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Abstract. We show that low energy electrons effectively decompose the gas phase purine nucleobases
adenine (A) and guanine (G) via dissociative electron attachment (DEA) involving low lying (<3 eV)
shape resonances, but also via core excited resonances (located near 6 eV). In adenine the low energy
resonances exclusively lead to dehydrogenation, i.e. ejection of a neutral hydrogen radical with the excess
electron remaining on the molecule. This reaction by far dominates DEA in the entire energy range 0-15 eV,
similar to the situation recently observed in the pyrimidine bases thymine (T), cytosine (C) and uracil (U).
In striking contrast to that, guanine behaves very different in that dehydrogenation is comparatively weak
while various further decomposition reactions are observed from the low energy 7* precursor ions. These
reactions lead to fragment ions of the form (G-O/NHz)~, O~ /NH;, (G-HOCN)~, OCN~, CN™ indicative
of single bond cleavages but also more complex unimolecular decompositions associated with the excision
of cyano units from the cyclic structure. Since electrons are the predominant secondary species in the
interaction of high energy quanta with biological material, electron driven reactions represent initial steps
in the molecular description of radiation damage.

PACS. 34.80.Ht Dissociation and dissociative attachment by electron impact — 82.30.Lp Decomposition
reactions (pyrolysis, dissociation, and fragmentation) — 87.50.Gi lIonizing radiations (ultraviolet, X-rays,

gamma-rays, ions, electrons, positrons, neutrons, and mesons, etc.)

1 Introduction

Within the last two decades, reactions driven by low en-
ergy electrons have attracted considerable interest in dif-
ferent fields of fundamental and applied science, such as
planetary science [1,2], lithography [3,4], tunnelling mi-
croscopy [5], and life science [6,7]. For the latter and more
particularly in field of radiation biology, the ability of elec-
trons to induce lethal damage to the chromosomes (i.e.,
nucleic acids or proteins) has been explored only very re-
cently [8-10]. Further extensive experimental [11,12] and
theoretical [13-15] investigations have been undertaken to
unravel the underlying molecular mechanisms.

The deposition of high energy quanta within cells gen-
erates primarily (excited) neutral and charged species,
and secondary particles with electrons (<20 e¢V) as the
most predominant ones [7,16,17]. These ballistic electrons
may subsequently react with the neighbouring compounds
(e.g., water, lipids, proteins, nucleic acids). In this con-
text the action of radicals is subject of numerous in-
vestigations [18-20]. On the contrary, the specific action
of ballistic secondary electrons is not easy to investigate
via the traditional techniques (e.g. pulse radiolysis), since
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they are formed and remain present in the medium only
during a very short time period (fs to ps) [21,22]. Re-
cently, the combination of surface science methodology
with biochemical analysis (electrophoresis) provides an
adapted tool to investigate experimentally the role of low
energy (<30 eV) electrons on DNA to generate strand
breaks [8,9,23] via the decomposition of their building-
blocks: the sugar backbone and nucleobases (NBs) [24].

The purines adenine and guanine, combined with the
pyrimidines thymine (or uracil) and cytosine, represent
the four canonical nucleobases for the building of DNA (or
RNA). Their individual sequence encodes the genetic in-
formation [25] which is required for cell reproduction and
for the synthesis of many proteins. Their alteration may
lead to dramatic consequences, such as the appearance
of chromosomal anomalies in terms of cancers or muta-
tions [26,27]. While the decomposition of the pyrimidine
nucleobases by low energy electrons has already been the
subject of several investigations [10,28-31], that of the
purines have been reported so far essentially from electron
stimulated desorption (ESD) experiments [30]. In the ESD
technique, the corresponding molecular film is bombarded
by a beam of electrons at a defined energy and the des-
orbed ions are detected mass-spectrometrically. Only ions
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Fig. 1. Structure of adenine (A) and guanine (G) with IUPAC
numbered atoms.

that possess sufficient kinetic energy to overcome the at-
tractive forces induced by the environment can leave the
surface and may hence be detected [32]. Therefore, such
kind of experiments strongly focuses on desorption of light
fragment ions. On the contrary, in the complementary gas
phase experiments, any negative fragments existing on the
mass-spectrometric time scale can be detected.

In the present work, we investigate the intrinsic inter-
action of low energy electrons with gas phase adenine and
guanine whose structures are illustrated in Figure 1. We
show that fragmentation of adenine is restricted to a few
negatively charged species. In contrast to that, guanine de-
composes into a variety of negatively charged species via
rather complex unimolecular reaction. Comparative data
from adenine and guanine suggest that the latter is less
sensitive to electron attacks.

2 Experimental

The experiments were carried out in a standard crossed
beam apparatus that has already been described else-
where [33]. Only the essential features of the experi-
ment are reported in this section. An incident electron
beam of well-defined energy (FWHM = 150 meV, I(e”) ~
10 nA), generated by a trochoidal electron monochroma-
tor, crosses orthogonally an effusive molecular beam of
adenine or guanine. The beam emanates from an oven
containing approximately 50 mg of 99% purity powder
(Aldrich Ltd.) heated by two in vacuo halogen bulbs.
These lamps also prevent the powder from condensation
on the surfaces (plates, chamber walls), which otherwise
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Fig. 2. Ion yield of (a) (A-H)™ (134 amu), (b) (A-CN)~
(109 amu) and (c) CN™ (26 amu) produced from electron im-
pact on gaseous adenine.

may lead to undesirable changes in contact potentials dur-
ing measurements. The operating temperature of approx-
imately 470 K (adenine) and 500 K (guanine) measured
by a platinum resistance directly at the oven is below the
molecular decomposition temperature (>610 K for gua-
nine [34]). Therefore, the original structure of adenine and
guanine produced in the gas phase is likely to remain
intact (see also section Discussion). The negative ions
formed via electron-molecule collisions are extracted from
the reaction volume by a small electric field (<1.0 Vem™1)
towards a quadrupole mass analyzer, and are detected
by single pulse counting techniques. The magnitude of a
particular anion yield as a function of the incident elec-
tron energy (assigned as the ion yield function) is then
recorded. The electron energy scale is calibrated by mea-
suring the SF{ signal originating from an intense narrow
resonance near 0 eV [33]. However, calibration is estab-
lished before and after taking the ion yield of interest. In-
deed, it has been shown that the produced SFy anion can
subsequently induce dissociative electron transfer reaction
with the investigated substance, generating additional an-
ion signals near 0 eV [35,36].

3 Results

In Figures 2 and 3, we present the ion yields obtained from
low energy (<16 ¢V) electron interaction with adenine and
guanine. Both compounds show a resonant feature below
3 eV and a further resonant contribution around 6 eV.
We note that in any of the pyrimidine bases, the low en-
ergy feature was exclusively due to the dehydrogenation
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Fig. 3. Ion yield of (a) (G-H)~ (150 amu), (b) (G-O/NHz)~
(135 amu), (¢) (GFOCNH)™ (108 amu), (d) OCN™ (42 amu),
CN™ (26 amu) and (f) (O/NH2)™ (16 amu) anion produced
from electron impact on gaseous guanine. In (f) the signal at
2 eV is due to (NH2)™ (see the text).

reaction, i.e., formation of (NB-H)~ and the associated
neutral H radical [10,28]. From Figures 2 and 3, it can be
seen that the loss of hydrogen represents the predominant
reaction channel in adenine, while guanine decomposes
into a whole string of fragments already at low energies.

Fragmentation of adenine produces three main neg-
ative fragments attributed to (A-H)~ (134 amu), (A-
HCN)~ (108 amu) and CN~ (26 amu), shown in Figure 2.
In contrast, the decomposition of guanine by electrons
generates more different anionic fragments attributed to
(G-H)~ (150 amu), (G-NHs3)~ (135 amu), (see below),
(G-OCNH)~ (108 amu), OCN~ (42 amu), CN~ (26 amu)
and (O and/or NH3)~ (16 amu), shown in Figure 3. Fi-
nally, it is worth mentioning that the evaporation tech-
nique produces NBs in different tautomers (e.g., the enol
and the keto forms of guanine) [37-39], which are present
in the interaction zone.

4 Discussion
The resonant features of the anion yields in Figures 2 and 3

indicate that the underlying process is DEA, which rep-
resents the only efficient decomposition mechanism below
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the ionization energy (8.25 eV for adenine and 8.57 eV
for guanine [40]). Here the incoming electron is captured
by the nucleobase NB to form a transitory negative ion,
NB~#, which can subsequently decompose into a sta-
ble negative fragment and one or more neutral counter-
part(s). Alternatively, the excess electron can be ejected
from NB~# eventually leaving the molecule in an excited
state (auto-detachment).

4.1 Decomposition mechanisms

At energies below the first electronically excited state
of adenine and guanine (4.9 eV) [41], the formation of
NB~# must involve a one-particle shape resonance. In
that case, the excess charge occupies one of the nor-
mally unfilled molecular orbitals. Electron transmission
(ET) experiments coupled with ab-initio calculations as-
sign a series of 7* anions in the energy range between 0.5
and 2.5 eV for A, G and their tautomers [39]. We will
not try to correlate the ET features with structures ob-
served in our ion yields but instead we note that while
ET reflects the initial Frank-Condon transition, in DEA
the energy dependent decomposition probability (includ-
ing auto-detachment [42]) can considerably shift the res-
onance maximum. Apart from that we can assign the
following fragment ions to arise from shape resonances;
from adenine: (A-H)~ (1.1 eV and 2.1 eV) and CN~
(1.8 eV), from guanine: (G-H)~ (0.9 ¢V and 1.7 V), (G-
O/ NHz2)~ (0.5 eV and 1.4 eV), (G-OCNH)~ (1.3 eV),
OCN~ (0.6 eV, 1.7 ¢V and 2.9 ¢V), CN~ (2.0 ¢V) and
O~ and/or NH2™ (2.0 eV).

The yield function of (A-H)~ shows a comparatively
sharp peak at 1.1 eV. A similar structure at 1.0 eV has
also been reported for (T-H)~ and (U-H)~ but not for
(C-H)~ [10,28]. In a recent work, it has been postulated
that this 1.0 eV peculiar feature appearing in the yield
function of (U-H)~ [10,28] arises from the formation of a
dipole bound (DB) anion in a vibrationally excited state
(DB Feshbach resonance associated to the v = 3 level of
the N1-H stretch vibration) which couples to the oni—p™*
state [31]. A dipole bound anion consists of the binding
of the excess electron into a diffuse orbital outside the
molecular frame by multipole moments and the polariz-
ability [43,44]. The critical dipole moment of a molecule to
form DB anions requires values from 2 to 2.5 D. The dipole
moments of the nucleobases are 2.5 D (A), 4.2 D (T),
and =7 D (C; G) [44]. DB nucleobase anions have been
predicted [45,46] and observed experimentally in super-
sonic expansion, where the nucleobases are cooled down
to 100 K [47,48]. There are, however, no obvious reasons
why dehydrogenation of thymine, uracil and adenine pro-
ceeds via the formation of a dipole bound state, and why
this is not the case for cytosine and guanine. We finally
note that vibrationally excited DB anions undergo fast
auto-detachment [49], which may rise questions concern-
ing the interpretation of the sharp structure at 1.1 eV (in
thymine and uracil) [10,28].

Negative ions formed from the higher electron feature
closed to 6 eV can be assigned as core excited resonances.
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In that case, the incoming electron induces an electronic
transition (e.g., 7 — 7*), being simultaneously captured
by the field of the positive core [50-52]. Thus, (A-HCN)~
(5.8eV), CN~ (6.0 eV and 7.5 eV) detected from adenine,
and CN~ (7.5eV) and O~ and/or NH; (6.2 ¢V) from gua-
nine are likely to arise from core excited resonances. In
particular, the resonance located at 5.8 eV for (A-HCN)~
and CN~ (6.0 €V) in adenine (Fig. 2) may be associated
to the excitation of the 41A’(!B;) state, and those reso-
nance at 7.5 eV to the 7'A’ state. The O~ and/or NH5
resonance in guanine around 6.2 eV may be attributed to
the 51 A’ state [52].

Figure 3 shows that below 3 eV, G™# decays into 6 dif-
ferent channels. As mentioned above, the transient nega-
tive ion is characterized by shape resonances associated
to the keto or enol form of the nucleobase [39]. These
7 states decompose either by single bond cleavage ((G—
H)~, (G-NHz)~ and O~ and/or NH; ) or more complex
reactions associated with the excision of the cyano and iso-
cyano groups from the six-membered ring or the imidazole
ring system ((G-HOCN)~, OCN~ and CN7).

From the present observation of fragment anions aris-
ing from the degradation of the cyclic structure in G al-
ready at very low electron energies, one might be tempted
to assume that the molecule is subjected to thermal de-
composition during the sublimation procedure. From the
presence of the (G-H)~ signal, however, we can conclude
that intact guanine molecules are present in the reaction
zone. Furthermore, thermal decomposition of G was ex-
plicitly followed in a photoelectron (PE) study of gaseous
guanine [34]. Decomposition of G was found (via degra-
dation of bands in the PE spectrum) for temperatures
above 610 K and when heating the sample for longer than
30 minutes. Since we performed sublimation at a consid-
erably lower temperature (500 K), we conclude that G is
thermally not decomposed.

4.2 Energetics

In the following, the energetics for the decomposition of
the NB~# will be discussed. The thermodynamic thresh-
old AHy for a simple bond dissociation process in a
molecule RX initiated by electron interaction, e~ + RX —
R + X7, can be expressed as:
AHy(X7)=DR -X) - FAX) (1)
AH, (X7) is the threshold energy for the observation of
X~, D(R-X) the bond dissociation energy and EA(X),
the electron affinity of the corresponding radical.
Dehydrogenation of adenine and guanine arises from
the cleavage of either the C—H or one of the N-H bonds
(the ring N-Hs or amino N-H, see Fig. 1). Ab-initio cal-
culations in adenine predict the bond dissociation ener-
gies for the different positions [53] ranging from 4.33 to
5.03 eV and the electron affinities of the corresponding
radicals [54] ranging from 0.97 to 3.23 ¢V. Based on these
values, the thermodynamic threshold spans from 1.1 eV
(N9-H) to 3.7eV (C2-H). Therefore, we suggest that at
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the experimental threshold (0.7 eV) the N9-H bond is
cleaved. The small energy difference can be accounted to
excitation of the hot molecule. From the binding energy
D(N-H) = 3.95 eV [55] and the electron affinity EA(G—
H) = 3.46 eV [55], we can estimate the threshold for the
dehydrogenation of guanine to be AHy = 0.49 eV, which is
in a good agreement with the experimental result (0.5 eV).

The 135 amu negative fragment produced from gua-
nine can a priori be attributed to either (G-O)~ or (G-
NH;)~. The formation of the former fragment would re-
quire substantial energy due to large value of the C-O
double bond (a7.5 eV [56]). Therefore, we conclude that
(G-NH;)~ is rather formed than (G-O)~. In this case, the
electron affinity of the (G-NH;) radical must exceed the
value of D(C-NHj) = 3.9 eV [56] to drive such a reaction
already at the appearance energy close to 0 eV.

The 16 amu fragment can a priori be attributed to O~
or NH; . According to the known electron affinities of O
(1.46 eV) and NHy (0.77 €V) [57], and the dissociation
energies D(C=0) = 7.5 eV and D(C-NHz) = 3.9 eV [56],
the estimated thresholds are 6.1 eV and 3.1 eV, respec-
tively. Since the experimental threshold of the 16 amu
anion is close to 1.5 eV, we conclude that only NH; is
formed at such low energies. The appreciably lower exper-
imental appearance energy with respect to the calculated
one (1.6 e€V) can be attributed to thermal excitation of
the molecule with its 42 vibrational degrees of freedom
(apart from possible uncertainties in the above values for
the determination of the threshold). This is strongly sup-
ported by the fact that the low energy feature is much
weaker than that near 6 eV indicating that only a mi-
nority of highly excited species can access the dissocia-
tion channel. In DEA the general cross-section behavior
is reciprocal with energy leading to much stronger signals
towards lower electron energies. On the other hand, from
the core excited resonance at 6 eV both O~ and NH; can
be formed.

The formation of OCN™ and CN™ in guanine and CN~
in adenine requires more complex dissociation pathways
driven by the high electron affinity of OCN (3.61 eV) and
CN (3.82 eV) [57]. The formation of these fragments must
be accompanied by a substantial rearrangement of the
molecular rings. We here resist from further speculations
on the structure of possible neutral counterparts to these
negatively charged species. Very recent ab-initio calcula-
tions predict a serious buckling of the molecular skeleton
following electron attachment to guanine [38] which may
be the origin of the degradation of the cyclic structure.
The distortion of the geometry on going from the neutral
to the anion is particularly pronounced in the guanine
molecule.

Finally, it is noteworthy that guanine loses an isocyanic
acid, OCNH, at low energy (1.3 eV), while a cyanic acid,
HCN is cleaved from adenine, at higher energy (5.8 eV).

4.3 Cross-sections

A reference for the decomposition efficiency of a nucle-
obase into a specific DEA channel is the partial DEA
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cross-section. In a simplified scheme, we use the signal
intensity of our calibration substance SSF(;, and the well-

known cross-section for thermal electron attachment to
SFg (0gp- ~ 4 x 10~ cm? [58]) to estimate the DEA

cross-section for a certain product anion. This is a very
rough approximation (expected accuracy order of magni-
tude) since the energy resolution presently used is appre-
ciably larger than the width of a thermal distribution, on
which the SFy cross-section is based. Within the assump-
tion, that the proportionality factor for detecting the cal-
ibration compound SFy is sufficiently similar to the neg-
ative anion under consideration, and the measured anion
signal, Sqnion, is linearly proportional to the number den-
sity of the target, pg, Tanion can be given as follows [33]:

Oanion
~

Sanion pSF;
SSFg Pg

(2)

Osry

We then calculate the DEA cross-section of (G-NHg)™
formed to be 2x107'7 ¢cm?. The DEA cross-section of
(A-H)~ (1.1 eV) and (G-H)~ (1.7 eV) results to be
9x10710 cm? and 5x 1078 cm?, respectively. These values
are comparable with the estimated DEA cross-sections for
(T-H)~, (U-H)~ and (C-H)~ at 1.0 eV (1x107® cm?,
3x10716 ¢cm? and 2x 10716 cm?, respectively [10,28]).

In any of these nucleobases, the dehydrogenation reac-
tion is by far the dominant channel in electron attachment,
within the 0-16 eV energy range. However, the remarkable
exception is guanine for which this reaction is about one
order of magnitude weaker than for the other nucleobases.
Figure 2 demonstrates that in adenine the dehydrogena-
tion channel represents about 95% of the total yield. In
striking contrast, in guanine, the dehydrogenation reac-
tion represents only about 5% of the total yield (Fig. 3).

Interestingly, even at sub-excitation energies, G de-
composes into a variety of DEA channels. If we calculate
the total DEA cross-section in guanine (integrating over
the total ion yield within the 0-15 eV energy range) we
arrive at a value of 10715 cm?2, which is still smaller than
all the other nucleobases. For instance, the averaged to-
tal decomposition cross-section (0-16 ¢V) of adenine is by
the factor 2.2 higher than that of guanine. These findings
suggest that guanine is the less sensitive nucleobase to the
electron attack.

5 Conclusion

From the present results it can be seen that out of the
isolated nucleobases (U, T, A, G and C), guanine (G) be-
haves particular in the way that (i) the cross-section for
DEA is appreciably lower and (ii) the anionic precursors
formed at sub-excitation energy decompose into a variety
of fragment ions also associated with the degradation of
the cyclic structure. While the other nucleobases (U, T,
A, and C) also do form transient anions at low energy,
these anions exclusively abstract a neutral hydrogen from
the N positions. For a nucleobase coupled in the DNA
network this means that in the case of U, T, A, and C
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the base can act as acceptor of low energy electrons which
are eventually transferred (via the N-C bond) to the back-
bone inducing strand breaks. Such a scenario was recently
proposed in a theoretical study by Berdys et al. [15] by
modeling a section of DNA containing a cytosine base, the
sugar ring and the (neutralized) phosphate group. They
find a low lying anionic curve connecting the initial 7*
anion state of the base to a o™ state in the backbone lead-
ing to rupture of the C-O bond between the sugar and
the phosphate. Our findings show that in G the cross-
section for accepting sub-excitation electrons is lower and
once the anion is formed it decomposes, and consequently
the above scenario of excess charge transfer can probably
not operate. Of course, the variety of radicals produced at
sub-excitation energy can induce complex chemistry even-
tually also leading to strand breaks.

This work is supported by the European Union, the German
Science Foundation (DFG) Freie Universitat Berlin. HAC is
a fellow of the European Union EPIC (Electron and Positron
Induced Chemistry) EU-Network.
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