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Abstract
Low-energy dissociative electron attachment to uracil molecules in the gas phase is partly con-
trolled by interaction between the lowest ¢* resonance with a dipole-supported anion state. We
calculate this contribution using a combination of the finite element discrete model with the res-
onance R-matrix theory. Deuterated uracil is investigated, also, and a strong isotope effect is
found. The results agree qualitatively and semiquantitatively with experimental data, but for a
complete description of the process the interaction between a second N—H bond ¢* resonance in

the molecule and the second 7* resonance should be included.

PACS numbers: 34.80.Ht



I. INTRODUCTION

An interesting feature of the dissociative electron attachment (DEA) process is that low-
energy electrons may not only dissociate the molecular target, but may do so at well defined
reaction sites often leading to almost 100% bond selectivity[1], thence initiating controlled
chemical processing in the local environment. This feature is particularly important in
DEA to biological molecules because of the recently discovered role of the DEA process in
radiation damage [2].

The most abundant product of DEA to the building blocks (purines and pyrimidines) of
DNA is the dehydrogenated closed-shell anion [M-H]~[3]. A series of sharp peaks in DEA
cross sections to uracil [1, 4-9], thymine [10] and adenine [11] were identified [5] as vibrational
Feshbach resonances (VFRs) [12]. The lowest 23 anion state is strongly antibonding between
N; and H. (The subscripts here and below refer to the atom location, see Fig. 1). It was
therefore argued that this state drives low-energy DEA in uracil leading to production of the
(U-H)~ anion and H atom. In addition, due to the large dipole moment of uracil, u = 4.7
D, an electron can be captured by the dipolar field with simultaneous vibrational excitation
leading to VFRs.

VFRs in uracil and thymine arise wholly from the ejection of a hydrogen atom residing
on a nitrogen rather than from a carbon atom, Fig. 1. The experimental proof was provided
first for thymine by Abdoul-Carime et al [13]. Using thymine deuterated only at the carbon
positions, their mass analysis showed that only [M-H]~ appeared below electron energies
of 4 eV, and there was no contribution from [M-D]~. Moreover, the observed yield was
essentially the same as for the undeuterated thymine. Ptasinska et al [1] confirmed these
observations for the uracil molecule and, in addition, showed that the sharp structure in
the cross section appears due to H loss from N;-H whereas H loss from the N3-H site is
completely suppressed below 1.4 eV. When the uracil molecule was methylated at the Ny
position, that is, the H atom was replaced by the CHj radical at the N; site, no [M-H|~
anions were observed below 1.4 eV. If, on the other hand, the uracil was methylated at the
N3 position, the sharp feature at 1.0 eV was preserved, whereas the cross section was lower
and had different shape at higher energies.

More detailed studies for thymine were performed by Burrow et al [9] and Denifl et

al [3]. In particular Burrow et al [9] noticed that the of valence orbital is also strongly



antibonding between N; and Cg atoms which leads to excitation of the C¢—H and N;—Cgq
stretching vibrations. Indeed, additional structure corresponding to nyv(NiH)nev(N;Cg)
and niv(N1H)nov(Cg—H) overtones was observed in the DEA cross sections.

Uracil deuterated at the Ny and N3 positions was examined by Scheer et al [8] who
reported the total anion yield, that is, without mass analysis. Although the electron energy
resolution was poorer, the shape of the yield in uracil was consistent with that seen by
others. In particular, two VFRs at 0.69 and 1.01 eV were observed in nondeuterated uracil.
It was also noted that a broader peak at 1.7 eV was coincident with the location of the
second 2II resonance. In the N-deuterated uracil, on the other hand, no evidence for sharp
VFRs was found and only a broad peak at 1.16 eV was observed. These data were evidence
for a substantial isotope effect and implied that the reduced tunneling rate of a deuterium
atom relative to that of hydrogen gave rise to VFRs that were too narrow to be observed
with the resolution employed.

Although no other studies of N-deuterated uracil have been reported, Denifl et al [3] have
subsequently studied N-deuterated thymine with high electron energy resolution and mass
selectivity. They found a strong isotope effect in N-deuterated thymine whereas the DEA
cross section for the C-deuterated thymine was practically indistinguishable from that for
thymine. Moreover, it was found that all narrow vibrational Feshbach resonances are due
to the H loss from the N; site whereas a broader asymmetric peak near 2 eV is due to
the interaction between the second lowest 7* resonance with the second ¢* resonance. The
isotope effect was the most pronounced in the H loss from the N site. In this case the cross
section for thymine was reduced by a factor of 40, whereas for the H loss from the Nj site
the cross section was reduced by a factor of 20.

These observations allow us to conclude that the problem of the [M-H]~ formation, where
M stands for uracil or thymine, can be separated into two parts. The H loss from the Ny
site can be treated as a direct capture into the lowest ¢* unoccupied orbital assisted by
the interaction with the dipole-supported states. The H loss from the N3 site should be
treated as capture into the second unoccupied 7* orbital with the following transition into
the second ¢* state due to vibronic coupling. In the latter case the DEA mechanism is
similar to that observed previously for chlorobenzene and vinyl chloride [14] and calculated
for acetylene [15]. Although it is hard to separate these two reaction channels in practice,

information about the cross section for the first reaction can be provided by performing



experiments with uracil or thymine methylated at the N3 position [1].

Calculation of cross sections for these two channels involves different physics, and there-
fore requires different methods. The H loss from the N; site involves a broad ¢* shape
resonance and VFRs, and therefore requires the nonlocal approach [16], or equivalent R-
matrix approach [17]. On the other hand, the H loss from the Nj site is primarily due to the
relatively narrow 7* resonance, and the local approximation is adequate in this case. Un-
fortunately, the necessary inclusion of the vibronic coupling between ¢* and 7* resonances
makes this problem more complicated.

Ab initio calculations[18-20] of the eigenphase sums for electron-uracil scattering indicate,
in addition to the 7* resonances, only narrow ¢* resonances of Feshbach type at higher
energies [20]. No broad shape resonances were reported. Note, however, that Winstead
and McKoy [19] detected a broad peak in the partial A’ cross section centered around 8.5
eV that “is likely real and due to one or more C-H or N-H o* shape resonances”. The
situation here is similar to that observed in hydrogen halides [21-24] and discussed recently
for formic acid [25, 26]: the width of the lowest o* resonance is so large, that the resonance
is difficult to discern in the scattering eigenphase sum or the partial cross section. For
determination of the resonance parameters the scattering phase shift should be decomposed
into the resonance and background phase shifts. The latter is dominated by the strong
dipolar and polarization interactions leading to a decrease of the total phase shift as a
function of energy. This decomposition can be accomplished by combining the finite element
discrete model (FEDM) [27] with the resonance R-matrix theory [17].

In the present paper we calculate the DEA cross section for uracil involving the H loss
from the Ny site. Our approach to this problem is similar to that used in DEA calculations
for formic acid [25]. We calculate the potential curve and the width function for the o*
resonance along the reaction coordinate N;—H using FEDM, and then obtain the resonance
R-matrix parameters which reproduce the calculated width. With these parameters we
calculate the DEA cross sections. Since the model is one-dimensional, our calculations
are unable to reproduce structures due to nyv(N;H)nov(N1Cg) and nyv(NyH)nev(Ce—H)

overtones [9].



II. INPUT DATA

We represent the energy of the Ni-H stretch by an effective one-dimensional potential in

the Morse form
V(p) = Alexp(—ap) — 1J? (1)

where p = R— R, is the reaction (N;-H) coordinate relative to the equilibrium separation R..
The Morse parameters were chosen to fit ab initio calculations. We obtained o = 0.95345
a.u., A = 0.28698 a.u. The corresponding energy of the first vibrationally excited state is
0.451 eV, somewhat higher but close to the experimental value 0.432 eV [28], To reproduce
this value, our curve has been adjusted by changing the value of parameter o to 0.9110 a.u.

The R-matrix pole representing the anion curve is parametrized in the form

U(p) = Bexp(—28p) — Cexp(—Bp) + D, (2)

and the R-matrix surface amplitude v(p) as
_ 2
fy(p)_/yl_'_egp_l_a' (3)
The parameters in these equations were fitted to reproduce the results of ab initio calcula-
tions of the anion resonance energy and the resonance width I'. The relation between the

resonance energy U, and the position of the R-matrix pole is

Ur(p) = Ul(p) + A(E,(p))

where the electron resonance energy FE.(p) = U.(p) — V(p), and the resonance shift A(FE),
as well as the resonance width I'(E), are calculated according to standard equations of the
R-matrix theory [29]. In practice we calculate U(p) from ab initio values of U,(p) and fit
parameters in Egs. (2), (3) to the obtained values of U(p) and I'(p, E'). We found that this
procedure is very insensitive to the parameter D. Unfortunately, this parameter, to some
extent, controls the crossing point between the potential curves, and the DEA cross section
is very sensitive to this parameter. We investigated how the DEA cross section depends on
D by taking two values of this parameter: D = —0.001467 a.u. (model 1), D = —0.02 a.u.
(model 2). In addition we tried D = 0.03655 a.u., approximately corresponding to the 0.8 eV
reaction threshold calculated by Hanel et al [4]. However, in this case we were unsuccessful

in obtaining a good fit. Although the asymptotic value of the anion energy D = 0.03655 a.u.
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might be realistic, our parametrization is not flexible enough to provide adequate repulsion
in the Franck-Condon region in this case. In each case we adjust parameters B and C' in
order to reproduce the ab initio calculated anion curve in the Franck-Condon region. The
potential energy curves for models 1 and 2 are presented in Fig. 2. We also present there
the curve corresponding to the dipole-supported state for model 1.

The long-range electron-molecule interaction outside the R-matrix sphere was modelled
by a combination of the dipolar potential and polarization potential. The dipole moment
function u(R) was calculated using the GAMESS computation package[30] with a 6-311G(d)
basis. The N;—H (see Fig. 1) bond distance was held at a series of fixed distances while the
geometry of the remaining atoms was relaxed to minimize the total energy. In the range of
internuclear distances important for our calculations the function p(R) is linear, and with

good accuracy can be approximated as
w(R) = 1o+ 0.43765(R — Ry) (4)

where Ry = 1.89 a.u. is the equilibrium N;—H separation and py = 1.867 a.u. is the
corresponding dipole moment.

We also calculated the polarizability tensor c;; at the equilibrium internuclear separation.
In the reference frame where the N; atom has zyz coordinates (-0.97468,1.16671,0) A, and
the C, atoms coordinates (0.39804,1.20645,0) A, the components of the polarizability tensor
are, in A% a,, = 8.15102 a,, = —0.59070, a,, = 10.76421, a.. = 3.40731, and a,, =
oy, = 0. We have transformed this tensor into the reference frame with the z axis along the
molecular dipole moment (see Fig. 1) and averaged it over the electron density distribution
corresponding to the lowest dipolar angular function [31]. The result is 7.8045 A3 =52.73
a.u., not very different from the mean value & = 7.44085 obtained from the average over the
isotropic distribution.

The FEDM[27] method provided an ab initio determination of the I'(p, E') function.
Briefly, one approximates the continuum wave function with a sequence of discrete (L?)
functions and applies the Fano configuration interaction procedure[32] to find the lifetime
amplitude and then I'. Typically, 30 to 60 single Gaussians are used, in this case mixing s
and p symmetries. The single particle kinetic energies of these ranged from 0.01 to ~ 50
eV; however, the results are not sensitive to these limits. Uracil has a dipole moment

substantially above the critical value, producing at least one dipole bound state, but no



attempt was made to add functions to reproduce this state more accurately. The equilibrium
geometry of the uracil negative ion was determined under the constraints of planarity and
a number of fixed N—H distances at Ny, but allowing the in-plane bond angle to relax.
The resulting ['(p, E) function at each distance does have the finite I'(E — 0) threshold
behavior expected of super-critical dipole systems.[33] The fitting procedure results in an
R-matrix width, and in Fig. 3 we present a comparison with the ab initio calculated I'(p, E).
The R-matrix width includes the long-range electron interaction with the molecular dipole
moment whereas in the FEDM calculations these effects are not included to a full extent.

This explains the disagreement between the two calculations in the low-energy region.

III. RESULTS AND DISCUSSION

A. DEA cross sections for uracil

In Fig. 4 we present the DEA cross section calculated with the parameters of model 1
(note semilog scale). Very pronounced VEFRs are seen, particularly two resonances below
the v = 2 and v = 3 thresholds. We demonstrate the cross section behavior below the v = 3
threshold in more detail in Fig. 5 where we plot cross section as a function of — log,,(F;—E)
where E; = 1.25778 €V is the threshold energy.

Apparently this is the first case when two VFRs in DEA are produced near the same
vibrational threshold. This occurrence is due to the high dipole moment of uracil. According
to the general theory [33], for molecules with supercritical dipole moments, & > p. = 0.6395

a.u., the binding energies of dipole-supported states form a geometric progression of the type
E, = Eyexp(—2mn/7), n=0,1,.. (5)

where FEj is the energy of the lowest state, and 7 is a parameter depending only on the
molecular dipole moment. For u close to p.. the parameter 7 is small and the common ratio
E,i1/E, is small exponentially, and in this case almost all, or even all, dipole-supported
states are destroyed by rotations [33]. For example, HF and water molecules do not bind
an electron at all, although their dipole moment is supercritical. For uracil 7 = 1.967
and the common ratio F,1/FE, = 0.00395. The computed resonance positions below the
v = 2 threshold agree very well with this value, although a certain deviation is observed at

the v = 3 threshold where the computed value of E)/FE, is 0.0053. This is caused by the
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interchannel interaction which almost completely destroys the lowest resonance at the v = 4
threshold. This can be seen from Fig. 2 which indicates that the position of the v = 3 state
is close to the crossing point whereas the position of the v = 4 state is above it.

For the purpose of comparison with experiment we have averaged the theoretical cross
section over a Gaussian distribution of width 0.07 eV (dashed curve in Fig. 4 and curve 1
in Fig. 6).

The resulting cross section differs in several aspects from that measured[1, 4-9]. First,
the v = 2 resonance is not visible on the linear scale. Second, the major peak occurs at
E =1.196 eV instead of the observed peak position £ = 1.01 eV [8]. Third, the peak value
of the cross section, opear = 0.034 x 1071 cm? is substantially higher than the experimental
estimate of Aflatooni et al [7], 0.0044 x 1076 cm?. On the other hand, the Innsbruck group
6] gives 0.16 x 107'® cm?, 4.7 times bigger than the theory. Thus the theoretical value
lies between two experimental measurements. Note that the peak value strongly depends
on the instrumental width. When we increase it to 0.1 eV the peak cross section drops to
0.027 x 10716 cm?.

We can modify the theoretical results in two ways. First, we can try to reduce the DEA
cross section by increasing the parameter D in Eq. (2). However, our attempts to do this
led to disappearance of the major peak below the v = 3 threshold. On the other hand, we
can enhance the v = 2 peak by reducing the parameter D (model 2).

To understand the disagreement in the position of the major peak, we have calculated the
binding energy Ej of the dipole-supported state at the equilibrium internuclear separation
with the R-matrix parameters employed in our model 1. This results in £y = 37.8 meV,
more than a factor of 2 smaller than the measured value [34, 35]. The value of the binding
energy can be changed by varying R-matrix parameters responsible for the short-range
interaction or by increasing the strength of the long-range interaction. Variation of the
R-matrix parameters in order to increase the binding energy led to a width function very
different from the results of ab initio calculations, therefore we abandoned this approach
and increased by 5.3% the dipole moment instead. In addition, we increased the average
polarizability to 83 a.u. As a result, the binding energy has grown to 87.3 meV, very close
to experiment.

Results of these three calculations (model 1, model 2 and modified model 1) folded with a

Gaussian beam profile of width 0.07 eV are presented in Fig. 6. In the calculation of model



2, the VFR below the v = 2 threshold becomes visible in the averaged cross section on the
linear scale, and the overall structure becomes similar to that observed [8]. The magnitude
of the cross section at the peak increases further to 0.115 x 107!¢ ¢cm? but remains lower
than the experimental value of Feil et al [6]. In the calculation of modified model 1, the
peak’s position goes down to 1.132 eV which is still higher by 0.12 eV than the experimental
result.

In Fig. 7 we present results for the modified model 1 together with experimental DEA
cross sections for uracil and uracil methylated at the N3 position[1]. The experimental cross
sections are normalized arbitrarily, but their relative values are given as in Ref. [1], so it
is clearly seen that the experimental signal below F = 1.4 eV is due to the H loss from
the Ny site. Agreement of the theoretical curves with experimental cross sections for uracil
remains more qualitative than quantitative. This may be expected for a such a complex
target, particularly in view of the numerous approximations made in the calculations.

Since the DEA cross section depends very strongly on the initial vibrational state, an
increase of vibrational temperature can lead to a substantially higher cross sections than
those calculated for v = 0. To investigate this effect, we have calculated DEA cross section
for ' = 300 and 450 K (the temperature in experiment [3]), and did not find a significant
effect. However, a further temperature increase produces a noticeable enhancement at low
electron energies. To demonstrate this, we present comparison of the 7' = 0 K results with
T = 723 K results in Fig. 8. Note that the 7" = 300 K cross section does not differ at all
from that for T'=0. At T = 723 K we see a strong enhancement of the cross section in the
low-energy region, particularly of the v = 2 peak. However, the cross section in this region

is still very small compared to the value of the major peak at the v = 3 threshold.

B. Deuterated uracil and isotope effect

In Fig. 9 we present the DEA cross section for the N-deuterated uracil calculated with
the parameters of model 1. The reduced mass in these calculations was increased by 2.
Accordingly, for low-lying vibrational states, the vibrational frequency has decreased by
1/4/2. Since the temperature effect is more substantial for the deuterated uracil, we also
show cross sections for DEA from the first two vibrationally excited states. Several VFRs,

including those below the v(N; — D) = 2,3,4 and 5 and thresholds are observed. Some



resonances demonstrate the double feature described by Eq. (5), as discussed above for
nondeuterated uracil.

Because the existing experimental data for N-deuterated uracil [5] had insufficient reso-
lution to observe the VFRs, we compare our calculated results with the measurements of
Denifl et al [3] for N-deuterated thymine. The (M-H)~ yield in uracil and thymine are quite
close, although VFRs in thymine appear to be somewhat more visible than in uracil.

In Fig. 10 we present comparison of the experimental results with calculations of model
1 for two vibrational temperatures. One has to go to temperatures above 700K to see
substantial effects on DEA cross sections. This is demonstrated by presenting results for
T = 0and T = 723 K. The temperature effect leads to a significant enhancement of the v = 4
peak and improves agreement with experiment. However, for the experimental temperature
T = 450 K the effect is small. In addition the theoretical results suffer from the same
discrepancy found in the nondeuterated case: the position of the major peak is substantially
higher, by about 0.27 eV, than the experimental position. A more careful analysis shows
that the main theoretical peak occurs below the v = 5 threshold whereas the observed peak
occurs below the v = 4 threshold. As is apparent from Fig. 9, the peaks occur below
each vibrational excitation threshold, but their magnitude varies strongly with v. The value
of v corresponding to the maximum cross section strongly depends on the position of the
crossing point between the neutral and anion curve, Fig. 2. To demonstrate this, in Fig.
11 we present comparison of cross sections, calculated with model 1, and model 1 with the
anion curve shifted by the amount AU = —0.005, —0.007, and —0.009 a.u. In the calculation
with AU = —0.007 a.u. the v = 4 peak becomes as pronounced as the v = 5 peak, and
in the calculation with AU = —0.009 a.u.= —0.245 eV the v = 4 peak becomes dominant,
and the curve agrees very well with the experiment. This last adjustment represents moving
approximately 75% of the way from v = 5 to v = 4 and demonstrates that threshold peaks
are very sensitive to the crossing point. Here the experimental measurements can serve as
a tool for the determination of its location.

We note the striking mass effect on the absolute magnitude of the cross section for the
H/D loss from the N; site: the peak value is reduced by a factor of 20. This is typical for
hydrogen halides[23]. For thymine Denifl et al[3] observed an even higher reduction by a
factor of 40.
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IV. CONCLUSION

Because of the complexity of DEA in uracil and thymine, it is important to explore
different mechanisms contributing to this process. In the present paper we have investigated
the role of the broad ¢* N;—H shape resonance and its interaction with the dipole-supported
anion in uracil leading to VFRs in the DEA H loss from the N; site. Because of the
substantial contribution of the second 7* resonance not included in the present calculations,
the comparison with experiment can be done only qualitatively rather than quantitatively.
However, the major features of the process are reproduced by comparing the calculated
results with the DEA for uracil methylated at the N3 site. Calculations for the deuterated
uracil demonstrate a significant vibrational temperature effect in the low-energy region and
a strong isotope effect. The latter confirms experimental observations [3].

The position of the major VFR is somewhat too high, by 0.1-0.2 eV as compared with
the experimental position. For deuterated uracil we find a strong dependence of the peaks
position on the crossing point, therefore experimental measurements can serve as a tool for
determination of its location.

We expect that more accurate calculations of the input parameters will lead to a better
agreement. The major task for future studies is incorporation of the ¢* — 73 coupling leading

to the loss of H from the Nj site.
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FIG. 1: Molecular structure of uracil (U), uracil methylated at the N3 position (3mU), and thymine

(T). The arrow indicates the direction of the dipole moment in uracil.

FIG. 2: (Color online) Potential energy curves as functions of the N;—H distance relative to
equilibrium. Note that the equilibrium position is R, = 1.890 a.u.= 0.9995 A. The two anion
curves are R-matrix poles for models 1 (dashed curve) and 2 (solid curve). Circles are corresponding
energies from FEDM calculations. Dotted curve: adiabatic anion curve for model 1. Horizontal

lines indicate the positions of vibrational energy levels of the neutral.

FIG. 4: (Color online) DEA cross sections for uracil, model 1. Solid curve, nonaveraged cross
sections. Dashed curve, cross sections folded with a Gaussian distribution of width 0.07 eV. The

vibrational excitation thresholds are indicated by arrows.

FIG. 5: (Color online) DEA cross sections for uracil below the v = 3 threshold plotted as a function
of —logo(E; — E) where E; = 1.25778 eV is the threshold energy and E is the electron energy in
eV.

FIG. 6: (Color online) A comparison of the folded DEA cross sections for models 1 (curve 1), 2

(curve 2) and modified model 1 (curve 1m).

FIG. 7: (Color online) The folded DEA cross section calculated with the modified model 1 (dashed
line). Experimental data: curve 1, measured negative ion yield for uracil; curve 2, measured
negative ion yield for uracil methylated at the N3z position. See text about normalization of

experimental curves.

FIG. 8: (Color online) DEA cross section calculated for vibrational temperatures T' = 0 (solid

curve) and T' = 723 K (dashed curve).

FIG. 3: (Color online) Resonance width as a function of energy for three internuclear N;—H
distances (given in the same units as in Fig. 2). FEDM calculations: dashed curves; R-matrix

parameter fit: solid curves.
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FIG. 9: (Color online) DEA cross sections for deuterated uracil calculated for three initial vi-
brational states, v; = 0 (bottom curve), v; = 1 (middle curve), and v; = 2 (top curve) with
the parameters of model 1. The vibrational excitation thresholds for the v; = 0 initial state are

indicated by arrows.

FIG. 10: (Color online) DEA cross sections for deuterated uracil averaged over a Gaussian distri-
bution of width 0.07 eV. Solid curve, model 1, T' = 0; dashed curve, model 1, T' = 723 K. Curve

‘exp’, arbitrarily normalized deconvoluted ion yield in experiment [3] for thymine.

FIG. 11: (Color online) DEA cross sections for deuterated uracil averaged over a Gaussian distri-
bution of width 0.07 eV. Curve 1: model 1; curve 2, 3, and 4: model 1 with the anion potential

curve shifted down by 0.005, 0.007, and 0.009 a.u. respectively.
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Figure 1: Molecular structure of uracil (U), uracil methylated at the Nj
position (3mU), and thymine (T).
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