. The expressions we used incorporated multi-
ple scattering effects only partially, since they did not include
elastic scattering by the attaching molecule. Here we remove
this deficiency by incorporating all scattering events.

To find the attachment amplitude, we will follow the ap-
proach of Caron and Sanche,29 but use a somewhat different
notation, more convenient for our problem, whereby only one

molecule (U/T) captures the electron while others (the water
molecules) act as rescatterers. By contrast, Caron and Sanche
assume that each molecule in the cluster captures electron
with the same attachment probability.

In the spirit of multiple-scattering theory,51 we represent
the field of the cluster by a potential consisting of two types
of regions defined by a set of non-overlapping spheres cen-
tered on the individual molecules at their corresponding cen-
ters of mass. The potential within each sphere is equal to the
potential (not necessarily spherically symmetric) of the corre-
sponding molecule, and we assume that the potential is zero
outside the spheres. This condition restricts the number of
partial waves involved in multiple scattering by the condi-
tion l ≤ lmax = krmin , where rmin is the minimum distance
between molecular units in the cluster.30, 31 This approach is
approximate, of course, since it neglects the long-range part
of the potential due to each molecular unit. It is reasonable
to neglect these long-range effects within the cluster. How-
ever, outside the cluster these effects might be significant if
the net dipole moment and/or polarizability of the cluster is
significant. Therefore, Dill and Dehmer51 introduced a third
region, outside the sphere of a larger radius, where the effects
of the net dipole moment and polarizability can be included.
These effects in scattering by water clusters were discussed
by Caprasecca et al.31 Here we note that whereas these effects
are important in elastic scattering, they should be insignificant
in the electron attachment problem, since the resonance cap-
ture amplitude is composed of very few partial waves. Indeed
the resonance wavefunction in the A′ symmetry is dominated
by the s wave with some admixture of the p wave and an even
smaller admixture of the d wave.

The asymptotic form of the wave function outside the
sphere encompassing the molecule n is

�(rn) = 2πil
∑
LL′

An
L

[
2jl(krn)δLL′ + T n

LL′h
(1)
l′ (krn)

]
YL′(r̂n),

(3)
where rn is the electron position relative to the molecule n, the
hat over rn indicates the unit vector, k is the momentum of the
incident electron, L = (l, m), jl and h

(1)
l are spherical Bessel

and Hankel functions, and T n
LL′ is the corresponding scattering

matrix. The amplitudes An
L are determined from the system of

linear equations

An
L(k) = eik·RnY ∗

L(k̂) + 1

2

∑
n′ �=n

∑
L1L2L

′
2

il
2−lAn′

l2
(k)F̃

ll1l
′
2

mm1m
′
2

× T n′
L2L

′
2
h

(1)
l1

(Rnn′)YL1 (R̂nn′ ), (4)

where Rn is the position of the center of mass relative to the
origin, Rnn′ = Rn − Rn′ , and

F̃ l1l2l3
m1m2m3

= il1+l2−l(−1)m[4π (2l1 + 1)(2l2 + 1)(2l3 + 1)]1/2

×
(

l1 l2 l3

0 0 0

) (
l1 l2 l3

m1 m2 m3

)
. (5)

The

(
. . .

. . .

)
s represent Wigner 3-j symbols.

Equation (4) contains all amplitudes including the ampli-
tude Ac

L for the attaching molecule. After it is obtained, the
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capture amplitude V (c) is calculated as

V (c)(k) =
∑
L

Ac
L(k)V (0)

L , (6)

where V
(0)
L is the partial capture amplitude for an isolated

molecule related to the total capture amplitude V (0)(k) by the
equation

V (0)(k) =
∑
L

V
(0)
L Y ∗

L(k̂). (7)

The capture amplitude V (c)(k) can be rewritten in the follow-
ing form convenient for calculations

V (c)(k) =
∑
nL

CnLeik·RnY ∗
L(k̂), (8)

where

CnL′ =
∑
L

V
(0)
L (M−1)cnLL′, (9)

and the matrix M is given by

Mnn′
LL′ = δnn′

LL′ − 1

2
(1 − δnn′)il

′−l

×
∑
L1L2

h
(1)
l1

(Rnn′)YL1 (R̂nn′)F̃ ll1l2
mm1m2

T n
L′L2

. (10)

Note that in the equations above the capture amplitude is
dependent on internal nuclear coordinates q. Inclusion of this
dependence is necessary for inclusion of nuclear motion dur-
ing the DEA process. First we calculate the resonance width
�(q, k) by performing the angular integration

�(q, k) = 2π

∫
| V (c)(k, q) |2 dk̂. (11)

Note that the width function has been calculated17 with the
inclusion of the dipole moment of the uracil molecule, there-
fore it exhibits the correct threshold behavior. For the calcula-
tion of the DEA cross section we solve an inhomogeneous
Schrödinger equation with a nonlocal complex potential52

which is constructed from the width function �(q) and the
shift function

�(q, k) = 1

2π
P

∫ ∞

0
dE′ �(q, k′)

E − E′ , (12)

where E = k2/2. The basic equation of the nonlocal complex
potential theory is solved by the quasiclassical method as de-
scribed in Refs. 53 and 54. So far this theory has been devel-
oped for a one-dimensional case only, that is, it assumes that a
single vibrational coordinate dominates the dissociation path.
The calculations presented in the present paper also assume
the one-dimensional approximation.

V. POTENTIAL ENERGY CURVES

The potential energy curves for the neutral molecule and
the negative ions were taken from calculations for the isolated
uracil molecule17 where the anion energy U as a function of
the relative internuclear separation ρ was parametrized by the
Morse potential

U (ρ) = Be−2βρ − Ce−βρ + D. (13)

Since the resonance shift in the nonlocal complex potential
theory, Eq. (12), is substantially different from the R-matrix
resonant shift, our anion potential curve should be readjusted
to obtain the same scattering cross section, in particular DEA
cross sections. As a result of this readjustment, we obtained
the following values of the Morse parameters (all numbers are
in a.u.): B = 0.0228, C = −0.1137, D = 0.007, β = 0.287.

We assume that the presence of the water molecules does
not change the energy of the neutral uracil. However, as is
well known, the energy of the anion is very sensitive to the
environment. In particular, the dipolar and polarization forces
from the water molecule can cause a substantial shift in the
position of the anion curve. As a first step towards inclusion
of this effect, we use the shift in the position of the lowest
resonance of the A′′ symmetry as described in Sec. II.

VI. RESULTS AND DISCUSSION

The DEA cross sections, calculated according to the dis-
cussed model, describe the σ ∗ (or A′)-resonance contribution
to the hydrogen loss at the position N1 in reaction (1). At
higher energies the hydrogen loss at the N3 site due to vi-
bronic coupling between σ ∗ and the second π∗ (or A′′) reso-
nance is important,11 therefore the calculated cross section is
substantially lower than the measured total H loss.12 In addi-
tion, the position of the first peak in DEA cross section, below
the excitation threshold of the N1-H(ν = 3) vibration, Epeak

= 1.2 eV is higher than the observed peak11, 12 by about 0.2
eV. These disagreements were discussed in Ref. 17. In the
present paper we do not attempt to improve the agreement
with experiment, rather we employ the model constructed in
Ref. 17 to study the effect of surrounding water molecules on
the DEA cross sections.

In Fig. 5 we present the effect of multiple scattering
on the resonance width as a function of energy for the U/T
molecule for a fixed nuclear geometry expressed in terms of
the ratio

R(q,E) = �cl(q,E)

�mol(q,E)
, (14)

where �mol is the width for the isolated molecule, and �cl that
for the cluster. This ratio is almost independent of the internu-
clear separation q. �mol was obtained earlier in Ref. 17. Since
the width on the whole positive energy axis is necessary to
obtain the resonance shift according to Eq. (12), we extend
both �mol and �cl by a smooth continuation in the region
E > E0 = 5 eV using the function

� = �(E0) exp[−α(E − E0)2] (15)

for E > E0.52 Here α is an extrapolation parameter that is
determined for each internuclear separation.

The width for the U/T-(H2O)5 system is smaller than for
the isolated U/T almost in the whole energy range except in
the narrow low-energy region and the region in the vicinity of
E = 2 eV. The effect is not as drastic as was previously found
for chlorofluorocarbons embedded in water clusters,28 but sig-
nificant, particularly in the low-energy region. Note that the
width is significantly reduced at energies between 0.1 and
1 eV. We interpret this width reduction as the increase of the
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FIG. 6. Dissociative attachment cross section for isolated U/T (black solid
curve) and for U/T embedded in the (H2O)5 cluster calculated for three val-
ues of the VAE shift �E: dashed blue, �E = 0.04 eV; dotted red, �E = 0;
dashed-dotted green, �E = −0.04 eV.

resonance lifetime due to the electron trapping in the wa-
ter cluster environment.28 For the DEA process this should
lead to a substantial variation of the DEA cross sections. We
should note, however, that the threshold behavior of cross sec-
tions is also strongly influenced by the net dipole moment of
the system, and this is not included in the present calculations.

Based on the results for the width reduction, we expect
higher survival probability for the intermediate anion state
and higher DEA cross sections. In addition, the negative shift
of the potential energy curve (referred below as the negative
shift effect) should lead to a further increase of DEA cross
sections.

In Fig. 6 we present DEA cross sections. In order to sep-
arate the multiple scattering effect from the negative shift ef-
fect, we present the cross sections for three values of the shift,
+0.04, 0, and −0.04 eV. The result for the calculated value of
the shift, −0.326 eV, is presented in Fig. 7. We observe that
the multiple scattering effect increases the DEA cross sec-
tion by about a factor of 2 (red dashed vs. black solid line in
Fig. 6), but the most dramatic change occurs due to the neg-
ative shift effect. The slightly shifted calculations presented
in Fig. 6 (blue, red, and green dashed lines) already show
quite a clear trend, but when the full shift of −0.326 eV is
applied as in Fig. 7, it results in a factor of 6 increase of the
DEA cross section to U/T in the water cluster environment
as compared to that for the isolated molecule. In addition, the
position of the peak in the DEA cross section moves substan-
tially towards lower energies. This effect is similar to that ob-
served in DEA to methyl iodide clusters55 and physisorbed
molecules.56

To analyze the influence of allowing for scattering by
the U/T molecule, apart from the water molecules, we also
present in Fig. 7 the cross section calculated in its absence.
The cross section is affected slightly, but threshold structures
change significantly. This is not surprising in view of the
differences in the low-energy behavior of the width ratio R,
Eq. (14).

FIG. 7. Dissociative attachment cross section for isolated U/T (solid curve)
and U/T embedded in the (H2O)5 cluster with VAE shift �E = −0.326 eV.
Dotted red curve is the cross section calculated with inclusion of scattering
by all molecules in the (H2O)5 cluster. Dashed blue curve is the cross section
calculated with inclusion of scattering by only water molecules.

VII. CONCLUSION

The approach used in the present paper allows us to study
several interesting effects in DEA to the U/T molecule in a
cluster environment. We confirm our previous observation28

that placing an attaching molecule in a water cluster reduces
the resonance width and increases DEA cross sections. In ad-
dition, elastic electron scattering by the attaching molecule
can influence the DEA process as well. Because of the re-
strictions on the orbital angular momenta involved in multiple
scattering, it is unlikely that resonances dominated by higher
angular momenta (like π∗) contribute to the hydrogen loss
from the N1 site in a cluster environment. However, it should
be emphasized that inclusion of the second A′′ resonance is
important for the description of the hydrogen loss from the
N3 site due to the vibronic coupling between the A′ and the
second A′′ resonance, and this has not been included in the
present calculations.

In addition the cut-off in l procedure in multiple-
scattering calculations is approximate, and might lead to some
inaccuracies in the capture amplitude, although we believe
that these inaccuracies are small since the resonance capture
is dominated by very few partial waves. More research with
regard to convergence in lmax is necessary. It is also impor-
tant to have experimental data for DEA in “clear” systems,
containing U/T in a well-defined water cluster. Presently such
data do not exist, and we hope that the present paper will stim-
ulate experimental studies in this direction.

The present paper studies the influence of a water envi-
ronment on DEA process driven by a broad shape resonance.
It is very well known that at higher energies core-excited Fes-
hbach resonances can drive DEA processes. The influence of
a water environment in this case could be very different. This
area is open for further studies.

The present results have important implications for
electron-impact bond breaking in biologically relevant
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molecules. The probability of such a damage can be much
higher than that measured or calculated for the pure gas phase.
For radiation damage modeling57 it is important to develop
further a theory connecting gas phase data with the probabili-
ties or cross sections in the presence of a water environment,
also taking into account the subsequent dynamics of the frag-
ments resulting from bond breaking.
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