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We present a detailed study on dissociative electron attachment (DEA) to isolated gas-phase cytosine (C) and
thymine (T). The experimental setup used for these measurements is a crossed electron/neutral beam instrument
combined with a quadrupole mass spectrometer. Electron attachment to these biomolecules leads to dissociation
into various fragments without a hint of any measurable amount of stable C or T parent anions. The fragment
anions with highest abundance are«{&)~ and (T—H)~, respectively. Quantum chemical calculations were
performed to calculate the electron affinities and binding energies of the different isomers of-th (T
fragment. Besides (€H)~ and (T—H)~, we observed five other fragment anions formed by DEA to cytosine

and eight additional product anions were detected in the case of thymine. lon efficiency curves were measured
for all fragment anions in the electron energy range from about O to 14 eV. For mixtures of T or C with SF

or CCl, in the collision chamber, additional resonances close to 0 eV were observed, resulting from ion
molecule reactions of $F or CI~ with the respective biomolecule.

Introduction o THZ

The interaction of high-energy radiation-( 8-, y-rays or H ol s CHy N 4/ s H
heavy ions) with human cell components creates secondary 3N < /j
species (ions, radicals, electrons) in a large amount along the Zkﬁﬁ ZkN Ny q
radiation track. For instance, 4Gecondary electrons are 04 N~ >NH O lI
produced per 1 MeV deposited enefgylhese produced | H
secondary electrons have typically initial kinetic energies up to H Cytosine
20 eV2 Within picoseconds, they are thermalized by successive Thymine :

inelastic collisions in the medium. Recently, Sanche and co- Figure 1. Molecular structure of cytosine and thymine.

workers showed that free-low-energy electrons induce single-

and double-strand breaks in thin films of DNA. They observed sponding neutral fragments. The ensuing fragment anions often
a local maximum for the yield of DNA strand breaks at an carry the signature of the TNI, that is, in the position of the
incident electron energy of about 10 eV. They concluded that resonances. The formation of TNI states of cytosine (C) and
the dissociation of transient negative ion states of various thymine (T) was already studied by Burrow and co-workers
components of DNA/RNA (bases, phosphaseigar backbone,  using electron transmission spectroscofyiey concluded that

or surrounding water) initiates the DNA strand breaks and leads an anion state is formed most likely by occupation of the lowest
to this resonance of the DNA damage at 10 eV. According to emptys* molecule orbital of C and T. In ref 7, only the electron
the results of ref 3, it is worthy to study the properties of isolated occupation of valence orbitals was investigated and not anions
DNA building blocks which are supposed to be the initial sites states, where the electron is weakly trapped in the dipole field
for strand breaks. In the present free electron attachmentof the DNA base. Dipole bound parent anions of DNA bases
experiment, the interaction of low-energy electrons with isolated have been investigated in Rydberg electron trafistéror
gas-phase DNA components has been studied thus avoidingnegative photoelectron spectrosc&py* studies. The group of
environmental influence. Cytosine {dsN3O) and thymine Schermann and co-workérsbserved stable dipole bound parent
(CsHeN2O,) are bases of the gene sequence in DNA. The anions of adenine, thymine, and Uracil formed by Rydberg
corresponding molecular structures are shown in Figure 1. In electron transfer. The formation of dipole bound anions is a
the DNA complex, thymine is paired with adenine via two result of the high dipole moment of these molecules which is
hydrogen bonds, and cytosine is bound to guanine by threelarger than 2.5 B> Stable valence bound anions were only
hydrogen bridges. Uracil (U) replaces T in RNA and has already detected for (M-H)~. However, Rydberg electron transfer to a

been the subject of several studies recettly. mixed Uracil/argon clustérenables the formation of valence
Dissociative electron attachment (DEA) to a molecule M like bound parent anions of Uracil after evaporation of the argon
cytosine and thymine starts initially with the formation of (W, atoms from the cluster. Bowen and co-worRéisvestigated

a transient negative ion (TNI). Depending on the autodetachmentthe transition from dipole bound to covalent ion by studying
lifetime, the TNI can decay into a fragment anion and corre- different solvents with Uracil. In the Uracil/xenon complex, it
is possible to observe dipole and covalent bound anions
_ *Corresponding author. E-mail: Tilmann.Maerk@uibk.ac.at. Also ad- simultaneously in the photoelectron spectrum. Schiedt and co-
junct professor' at Department of Plasma Physics, Comenius University, workerd4 performed anion spectroscopy of Uracil, thymine, and
SK-84248 Bratislava, Slovakia. - . . Y e .

* Permanent address: J. Heyrovsky Institute of physical chemistry AV CYtosine. They determined the valence adiabatic electron affinity

CR, Dolej%ova 3, 182 23 Prague, Czech Republic. of differently sized mixed X/water clusters £&XU, T, C) and
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extrapolated to the monomer value. The photoeleetpiroto- Hemispherical
detachment spectrum of C/{8), cluster showed also dipole electron monochromator
bound states of two possible tautomers of cytosine (amino-oxo
and amino-hydroxy cytosine). Adamowicz and co-workérs
studied theoretically the stability of covalent and dipole bound
anions of cytosine taking into account these two possible
tautomers of cytosine.
. . . . . Quadrupole

A variety of theoretical calculations of both adiabatic (AEA) mass spectrometer
and vertical electron affinities (VEA) of C and T has been Girbsmalosuinr i
published”22 (please note also a recent study on the EAs of
adenine-thymine and guaninecytosine base paity. The AEA
experimental determinations of the AEA on the basis of the measured within our detection limit. We also present quantum

Crannaitran

lon optics

Figure 2. Schematic view of the experimental setup.

reduction potentif but seem to be questionabfeAll reliable chemical calculations based on the MP2 and B3LYP levels of
calculations lead to similar values for the electron affinities theory and the G2MP2 method. The binding energy (BE(T
taking into account an uncertainty of typically abat®.1 V. H Hy) for each hydrogen atom of the thymine molecule, the

The VEA of C and T are negative (typical values ar@.5 eV electron affinity (EA) of T, and the EA of all possible {IH)
and—0.3 eV, respectiveR}) while the AEA are very close to  radicals have been determined. From these data, the energy

zero eV and with slightly positive or negative values depending thresholdg, for different isomers of (FH,)~ is calculated by
on the method of calculation (mostly determined by the size of

the basis sets used). These differences between adiabatic antEn = BE(T—H,,H,) — EA(T—H,) (n=1, 3, H/CH,, 6) (1)
vertical electron affinity reflect the substantial relaxation of the

molecules during the electron attachment event. with n the position of the hydrogen in the thymine molecule
Chen and Chefi constructed Morse potential curves for both  (see Figure 1).

molecules on the basis of experimental data. They also report

negative ion mass spectra determined with negative chemicalExperimental Section

ionization mass spectrometry where exclusively dehydrogenated For the present DEA experiments, a crossed electron/neutral

DNA and RNA bases were obtamgd. _ beam apparatus is used (for more details see ref 33 and Figure
Free electron attachment experiments to gas-phase cytosing) The neutral beam is produced by heating a resistively heated
and thymine were first performed by Huels et’alising a oven containing C or T powder to a temperature of 4800
trochoidal electron monochromator. They observed stable parentoc respectively. The powders have a purity of 99.5% and were
anions of T and C. In addition, they reported the formation of ,,,chased from Sigma Aldrich. The evaporated molecules effuse
seven smaller fragment anions43 Da) via DEA to T. For  through a capillary (1 mm diameter) into the collision chamber
the cytosine molecule, they also observed larger fragment ionsyhere they interact with the monochromatized electron beam.
such as (€2H)" and (C-NH)~. Recently, Gohlke and  The electrons are produced by a filament and are accelerated
IIIenperge?S questioned the existence of stable parent anions \ith a lens system into a hemispherical electrostatic field
published by the same group before in ref 27. Abouaf & al.  analyzer, where the electron energy resolution is set to a value
investigated dissociative electron attachment to thymine and ot g0—120 meV. In the past, we achieved with this electron
S-bromouracil using a hemispherical monochromator in com- yonochromator a best value of 35 meV for the electron energy
bination with atlme-of-fllght mass spectrometer. In their article, egglution. The presently used settings are a compromise
they report the formation of (¥H)™. They proposed that the  petween signal intensity and electron energy resolution. After
narrow peak structure of (fH)~ observed in their experiment  he hemispheres, the electrons are accelerated with a second
arises from the vibrational structure of predissociated (dipole) |eng system to the desired energy and focused into the collision
anion states byT* valence resonant states (see also a recent chamber. The formed anions are extracted into the quadrupole

work which suggests a similar mechanism i’? Urdil _ direction by a weak electric field and mass analyzed with a high-
Another recent electron attachment experiment with C and resolution quadrupole mass spectrometer. The ion current is
T studied the anion formation in the condensed pRagwt is, amplified by a channeltron type secondary electron multiplier

anion desorption from thin films of C and T in the electron operated in a pulse counting mode and recorded by a computer.
energy range from about-310 eV. In contrast to gas-phase The main chamber has a residual gas pressure>oflD 6 Pa
experiments, only low mass fragment anions have been ob-and is heated to a temperature of 100 to (i) prevent
served. They are formed via DEA resonantly below 15 eV and condensation of the biomolecules on cold surfaces and to (ii)
for higher electron energies in nonresonant processes such agnaintain stable conditions of the experimental setup for suf-
dipolar dissociation, respectively. The resonance structure officiently long times.
the desorption yields are similar with that of the DNA strand  With this setup, the ion current for mass-selected anions is
break yields observed by Sanche and cowofketsch indicates recorded as a function of the electron energy. The energy scale
that initial DEA of DNA components is a possible source for s determined by measuring the ion yield of a calibration gas
strand breaks of DNA. under identical conditions. The following two attachment
Like in the previous investigatior?$;2° the present experi-  reactions are typically used for calibration:
ment is a standard crossed neutral/electron beam setup, however,

having a better energy resolution and higher sensitivity. We SK,+e—SK (2)
already published first results concerning the most abundant B
anions (G-H)~ and (T-H)~ in a recent letté? and in contrast CCl,+e—ClI + CCl, 3)

to ref 27 we did not detect any parent anions. In the present
report, we discuss our measurements in more detail and presenThe ion yields of the anions formed via reactions 2 and 3 exhibit
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a sharp peak at 0 eV formed via s-wave attachment to the
corresponding neutral molecul&s®® The electron energy
resolution is determined as the full-width at half-maximum of
the zero eV peak. Reaction 3 leads to a second peak (Gaussian
shape) in the ion yield at an electron energy of 0.8 eV. We use
the well-known cross-sectional value of this reson&héé to
obtain measures for the absolute cross section from our relative
ion efficiency measurements. We measure reaction 3 and the
biomolecules under identical conditions. For this purpose, we
introduce the calibration gas into the oven where the biomol-
ecules are vaporized. Thereby both molecules will be introduced
simultaneously into the collision chamber and the same electron
beam (electron energy, electron current) interacts with the
calibrant and biomolecule. We try to achieve the same partial
gas density of CGland C or T; however, the real value of the
partial pressure of the biomolecule may be 1 order of magnitude
higher since these molecules adsorb easily on surfides:
more details about the inherent deficiencies of this method
including ion discrimination due to kinetic energy release, see
ref 40.
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Figure 3. lon yield of (C—H)~, (CsHsN2)~, and (GHN)~ formed via
— (OCN) + fragments (4d) DEA to cytosine. The absolute cross-sectional scale was estimated from
the known cross section of QICCl, measured under the same

— (CN) + fragments (4e)  conditions with an accuracy of 1 order of magnitude.
— O /NH, +fragments (4f)  \icci semiempirical calculations which should be somewhat
more accurate than those employed in ref 41 and they observed
Electron attachment to cytosine has been studied in the electrora minimum threshold of 0.7 eV for removal of the hydrogen
energy range from about zero to 14 eV. Figure 3 and Figure 4 from the N-H site. To our knowledge, there are no high-level
show the ion yields of all fragment anions and the positions of ab initio calculations so far available on the bond dissociation
all resonances observed are listed in Table 1. In our measure-energies of C.
ments, we were not able to observe any traces of parent anions Electron transmission spectroscépgeveals a temporary
because the lifetime of the TNI is apparently too short with negative ion state of cytosine at an electron energy of 1.53 eV
respect to autodetachment and dissociation. The ion yield where an electron occupies an emptyorbital. The main peak
obtained at the mass of the parent can be fully ascribed to theof the (C—H)~ ion yield in the present study is located close to
expected isotopomer of (€H)~. Dehydrogenated cytosine is  this electron energy (i.e., at 1.51 eV). Huels et’akported in
the most abundant fragment anion (see Figure 3a) with atheir electron attachment experiments to C an intact parent anion.
maximum cross section of 2:3 1072 m? which is very close ~ They reported a shape for the ion yield as a function of the
to the cross-sectional value of {tH)~.5632The resonance with  electron energy which is very similar to the present-()~
the highest intensity is formed at an electron energy of 1.51 yield. A more recent studf performed with the same apparatus
eV. Other resonances visible in the{8)~ ion yield are located ~ shows (C-H)~ formation in agreement with the present results.
at 0.03, 1.1, and 5.19 eV. The anion formed via DEA to C with the second highest

The binding energies BE (cytosine-H,H) of alHW sites abundance is (§13N2)~ at mass 67 Da. The ion yield shows
and the EA for the corresponding different{@) isomers were two resonances at 5.88 eV and 9.5 eV. The estimated cross
calculated by Rodgers et&@The AM1 and PM3 semiempirical ~ section of the first peak has a value of 1x710721 m2. Two
methods were used in this work and it was found that AM1 mass units below the @E3N,)~ we were able to detect
generally produces more accurate values. The calculated(CsHN,)™ which has a maximum cross section of 551022

minimum energy threshold for (€H)~ with removal of m? at its most abundant resonance at 10.03 eV. This fragment
hydrogen from théN—H site is 1.09 eV (AM1) and 0.63 eV anion is also formed at other electron energies exhibiting peaks
(PM3) whereas the threshold for formation of8)~ by at 1.61 and 6.06 eV. At similar electron energies, resonances

removal of the hydrogen from the NHgroup is at least 0.3 eV~ of (OCN)~ are observed (2.12, 5.98, and 9.87 eV) although this
higher. The present onset for the<{@)~ ion yield is at 0.94 ion is formed with a two times higher cross section of %.3
eV whereas the small contribution close to 0 eV can be ascribed102 m2. The ion yield of O/C shows no significant formation

to a hot band transition, that is, the anion formation starts from of this fragment anion below the electron energy of 4 eV. The
a vibrationally excited molecul&. Chen et al® used AM1- maximum of the first resonance is located at 5.74 eV.
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i ) ) Figure 5. lon yield of (T—H)~, (T—2H)~, and (GHsN,O)~ formed
Figure 4. lon yield of (OCNJ, (CN)~, and O/(NH;)~ formed via via DEA to thymine. The absolute cross-sectional scale was estimated
DEA to cytosine. The absolute cross-sectional scale was estimated fromfrom the known cross section of @CCl, measured under the same
the known cross section of GCCl, measured under the same conditions with an accuracy of 1 order of magnitude. The insert in

conditions with an accuracy of 1 order of magnitude. Figure 5a shows the peak structure of-ff)~ and (U-H)~ measured
] . . with high resolution and accuracy in the electron energy range from
TABLE 1: Electron Energy Position (in eV) of Resonances about 1.1 eV to 2.4 eV. The (TH)~ ion yield reveals an additional

for the Fragment lons Formed via DEA to

Cytosinet (C4HsN30O)—111 Da

(C—H)™ (CsHsN2)~ (CHNz)~ (OCN)~  (CN)™  O7/(NHp)~ (b) Thymine. Free-electron attachment to T leads to the
110Da 67Da  65Da 42Da  26Da  16Da following reaction channels observed within our detection limit:

0.03(0.1) 5.88(4.5  1.61 2.12(1.0) 1.86(1.2) 5.74(2.3)

peak at 1.24 eV.

1.1(1.4) 9.5(7.3) 6.06 5.98(5.0) 6.77(5.1) 9.64(3.8) e+T<(T)*— (T-H) +H (5a)
151 (5.3) 10.03 9.87(7.7) 9.61(7.8) 10.89(5.2)
5.19 (6.9) (g-zé;r) — (T—2H) +2H (5b)

aThe present values are compared with values reported in ref 27 — (CHN,0) + fragments  (5c)

(in brackets), where available. Furthermore, the position of resonances

for C~ observed by ref 27 are compared with those of [~ (see — (CH3N0) + fragments  (5d)

text). Additional anions, observed in ref 27, but are absent in the present

measurement, are not included. — (C;H,NO) + fragments  (5e)
The shape (position and relative heights of resonances) of — (C;H,N) + fragments (5f)

the anion efficiency curves of all fragment anions of lower _

masses differ, in some cases substantially, from the spectra — (OCN) + fragments (59)

reported by Huels et &l. (see Table 1). . —
A comparison of the present ion yields and the positions of (CN) + fragments (5h)
resonances suggest common precursor states for certain fragment — (O) + fragments (51)
ions. The fragment ions @E3N2)~, (CsHN2)~, (OCN)~, and
O~ exhibit resonances around 6 and 10 eV, thus indicating the Because of higher vapor pressure of T, the intensity of the
initial formation of two temporary negative ion states that neutral beam was higher than in C; thus, the signal-to-noise
subsequently dissociate with certain probabilities into these ratio is better for this molecule. Like in C and Uracil, no
fragment anions. Within our detection limit, we were not able measurable amount of a parent anion was observed. The ion
to observe other fragments of DEA to cytosine, like<ZH)~ yield of (T—H)~ is shown in Figure 5a. The peak structure
or (C—NHy)~ that were mentioned in ref 27. exhibits six peaks (see Table 2a for exact peak positions) and
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TABLE 2: Electron Energy Position (in eV) of Resonances
for the Fragment lons Formed via DEA to Thymine
(CsHsNzOz)_lze Da

(a) Fragment lon Mass 67 D&

Denifl et al.

TABLE 3: Bond Dissociation Energies BE Required for the
Removal of an H Atom from Neutral Thymine, Adiabatic
Electron Affinities (AEA) of the Resulting Neutral (T —H)
Isomers and Resulting Threshold Energies BE-EA as
Calculated by Various Quantum Chemical Method$

(T-H)~  (T—2H)" (CsHsN20)~ (CoH3N20)~  (CsHNO)~ B3LYP/ MP2/
125 Da 124 Da 97 Da 71 Da 68 Da 6-311++G** 6-311+G(3df,2p) G2MP2
004(0.18) 0 5.95 8.53 6.71 BE EA BE-EA BE EA BE-EA BE EA BE-EA
0.7 (3.4) 1.41 7.96 8.58
1.02 (5.2) 7.39 IN-H 4.9 3.2 1.7 5.0 3.9 11 44 35 0.9
1.24 9.49 SN-H 5.1 3.7 1.4 59 43 1.6 58 45 1.3
1.47 CH;—H 45 29 1.6
174 6C—-H 4.8 26 22 53 27 26 49 27 22
gg 2The energies are given in eV and the accuracy is estimated to be
7.8 about+0.1 eV.
(b) Fragment lon Mass 67 D& . L .
TV OCNT N o in the range of 10'® m2. This is about 1 order of magnitude
( §4 ‘I‘Dg (42 D; (26 I%a 16 Da larger than the (¥H)~ cross section determined in the present
investigation, however, very close to the cross section gf SF
7.06 2.33(0.2) 6.94 (0.28) 9.8 (1.8) SF, mentioned in ref 46.
6.81(2.8) 8.41 (4.8) 12.36 (3.2) . ; )
7.91 (4.6) (6.4) (4.5) For thymine, we performed B3LYPand MP27 calculations
9.5 (5.8) (7.8) (6.6) with large basis sets (using the basis sets 6+3tG** and
(7.7) 8.7) 6-3114+G(3df,2p), respectivef§*9 as well as calculations with

aThe present values for (TH)~ are compared with values for-T the GZMPZO method and determined bond dissociation energies
reported in ref 27 (see text).The present values are compared with  Of all different hydrogen atoms as well as the electron affinities
values reported in ref 27, where available. Additional anions observed EA of the corresponding (fH) isomers. The results are listed
in ref 27 in this mass range, but absent in the present measurementjn Table 3. The agreement between the different methods of
are not included. calculation is reasonably good. Energetically most favorable is

the removal of the hydrogen from the 1N site. The threshold

additional shoulders at 0.84 and 1.65 eV. ETS experinients energy agrees also with the presently observed onset of the
revealed a transient negative ion state of T at an electron energy(T—H)~ ion yield within the uncertainty of the calculation of
of 1.71 eV which was ascribed tow resonance. At this energy,  about+0.1 eV. Furthermore, DEA experiments to partially
we observe a broad peak in the attachment curve efH)r. deuterated T reveal that the-H)~ anion is exclusively formed
The shape of the ion yield is very similar to the (H)~ by removal of hydrogen from the nitrogen sité$! For the
yield;>6:32 however, the presently estimated cross section for electron affinity of T, we obtained 0.15 eV (B3LYP);0.39
(T—H)~ of 1.2 x 107! m? is approximately 4 times higher ev (MP2), and—0.14 eV (G2MP2), respectively. All our
than for (U-H)~. We measured the ion yield of ({H)~ and calculations were performed using the G98 set of progf&ms.
(U—H)~ from the electron energy of about 1 eVto 2 eV fora  |Like for cytosine, previous determinations of the binding
very long time to reduce statistical noise below 0.3% (i.e., at energy BE(T-H,H) and EA for different (F-H) isomers were
each data pOint at least A@ns were CO”eCted). The Only performed by Rodgers et 4l.and Chen et &3 using semi-
difference in the relative cross-sectional curves is an additional empirical methods. The latter ones obtained the minimum
small feature at 1.24 eV in the ion yield of {H)~ (see insert  threshold energy of 0.5 eV for tH& site and 1.3 eV for the
in Figure 5a). Like for (C-H)~, the additional small contribution 3N sijte. The values calculated by ref 41 were similar when the
near 0 eV in the (FH)~ ion yield can be ascribed to a hot  AM1 method was usedi{: 0.6 eV,3N: 1.3 eV, respectively),
band transition. However, a part of this signal close to 0 eV is whereas the PM3 method tends to result in a lowering of the
also resulting from the loss of two hydrogen atoms (from the thresholds of about 0.3 eV. The present calculations are more
energetic point of view it has to be aHholecule) froma T reliable than the previous determinations using semiempirical
molecule that contains ortéC isotope. method4:43 because of the higher accuracy of ab initio

Abouaf et al® observed in their electron attachment experi- calculation8®5*used here.
ments with thymine a quite similar ion yield for {1H)~ In addition to (T—H)~, we measured the ion yields of eight
although the ion yield is more pronounced near 0 eV than in additional fragment anions formed via DEA to thymine. The
the present study. This difference can be explained by an artifactcorresponding ion yields are shown in Figures7s In Table
peak which also appears when the oven used for the evaporatior2, the values for the center of the resonances are listed. (T
of thymine was completely empty.Abouaf et al. also gave a  2H)~ (Figure 5b) exhibits three peaks including a well-
rough estimation of the (fH)~ absolute cross section in ref  pronounced 0 eV resonance. This is in contrast to Uradiere
29. They give a lower limit of 10'° m?, which agrees quite  the (U-2H)~ yield close to 0 eV is much weaker and
well with the presently determined value. The positions of the presumably an artifact peak. DEA experiments with partially
resonances given in ref 29 are approximately 100 meV lower deuterated T show site selective dissociation for-ZH)~
than in the present measurements. Like in cytosine, Huels etformation?! that is, the formation of the various resonances can
al?” observed in their measurements a long-lived parent anion be ascribed to the removal of hydrogen from certain sites. The
of thymine. Like already discussed in a previous letter about ion yield at mass 97 Da which is identified as the fragment ion
DEA to C and T32the (T) ion yield (at 126 Da) presented by  (C4HsN,O)~ exhibits two peaks and a shoulder at an energy of
ref 27 could rather be due to $FSF; (127 Daj>*¢since Sk 8.91 eV. The fragment anions £d3N,0)~ at mass 71 Da and
was used for calibration of the energy scale and introduced (C3H,NO)~ at mass 68 Da have the most intense resonance at
throughout the experiment. In addition, the cross section an electron energy of about 8.5 eV which indicates a common
determined by Huels et al. for the parent anion of thymine was TNI precursor state for both anions. Another common resonance



Electron Attachment to the Gas-Phase DNA Bases J. Phys. Chem. A, Vol. 108, No. 31, 2008567

84 a)
6 (C,HN,OY
71 Da
44
2
—~ €
~N
g 01 5
ﬁ T T T T T T T o
o 0 2 4 6 8 10 12 At
S c
A b . o b) .
5 2 ) (C,H,NO) % 06{ (CN)
© 68 Da 8 26 Da
% 7]
. 8 0.4
2 (3]
- -
5 S 024
5 £
= S 0.0+
5 = 55 4 6 8 10 12 1
S 1040 2 4 6 8 10 12 004] ¢)
< : o
0.034 16 Da
0.02-
0.01-
0.00 -

. . . . . 0 2 4 6 8 10 12 14
0 2 4 6 8 10 12
Electron Energy (eV)

Electron Energy (eV) Figure 7. lon yield of (OCNY, (CN)7, and O formed via DEA to
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via DEA to thymine. The absolute cross-sectional scale was estimatedknown cross section of CICCl, measured under the same conditions
from the known cross section of GCCl, measured under the same  with an accuracy of 1 order of magnitude.
conditions with an accuracy of 1 order of magnitude.

and the additionat-bond betweedN and“C in cytosine. The

was observed at 7 eV for the fragment anions at mass 54 Da,ion efficiency curves of corresponding fragment ions formed
(C3H4N)™, and 42 Da, (OCN). The latter one has at the electron via DEA to T and Uracf reveal more common features. For
energy of about 2.3 eV a first very weak resonance and is instance, the (fH)~ and (U-H)~ ion signals have exactly the
formed more efficiently at electron energies larger than 5 eV same shape except a narrow small additional peak at around
exhibiting three additional resonances. At the apparent mass of1.24 eV for thymine. The relative attachment cross section of
(ONCH)~, we observe anion signal that has the same shape aghe (GH,NO)~ fragment is also practically the same for both
(OCN)~, however, with a much lower intensity which perfectly molecules. Other fragment anions from U and T have only the
matches with the isotope abundance of¥tN)~ (agreement main resonance in common like (OCNand O. The only
better than 2%). The ion yield of CNreveals a very similar  difference in the molecular structure of T and U is a methyl
peak structure as ¢8,NO)~ except for a slight shift to higher  group attached to thkC position in T whereas U has a hydrogen
energies and the appearance of a shoulder at the high-energgonnected to this carbon atom. Thus, it is surprising that,
side of the maximum resonance. Furthermore, the partial although the ring structure is the same for T and U, DEA
cross section for CNis 3 times higher than for (§E1,NO)". including ring dissociation leads to the formation of anions
The anion O is effectively formed only at energies above which are exclusively formed for T or U, for example,
8 eV with the corresponding peak maxima at 9.8 and 12.36 (C,H3N2O)~/T, (CsH4N)~/T, (CsHNO)=/U, and (GH3N)~/U,
eV. The formation of H/T was briefly mentioned in ref 27  respectively.
and we measured for the occurrence of this fragment anion (c) lon Molecule Reactions of Cytosine and Thymine.
three resonances at 5.4, 6.8, and 8.2 eV. A more detailed anal-As in Uracil>®32we observed that cytosine and thymine are
ysis of this fragment anion channel will be given else- able to react with anions of calibrant gases such asg GCbFs
where>® (see also a recent report about dissociative electron-transfer

Like in C, the position and relative height of the reso- reactions of SF with adenin&%. The present setup enables
nances of fragment anions smaller than-@)~ differ in some such interactions because the calibration gas and the biomol-
cases substantially from the value published by Huels et al. (seeecules are introduced simultaneously through a capillary into
Table 2). the collision chamber. We have already described briefly the

The present ion yields observed for the variety of fragments effect of such anion molecule reactions to the ion yield of (C
from C and T differ substantially from each other. However, H)~ and (T-H)~ in our previous letter about EA to T and*€.
this result can be explained by the different molecular structure In the presence of C¢lor Sk molecules and C or T in the
of both molecules, that is, different constituents outside the ring collision chamber, we observe the following aniemolecule
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4 molecule reactions between cytosine and Whereas Cl reacts
—=—Cal. gas=SF, /X=(T-H) strongly with thymine and Uracil. The observation of additional
—o— Cal. gas=CCl,/X=(T-H) 0 eV peaks in the presence of other gas molecules was already
L ar reported in the article of Drexel et &, where electrons that
) A— Cal. gas=SF /X=(C-H) . . ..
T «— Cal. gas=SF /X= are released via autodetachment fronCIg~ in sufficiently
g —=— Cal. gas=SF /X=(T-2H) L .
. strong electric fields generate"Grom O, at apparently 0 eV.
% 2 This effect, called Trojan horse ionization, can clearly be ruled
5 out in the present study since both~Gind Sk~ have much
2 smaller autodetachment rates compared;0l£. Mass spectra
S 1- = . recorded in the mass range from 1 Da up to 165 Da at the
" Y e | lose to 0 eV exhibit oth ducts formed b
v /_/ e electron energy close to 0 eV exhibit other products formed by
_/ /‘o/o anion molecule reactions between thymine and the calibration
0 o— gas. For Skused as a calibration gas, additional ions are formed
0 5 10 15 20 25 30 35 in the interaction with thymine at mass 144 and 145 Da (Figure

9a). When C({is used as the calibration gas, we observe peaks

) Calibrant gas_lon y_'eld (arb. units) at 161, 162, and 163 Da which appear in the mass spectra
Figure 8. Dependence of the Xion yield (X = (T—H), (C—H), and (shown in Figure 9b).
(T—2H)) on the calibration gas anion signal at an electron energy of
about 0 eV. As calibration gas, either St CCly, was used. All X .
yields exhibit a nearly linear dependence on the calibration gas anion Conclusion

ignal. .
s\ We performed free-electron attachment to gas-phase cytosine

and thymine in the electron energy range from about 0 to 14
‘ T and SF, eV. As for other biomolecules, like Ura&g glycine?® formic

acid, and acetic aci?f,no parent anions were observed and the
l most abundant fragment anion is the closed-shell dehydroge-
M ﬂ nated molecule. Several fragment anions that are formed with

1000-% a) l

*

-
o
o

7Y BT TTTT R
-—

decomposition of the ring structure of the molecules were
= " . T observed exclusively for one of the two molecules. In addition,
1005 120 l 130 140 the ion efficiency curves of fragment anions that were formed
i b) T and CCI via DEA to both molecules differ substantially which can be
] \ 4 H explained by the different molecular structure of C and T.

-
o
Tl
—
-

T T T
150 160

lon signal (arb. units)
S

However, surprisingly large differences are also observed in the
ﬂ comparison to DEA to thymine and Uracil, since both molecules
; , , : i , : ; ﬂ” have the same ring structure.

120 130 140 150 160 (C—H)~ is formed with a similar cross section like {UH)~

Mass (Da) from UraciP® and (G-H)~ from glyciné® whereas the cross

Figure 9. Mass spectra in the range from 118 to 165 Da recorded at section for (F-H)~ is about 3 times higher. The present ion
an electron energy close to 0 eV energy for thymine using two different yield of (T—H)~ agrees well with results of Abouaf et &lon
calibration gases (9a: §F9b: CCl). Peaks which are only observed  DEA to thymine using a hemispherical electron monochromator.

in the presence of thymine an_d one of the calibration gases are indicated-l—he present results for DEA to cytosine and thymine deviate
by the arrows. The fragment ion at mass 124 Da designated by the star.n several cases from the observations made by Huels2ét al

has a resonance close to 0 eV which increases only in the presence of - S e h o e by . S .
SF. Other peaks observed in Figure 9a are anions formed via 1h€ observation of stable parent ions of C and T in ref 27 is

(dissociative) EA to S§ The small contribution at 146 Da in Figure  likely to be the result of a problem with mass determination or
9b is due to the small impurity with $Fn the gas inlet when using  the presence of S$Fin the interaction region of the thymine
CCla. and the electrons. The different anion yields of less abundant
fragments can be explained by different experimental conditions
such as the extraction fields of the anions from the collision

-

ul
——
—

0.1

reactions within our detection limit:

- (C—H)" chamber and the different temperatures used to vaporize the
C+sh (C=H) +HF+ Sk (62) DNA bases (in ref 27, 126180°C and for the present measure-
T+ (ClI/CCl) — (T—H)” + HCI (6b) ments, 186-200 °C).

It is a remarkable fact that DEA to free T and C below 3 eV
T+SF —(T-H) +HF+SF,  (6¢c) effectively leads to bond breaking at positions where T and C
form links to the neighboring molecules in DNA leading to
— (T—2H) + 2HF+ SF, (6d) (C—H)~ and (T-H)~. However, it has to be considered that
the most intense contribution at 1 eV in the gas-phaseHJr
All reactions lead to a signal contribution at 0 eV since the ion yield may arise from initially dipole bound anidfig°which
corresponding primary anions, that is,”@nd Sk, have strong are suppressed in DNA environment because of the preference
s-wave attachment cross sections at very low electron energiesof valence ion formation. Of great relevance for DNA damage
The dependence of the intensity of the 0 eV peaks as a functionmay be the large variety of (valence bound) fragment anions
of the CI" or Sk~ ion yield is shown in Figure 8. For these observed in the present experiments which are formed mainly
measurements, we increased the partial pressure of the calibranat higher electron energies larger than 8 eV. These results
gas (CCJ or SK;) from 0 up to 2x 10°° Pa. In all cases, we  represent the bridge to the condensed films of isolated nucleo-
observe a more or less linear dependence between the calibranivases! where desorption of anions below 42 Da has been
gas ion yield and the product anions formed via reactions 6a observed at similar electron energies. These films of nucleobases
6d. It is remarkable that we were not able to detect any anion represent a more lifelike environment than the isolated hot
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molecules in the gas phase. Anion formation of heavier

fragments may also take place at lower electron energies in

condensed films but because of insufficient kinetic energy the

J. Phys. Chem. A, Vol. 108, No. 31, 2008569

(28) Gohlke, S.; lllenberger, EEurophys. New2002 33, 207.
(29) Abouaf, R.; Pommier, J.; Dunet, tht. J. Mass Spectros2003

30) Scheer, A. M.; Aflatooni, K.; Gallup, G. A.; Burrow, P. Phys.

formed anions cannot desorb from the surface. The experimentsre,. Lett. 2004 92, 068102.

of Sanche and co-workérslearly showed that strand breaks
of DNA are formed resonantly at electron energies of about 10
eV. This was explained by initial DEA to DNA components.

tion of thymine and cytosine into fragment anions and neutral

(31) Abdoul-Carime, H.; Cloutier, P.; Sanche Radiat. Res2001, 155
625.
(32) Denifl, S.; Ptasiska, S.; Cingel, M.; Matejcik, S.; Scheier, P.;Ma

. . . T. D. Chem. Phys. LetR003 377, 74.
The present gas-phase experiments confirm strong decomposi-

(33) Muigg, D.; Denifl, G.; Stamatovic, A.; M&, T. D. Chem. Phys.
1998 239, 409.

radicals at low electron energies. Several fragment anions reveal (34) Matejcik, S.; Senn, G.; Scheier, P.; Kiendler, A.; Stamatovic, A;

resonances at about 10 eV (for example,) @here Sanche
and co-workers observed a maximum of the strand break yields.
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