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Abstract

We report on low-energy electron-induced processes on gas phase halo-uracils (5=@J),&, Br, and I). The dominant
dissociative electron attachment (DEA) channel is formation oH#XUyl (uracil-yl radical) via a pronounced feature near
OeV at estimated absolute cross-sections ®f®~*cm2 (CI-), 4 x 10~ cm=2 (Br-), and 9x 10~ *cm2 (17). At that
energy the complementary channel, with respect to the negative charge, namely formation of the closed shell uracil-yl ani
(Uyl™) plus neutral X is also operative at weaker intensity. An exception is fluoro-uracil (5-FU) where both the formation of
F~ and Uyl™ are absent. In addition 5-CIU, generatélyl — H)~ + HCI rather than Uyl + Cl as reported very recently
[J. Chem. Phys. 118 (2003) 4170]. In competition to dissociation, all halo-uracils additionally form a long-lived parent anior
(XU™) near 0eV. From the energy balance of the DEA reaction, we estimate the electron affinity of the uracil-yl radica
(Uyl*) to be about 2.9-3.2 eV. At higher electron energies we observe various anion ring fragments with 68 and 57 amu,
well as OCN and CN. The two first anions are tentatively ascribed 04NO~ and CNOH™, respectively. The present
experiments are directly related to reveal the fundamental molecular mechanisms how the radiosensitizers 5-XU operate
cancer therapy. In radiotherapy, secondary electrons which are created in exceeding amounts along the radiation track
believed to play a crucial role.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tumor cells. The structure of 5-XUF{gs. 2-4j is
similar to that of thymine, T, for which the methyl
Investigations of the mechanisms that control the group is exchanged with a halogen atom, and thus,

fragmentation of 5-halo-uracils (i.e., 5-XU, % F, 5-XU may easily replace thymine in DNA in vivo.
Cl, Br, and I), arise from their yet unrealized po- However, in spite of this small structural difference
tential as clinical radiosensitizef&—3] of DNA in between T and its halogenated surrogate, cells con-
taining halo-uracil-substituted DNA are found to be
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5-XU-substitution involved local reaction of this sen- [16,17], with alteration occurring at specific molec-
sitizer with radiation-produced solvated electrons. ular sites, there is a need to resolve the fundamental
The latter first reduce 5-XU to form the 5-XUanion, mechanisms which control 5-halo-uracil fragmenta-
which, in turn, undergoes unimolecular decomposi- tion induced by electron impact. Such information
tion into a halogen negative ion, X and its highly will allow us to more fully describe the damage
reactive uracil-5-yl (Uy!) radical counterpart4]. mechanisms active in radiosensitized cells, and thus,
Due to its high oxidation potenti§b], the Uyl radical may help to develop the use of such radio-sensitizers
quickly abstracts a hydrogen atom from the adjacent in clinical treatments. Here we report gas phase mea-
deoxyribose, leading to enhancements in DNA single surements of the intrinsic molecular fragmentation
and double strand breaks6,7]. Although the appli- processes of 5-halo-uracils induced by low-energy
cation of these sensitizers to the treatment of cancers(0-18 eV) electron impact.
has been the goal of many laboratories as well as
clinical investigationd1,2], they have not been used
as routine therapeutic agents, since the detailed path-2. Experimental method
ways of the initial reaction of the radio-sensitizer with
the abundant secondary electrons are not completely The experiments were carried out at the Berlin
understood8,9]. Laboratory, in a standard crossed beam apparatus that
In a recent work, it has been demonstrated that, has been described in detail elsewhgr 19] Only
not only radiation-produced hydrated electrons can the essential features of the experimental method are
contribute to DNA damage. Free, ballistmv-energy given here. An incident electron beam of well-defined
secondary electrons (<30eV), which are abun-  energy ¢10nA, FWHM~ 0.12eV), generated from
dantly produced along the ionizing radiation tracks a trochddial electron monochromatd20], orthogo-
(5 x 10*MeV~1) [10], are also able to irreversibly  nally intersects an effusive molecular beam. This latter
degradate plasmid DNA (i.e., induce single, double emanates from a resistively heated oven containing
and multiple strand break$)1,12] The damage to  approximately 0.5mg of high purity 5-halo-uracil
nucleic acids induced by such slow electrons occurs powder (Aldrich Ltd.). The temperature of the oven
at the molecular scale, where the fragmentation is is measured by a platinum resistor to be within
localized on the individual DNA components (i.e., 150-200°C, which is far below the temperature of
DNA bases[13], deoxyribos€g[14]) or the surround-  5-XU decomposition (300C). At these evapora-
ing water molecules[15]. Evidence for localiza- tion temperatures, no stable 5-XU anionic clusters,
tion of nucleic acid damage on molecular sites was i.e., (5-XU™),-1, were detected. The experimental
also observed in low-energy (0.5-30eV) electron chamber, with a base pressure ofx410-8mbar,
stimulated desorption (ESD) of neutral fragments is maintained at about oven temperatures by two in
from chemisorbed heterogeneous oligonucleotides of vacuo infra-red lamps during the experiments; this
thymine, and bromo-uracil-substituted oligos at the prevents condensation of the molecular compounds
same positior[16]. It has been shown that the pro- on the surfaces (lenses, plates, chamber wall) which
duction of neutral fragment species over the whole may otherwise lead to undesirable changes in con-
energy range is increased by a factor of 3, when the tact potentials. It has been verified that the infra-red
substituted oligomers are exposed to electron impact radiation emitted by the lamps does not influence
[16]. Moreover, an additional resonant structure only the measurements, by comparison of the anion signal
appears on the various fragment yield functions of with the lamps on and off. The negative ions that are
the substituted oligomers at 3 §¥6]. formed via electron—molecule collisions are extracted
Since low-energy electrons have been shown to from the reaction volume by a small electric field
play a crucial role in the selective radiosensitization (<1.0Vcni1) towards a quadrupole mass analyzer,



H. Abdoul-Carime et al./International Journal of Mass Spectrometry 228 (2003) 703-716

705

and are detected by single pulse counting techniques.3. Results

Thus, it is possible to measure the magnitude of the
yield of a single anion species as a function of the
incident electron energy. The incident electron energy
scale is calibrated to withint0.2 eV by measuring
the formation of SE~, which exhibits a sharp peak
of a known cross-section located at 0eV. Under the

present operating conditions, the measured anion sig-

nal, Sa, is linearly proportional to the number density
of the target moleculespa, and to the formation
cross-sectionppa, of the particular anion species
A [21]. If we assume that the proportionality factor,
which depends essentially on anion detection effi-
ciency (i.e., beam intensity, ion extraction conditions,

Figs. 1-4show the yield functions of negative ions
produced from low-energy (0-18 eV) electron impact
on gas phase 5-XU. Long-lived parent anions, 5-XU
(i.e., at leastv10-50p.s for mass spectrometric detec-
tion [19,24)), are observed near 0 eV incident electron
energy, as shown ifrigs. 1-4a Except for 5-FU,
low-energy electrons incident on 5-XU, also induce
single C—X bond ruptures that lead to the production
of both X~ (Figs. 2—-4b and Uyl (Figs. 2-4§. A
detailed mass analysis recently performed in the Inns-
bruck laboratory[25] revealed, that the low energy
peak in 5-CIU consists of both the Cllparent anion

transmission of the quadrupole mass analyzer) and (146 amu) but also the (CIJH)™ anion (145 amu). In

pumping speed (the $Fstream passes through the
oven), is identical for S§& and the negative ions
produced here, then we obtditb]:

(o ) opwon= () o (o)
OSFs Ssks/atoev  \PXU

Although in the present experiments, we cannot di-
rectly measure the absolute values égja, we may
nevertheless give an estimate of the anion formation
cross-section values at OeV and at $85by com-
parison to that of S§& (at the same temperature),
which is well known[22]. The electron attachment
rate constant for Sfat 185°C has been found to
be 225 x 10" cm®s™1 [22]. If the average attach-
ment rate constant is expressed23]: (k) = (s)(v),
where (v) is the average velocity of the electrons
(~10"cms1), then (osk,) at 185°C and at OeV is
estimated to be aboutZ5 x 10~14cn?. The ratio of
psks/pBru can be roughly deduced from the pressure

DAatOeV

1)

addition, it was found that CIU generates (UyH)~
and not Uyfl, i.e., the neutral channel consists of
HCI while ejection of Cl is missing. This is a sur-
prising result as detailed studies on 5-BrU clearly
showed that in this case Uyl Br is formed and not
(Uyl — H)™ + HBr [26]. On the other hand, the bond
dissociation energy in HCI is by 0.7 eV larger than in
HBr which makes the HCI channel energetically more
favorable.

In addition to these processes more complex ring
dissociations also occur, as shown by the detection
of heavier anion fragments such as 68 arhigg. 1b
and 2-4¢ and 42 amu Kigs. 1d and 2—4eanions.
The 26amu negative ion species are detected for
5-FU (Fig. 19, with similar signatures for 5-CIU and
5-1U (not shown here), whereas the 57 amu fragment
was only observed for 5-FUF{g. 19. However, since
mass spectrometry does not give direct access to the
structure of the produced anions, wentatively as-

measurements in the chamber, read by the ionizationcribe the 68, 57, 42, and 26 amu anion fragments

gauge[18]. Even though the entire chamber is held at

to HoC3NO~, CNoOH™, OCN~, and CN-, respec-

the oven temperature to prevent the condensation oftively.

5-XU, the reading of the 5-XU pressure at the gauge
is likely to be underestimated relative to that ofgSF
The unknown lifetime of the produced anions relative
to that of Sk~ contributes also to the uncertainty in

the measurement of the cross-sections. Thus, the val-

All anion yield functions shown ifrigs. 1-4exhibit
peak structures that are reminiscent of resonant elec-
tron capture. The peak positions in the fragment yields
are given inTable 1 At energies well below, the ion-
ization potential of a moleculf27-29] dissociative

ues of cross-sections, given here, are estimates withinelectron attachment (DEA) is the only anion forma-

one order of magnitude.

tion mechanism that efficiently controls chemical bond
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Fig. 1. Incident electron energy dependence of (a) 5-Fd/or (5-FU—- H)~, (b) H,C3NO~, (c) CNbOH~, (d) OCN-, and (e) CN
anion yields produced from electron impact to gaseous 5-fluoro-uracil (5-FU). Additionally, the structure of 5-FU is given in (f). The
arrows in (a) indicate a very weak structure near OeV incident energy.

breakage induced by low-energy electron imgaei. by the target molecule within the Franck—Condon re-
In the simple case of a diatomic molecule, DEA is well gion to form a transient negative ion (TNI). The lat-
described within O’Malley’s theor§30]: briefly an ter then undergoes dissociation into a negative species
incoming free electron becomes resonantly captured and its stable neutraladical counterpart: i.e., ® +
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Fig. 2. Incident electron energy dependence of (a) 5-Cnd/or (5-CIU-H)~, (b) CI~, (c) (Uyl—H)~ (as identified by[25]), (d) H.C3

NO~, and (e) OCN anion yields produced from electron imoact to gaseous 5-chloro-uracil (5-CIU). The structure of 5-CIU is given in (f).

AB — AB~ — A~ + B. As discussed in more de- coordinate. The curve ifrig. 5 represents the po-
tail below, formation of X + Uyl may be approx- tential energy of ground-state 5-XU for the system
imated in a diatomic representation via a repulsive X = I. Here, an empirical Morse function is used
potential energy curve (PEC) along the X- Uyl to describe the PEC of the neutral planar molecule
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Fig. 3. Incident electron energy dependence of (a) 5-Br{b) Br—, (c) Uyl~, (d) HoC3NO~, and (e) OCN anion yields produced from
electron impact to gaseous 5-bromo-uracil (5-BrU). The structure of 5-BrU is given in (f).

[31,32} vo(2r2 1/ Dxu)Y/2, wherep is the reduced mass be-
Uneutralr — r0) = —2Dxu eXp(—B(r — o)) tween X and U andy is the fgndamental vibratiqn
frequency for the C—X stretching mode. This typical
+ Dxu exp(—=2B(r — r0)). @ Morse-type potential shape has been also found to de-
Dxu corresponds to the typical value of the C—X bond scribe the potential of the neutral molecule along the
dissociation energy referenced to the zero point en- C—X bond in a more refined density functional theory
ergy of the functionrg is the equilibrium internuclear ~ calculation[33]. As an example, the repulsive curve
separation for the C—X bonds is defined as8 = plotted in Fig. 5 describes the repulsive state of the
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Fig. 4. Incident electron energy dependence of (a) 5;l(b) I-, (c) Uyl~, (d) HoCsNO~, and (e) OCN anion yield produced from
electron impact to gaseous 5-iodo-uracil (5-1U). The structure of 5-1U is given in (f).

anion associated with X+ Uyl formation for the par- where EA represents the electron affinity of the halo-
ticular case of X= I. These curves are based on an gen atom. The K’ parameter associated with each

empirical model (modified Morse function) parame- negative molecular anion is related to the bond en-
terized byk value, as proposed by Wenthworth et al. ergy relative to the neutral molecul@l]. In the

[31]: present work, only repulsive empirical PECs are con-
sidered for simplicity. We note that the recent density
Uanion(r — o) = —2kDxuy exp(—p(r — ro)) functional calculations on the 5-XU anion PECs

+ Dxy exp(—2B8(r — rg)) — EA (3) [33] predict purely repulsives® states but alsar*
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Table 1
Peak positions£0.2 eV) observed in the anion yields produced by electron impact on gaseous 5-halo-uracil
5-XU~ X~ Uyl~ M68~ M57~ OCN~ CN~
5-FU 0.1
0.7
1.8 2.0 2.0
4.0 4.3 4.3
6.5 6.3 6.7 6.1
7.0 7.0
10.3 10.3 11.0¢
5-ClU 0.0 0.0 (Uyl— H)~
0.6 1.3 1.3 1.3 1.4
34 3.4 35
5.2
6.4" 7.0¢ 6.5 6.5
5-BrU 0.0 0.0 0.0
0.5
1.3 1.3 1.4 1.6 1.7
35 3.6
5.1 5.3
6.0° 6.5 6.5¢
5-lU 0.0 0.1 0.0
0.5
1.3 1.3 1.4 1.7 1.3
4.0 4.0
6.2 6.4

The values labeled with an asterisk (*) correspond to weak shoulders in the yield functions. In case of 5-CiK{Uwnion is produced
rather than the Uyl negative species.

states. These latter are, however, inaccessible by freethe internuclear separation reachgsis known as
the dissociation lifetimep. It is expressed asp =
After electron capture into a repulsive state suc- [ dr/v(r), where the integration is taken over the

electrons.

cessful dissociation takes place when the lifetime of [rg,rc] range. Using the above modified Morse func-
5-XU~ towards autodetachmenty is long enough tion for the anionic PEC, the integral can be solved
to allow sufficient internuclear bond separation (until analytically as:

B m
=\ 282(E 1 EA) log

r > re, With r¢ crossing distance between the poten-
tial curves) before electron autodetachment occurs.
Conversely, ifty is significantly smaller than the
dissociation time, the excess electron auto-detaches
from the TNI, leaving the molecule in its neutral ™

ground or excited states. The time window for which °DA = Tcapt€Xp (__) ®)

X=

~ @

(2(15 + EA) + 2DKX + 2\/(E + EA + 2DKX — DX2))

X

with X = exp(—B(r — ro)), E is the energy of the
electronic transition at the equilibrium distance (the
electron energy) anfd = Dxy. The cross-section for
DEA cross-section can be expressed3i§:

Ta
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refers to the situation for X | (see the text).

where ocapt is the electron capture cross-section to

form the TNI, and the second term expresses the

dissociation probability.

Table 2 gives estimates of the absolute partial
cross-sections for negative ion formation at OeV
incident electron energy based on the calibration
procedure using S Table 3summarizes the empir-

ical parameters used to model the dissociation times
discussed below.

Table 2

Estimated cross-section for 5-Xy X~ and Uyl (or (Uyl—H)~
anion from 5-CIU) production in units of 134cn?

5-XU~

X~ Uyl~
F 0.25 0.0 0.0
Cl 0.56 3.0 2.4
Br 0.74 4.0 0.07
| 0.01 8.8 0.02
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Table 3

Empirical parameters used for the calculation of dissociation time
(Eq. (4)

Dxu B

ro M, Vo EA(X)
Clu 3.82 1.46 1.7 26.90 700 3.61
BrU 3.11 1.49 1.86 46.46 600 3.36
U 2.50 1.43 2.05 59.21 500 3.06

Dxu and EAK) are expressed in e{48,49% g in A=%, rgin A,
M in a.u. andvg in cm 1 [31].

4. Discussion

Near 0 eV energy, electron interactions with neutral
5-XU lead to the formation of a metastable parent an-
ion, 5-XU~, as shown irFigs. 1-4a5-FU~ appears
ataround 0.1 eV as a very weak signal while 5-CJU
5-BrU—, and 5-1U" exhibit much stronger peaks near
0eV. We note that due to the limited resolving power
of the mass spectrometer used in this study, the parent
anion signals may contain contributions of vH)~
ions as explicitly shown in the case of 5-CIU by the
Innsbruck group25]. This may particularly be the
case at higher electron energies. The monotonic in-
crease observed in the anion yield functiorFig. 1a
at incident energies above 10 eV clearly indicates that
dipolar dissociation (i.e., molecular fragmentation giv-
ing birth to a positive and a negative ion pair) rules
the production of the observed anion, in this case the
parent anion that has suffered from loss of a neutral
H atom.

The fact that at 0eV, we simultaneously observe
effective decompositioand generation of long-lived
undissociated anion suggests that different electronic
states of the anion are involved. Apart from conven-
tional valence bonded (VB) anions, we have to con-
sider dipole bound (DB) anions, owing to the large
dipole moment of the halo-uracils. For the DEA pro-
cesses leading to effective Xormation considerably
repulsion on the C-X coordinate can be expected,
i.e., accommodation of the excess charge in an MO
with appreciables(C—X) admixture. In contrast to
that, long-lived parent ions may be due to either con-
ventional VB anions with the excess charge localized
in @ type orbitals or DB anions. The formation of



712

DB bound parent anions 5-XUtakes place when
the excess free electron is weakly bound to the target
within a diffuse orbital outside the molecular frame,
via electrostatic interactions (i.e., dipolar, quadrupo-
lar and/or polarization force§p4,35] Dipole bound
anions have been predictf25,37]and observe{38]

to be produced from sub-thermal electron attach-
ment to nucleic acid bases, e.g., thymine and uracil,
with structures that are very similar to that of 5-XU.
Furthermore, for a purely dipole-bound anion to be
formed, the dipole moment of the target molecule
must be sufficiently large (>2.5D) to sustain a DB
state[37]. Since relatively large dipole moments are
found for 5-FU, 5-CIU, 5-BrU, and 5-1428,39,40)?
electrons at very low energy may be trapped by the
5-XU multipolar force field leading to a DB anion.
The question is whether the lifetime of such a DB an-
ion formed under the present conditions is sufficiently
long to be detected. Coupling of the excited vibra-
tions and rotations with the electron may limit the
anion’s lifetime.

An alternate way of parent anion generation is
election attachment to clusters, e.g., the dimer of
(5-XU),. Dimers of thymine, can be produced from a
similar evaporation techniqya8]. A dimer of 5-XU
may arise from the stacking and/or the H-bonding of
two molecules, which are bound by 0.25 and 0.50eV,
respectively{41,42] These dimers possess soft intra-
and intermolecular vibrations which are excited at
these temperaturdg3].® Attachment of OeV elec-

H. Abdoul-Carime et al./International Journal of Mass Spectrometry 228 (2003) 703-716

is a well-known phenomenon in electron attachment
to clusters[23], it is unlikely that the evaporation
technique used here generates dimers in such large
numbers to fully explain the strong intensity of these
signals.

Electron attachment to 5-XU may have some anal-
ogy to that in halo-benzendd4]. The existence of
covalent 5-BrU, with the excess electron local-
ized on at* orbital, has been suggested earlier by
Graslund et al.[45] from their electron paramag-
netic resonance (EPR) measurementg-gfadiation
of 5-BrU-substituted DNA. In the present experi-
ment, we initially produce a transient anion via a
Franck—Condon transition whose electronic structure
may substantially differ from that of the relaxed anion
[46].

If the molecule is bound to an environment, the
situation is further modified. It has been shown that
whereas near 0eV electrons may bind to an isolated
DNA base to form a “dipole-bound” anion, such elec-
trons induce the formation of stable covalent anions
when interacting with DNA paired basg38], or when
the bases are hydrat¢di7].

More relevant to the radiosensitizing nature of
halo-uracils is the fact that low-energy electron im-
pact to gas phase 5-CIU, 5-BrU, and 5-1U induces
very effective single carbon-halogen bond rupture
leading to both closed shell X and radical Uyt
anions, with their neutral counterparts, Uyl and X,
respectively Figs. 2—4b and)J5,18]. As already dis-

trons can then generate a thermodynamically stable cussed above, the exception is 5-ClU which generates

parent anion. Energetically, the reaction is driven by
the electron affinity of the monomer 5-XU and even-
tually thermal excitation of the dimer. For 5-CIU, ab
initio calculations predict an adiabatic electron affinity
of 0.58 eV[25]. While stabilization of parent anions

2The dipole moments of 5-FU, 5-CLU and 5-BrU are estimated
as 4.21D, 414D and 4.08 D, respectivghg].

3 Vibrational spectra calculated via Hartree—Fock ab initio method
for nucleic acid bases exhibit three vibrational modes (VM) at
energies below 280 cnt (38 meV, 190°C). Therefore, assuming
that each of these VM absorbs 38 meV thermal energy on average,
the internal thermal energy of the neutral target moledtig, is
at most 0.17eV.

the (Uyl— H)~ anion with its HCI neutral counterpart
[25].

Above 0eV, the yields for 5-FU (0.7, 1.8, and
6eV)and 5-IU (0.5 and 1.3 eV) show some structure,
with the 5-FU" yield possessing a smooth increase
above 5eV; however, the 5-CtUand 5-BrU yields
peaksharply at 0 eV, show only very minor structure
near 0.5eV, and no signal rise above 5eV. These ob-
servations indicate that at energies above 0.3eV the
signal is due to the closed shell anion (XUH)~
formed by the ejection of a neutral hydrogen atom.

The most abundant DEA channel is formation of
X~ (with the exception of FU where the Fchannel
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is virtually absent). For a successful dissociation, the systemdq24] as well as the effect of the environment
system must keep the excess charge until it reaches[50]. For comparison, cross-sections forBand I

the crossing point between the neutral and the anionic anion formation by electron impact on 5-XU & Br
system (sedrig. 5. For distances larger than the or I) embedded in ice held at160°C are found to
crossing point, autodetachment becomes impossible.be 2x 10716 and 4x 10~17cn?, respectively[51],

For a purely repulsive PEC and usirtey. (4) we which is orders of magnitude below the present gas
can estimate the dissociation time for halogen anion phase numbers taken at elevated temperature. In a
production to be 13fs (CIU), 11fs (BrU), and 7fs realistic biological environment, we have to consider
(IV). The fact that the dissociation time decreases processes at ambient temperature in a condensed
with the reduced mass of the system X-U is pri- phase environment.

marily due to the different disposition of the PECs Previously unobserved, here the formation of Uyl
leading to a decreasing distancg, [¢] along the line is also reported from electron-induced fragmentation
Cl, Br, and I. These numbers are comparable to the of 5-BrU and 5-1U[5]. The salient observation of such
anion autodetachment lifetimes for impulsive DEA negative ion fragments suggests that the trapped excess
reactions, which are of the order of 1¥s. Tak- electron may not only remain on the exocyclic halo-
ing typical Dxc bond dissociation energies for the gen, but may also delocalize on the aromatic ring. Fur-
halogenated uracilsDiky) [48] and the well-known thermore, the fact that Uylanions are produced only
electron affinities EA(X) [49], we can calculate  from fragmentation of 5-BrU and 5-1U, but not from
the energy thresholdEr, for the DEA reaction thymine, 5-FU and 5-CIU, suggests that the molecular

generating X dissociation process e+ 5-XU — Uyl™ 4+ X* is at
least a thermoneutral reaction. By comparison of the
Eth = Dxu — EA(X 6
™ v X © bond dissociation energies for C—Br and C—I, we can
With the numbers froniTable 3 we obtain E1, = then deduce a lower limit for EA(UyI), via the ana-
0.21eV (CI),—0.25eV (Br),and—0.56 eV (I") in- logue toEg. (6) to be larger than 2.9 eV. On the other

dicating that only Cf formation is slightly endother-  hand, since Uyt is not observed in the present ex-
mic. Taking into account the elevated temperature of periment on 5-FU, 5-CIU or thymine under identical
the system, Cl can readily be formedt 0 eV incident experimental conditionf 3a], indicates that EA(Uyl)
electron energy. In contrast to that the typical C—F is likely to be smaller than 3.2eV. This experimen-
bond energy exceeds the electron affinity by more tal value is consistent with that predicted from DFT
than 1 eV and hence Fformation is energetically in-  calculations (2.74 or-3 eV including the zero point
accessible below approximately 1 eV. It is surprising, energy correction)33].

however, that also at higher electron energies neither Figs. 1b—e and 2—4d, show the yield functions of

F~ nor Uyl™ is observed from 5-FUTable 3summa- higher mass ionic species; these results demonstrate
rizes the estimated absolute cross-sections for negativethat even at electron energies below the ionization
ion formation at 0eV electron energy. The numbers threshold of 5-XU (which were found to be of the order
demonstrate that the cross-section for ¥rmation of 9eV[28]), low-energy electrons are able to induce
is in the range between 1& and 10 13cm?, and complex ring fragmentation via DEA. These complex
thus, much larger than the geometrical cross-section endocyclic multibond cleavages may occur via either
of the XU target molecules. The presently derived stepwise or concerted reactions, including nuclear re-
value for CI- formation of 3x 10~14cn? is in sur- arrangementsjiz. atom scrambling [52—-54] Molecu-
prisingly perfect agreement to that obtained by Denifl lar fragmentation induced by impact of electrons with
et al.[25]. At that point, it must be remembered that energies below 10eV via concerted reactions with
DEA cross-sections have been shown to be extremely hydrogen atom displacement has been reported, e.g.,
dependent upon the temperature of the investigatedfor ethylene carbonat3]. For instance, the 68 amu
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negative fragment detected here aB, ~4, and
~6.5eV from fragmentation of all 5-XU is attributed
in the present work to JC3NO™. It may arise from
the following possible fragmentation pathways of the
5-XU~ anion: 5-XU~ — H2C3NO™ + X + OCNH

(or + CN + OH, or + H + OCN). Such fragmenta-
tion pathways are found to be at least qualitatively in
good agreement with the observation of both neutral
CN and OCN fragments produced from low-energy
(<30eV) electron impact on halogen-substituted
oligonucleotides chemisorbed onto gold surfaces. In
those experiments, both CN and OCN neutral frag-
ment were detected at 5-6 ¢16,55]

Similarly, the production of OCN may pro-
ceed from the following fragmentation pathway
5-XU™ — (XC3NOH>) + H 4+ OCN~. According to
both EA(OCN)[19,49]and average bond dissociation
energies value$48], this process requires approxi-
mately 1.0eV, which is reasonably consistent with
our present experimental observations (0.5-1 eV).

Furthermore, the similar signature found at about
1.3eV for the yield function of X, Uyl~, OCN™,
and HC3NO~ may indicate the existence of com-
petitive fragmentation channels of the same TNI, as
suggested previously {i8]. In general, the TNI may
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5. Conclusion

We have reported measurements of low-energy
electron impact on gas phase halo-uracils (5-XU). We
find that interactions of 0eV electrons with 5-BrU
and 5-ClU targets give rise to very effective DEA re-
actions but also the formation of long-lived parent an-
ions 5-XU". In addition, electrons with energies well
below typical molecular ionization energies may also
induce both single and multiple bond dissociations.
We have detected various negative ion fragments such
as halogen anions and Uyl as well as HC3NO™,
CN>OH~, OCN~, and CN which are evidence of
complex bond dissociations and re-arrangements dur-
ing the lifetime of the unstable TNI formed by reso-
nant electron attachment. The observation that Uyl
anions are only produced from 5-BrU and 5-1U, but
not from 5-FU, 5-CIU, and thymine (where the halo-
gen atom is substituted by a GHjroup at the same
position) provides the first estimation of the uracil-
5-yl radial’s electron affinity of 2.9-3.2 eV.

Our present results, in particular the observation
of two dissociation pathways near 0eV electron
energy, i.e., formation of halogen anions and Uyl
anions, clearly shows that the sensitizing action of

decay along a repulsive intra-nuclear coordinate, up halo-uracils is richer than previously anticipated. Al-

to a crossing or saddle point, where different dis-
sociative channels become available with different
probabilities. We can estimate the branching ratios
at 1.3-2.0eV for the different dissociation pathways
relative to that for OCN, i.e., X"/OCN~, Uyl~

or (Uyl — H)~ (in the case of 5-CIU)/OCN, and
H2C3NO~/OCN~; they are (15.0, 17.5, and 30eV)
for 5-ClIU, (3.2, 1.5, and 0.2 eV) for 5-BrU, and (0.7,
0.4, and 0.1 eV) for 4-IU. At these energies, formation
of OCN~ does not necessarily involve the cleavage
of the C-halogen bond, in contrast to formation of
the other anions. It is noted that the yield intensity
ratio (X~/OCN™) varies with BDE(C—X), i.e., 15.0,
3.2, and 0.7eV for X= ClI, Br, and I, respectively.
The formation of F and Uyl is not thermodynam-
ically favored, and thus, fragmentation only com-
petes for the HC3NO~ and OCN anion production
channels.

though our measurements support the general notion
that the sensitizing nature of the halogenated bases
is, unlike canonical bases, intimately linked to their
propensity for fragmentation by 0 eV electrons, this is
not limited tohydrated electrons; it also includes free
excess electrons with energies below 15 eV, as well as
various fragmentation pathways of the aromatic ring,
neither of which were previously included in models
of radiosensitization of DNA by 5-XU substitution
for thymine. Thus, our measurements suggest that the
mechanisms by which 5-halo-uracils sensitize DNA
are not only dependent on their mere presence within
DNA, but may also be determined by their specific lo-
cation at certain sites where (a) the free non-hydrated
secondary electrons may more easily attack, and (b)
where the subsequent reactions of the dissociation
products (anions and neutral radicals) with the adja-
cent components of the DNA can cause the most lethal
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damage. Therefore, the study of secondary electron[16] H. Abdoul-Carime, P.C. Dugal, L. Sanche, Radiat. Res. 153

initiated decomposition of 5-halo-uracils must be ex-
tended to more complex and realistic biological model
systems, such as single and double stranded DNA.
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