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Abstract

We report a combined experimental and theoretical investigation of dissociative
electron attachment (DEA) to the nucleobase uracil. Using ion momentum imaging
experiments employing a DEA reaction microscope we have measured 3-dimensional
momentum distributions of specific anionic fragments following DEA to uracil by 6 eV
electrons. From the measured anion fragment kinetic energy we determine the possi-
ble dissociation pathways and the total kinetic energy release. We employ electronic
structure and electron scattering calculations to determine the probability for electron
attachment in the molecular frame. Combining these calculations with the imaging
measurements we reveal several key features of the coupled electronic and nuclear dy-

namics of DEA.
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A unique capability of low-energy free electrons is to cleave specific molecular bonds through
resonant processes. These processes include excitation and electron attachment to dissocia-
tive intermediate states. Dissociative electron attachment (DEA) is mediated by transient
anion states that are ubiquitous in low-energy electron-molecule collisions for incident elec-
tron energies both above and below the first electronic excitation threshold. In bulk matter
secondary electrons are produced in high abundance by primary ionizing radiation, on the
order of a few 10* low-energy electrons per MeV of deposited energy.'™ These secondary
electrons likely play a decisive role in DNA strand breaks and the volume over which damage
occurs around the primary irradiation sites. !

One important characteristic of DEA is that specific bonds may be targeted for dis-
sociation by Nature or the experimentalist as a function the incident electron energy. The
internal motion before and during the dissociation of the transient anion that is formed upon
electron attachment dictates the fragmentation and non-dissociative relaxation mechanisms
that protect biomolecules from damage by ionizing radiation. Despite the importance of
understanding these phenomena in biological systems, little is known about the dynamics
of DEA in biologically relevant molecules. For gaseous systems, experimental techniques
have recently advanced to enable measurement of the non-Born-Oppenheimer dynamics of
polyatomic transient anions*'! by momentum imaging of the dissociation products.

The RNA nucleobase uracil (U) contains many of the functional groups common to the
DNA bases, while being more tractable for gas-phase experiments due to its relatively high
vapor pressure and its single tautomer in the ground state. ' Denifl and co-workers!? reported
13 DEA fragmentation channels from uracil vapor in the 0-14 eV region by experiments
employing high-resolution mass spectrometry. The site-selectivity for H™ production from
uracil and thymine (5-methyluracil) anions was investigated as a function of incident electron
energy by Ptasifiska et al.'* using electron-molecule crossed-beams experiments and recently
by Almeida et al.,*® with electron transfer from atom-molecule collision experiments. In

another recent study, Ferreira da Silva et al.'% reported that the abundant NCO™ fragment



that occurs above 4 eV electron attachment energy in DEA to uracil and thymine results
predominantly from a sequential process: the relatively fast decay of the uracil transient
anion by ejection of neutral hydrogen proceeds and is followed by a slower unimolecular
decomposition of the remaining anion. By substituting methyl groups at the nitrogen sites
in thymine they determined that the remarkable bond-specificity as a function of resonant
electron energy in the first step is conserved through to the second slower and more complex
reaction.

In the present experiments we tuned the incident electron energy to the 6 eV resonance
reported in the DEA ion yield spectra of Denifl et al.'® that is near the low-energy onset
of several ring-breaking fragmentation channels. Momentum images were recorded for the
6 major fragmentation channels at this energy, with relative ion yields for each fragment
found to be in good agreement with the data of Denifl et al.'> We first categorize the
DEA fragmentation channels that yield a fragment anion with peak kinetic energy less than
0.1 eV, i.e. ions having thermal kinetic energy within the resolution of the experiment. Fig. 1
illustrates the momentum and kinetic energy distributions of the ions produced in each of
these fragmentation channels.

We determine the energy difference between the initial and final electronic states of the
DEA reaction by the relation AE = ¥;D; — EA, where D; are the relevant bond dissociation
energies of the transient anion and F A is the adiabatic electron affinity of the parent of the
anionic fragment. Since the lowest two bond dissociation energies for uracil breakup are
expected to be 4.4 and 5.0 eV,'*!7 we do not expect DEA at 6 eV to produce more than two
fragments unless the vertical electron affinity of the anion parent is higher than ~ 3.4 eV.
The adiabatic electron affinities of CN, NCO and the uracil-yl [U — H] family of radicals are
3.9 eV, 3.6 eV and 2.35 - 3.8 eV, respectively, " 19 therefore it is possible that DEA in the 5 -
11 eV electron energy range leads to multiple fragments in each of the channels of Fig. 1. The
kinetic energy spectra of Fig. 1(e) are likely due to three-body dissociation, with significant

vibrational excitation of the molecular fragments and little kinetic energy transferred to
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Figure 1: Measured ion momentum distribution following DEA to uracil at 6.0 eV electron
energy (a) 110 atomic mass units (amu), C4HaN2Oo™, (b) 67 amu, C3HNO™, (c) 42 amu,
NCO™, and (d) 26 amu, CN~. The electron beam direction is longitudinal from bottom to
top and the linear color scales represent ion counts in arbitrary units. (e) Ion kinetic energy
for each channel in (a) - (d). Error bars represent one standard deviation of the statistical
uncertainty.

the anion fragment. These observations are consistent with the recent work of Denifl and

1620 who determined that at these energies many of the DEA pathways for the

co-workers,
uracil anion proceed via fast hydrogen-loss to a [U — H]~ transient anion and subsequent
decomposition over longer time scales to smaller anion and neutral fragments.

The measured H™ momentum distribution following DEA to uracil at 6.0 eV electron
energy is displayed in Fig. 2(a). We find that H™ is preferentially ejected in the perpendicular
or backwards directions with respect to the electron beam, with a sharp kinetic energy
distribution that is displayed in Fig. 2(b). In order to better understand the partitioning
between total translational kinetic energy release (KER) and internal energy of the fragments
we have investigated the dependence of the KER on the incident electron energy. As the
electron incident energy increases across the resonance, we see in Fig. 2(b) that the KER
distribution becomes broader and the peak energy increases.

The minimum electron energy threshold for H- production is 3.6 eV,13171921 for H-

loss from the N1-H1 site as labeled by the inset schematic of Fig. 2(a), while the next-lowest
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Figure 2: (a) Measured ion momentum distribution, in atomic units (a. u.), of H™ resulting
from DEA to uracil at an electron beam energy of 6.0 eV. The electron beam direction is
indicated by an arrow. Inset: the equilibrium geometry of uracil with site labels adopted in
the text. (b) Kinetic energy distribution of H™ ions for the electron beam energies indicated,
normalized for each electron incident energy to the cross section data of Ref. 13. Error bars
indicate one standard deviation of the statistical uncertainty and the intensity scales are
linear with arbitrary units.

threshold, from the C6-H6 site, is 4.2 eV. 13171921 The peak H™ kinetic energy increases from
1.8 eV to 2.3 eV, as the electron beam energy increases from 5.5 eV to 6.5 eV. These energetics
strongly suggest that H™ originates from the N1-H1 site, confirming previous reports of two
other groups.*'5 Below 6.5 eV, the dissociation is likely to be primarily from that site, due to
the absence of any significant additional structure in the 5.5 eV and 6.0 eV spectra. At 6.5eV,
we see an increase in ion yield at the low-energy shoulder appearing at H™ kinetic energies
of about 1.5 eV, relative to the main peak at 2.2 eV. Due to conservation of momentum and
the high relative mass of [U — H], compared to H™, the neutral fragment receives negligible
translational kinetic energy from this two-body dissociation and the remaining energy is
transferred to vibrational excitation of [U — H], which manifests in the increasing width of
the H™ kinetic energy peak of Fig. 2(b) with increasing electron energy.

Recent experimental and theoretical studies of DEA to polyatomic molecules have high-

22727 where fragment angular distributions can be predicted or re-

lighted several examples
produced on the basis of the axial recoil approximation.?® Under such conditions the DEA

product fragments are ejected along the axis connecting the centers-of-mass of the fragment



and the transient anion so that the fragment angular distribution is determined only by
the electron attachment entrance amplitude,? which describes the probability for electron
attachment as a function of the molecular orientation. DEA under axial recoil conditions
efficiently channels the available energy into KER due to the strong repulsion of the anion
potential energy surface along the reaction coordinate. Furthermore, in all of these examples
the KER was observed to increase significantly as the electron energy was increased across
the width of the resonance.?*?> We observe such a trend in the KER for [U — H] + H™, as
shown in the spectra of Figure 2(b). This correlation is a signature of the H™ fragment being
rapidly ejected from the transient anion, with a relatively small dissipation of the residual
energy F, among the vibrational degrees of freedom within the molecular fragment. Here
E, = E. — (Dni1—m1) — EA(H)), where E,. is the incident electron energy, D is the bond
dissociation energy and EA(H) = 0.75 eV is the electron affinity of H.

To make a close comparison with experiment, we show as the continuous blue curve
of Fig. 3 the result of averaging the square modulus of the calculated electron attachment
entrance amplitude (see Supporting Information S2) over all relative orientations of the uracil
molecule while holding fixed the angle between the electron direction ?m and the vector
from N1 to H1, plotted as a function of that angle. The averaged square amplitude is shown
as a polar plot, with the up direction corresponding to ?m and N1-H1 vector aligned and
down corresponding to anti-aligned, so that, within the axial recoil approximation, these
results may be compared directly to the measured H™ distribution plotted in the same
figure (red circles). Although there are differences in detail, the experimental results for the
angular distribution of H™ ions relative to the electron beam ?m show a similar trend to the
theoretical prediction; in particular, the amplitude is large over a fairly wide range of angles
centered on 90°, with angles greater than 90° moderately favored. The black dashed curve
in Fig. 3 shows the distribution that results from the same body-frame entrance amplitude
if we assume that H™ is produced by breaking the N3-H3 bond rather than the N1-H1 bond.

In this case, the distribution is much less symmetric about 90°: backward angles are favored,
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Figure 3: Polar plot of the measured (red circles) H™ anion fragment ion yield (radial
coordinate) as a function of the ejection angle (angular coordinate); orientationally averaged
square modulus of the entrance amplitude as a function of the angle # between the electrons
direction of incidence and the direction of the N1-H1 bond (continuous blue curve) and
the N3-H3 bond (dashed black curve), with § = 0° corresponding to the incident electron

. .
direction k ;,,.

and there is a pronounced peak at about 140°. Overall agreement with the measured H™
distribution is much poorer.

These results support the conclusion reached above from energetic considerations that
H™ is ejected from the N1 site and are in agreement with the experiments of Ptasinska et
al.** and Almeida et al.'> The broader features in the measured ion angular distribution
that contrast with the angle-dependent structures of the axial recoil predictions could be
due to the influence of the vibrationally excited states of the warm uracil target on the
entrance amplitude, such as the broadening recently observed in DEA to methanol® or post-
attachment dynamics in the anion that deviate subtly from axial recoil conditions.

At the resonant electron energy of 6.0 eV we measured the momentum distribution of
C3H3N,O™ displayed in Fig. 4(a). The reaction channel leading to this fragment anion can
be described by loss of H in conjunction with cleavage of either two C-N bonds or one C-N

and one C-C bond. The ion kinetic energy distribution of Fig. 4(b) contrasts remarkably



min. KER (eV)

100 0.0 2.0 4.0
(a)
— L i ( b) 3 e— beam energy:
3 ® - 53eV
& 50r = 3 * 6.0eV
£ - g v 6.5¢eV
2 10 € £ s
(] >
§ OF M| s
1S < 3
© L - 8 x!‘!!II -
£ > = !I x
el c ¥I X
2-50F L S
=) 50 XX ':x ll
5 - e
- r B = x‘!' =
- s

Y90 =0 o 50 1000 of
- - 0 0.5 1 1.5

transverse momentum (a. u.) kinetic energy (eV)

Figure 4: (a) As Fig. 2, for C3H3N,O~ at an electron beam energy of 6.0 eV. (b) As Fig. 2,
kinetic energy and minimum KER distribution of C3H3N;O~ following DEA to uracil at the
specified energies near 6.0 eV.

with those of Fig. 1(b), for the dissociation channels that likely proceed via unimolecular
decomposition, suggesting an alternative dissociation mechanism. While the C3H3N,O~
kinetic energy is larger than the thermal-like kinetic energy distributions of Fig. 1(b), we
observe no significant change in the ion kinetic energy for different electron beam energies
within the width of the resonance, which indicates that the available excess energy above
the dissociation threshold is channeled into vibrational excitation of the neutral fragment
(either HCO or CO), or the anion fragment.

From the ion kinetic energy we derive the minimum KER, which is displayed on the upper
horizontal axis of Fig. 4(b). This is the KER for the limiting case of a dissociation leading to
a 2-body final state of HCO + C3H3N,O~, where the momentum is equally shared between
the anion and one neutral fragment. In a generalized 3-body fragmentation we expect a
larger KER, for the same measured anion kinetic energy, due to momentum sharing between
the anion and two neutral fragments. In either case the bonds binding C2 or C4 within the
ring must both break to release the neutral CO or HCO fragment with large kinetic energy
compared to the vibrational excitation of either molecular fragment. In a slow unimolecular

decay the uracil anion intermediate is likely to dissipate much of the available energy by



intramolecular vibrational redistribution.3! Therefore we propose that this channel proceeds
via a faster mechanism than the intermediate [U — H|~ anion that is now understood %
to be the common precursor to most of the alternative ring-breaking reaction pathways for
electron energies above 4 eV.

In conclusion, the ion momentum distributions from DEA to uracil reported here show
that two fragmentation channels occur via new pathways other than forming the metastable
[U — H]~ anion intermediate that was recently proposed as the dominant mechanism for
DEA in nucleobases for electron energies above 4 eV. Based on our computational studies
of the electornic structure and electron attachment dynamics (see Computational Methods
and Supporting Information S2), we propose, as a possible candidate for this transient anion
formed upon 6 eV electron attachment, a 2A” Feshbach resonance. The kinetic energy
spectrum of one fragment, C3H3N,O™, resulting from a ring-breaking dissociation, suggests
surprisingly efficient channeling of the available electronic energy into KER rather than

vibrational excitation.

Experimental methods

Using a dissociative electron attachment reaction microscope®? (see Supporting Information
S1 for details), we measured the 3-dimensional momentum distributions of anion fragments
resulting from attachment of low-energy electrons to a molecular beam of pure uracil va-
por. The electrons were produced in a pulsed beam with an energy distribution having a
full width at half maximum of 0.8 eV using an electron gun. The target molecules were
randomly orientated in the laboratory frame, therefore the direction of the anion momenta

were measured relative to the electron beam direction.
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Computational methods

The excited electronic states of uracil have been studied computationally by Epifanovsky
and coworkers,** who identified a state of A” symmetry (the 2 'A” state) at about 6 eV
above the ground state. This state is described, in a one-electron picture, as resulting from
the promotion of an electron from the highest 7 orbital, 73, into a Rydberg-type o orbital,
or, and is a plausible parent for a (m3)!(og)? ?A” Feshbach resonance near 6 eV that could
account for the observed dissociative attachment in this energy region. In order to obtain an
approximate description of such a Feshbach resonance, we first performed single-excitation
configuration interaction (SECI) calculations on uracil using the electronic-structure package
GAMESS?! and the 6-31+G(d) basis set as contained therein. The 2 'A” state from this
calculation fell at 6.85 eV and was, as expected, of m3 — o character. Our scattering
calculations were carried out in the same 6-314+G(d) basis set as used for the electronic
structure calculations, using the Schwinger multichannel (SMC) method. Details can be

found in the Supporting Information S2.

Supporting Information Available

S1: Experimental details, S2: Computational details. = This material is available free of

charge via the Internet at http://pubs.acs.org/.
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