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Threshold electron impact ionization studies of uracil
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Abstract

Electron impact ionization near the threshold of the DNA base uracil (U) was investigated using a high resolution hemispherical electron
monochromator combined with a quadrupole mass spectrometer. The mass spectrum measured at the electron energy of 70 eV reveals a
rich fragmentation pattern. For the parent ion and some of the most intense fragment ions we measured the ion efficiency curves near the
threshold and determined the corresponding appearance energies (AEs) using a nonlinear least square fitting routine based on a Wannier type
power law. The present AE(U+/U)= 9.59± 0.08 eV is in good agreement with vertical ionization energies obtained in previous photoelectron
s +
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pectroscopy experiments. The appearance energies for the two most abundant fragment ions are AE(C3H3NO /U)= 10.89± 0.07 eV and
E(OCN+/U)= 13.41± 0.10 eV.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The uracil molecule (C4H4N2O2) (see Fig. 1 for the
olecular structure) is one of the four bases in the ribonu-

leic acid (RNA). Like DNA, RNA is a macromolecule con-
isting of about 75 up to several 1000 nucleotides (the sugar-
ase-phosphate complex) which are linked by phosphodi-
sterbridges[1]. There are three major differences between
NA and DNA: (i) the sugar in RNA is ribose instead of
eoxyribose, (ii) uracil replaces the DNA base thymine and,

n addition, (iii) RNA consists only of one strand (except
everal RNA-viruses), i.e., RNA does not show the double
elix structure of the DNA. RNA is the intermediate step be-

ween DNA and proteins because RNA is synthesized with
nstruction of the DNA and plays the key role for the pro-
ein synthesis. The other bases of both, RNA and DNA are
denine, cytosine and guanine.

∗ Corresponding author. Tel.: +43 512 507 6240; fax: +43 512 507 2932.
E-mail address:tilmann.maerk@uibk.ac.at (T.D. M̈ark).

The basic properties of isolated biomolecules like the
ization energy (IE) or the electron affinity (EA) are of fu
damental interest for modeling processes like the intera
of radiation with the genome. In general radiation dam
can be classified into the direct and indirect damage ca
by the primary or secondary species. The primary high
ergy radiation (α, β, γ and ions) removes electrons from
molecular network along the radiation track which lead
subsequent charge transfer and energy dissipation proc
This leads to the rupture of bonds forming the secon
species like neutral or ionic radicals. The most abundan
ondary species are electrons which are produced in e
of 4 × 104 electrons per 1 MeV energy deposited by the
mary quantum[2]. These secondary electrons have in
kinetic energies up to 20 eV[3] before they are thermalize
by inelastic collisions in 10−12 s. Damage to the genome
expected to be one third direct, i.e., energy from primary
secondary species is transferred directly into DNA and t
closely bound water molecules[4]. Two-third of the damag
is indirect involving damage by radicals (like for exam
the highly reactive OH-radical)[5–7] which are formed in
1 Also adjunct professor at Department Plasma Physics, Comenius Uni-
ersity, SK-84248 Bratislava, Slovak Republic.

interaction of the radiation with water molecules and other
biomolecules surrounding the DNA.
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Fig. 1. Schematic drawing of uracil (C4H4N2O2) presented in a ball-stick
model (left), where the small spheres represent the hydrogen atoms and the
larger spheres represent the heavier atoms (labelled with atomic symbols)
and a structure diagram of uracil (right).

Recent experiments have pointed out the importance of
low energy secondary electrons which are able to induce sin-
gle and double strand breaks of plasmid DNA also below the
ionization threshold[8]. Similarities in the electron energy
dependence of DNA strand breaks and negative ion desorp-
tion from thin films of biologically relevant molecules that
were irradiated with an electron beam suggest that dissocia-
tive electron attachment is one of the processes that initiate
strand breaks of DNA. Therefore, free electron attachment
to isolated DNA/RNA components has been studied inten-
sively and decomposition of these molecules was observed
at electron energies as low as 1 eV[9–11]. In addition, the
electron affinities of DNA/RNA bases have been determined
in several experiments[12–15].

In this work we present electron impact ionization of neu-
tral gas phase uracil. Starting from a mass spectrum taken
at the electron energy of 70 eV we have measured ionization
efficiency curves for the parent ion and the eight most in-
tense fragment ions in order to determine the corresponding
appearance energies (AEs). To the best of our knowledge,
no previous experiments have been carried out to determine
the AEs of fragment ions formed by electron impact of gas
phase uracil. We intentionally use the expression “AE” and
not ionization energy (IE) which is often found in literature.
The IE is defined[16] as the lowest energy needed to re-
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rived from measured ionization efficiency curves produced
by electron impact of neutral gas phase uracil. For the parent
cation of uracil the ionization energy via electron impact has
been determined in three different previous studies[18–20].
All groups used the “method of Lossing”[21] for analyz-
ing the measured ionization efficiency curves. Thereby the
ionization efficiency curves of the studied cation and a cali-
bration gas are normalized to the ion signal at a certain elec-
tron energy and logarithmically plotted as a function of the
electron energy. Near the threshold a logarithmic ion yield
exhibits a linear behavior which allows the determination
of the ionization energy. The known value of the ionization
energy of the calibration gas is used to define the energy
scale.

In addition to electron impact ionization experiments eight
UV-photoelectron spectroscopy measurements with uracil
have been carried out[22–29]. All photoelectron spectra ex-
hibit four electronic bands above the ionization energy start-
ing from the lowest value of about 9.6 up to 11 eV. The first
band (i.e., the lowest vertical IE) was assigned to the removal
of the electron from the highest occupiedπ orbital (π1). The
IE of the second highest occupied orbital is at least 0.5 eV
higher. Recently Wetmore et al.[30,31]calculated the verti-
cal and adiabatic IEs and electron affinities EAs for nucle-
obases and for modified pyrimidines using ab initio methods
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ove an electron from a neutral molecule/atom in its gro

tate, whereas the expression AE is used for the thresh
ragment ions, i.e., simultaneous ionization and dissocia
f the molecule. In the present study uracil molecules w
vaporated in an oven and thus, the neutral molecule
ibrationally and rotationally excited. Therefore we de
he expression AE as the minimum energy of the impac
lectrons leading to the molecular ions observed (pare

ragment cation).
In a recent paper we compared a mass spectrum pro

y electron impact of neutral uracil with the uracil mass s
rum produced by proton impact[17]. In addition we dis
ussed in[17] briefly preliminary results for the AEs of th
arent ion and the two most abundant fragment cation

ermined with the same apparatus that has been used f
resent measurements. In the present report a detaile
ussion of the results is given and, in addition, we pre
or the first time AEs of six additional fragment ions d
-

nd different levels of theory. Russo et al.[32] calculated th
diabatic IE and EA of uracil and other pyrimidines. All t
retical investigations showed that uracil exhibits the hig

E of all nucleobases

. Experimental setup and data analysis

The present experiments were performed with a cro
olecule/electron beam instrument in combination wi
uadrupole mass spectrometer (seeFig. 2). A detailed de
cription of the experimental setup can be found in[33].
he electron beam is produced with a hair pin filament
as a typical energy spread of about 700 meV. This v

Fig. 2. Schematic view of the experimental setup.
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can be reduced using a hemispherical electron monochro-
mator down to a best value of 35 meV[34]. After the hemi-
spheres the electron beam is accelerated to the desired en-
ergy and focused into the collision chamber where the inter-
action with the neutral molecule beam takes place. Finally
the electron current is measured after the collision cham-
ber at an electron collector plate. The electron current was
recorded as a function of the electron energy. The ioniza-
tion efficiency curves were normalized with the electron cur-
rent in order to eliminate the influence of a changing elec-
tron current when scanning the electron energy. The max-
imum electron energy of the present experimental setup is
600 eV. For the present measurements the FHWM of the
electron energy distribution was set to 100–150 meV for suf-
ficiently high sensitivity of the apparatus. Uracil powder is
vaporized in a Knudsen type oven and gas phase molecules
are introduced directly into the collision chamber through
an 8 cm long copper capillary with an opening at the end
of 1 mm in diameter. The white powder of uracil was pur-
chased from Sigma-Aldrich and has a purity of 99%. The
vapor pressure of uracil was sufficiently high to form an in-
tensive neutral molecular beam at the oven temperature of
180◦C (measured with a Pt100 temperature sensor attached
directly on the oven). The cations formed by electron im-
pact of the neutral uracil beam are extracted from the in-
t um
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exponentp1 which is 1.127 for the ionized hydrogen atom
according to the threshold law by Wannier[37]. In the case
an ionization efficiency curve exhibits a second threshold due
to an additional ionic state or a second process leading to an
ion with the same mass per charge ratio function (1b) is ex-
tended with a third term leading to function (1c). AE2 is then
the corresponding AE of the second threshold. The fitting of
the data was performed with the programs SIGMAPLOT or
Origin. With this fitting method a reliable and reproducible
determination of appearance energies can be achieved. This
was demonstrated for rare gases and several simple molecules
with nearly perfect agreement with the corresponding spec-
troscopic values[38]. Recently also electron impact ioniza-
tion of more complex molecules[39–45]was studied using
this analysis procedure.

3. Results and discussion

3.1. Mass spectrum

Fig. 3shows the mass spectrum of uracil measured at the
electron energy of 70 eV. The parent ion appears at mass
112 amu with the most abundance of all product cations.
However, please note that both the quadrupole mass spec-
t ent
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eraction region by a weak electrostatic field (at maxim
0 V/m) towards the entrance of a quadrupole mass s

rometer. The mass selected ions are detected by a ch
ron type secondary electron multiplier (SEM). The pulse
rocessed using a pulse counting technique by a com
he ionization efficiency curves for mass selected ions
easured by repeatedly ramping the electron energy o
re-defined energy range including the threshold (gene
everal eV below the threshold up to about 5 eV above
ppearance energy). The energy scale was calibrated

ng the measured appearance energy of Xe+ or Kr+ to the
ell known spectroscopic values[35] of 12.13 or 13.99 eV

espectively.
For the determination of the appearance energy of a ce

ation we utilized a nonlinear least square fitting routine u
he Marquart-Levenberg algorithm (for a detailed discus
ee[36]). The measured ionization efficiency curve is fit
ith the fit functionf(E) which resembles a Wannier thresh

aw (exponential type):

(E) = b for E < AE1 (1a)

(E) = b + c(E − AE1)p1 for AE1 < E < AE2 (1b)

f (E)

= b + c(E − AE1)p1 + d(E − AE2)p2 for E > AE2

(1c)

he fit for function (1b) comprises four parameters: a b
round signalb, a scaling constant c which is zero in (
below the threshold), the appearance energy AE1 and the
-

rometer and reduced ion collection efficiency of fragm
ons that were formed with high initial kinetic energy m
nfluence the relative abundance of the mass peaks. U
as this high abundance of the parent cation in common
ther nucleobases[35]. In contrast, simple amino acids
ugar molecules appear to be more fragile. The most abu
ragment cations of uracil are (C3H3NO)+ at mass 69 am
OCN)+ (mass 42 amu) and (CO)+ (mass 28 amu). A re
arkable fact is that two nearly complementary product

except one hydrogen), i.e., (OCN)+ and (C3H3NO)+, ap-
ear in the mass spectrum with second and third highe

ig. 3. Mass spectrum obtained by electron impact ionization of ura
he electron energy of 70 eV.
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Fig. 4. Ionization efficiency curves near the threshold region for the formation of uracil cations from neutral uracil by electron impact. The measured data are
shown as open circles whereas the fit curves (derived by the fitting procedure described in text) are shown as solid lines. The AEs indicated by arrows arethe
thresholds for these individual data sets and differ from the AEs given in the text and inTable 1which were derived by averaging several values from individual
data sets.

tensity. We cannot observe any dehydrogenated uracil cation
(mass 111 amu). In contrast, (U–H)− is the most abundant
anion formed by DEA to uracil[9]. In [17] a mass spec-
trum of uracil was already presented that was measured with
the same instrument. Lower mass ions are much more abun-
dant in the previously published mass spectrum[17]. The
discrepancy to the presently obtained mass spectrum can be
explained by (i) a higher electron energy of 200 eV in[17]
and (ii) a different radiofrequency head of the quadrupole
(0–512 amu) was used in[17] which has a higher transmis-
sion for low masses. We had to use this frequency head to
resolve the H+ ion formed by electron impact of neutral
uracil (this product ion was formed with high intensity by
proton impact ionization of uracil). The hydrogen cation is
not included in the present mass spectrum as it was mea-
sured with a frequency head that has a mass range from 2 to
2048 amu.

The NIST database contains a mass spectrum of uracil
measured by electron impact ionization at an electron energy
of 70 eV [35]. There is good agreement between this mass
spectrum and the present one. The peaks at mass 18 and
17 amu are much higher in the NIST mass spectrum compared
to the present data, thus indicating a lower water content of
the presently used sample.

3.2. Appearance energies

For the parent ion and eight fragment cations we measured
the ionization efficiency curves near the threshold and deter-
mined the corresponding appearance energies (AEs) using
the fit procedure described above.Fig. 4 shows the ion effi-
ciency curves (open circles) and the corresponding fits (solid
lines) for the parent cation and five fragment ions. InTable 1
the AEs of all ions investigated are listed. The present AE
values in this table were derived by averaging the results of

Table 1
AE for cations of uracil produced by electron impact on neutral uracil

Cation produced by
electron impact of uracil

Mass (amu) Present AE value (eV)

U+ 112 9.59± 0.08
(C3H3NO)+ 69 10.89± 0.07
(C3H2NO)+ 68 12.75± 0.66
(C2H2NO)+/(CN2O)+ 56 13.20± 0.25
(OCNH)+ 43 13.36± 0.30
(OCN)+ 42 13.41± 0.10
(C2HO)+/(C2H3N)+ 41 13.32± 0.18
(CH2N)+/(CO)+ 28 13.83± 0.39
(CHN)+ 27 14.77± 0.92

The values are the mean values of several individual data sets.
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several data sets and the uncertainties were calculated as the
difference between the largest and smallest values of the AEs
derived from the different measurements. In contrast the val-
ues inFig. 4are the individual result for the data set shown.

The parent ion has an AEs value of 9.59± 0.08 eV which
represents the lowest AE value of all cations investigated in
this work. The most abundant fragment ion appearing at mass
69 amu (C3H3NO)+ has a threshold value of 10.89± 0.07 eV.
We also determined the AE of the fragment ion one amu be-
low, i.e., involving the additional removal of a hydrogen atom
from the molecule. This leads to an increase by 1.9 eV to an
AE of 12.75± 0.66 eV. We also determined the AE of the
fragment cation at mass 56 amu which can be ascribed to the
formation of (C2H2NO)+ or (CN2O)+, respectively. The lat-
ter cations appear at the half of the mass of the intact uracil
molecule. Moreover, we measured the ionization efficiency
curves at masses 41–43 amu where the most abundant cation
is (OCN)+ at mass 42 amu. The ions in this mass region
and the cation at mass 56 amu have very similar AEs near
13.3 eV. Nevertheless we can exclude that the measured ion-
ization efficiency curve at mass 43 amu is only resulting from
the isotope yield of (OCN)+ with the13C isotope. The calcu-
lated abundance of the isotope on mass 43 amu is 1.5% of the
intensity on mass 42 amu. In the present mass spectrum the
peak height at mass 43 is 8.5% of the intensity of mass 42 amu
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tron impact ionization of uracil has been measured already by
three different groups. Lifshitz et al.[18] obtained the value
of 9.82± 0.1 eV which is 230 meV larger than the present
value (9.59± 0.08 eV), whereas lower values were given by
the other two studies (Verkin et al.[19]: 9.35± 0.1 eV; Zaret-
skii et al.[20]: 9.53± 0.02 eV). The previous investigations
of the IE of uracil by electron impact can be expected to be
less accurate (with an error of at least±0.3 eV[46]) because
the electron energy resolution in these experiments was much
worse (≥0.5 eV) than in the present study using an electron
monochromator.

The calculated value by Wetmore et al.[31] of 9.47 eV
for the vertical ionization of uracil is 120 meV lower than
the present value. A similar difference was observed for
thymine where a recent experimental value[47] for the AE
of thymine is 130 meV higher than the calculated one. In
general good agreement exists between the present value and
vertical ionization energies determined in UV photoelectron
spectroscopy. The values range from 9.45 to 9.68 eV[22–29]
with appropriate uncertainties of 0.02–0.03 eV[46]. Never-
theless the lowest value of 9.45 eV by Lauer et al.[25] seems
to be questionable due to an obvious calibration error[46]
indicated by a general discrepancy in their IEs of all bands
in comparison to other works. The present value is in perfect
agreement with results of[22,24,27,28]within the error of
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ndicating indeed the formation of (OCNH). The AE value
f (CH2N)+/(CO)+ at mass 28 amu is approximately 0.5
igher than for the cations near mass 42 amu. In contra

he cations in the mass region from 41–43 amu the addit
emoval of one hydrogen from the (CH2N)+ complex lead
ng to (CHN)+ gives an AE value which is nearly 1 eV high
han that for (CH2N)+/(CO)+.

Table 2includes for comparison all previous experim
ally and theoretically determined values of the vertical
zation energy of uracil. As mentioned above, the IE for e

able 2
omparison of the present AE value for the parent cation of uracil
revious determinations of the vertical ionization energy of uracil
+/Uracil
uthor Method AE (in eV)

resent EI 9.59± 0.08
ifshitz et al.[18] EI 9.82± 0.1
erkin et al.[19] EI 9.35± 0.1
aretskii et al.[20] EI 9.53± 0.02
adva et al.[22] PE 9.59± 0.02
ush et al.[23] PE 9.50± 0.03
ougherty et al.[24] PE 9.60/9.34a

auer et al.[25] PE 9.45
almer et al.[26] PE 9.68
u et al.[27] PE 9.59± 0.03
rano et al.[28] PE 9.59
ubota and Kobayazhi[29] PE 9.53± 0.01
etmore et al.[30,31] Theory 9.47/9.21a

usso et al.[32] Theory 9.25a

he previous methods are electron impact (EI), UV photoelectron
roscopy (PE) and theoretical calculations, respectively.

a Adiabatic IE value.
0 meV. Values for the adiabatic ionization energy (AIE)
lso included in Table 3. Theoretical values of the AIE w
alculated by Russo et al.[32] (9.25 eV) at the B3LYP/6
11++G∗∗ level of theory and Wetmore et al.[30] (9.21 eV)
t the B3LYP/6-31+G(2df, p) level of theory. Older semi e
irical theoretical works using the AM1 method which

ess accuracy than the ab initio calculations, resulted
alue for the AIE of uracil of 9.20 eV[48] (not included in
able 2). The values for the AIE are significantly lower t
he value for the vertical IE. Thus uracil exhibits in this c
ection a similar behavior as many other molecules, su
6H6 [42], C3H8 [39] and OClO[49], indicating a direc

onization mechanism in the electron impact event. Ne
heless recent electron impact ionizations experiments[50]
xhibit threshold values for diatomic molecules which h
een very close to the adiabatic value. Such results m
xplained by an indirect ionization mechanism via the ex
ion of a Rydberg state with subsequent associative ioniz
ithin the molecule[40].
In comparison with the AEs of the parent ions of

hlorouracil (5-ClU) and 6-Chlorouracil (6-ClU)[51], which
elong to the class of halouracils, the presently determ
alue of the AE of the parent ion of uracil is remarkably si
ar. The AE of 5-ClU+/5-ClU (9.38± 0.05 eV) turns out to b
.21 eV lower whereas for 6-ClU+/6-ClU (9.71± 0.05 eV)

he AE value is 0.12 eV higher compared to the AE of U+/U.
or comparison the AE values for the parent ion and

wo most abundant fragment cations formed via electron
act ionization of the three different molecules are show
ig. 5. A similar trend of the AE values is obtained for ura
nd 5-ClU. However, the AEs cannot be compared dire
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Fig. 5. Comparison of the AEs for the parent cation and the two most abun-
dant fragment ions of uracil (circles), 5-ClU (squares) and 6-ClU (triangles)
formed by electron impact of neutral uracil, 5-ClU and 6-ClU. The similarity
between the three systems seems to disagree with the fact that halouracils
incorporated in DNA act as radiosensitizers (see text).

because the fragment cations with most abundance have dif-
ferent composition. It is interesting to note that at an elec-
tron energy of 70 eV the mass spectrum of uracil exhibits the
strongest fragmentation of all three molecules. These unex-
pected results have important consequences for the investiga-
tion of the underlying mechanism of radiosensitizers because
according to the present results, the increased sensitivity of
cells modified with halouracils cannot be explained by en-
hanced fragmentation of the cations. However, in contrast to
positive ion formation much stronger differences in the prop-
erties of uracil and halouracils can be found in negative ion
formation where low energy electrons form fragment anions
and neutral radicals via dissociative electron attachment to
neutral 5-ClU and 6-ClU with much higher efficiency than in
the case of uracil[52].
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