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Dissociative electron attachment to thymine and two partially deuterated derivatives are studied with
high electron energy resolution. For all fragment anions involving hydrogen loss, a dramatically reduced
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anion yield is measured for loss of D compared to loss of H. For the low-energy vibrational Feshbach
resonances this isotope effect reaches a value of 40. Narrow features in the anion yields that previously
were assigned to H loss from the N1 site of thymine and concomitant excitation of specific stretching
modes are shifted to lower electron energies when deuterium is involved.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The interaction of low energy electrons (LEE) with gas phase
olecules is a fundamental process in technical and natural plas-
as and has been studied for a large number of molecules. The

ttachment of a free electron to a molecule AB initially forms an
nstable transient negative ion, AB−*, with the same geometry as
he neutral precursor (vertical transition). Often the attached elec-
ron occupies an antibonding orbital or the vertical transition ends
p at the repulsive part of a (binding) potential energy curve that
tarts to separate parts of the transient negative ion. As long as
he potential energy of the anionic complex is higher than that of
he corresponding neutral complex with the same geometry the
lectron can be detached which competes with dissociative elec-
ron attachment (DEA) until the internuclear separation between
he charged and neutral fragment(s) exceeds the intersection of
he corresponding potential energy curves of the anionic and neu-
ral system. The time to reach this point of no return towards DEA
epends strongly on the mass of the lightest fragment and is the
hortest if one of the fragments is a hydrogen atom. This may be

ne reason for the high probability of DEA to hydrogen contain-
ng molecules M including the nucleobases and other biomolecules
hat form a closed-shell anion [M−H]− upon loss of a neutral H rad-
cal [1–3]. While the replacement of hydrogen with deuterium in a
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olecule generally has only a small effect on its stability and chem-
cal reactivity, a much larger isotope effect is expected for DEA. The
eparation of D requires substantially more time than H and thus
utodetachment will be more effective. Indeed, a particularly large
sotope effect (factor 200) is observed for the yield of H− versus D−

pon DEA to H2 and D2, respectively [4].
The pioneering work of Boudaiffa et al. demonstrated that LEE

ave the potential to effectively induce strand breaks in plasmid
NA [5]. Their work has motivated a wealth of experimental and

heoretical studies [6] of electron attachment to building blocks of
NA in the gas phase [7,8] and the condensed phase [9]. One of the
ost remarkable results from these studies of DEA to biomolecules

s the unique possibility of LEE to selectively break specific bonds as
function of the electron energy. This has been demonstrated for
eutral H loss from the nucleobases uracil, thymine and adenine
10,11] and the amino acid valine [12]. In this sub excitation energy
egime energetic constrains can explain the suppression of some
hannels. In contrast, the site selectivity for H− formation from
hymine [13,14] and from simple organic acids [15] is not based on
nergetic limitations. Recently Bald et al. demonstrated the ability
f LEE to selectively remove fragments containing a specific carbon
tom in the ring of D-ribose [7]. This bond and site selectivity is
lso viable for hydrogen bridged clusters of DNA bases [16] and the

ucleoside thymidine [17].

Except for sugar [18] and halogenated DNA bases [19], the most
bundant product upon DEA to the building blocks of DNA is the
ehydrogenated closed-shell anion [M−H]−. The maximum cross
ection for [M−H]− is at around 1 eV for all DNA-bases and amino

http://www.sciencedirect.com/science/journal/13873806
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differences in vapor pressure, all anion yields were normalized to
the yield of the parent cation measured under identical conditions.
The data shown in the upper panel of Fig. 3 are plotted as measured
(without smoothening). More than 50,000 ions were collected for
S. Denifl et al. / International Journal

cids [2,8]. In addition, a series of sharp peaks in the dissocia-
ive electron attachment cross sections of uracil, thymine [20] and
denine [12] at energies below 3 eV are assigned to vibrational
eshbach resonances arising from coupling between the dipole
ound state and the temporary anion state associated with occu-
ation of the lowest �* orbital [21]. For uracil and thymine three
istinct vibrational modes are identified as the stretch modes of
–H, C–H and C–N. Deuteration of the pyrimidine bases uracil and

hymine will modify the N–H and C–H stretch modes and thus pro-
ides a method to test the explanation given by Burrow et al. [21]
or the narrow features in the anion yields of the dehydrogenated
losed-shell anions of thymine and uracil. In the present work the
ormation of [M−H]− or [M−D]− upon free electron attachment to
he pyrimidine base thymine and two partially deuterated deriva-
ives, TD4 (D replaces the four H atoms attached to carbon atoms)
nd TD2 (D replaces the two H atoms attached to the nitrogen atoms)
re studied with high electron energy resolution.

. Experimental

The molecular structures of thymine T, C-deuterated thymine
D4, and N-deuterated thymine TD2 are shown in Fig. 1. T and TD4
ere commercial products from Sigma Aldrich and the latter has
stated isotopic purity of >98%. TD2 was synthesized by dissolving
ormal T at room temperature several times in D2O. The resulting

sotopic purity was checked mass spectrometrically; it was better
han 99%. In order to determine the isotopic purity of the samples
e measured positive ion mass spectra with good signal to noise

atio for TD2 and TD4 at an electron energy of 70 eV (shown in Fig. 2).
he peaks higher masses than the nominal parent ions can be
ssigned to isotopomers containing 13C (1.07% natural abundance)
5N (0.36%), 17O (0.04%) and 18O (0.2%) and match perfectly the
alculated isotopic pattern of thymine. However, the peaks at lower
asses than the nominal parent ions may originate from isotopic

mpurities where one or more of the deuterated sites are binding a
ydrogen atom or from fragment cations that were formed via loss
f one or more hydrogen atoms. For normal thymine the fragment
T-H]+ and [T-2H]+ have relative intensities of 0.5% and 1%, respec-
ively. In the present case all these lower mass cations are about
wo orders of magnitude less abundant than the corresponding
arent cation. Thus, even if we neglect the presence of fragment
ations completely the isotopic purity of the samples is better than
9% for TD2 and about 98% for TD4. Each sample was placed in an
ven and vaporized at a temperature of about 450 K. The surfaces
f the oven and a capillary attached to the oven were washed
ith D2O prior to the filling with TD2 in order to minimize the

ast exchange of D from the N-positions via reactions with water.

he molecules leaving the oven formed an effusive beam that was
rossed with an electron beam with an electron energy resolution
etter than 80 meV. The resulting anions were mass analyzed
ith a quadrupole mass filter and detected by a channel electron
ultiplier operated in the pulse counting mode. To compensate for

ig. 1. Molecular structures of thymine T, nitrogen-deuterated thymine TD2 and
arbon-deuterated thymine TD4.

F
(
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ig. 2. Electron impact ionization mass spectrum of TD2 (upper panel) and TD4 (lower
anel) recorded at the electron energy of 70 eV (see text).
ig. 3. The upper graph shows the anion yields of [T-H]− (solid line), [TD4-H]−

dashed line) and [TD2-D]− (dash-dotted line) formed upon DEA to the correspond-
ng gas phase molecules. The anion yields in the lower graph were deduced by
econvolution of the anion yields (from the upper panel) with the electron energy
istribution, deduced from the measured anion yield of Cl− formed via s-wave
ttachment to CCl4.
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ach data point at the maximum of the anion yields. In the case
f [TD2-D]−, the investigations lasted for more than two weeks,
ncluding a frequent cleaning of the monochromator – the moisture
D2O) in the TD2 sample quickly contaminated the surfaces of the
lectron monochromator and required a complete cleaning of the
nstrument every second day. The sample was always completely
xchanged after a cleaning cycle. For the 2 eV resonance in the
TD2-H)− anion yield we observed about 50 counts/sec which is
ar above noise level of about 0.1 count/sec. Drifts in the electron
nergy calibration caused by surface charging of lenses or instabil-
ties of the power supplies were corrected by frequent calibration

easurements of the production of Cl− from CCl4. The electron
nergy resolution for the [T-H]− curve was 60 meV. [TD4-H]− and
TD2-D]− were measured with a resolution of 70 meV.

. Results and discussion

The upper graph of Fig. 3 shows the anion yields of [T-H]−, [TD4-
]− and [TD2-D]− from DEA to thymine and carbon- and nitrogen-
euterated thymine, respectively. In case of an isotopically pure
ample the loss of H from TD4 and the loss of D from TD2 must occur
rom a nitrogen site. We also observe (not shown) loss of two mass
nits from TD4 and loss of one mass unit from TD2, which might
uggest hydrogen loss (D and H, respectively) from a carbon site
see the molecular structures in Fig. 1). However, the anion yield for
hese reactions is more than two orders of magnitude smaller and,
s argued in our earlier study of TD4 [22], can instead be assigned
o isotopic impurities that lose H from a nitrogen site. This is also in
erfect agreement with the isotopic purity of the samples probed
ia the positive mass spectra shown in Fig. 2.

The anion yields of [T-H]− and [TD4-H]− are almost identical.
his indicates that both are formed by loss of H from a nitrogen
ite. In contrast, the [TD2-D]− yield is dramatically reduced (note
he factor 40 applied to the data in Fig. 3). This observation can
e explained by a lower tunneling probability for D in comparison
o the lighter H atom that will result in increased autodetachment
or the TNI of TD2. This isotope effect has a very large value of 40
nd is among the largest ever measured [4,23] in the gas phase. In
ddition, the high-energy features of the anion yield of [TD2-D]−

re enhanced compared to [T-H]− and [TD4–H]−. The relative abun-
ance of the broad asymmetric peak with a threshold at 1.4 eV is

ncreased by a factor of two. Experiments with thymine methylated
t the N1 site demonstrated that this resonance corresponds to the
loss from the N3 site [10], where mixing of the second lowest �*

esonance with the second lowest �* state occurs [21]. This repul-
ive �* state can be reached more directly than the competing H loss
rom N1 where tunneling is involved. Thus, for D loss from the N3
ite the cross section is only reduced by a factor of 20 compared to
loss from the undeuterated molecule. The resonances at electron

nergies higher than 5 eV can be assigned to sequential H loss [22].
s neutral hydrogen can be emitted there is no enhanced competi-

ion of autodetachment that explains the high relative abundance
f this channel for TD2.

All three anion yields in the upper graph of Fig. 3 show a series of
arrow overlapping resonances from 0.5 eV to about 2 eV. A decon-
olution procedure described previously [21] was used to remove
roadening of the resonances due to the finite electron energy res-
lution. Thereby the deconvolution procedure included (i) multiple
aussian fits of the resonance structure, (ii) deconvolution of the
btained Gaussian peaks and (iii) superposition of the deconvo-

uted peaks to obtain the final anion yield. The reliability of this
rocedure was tested by a convolution of the obtained spectrum
ith the electron energy distribution and comparison with the
easured anion yield. The deconvoluted anion yields are shown

n the lower graph of Fig. 3. Recent experiments with thymine and

t
p
h
p
c
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racil, methylated at the N1 and N3 site (see the molecular struc-
ures in Fig. 1), respectively, demonstrated that all narrow features
etween 0.5 eV and 2 eV originate from H loss from the N1 site [10].
recent model by Scheer et al. [24] and an upgraded scheme by Bur-

ow et al. [21] explain this series of narrow resonances as vibrational
eshbach-resonances and tunneling of the H-atom from the N1 site
hrough a potential barrier formed by an avoided curve crossing of
he dipole bound state and the antibonding (N1-H) �* state.

For [T-H]− (solid line) and [TD4-H]− (dashed line) the first four
esonances are almost identical. This agrees well with the assign-
ent of these peaks to vibrational levels of the N1-H and N1-C6

tretching modes that are expected to be hardly affected by deuter-
tion at the carbon sites. In contrast, the next two resonances
indicated with vertical arrows in the lower panel of Fig. 3) are
learly shifted to lower electron energies for TD4. This observation
ts perfectly well with the excitation of C6-D stretching modes.

In the case of [TD2-D]− (dash-dotted line) the first three res-
nances are shifted towards higher electron energies and the
istance between the third peak and the first two peaks (indicated
ith the horizontal double headed arrows) is reduced. Accord-

ng to the model of Burrow et al. [21] deuteration at the N sites
ill reduce the distance between the first and the third resonance

ince these result from vibrational excitation of the N1-H stretch-
ng mode of thymine. For the non-deuterated molecule these peaks

ere assigned to the v = 2 and v = 3 level. Since these levels will be
ownshifted for TD2 we propose that the next higher levels, i.e., v = 3
nd v = 4, have to be excited to enable tunneling through the poten-
ial barrier between the dipolar bound state to the repulsive �*
tate of the anion. The next three resonances between 1.2 and 1.5 eV
re not resolved and thus form a broad single peak for [TD2-D]−.
nly for [T-H]− the statistics and isotopic purity are high enough

o deduce individual narrow resonances above 1.5 eV. The shift of
he resonances agree qualitatively very well with calculated vibra-
ional energies for both deuterated derivatives of thymine and this
bservation supports the findings in [24] and the model of Burrow
t al. [21].

Distinct differences are also observed for other fragment anions
ormed upon DEA to the three isotopomers, such as the hydride
nion H− and NCO− (see Fig. 4). The anion yield of H− from thymine
hows four resonances. In recent work carbon deuterated thymine
D4 (see also present data) and pyrimidine bases methylated at
he nitrogen sites were utilized to distinguish between the loss of
ither H [10] or H− [13], from N1 and N3. The yields of H− and
− upon DEA to TD2 observed here confirm the earlier result, i.e.,

he two low energy resonances correspond to the nitrogen sites
nd the two high-energy resonances to the carbon sites. The yields
or D− (symbols) are about 50% less than the corresponding H−

nion yields (lines). This observation again can be explained by
n increased competition by autodetachment, resulting from the
onger time required for the separation of D− compared to H− from
he respective TNI.

The anion with a mass of 42 Dalton is the most abundant anion at
lectron energies above 4 eV for all three isotopic forms of thymine.
e can exclude any significant contribution of other (deuterated)

nions like C2DO− on this mass since in the case of thymine the
ield of C2HO− or C2NH3

− is more than a factor of 20 lower than
hat for NCO−. For formation of NCO− at least three bonds of the
hymine molecule have to be broken. The NCO− anion yield from
-deuterated thymine TD2 (dash-dotted line in Fig. 4, upper panel)

s reduced (25% less) at electron energies below 8 eV compared to

he two other isotopomers. The position of this resonance matches
erfectly the second resonance of H− which has been assigned to
ydride formation from the N3 site [14]. This is confirmed in the
resent study as for the D− anion yield from TD2 this energy range
orresponds to loss from the nitrogen sites. Hence for all three
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Fig. 4. The upper panel shows the measured anion yields of NCO− formed upon
DEA to thymine, carbon-deuterated thymine TD4 and nitrogen-deuterated thymine
T . The lower panel shows the anion yields of H− formed upon DEA to gas phase
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olecules of T, TD4 and TD2. H− and D− were measured with an electron energy
esolution of about 0.1 eV. The yield of all anion yields shown in Figs. 3 and 4 can be
irectly compared (see text).

nions, i.e., the closed-shell dehydrogenated parent anion, H− and
CO−, the reduced yield for the deuterium labeled species can be
xplained by an enhanced probability for autodetachment, result-
ng from a slower decomposition process, when a deuterium atom
s removed. For TD4 the NCO− anion yield is clearly reduced at elec-
ron energies higher than 8 eV. This is the energy range where D−

s formed from the carbon sites and again the reduced anion yield
f NCO− can be assigned to an increased competition of autode-
achment. In a recent work we investigated electron attachment to
hymine embedded in He droplets [25]. Rapid cooling of the anions
y the surrounding He clearly demonstrated that NCO− formation
s a two step process which starts with the loss of a hydrogen atom
nd is followed by a subsequent decomposition of the ring. The sec-
nd step is completely quenched in the He droplets and instead of
CO− the closed shell anion [T-H]− is formed. The first step of NCO−

ormation, i.e., the loss of a neutral hydrogen atom is in competition
ith autodetachment and thus deuteration of a given site will lead

o a reduced anion yield of NCO− at the electron energy where the
ond of this D atom is broken.

In conclusion, DEA to thymine and two partially deuterated
orms of thymine, where hydrogen is replaced by deuterium either

t all the nitrogen or carbon sites, was studied with high electron
nergy resolution. For the dehydrogenated closed-shell anions [T-
]−, [TD4-H]− and [TD2-D]− deuteration shows the expected shifts
f the vibrational Feshbach resonances in which stretching modes
f deuterium are excited. This confirms the model developed by

[
[

[
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urrow et al. explaining the narrow resonance structures in the
nion yields of [T-H]− and [U-H]−. We observe an isotope effect for
ll anions that lose deuterium. In the case of neutral D loss from the
1 site for which tunneling through a potential barrier is required,

he anion yield of [TD2-D]− is 40 times less compared to H loss
rom the same site of the other two isotopic forms of thymine. D
oss from the N3 site where the repulsive �* state can be reached

ore directly the cross section is only reduced by a factor of 20
ompared to the corresponding H loss. For all energetically higher-
ying resonances that lead to the formation of H− and NCO−, the
ffect of deuteration is much less pronounced but still measurable.
he larger mass of D implies a reduced speed of dissociation of the
xcited TNI, leading to an increased competition of autodetachment
nd thus a lower anion yield.
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