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Abstract

The chemical composition of charged fragments desorbing from thymine-methyl-d3-6-d (Td) films during 10–200 eV Ar+ ion irradiation
is studied by mass spectrometry of positive and negative ions. The resulting mass spectra are compared to those obtained from similar films
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f thymine (T), and from 70 eV electron impact on both T and Td in the gas phase. Ion impact on T and Td films produces numerous posit
nd negative ion fragments via endocyclic and exocyclic bond cleavage, even at ion energies well below 60 eV. The major cation

rom T films are identified as HNCH+, HN(CH)CCH3
+, [T–OCN]+, OCNH2

+, CxHy
+ (x = 1–3 andy = 0–4), and [T + H]+. While ion impac

n T and Td films produces a new fragment [T–O]+, [Td–O]+, not seen in gas phase electron impact, the latter yields CO+ fragments tha
re not observed during ion impact on the films. Anion desorption is dominated by H−, O−, CN−, OCN−, and [T–H]− formation, with

esser dissociation channels leading to desorption of C2
−, C2H−, C2CN−, NC3H2

−, HNC3H3
−, OC3H3

−, C2OCN−, and C3Hx
− (x = 2 and 3)

easurements of the primary ion energy dependence of the fragment desorption yields show that positive ion fragments appea
ear 15–20 eV, while generally the endocyclic fragments appear at lower energies than the exocyclic (anion and cation) fragments
how that even at very low ion energies, thymine is sensitive to complete fragmentation, whereby the loss of the HNCH (or HNCDd)
ragment, i.e., ring cleavage involving the N1 and C6 atoms, dominates; in cellular DNA, this would correspond to complete loss o
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. Introduction

Ionizing radiation (protons, heavy ions, electron, X- and
-rays) treatment of biological media causes severe damage

o DNA mainly by producing single and double strand breaks
f DNA and complex clustered lesions[1]. This damage is
ssociated with abundant secondary particles produced along

he radiation tracks, which include low-energy ions, radicals,
nd ballistic secondary electrons[2,3]. Traditionally, DNA
amage has been linked to thermal, or solvated, secondary
lectrons, and the formation of reactive radicals[4]. Hence,
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in the past decades, most experimental studies have fo
on DNA damage by free radicals and solvated electrons

However, most of the secondary electrons created a
ionizing radiation tracks in solids and liquids have n
thermal initial energy distributions below 100 eV, with a m
probable energy below 10 eV. Some secondary elec
such as Auger electrons may have energies up to se
100 eV, or a few kilo electron volts for “delta rays”. No
thermal secondary electrons can also produce seco
ions, by either ionization, excitation, or dissociative elec
attachment (resonances). Recently, this has been sho
cause severe damage to DNA and its components at ele
energies as low as 3 eV via resonant mechanism[5–11].

Simultaneously, hyperthermal (E < 100 eV) secondar
ions are created along any radiation track as a result o
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Fig. 1. Molecular structures of thymine (T) and thymine-methyl-d3-6-d
(Td).

sociative ionizations. High energy electrons or photon tracks
usually produce secondary ions with low kinetic energies
(typically below 10 eV), but with different chemical reactiv-
ities. Some of the ions formed via Auger-decay of specific
core excitations can have energies of several tens of electron
volts. More important for the present studies, during heavy
ion therapy[12,13], secondary atomic ions with energies of
several hundred electron volts and multiple charge states can
be produced[14]. Furthermore, while heavy ion therapy relies
on the ion’s highly localized relative dose distribution (Bragg
peak), the primary ion’s linear energy transfer is highest at
the ion track ends where the ionization density is highest,
and where the primary ion energy is reduced below a few
kilo electron volts. Thus, the chemical and kinetic damage
produced by either track-end primary ions, or hyperthermal
secondary ions in subsequent scattering events, is of great
biological relevance in heavy ion therapy, since it will occur
over short distances (a few nanometers) and result in complex
DNA damage clusters that cannot be easily repaired by the
cell.

In a recent preliminary study[15], we have found that
ion impact on condensed phase thymine, at ion energies
below 200 eV, results in significant film degradation via
both kinetic and potential scattering (i.e., the primary ion’s
potential energy). However, to understand the sequence of
events leading to DNA damage during irradiation requires
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cleavage at, respectively, the C2–N1 and C6–C5, and C2–N1
and C5–C4. For [T + H]+ formation, we find a strong 4:1
preference for abstraction of nitrogen-bound hydrogen from
adjacent T, relative to carbon-bound hydrogen, opposed to
the stoichiometric NH to CH ratio of 1:2. The most prevalent
desorbing anions include H−, O−, CN−, OCN−, and [T–H]−
formation; the latter involves deprotonation almost exclu-
sively via NH bond cleavage, while H− formation occurs
with stoichiometric ratio from NH and CH sites. Lesser dis-
sociation channels also lead to desorption of OH−, C2

−,
C2H−, C2CN−, NC3H2

−, HNC3H3
−, OC3H3

−, C2OCN−,
and C3Hx

− (x = 2 and 3). Here, OH− (or OD− from Td)
formation likely involves subsequent reactive scattering of
O− prior to desorption, leading to H abstraction from NH
and CH bonds. More importantly, both exocyclic and endo-
cyclic fragmentation is observed for ion beam impact well
below 1 eV/amu, and results in the formation of ions that still
have sufficient kinetic energy (>1 eV) to overcome the charge
induce polarization barrier at the film surface and desorb into
the vacuum.

2. Experimental method

The experiments were carried out on an ion beam appara-
tus developed in-house[15], and which will be discussed in
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detailed knowledge of the initial fragmentation pa
ays and products, and the possible reactivity of the in

ragments. Thus, the identification of the chemical c
osition of the fragments produced by ion (or electr

rradiation is a prerequisite for the further study of th
eactivity.

Here, we report detailed mass spectroscopy measure
f the energetic (1–5 eV) anion and cation fragments
uced by 10–200 eV Ar+ ion impact on condensed pha

hymine-methyl-d3-6-d (Td) and thymine (T), with molecu
ar structures shown inFig. 1. The resulting ion stimulate
esorption (ISD) mass spectra are compared to those
uced in the same experimental set-up from gas phase
d by 70 eV electron impact, and the chemical identity

ragments produced by ISD is determined.
Our results show that the most abundant cation f

ents produced by hyperthermal Ar+ impact are HNCH+,
N(CH)CCH3

+, C3H3
+, OCNH2

+, [T–OCN]+, and [T–O]+,
here the first two are found to result from specific r
etail elsewhere. Here, we give only a brief description o
xperimental method: a low energy ion beam system d
rs a highly focused, mass- and energy-resolved positi
egative ion beam in the 1–500 eV energy range into a U
10−9 Torr) reaction chamber for sample film irradiation
igh resolution quadrupole mass spectrometer (QMS) (H
nalytical Ltd.) is installed perpendicularly to the ion be

ine to monitor desorbing positive and negative ionsduring
on impact. A large diameter lens is used at the mass
rometer entrance to ensure a large solid angle of accep
nd thus a higher sensitivity. The QMS is optimized to de

ons of up to 5 eV kinetic energy.
In this work, we focus mainly on 10–200 eV Ar+ ion

rradiation of 200 ng/cm2 thymine (T and Td) films on Pt
ubstrates, corresponding roughly to fournominal monolay-
rs of thymine assuming no clustering of the molecules[8].
or negative ion desorption, we use 20 ng/cm2 films. Films
re prepared by in vacuo evaporation onto an atomi
lean polycrystalline Pt substrate held on a manipulat
oom temperature (22–24◦C), while the thymine conde
ation rate is calibrated to within 0.5 ng/cm2 by a quartz
rystal microbalance. Prior to film deposition, the Pt s
trate is cleaned by resistive heating to 800◦C, and/or 500 eV
r+ sputtering. The evaporation temperature of≤100◦C

s well below the thymine decomposition temperature
bout 320◦C. X-ray photoelectron spectroscopy and thin
hromatography results show that the films consist of in
olecules[16,17]. The sample film is positioned in the ce

er of the reaction chamber at 2 cm from both the ex
he ion beam line and the entrance of the mass spectrom
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with an incident beam angle of 30◦ and QMS observation
angle of 60◦, both with respect to the sample surface, and
subjected to ion irradiation. In the ion stimulated desorption
mode, positive and negative ions that desorbduring primary
ion impact at a fixed beam energy are recorded as a function
of mass/charge ratio. The base pressure in the target chamber
during experiments is∼2× 10−9 Torr.

With a co-axial, low profile ionizer (open grid on line
of sight) installed between the entrance ion optics and the
quadrupole mass filter, the QMS is also used in the residual
gas analyzer (RGA) mode to fragment and ionize neutral gas
phase molecules. The results of electron impact on thymine
in the gas phase, presented here, were taken in this mode
with the electron impact energy set at 70 eV. The electron
impact mass spectra were obtained after careful baking of
the UHV system and degassing of the sample in the load-lock
chamber to reduce the RGA background signal (particularly
the H2

+ and H2O+) to minimum. A relatively large amount
of thymine is deposited on the Pt substrate, which is then
placed in front of the entrance of the QMS. Subsequently, the
thymine molecules are gently evaporated from the Pt into the
QMS, by warming up the Pt substrate to 85–95◦C, and sub-
jected to electron impact. For the moment, only cation yields
can be recorded duringelectron impact, i.e., when the QMS is
usedin the RGA neutral detection mode; installation of a RGA
anion option may soon allow neutral detection in the RGA
m ever,
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t mine
e phas
e eas
i the

QMS filter and detection system are the same for both mea-
surements; thus, we can ignore differences in transmission
and detection efficiencies between our QMS and mass spec-
trometers used in previous measurements of electron impact
on thymine[18].

To facilitate chemical identification of the fragments,
thymine (T) and partially deuterated thymine (thymine-
methyl-d3-6-d) were used in all of the present experiments.
The stated purities are 99% for T, and 99% isotopic purity for
Td (both from Sigma–Aldrich); to remove impurities prior to
evaporation, all compounds are gently degassed in the sep-
arate load-lock chamber by heating for several hours near
40◦C, well below the evaporation onset for thymine (ca.
65–75◦C).

3. Results and discussions

3.1. Positive ion formation

Both electron and ion impact on thymine produces abun-
dant cation fragments.Fig. 2 shows typical mass patterns
of positive ion fragments produced by: (a) 70 eV electron
impact in the gas phase and (b) 200 eV Ar+ ion irradiation
of a 200 ng/cm2 thymine film on Pt. The molecular parent
cations are observed at 126 and 127 amu, respectively, for
e t ion
a ro-
t face
d and is
a ussed
b

g-
m n be

F duced
o ent mo by Ar
i ssed in itt
t ual to 1
ode via 4–20 eV dissociative electron attachment (how
n the ion stimulated desorption mode the ionizer is tur
ff, and bothdesorbing anions and cations are detected

he QMS). A background spectrum, taken immediately p
o the sample evaporation, is subtracted from the thy
lectron impact mass spectra presented here. The gas
lectron impact mass spectra obtained here can more

ly be compared directly to our ISD mass spectra, since

ig. 2. Global positive ion fragmentation pattern from thymine (T) pro
f a 200 ng/cm2 thymine film on Pt substrate. The insets shows the par

rradiation in (b). The chemical identification of the fragments is discu
he integral intensity of either mass spectrum from 0 to 200 amu is eq
e
-

lectron and ion impact. The appearance of the paren
t 127 amu during ion irradiation of the film is due to p

onation. Protonation is frequently observed during sur
esorption, such as secondary ion mass spectrometry,
lso observed in the production of daughter ions as disc
elow.

During Ar+ ion irradiation of thymine films, three fra
ent peaks are observed at 109–111 amu, which ca

by: (a) 70 eV electron impact in the gas phase and (b) 200 eV Ar+ ion irradiation
lecular ions, and a fragment from the loss of an oxygen atom induced+ ion
detail in the text. Both mass spectra have been normalized in intensy, such tha
.
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Fig. 3. Close up of cation mass spectra between 0 and 22 amu induced
by 70 eV electron impact on: (a) gas phase thymine (T) and (b) gas phase
thymine-methyl-d3-6-d (Td), and 200 eV Ar+ impact on 200 ng/cm2 films
of: (c) thymine (T) and (d) thymine-methyl-d3-6-d (Td) on a Pt substrate.
The relative ion intensity (×10−2) is in arbitrary units (seeFig. 2).

assigned to the loss of an oxygen atom from thymine [T–O]+

and its derivatives [T–O± H]+. It is not clear whether this
fragment involves breaking of endocyclic bonds. These peaks
are not seen in the mass spectrum of electron impact, suggest
ing the absence of this specific oxygen loss fragmentation
channel.

As shown inFig. 3, in the region of 0–22 amu, we observe
hydrocarbon fragments CHx+ (x = 0–3), and H+ fragments for
Ar+ impact on films of T. These fragments are more clearly
observable when we use low mass cations, such as He+ or N+.
He+ ion impact of thymine in particular also leads to enhanced
H+ desorption via a specific reactive scattering channel, and
will be discussed elsewhere[19]. Below 22 amu, 200 eV Ar+

impact on T films yields mainly CH3+ and some O+ fragments
(the 15 amu CH3+ peak from Ar+ irradiation of T films shifts
to 18 amu CD3+ in Td films, the 16 amu O+ peak does not shift
between T and Td; seeFig. 3c and d), as well as H+ from both

NH and CH sites. Despite the very low H+ intensity, it seems
there is a 2:1 preference for NH compared to CH bond
cleavage, in contrast to the stoichiometric ratio of 1:2 for NH
and CH sites. Seventy electron volt electron impact on gas
phase T may result in H+, H2

+, O+, CHn
+ (n = 0–4), OH+, and

H2O+ elimination. As seen inFig. 3a and b, the identifica-
tion of possible CH4+ production is however complicated by
the fact that for gas phase Td, the 20 amu (CD4+) and 19 amu
(CD3H+) peaks from electron impact may have contributions
from D2O+ (20 amu) and HDO+ (19 amu). Most of the H+,
H2

+, and a significant fraction of the OH+ and H2O+ are
believed to result directly from gas phase electron–thymine
interactions, since: (a) their yields are substantially larger
than that observed in the subtracted background mass spec-
trum and (b) a significant yield of their deuterated analogs is
observed for gas phase Td (Fig. 3b). However, a small con-
tribution from residual water and H2 in the UHV chamber
cannot be ruled out for the electron impact spectra below
20 amu.

In order to facilitate fragment identification, close ups
of the mass spectra for the major fragments of thymine-
methyl-d3-6-d produced by electron and ion impact are
shown inFigs. 4 and 5, respectively, along with those of
thymine. We first discuss the assignments from highm/e
fragments to lowm/e fragments (from right to left of both
figures).
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In the gas phase electron impact spectra shown inFig. 4,
he fragment of thymine at 83 amu is found to shift to 87 a
n the case of Td, indicating that it contains the four de
erium atoms. This fragment is assigned to the loss o
CNH group from thymine. Further loss of a hydrogen g
fragment at 82 amu, which shifts to 85 and 86 amu in
ass spectrum of thymine-methyl-d3-6-d as a result of furthe

oss of carbon-bound deuterium or nitrogen-bound hy
en, respectively. The branching ratio between mass 8
6 amu in Td is in reasonable agreement with the stoic
etric ratio of 2:1 for CD and NH sites.
In the ion impact mass spectra on T and Td films in Fig. 5,

ost of the [T–OCNH]+ (83 amu) or [Td–OCNH]+ (87 amu)
ragments desorbs in theprotonated form as [T–OCN]+ or
Td–OCN]+ at 84 or 88 amu, respectively. Loss of hydrog
rom [T–OCNH]+ yields fragments at 82 and 81 amu, wh
oss of H or D from [Td–OCNH]+ yields fragments at 86 an
5 amu, which is in agreement with the assignment of

ragment from the gas phase electron impact mass spec
and Td.
The fragment at 55 amu from electron impact (Fig. 4) is

ssigned to HNC3H4
+ as it shifts to 59 amu in the case

d. Further loss of a hydrogen (deuterium) atoms gives
ent(s) at 54 amu (for T) and 57 and 58 amu (for Td). A
ossible fragment OC3H3

+ may also contribute to the pe
t 55 amu, which should shift to 58 amu (OC3D3

+) in the case
f Td. However, further loss of a deuterium from this 58 a

ragment should yield a fragment at 56 amu in the case od,
he low yield of which suggests a negligible contribution
his dissociation channel.



72 M. Imhoff et al. / International Journal of Mass Spectrometry 245 (2005) 68–77

Fig. 4. Detailed positive ion fragment patterns produced by 70 eV electron impact on: (a) thymine (T) and (b) thymine-methyl-d3-6-d (Td), both in the gas
phase. The relative ion intensity is in arbitrary units (seeFig. 2).

During Ar+ ion irradiation of T and Td films (Fig. 5), part
of the HNC3H4

+ (55 amu) and HNC3D4
+ (59 amu) fragments

appear in protonated form (56 and 60 amu). However, as seen
in Fig. 5, the loss of a hydrogen from the 55 amu HNC3H4

+,
resulting in desorption of a 54 amu fragment, may involve
hydrogen loss from either NH or CH groups, i.e., formation
of NC3H4

+ or HNC3H3
+, since for Td films both 58 and

57 amu fragments are observed, i.e., NC3D4
+ and HNC3D3

+.
In either case, HNC3H4

+ is the second most dominant cation
fragment.

In the 36–48 amu region, both gas phase electron impact
on T (Fig. 4) and Ar+ ion irradiation of T films (Fig. 5)

produce a series of hydrocarbon fragments C3Hx
+ (x = 1–4)

at 37–40 amu, which shift to 38, 40, 42, and 44 amu in the
case of Td. For Ar+ impact on T films (Fig. 5), these frag-
ments are dominated by C3H3

+. The fragment at 44 amu
from T by both Ar+ and electron impact may be assigned
to OCNH2

+, and may be the result of the O atom in the
OCNH+ fragment abstracting a neighboring hydrogen from
either the –CH3 group or an N–H site prior to fragmentation,
or desorption. Thus, this fragment can contribute to both the
44 amu (OCNH2+) and 45 amu (OCNHD+) fragments in the
case of Td, which excludes residual CO2 as a major contri-
bution to the 44 amu peak in the thymine mass spectra. The

F irradia
( its (seeFig.
ig. 5. Detailed positive ion fragment patterns produced by 200 eV Ar+ ion
Td), both on a Pt substrate. The relative ion intensity is in arbitrary un
tion of 200 ng/cm2 films of: (a) thymine (T) and (b) thymine-methyl-d3-6-d
2).
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41–43 amu fragments from T are presently unassigned, and a
minor contribution of NCN+ to the 40 amu fragment cannot
be excluded.

Between 24 and 34 amu, we find the dominant cation frag-
ments produced by both electron and ion impact. However,
the gas phase electron impact spectra become complicated in
the case of Td. Instead, we first discuss the condensed phase
ion impact spectra inFig. 5.

For ion impact on T films, the dominant fragment shifts
from 28 amu in T to 29 amu in Td, indicating the inclusion of a
deuterium atom in the fragment, and thus presence of a hydro-
gen atom in the case of T. As a consequence, this fragment is
uniquely and exclusively assigned to HNCH+ (HNCD+) as
the first dominant fragment, and not CO+. The other minor
fragments in this region are assignable to hydrocarbon frag-
ments C2Hx

+ (x = 1–3) and possibly a minor contribution
from HCN+ (27 amu).

During gas phase electron impact (Fig. 4), the spectrum
of T is similar to that of ion impact, but that of Td is quite
different. First of all, we can assign the hydrocarbon frag-
ments C2Dx

+ (x = 1–3) at 26, 28 and 30 amu, and fragment
HNCD+ at 29 amu. Judging from the branching ratios of
C2Hx

+ and C2Dx
+ fragments, the 28 amu peak has another

major contribution from CO+, which is absent in the case of
ion irradiation. For gas phase electron impact on T, a pos-
sible contribution from background Nand/or CO to this
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Fig. 6. Detailed view of ion stimulated desorption (ISD) mass spectra for
parent molecule [M + H]+ formation by 200 eV Ar+ impact on 200 ng/cm2

films of: (a) thymine (T) and (b) thymine-methyl-d3-6-d (Td), both on a Pt
substrate. The relative ion intensity is in arbitrary units (seeFig. 2).

sites of 1:2. This strong preference for formation of [Td + H]+

versus [Td + D]+, even when accounting for small quantities
of natural13C in T or Td, e.g., [Td(13C) + H]+ (132 amu),
may be the result of the relatively weaker binding energy
of NH compared to CH bonds in thymine. Such protona-
tion is not observed in gas phase electron impact, due to the
absence of adjacent molecules; however, during gas phase
electron impact ionization, some bond rearrangement and
nuclear motion (atom scrambling) may occur during the life-
time of the dissociating parent cation, and lead to elimination
of H2

+, OH+, H2O+, or OCNH2
+. In large gas phase poly-

atomic molecules, this is attributed to the lack of competing
decay channels of the parent cation state during dissociation,
which has sufficient time to evolve along the potential energy
landscape towards various dissociation asymptotes, some of
which yield to molecular rearrangement during dissociation
[20].

3.2. Negative ion formation

Fig. 7shows the negative ion ISD mass pattern produced
by 200 eV Ar+ ion irradiation of a 20 ng/cm2 thymine film
on Pt substrate. Most of the anion fragments are more clearly
observable at low coverage, which is related to their specific
fragmentation dynamics[15]. The major fragments at 1, 16,
2 − − − −
a on
a igh,
i red
t -
t ssed
b 3 and
4 ents
s cha-
n

O

2
8 amu peak is excluded because: (1) a background

rum has been subtracted from the spectra inFig. 4and (2) the
8 amu peak of the background spectrum exhibits no sig
ant increase when warming up a clean Pt substrate follo
he same procedure used to take the electron impact s
f gas phase thymine and thymine-methyl-d3-6-d. Hence, in

he gas phase electron impact spectrum of thymine (Fig. 4),
he 28 amu peak contains contributions from both HNC+

nd CO+, while in the condensed phase ion impact spec
Fig. 5), it consists uniquely of the HNCH+ fragment. This
uggests the absence of a specific CO+ fragmentation chann

n the case of ion impact on thymine films.
Notably, during ion impact on Td and T films, we als

nd that hydrogen (or proton) pickup by certain fragme
rior to desorption involves predominantly abstraction
ydrogen (or proton) from the NH sites in adjacent Td (or T),
nd not the CD (or CH) sites (e.g., for Td films in Fig. 5, we
bserve mainly [HNC3D4 + H]+, not [HNC3D4 + D]+). Con-
ersely, hydrogen loss from a specific fragment during
ollisions in the film prior to desorption may involve both
ragment’s NH and CD (or CH) sites (e.g., a [HNC3D4]+ frag-
ent from Td may scatter in the film prior to desorption a

ose either a D or H,resulting in desorption of both [NC3D4]+

nd [HNC3D3]+ fragments;Fig. 5). The former point is als
bserved in the desorption of the protonated parent mol

rom films of T and Td as shown inFig. 6. From integration o
he mass peak signals, we find that for [T + H]+ formation and
esorption, there appears a strong 4:1 preference for ab

ion of nitrogen-bound hydrogens, relative to carbon-bo
ydrogens, opposed to the stoichiometric ratio of NH to
-

6, 42, and 125 amu are assigned to H, O , CN , OCN ,
nd [T–H]−. With the exception of H, the known electr
ffinities (EA)[21] of these intense fragments are quite h

.e., 1.46 eV (O), 3.86 eV (CN), and 3.6 eV (OCN), compa
o 0.75 eV for H; here, the [T–H]− fragment involves depro
onation almost exclusively at the NH sites (to be discu
elow), and its EA has been estimated to be between
eV[22]. In any case, the strong intensity of these fragm
uggests that their EA’s contribute to their formation me
ism by low energy ion impact[15].

The minor anion fragments inFig. 7are assigned to CH−,
H−, C2

−, C2H−, C2CN−, C2OCN−, NC3H2
−, HNC3H3

−,
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Fig. 7. Global negative ion fragment ISD pattern of thymine (T) produced by 200 eV Ar+ ISD of a 20 ng/cm2 thymine film on Pt substrate. The inset shows an
enlargement of the region from 75 to 115 amu. The spectrum has been normalized in intensity, such that the integral intensity from 0 to 200 amu is equal to1.
The chemical identification of the fragments is discussed in detail in the text.

OC3H3
−, and hydrocarbon fragments CxHy

−. While the
fragments such as NC3H2

−, HNC3H3
−, and OC3H3

− orig-
inate from direct fragmentation of thymine, there may be
a contribution from carbon impurities in the Pt substrate to
C−. The small yield of mass 109 and 111 amu fragments in
Fig. 7 is tentatively assigned to [T–OH]− and [T–CH3]−,
respectively. While the latter assignment is consistent with a
shift from 111 to 112 amu ([Td–CD3]−) upon Td substitution
(not shown), this is complicated by the fact that the 109 amu
peak also shifts to 112 amu, suggesting [Td–OD]− formation.
The slightly larger peaks at 79, 81, and 82 amu are not yet
assigned, but may in principle result from [T–OCNH2–nH]−
(n = 0, 1, and 3) formation; however, the presence of trace

amounts of 5-bromouracil contaminants in the sample might
also yield 79 and 81 amu anions (79,81Br−).

Analogous to the cation fragments,Fig. 8allows identifi-
cation of many of the anion species produced by Ar+ impact
by comparing results from T and Td films from high to low
mass fragments. For T films, the 66 amu fragment is assigned
to C2OCN−, which does not shift when Td is substituted
for T. The small 68 amu satellite peak from T is tentatively
assigned to [C2OCN + 2H]− since it shifts to 69 amu, viz.
[C2OCN + H + D]−. However, it may also be related to the
64/65 amu peaks from T which remains unassigned. Between
48 and 60 amu for T, we find a unique fragment pattern
with peaks at 50, 52, 54, and 55 amu, the first of which

F
(

ig. 8. Detailed negative ion fragment patterns produced by 200 eV Ar+ ion irradia
Td), both on a Pt substrate. The relative ion intensity is in arbitrary units (seeFig.
tion of 20 ng/cm2 films of: (a) thymine (T) and (b) thymine-methyl-d3-6-d
7).
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is assigned here to C2CN−, since it does not shift upon
Td substitution. The latter three are assigned to NC3H2

−,
HNC3H3

−, and OC3H3
−; for Td substitution, this three peak

pattern shifts to 54 amu (NC3D2
−), 57 amu (HNC3D3

−),
and 58 amu (OC3D3

−), whereby the lack of a 59 amu peak
(HNC3D4

−) precludes contributions of a HNC3H4
− frag-

ment to the 55 amu peak from T.
Except for OCN−, the sequence of fragments between

37 and 45 amu inFig. 8 is more difficult to interpret, since
more than one fragment may in principle contribute to the
peaks at 38 and 40 amu in T films. Hence, some of the anion
peaks in the 37–45 amu range inFig. 8 are only tentatively
assigned. However, we note that: (a) the 37 amu peak in T is
most likely C3H3

−, since C3H3 has an EA of 2.7 eV, and it
is almost completely absent in Td, where a C3D3

− fragment
would contribute to the already very intense OCN− peak at
42 amu, and (b) the 43 amu peak in T does not shift in Td,
suggesting formation of OCNH− involving either of its two
NH positions in T; this seems reasonable since it involves
cleavage of two bonds, rather than three if the hydrogen in
OCNH− were to originate from H abstraction at a carbon
site. Moreover, since the peak at 40 amu in T does not shift to
44 amu in Td, it is likely that it originates from the formation
of CN2

− (EA of CN2 is 1.8 eV) and not C3H4
−.

The peak assignments at 24 and 25 amu in T films to
C − and C H− in Fig. 7 are confirmed by the observation
t the
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Fig. 9. Detailed view of ion stimulated desorption (ISD) mass spectra for
parent molecule [M H]− formation by 200 eV Ar+ impact on 20 ng/cm2

films of: (a) thymine (T) and (b) thymine-methyl-d3-6-d (Td), both on a Pt
substrate. The inset in (b) shows the H− and D− yield from Td. The relative
ion intensities are in arbitrary units (seeFig. 7).

(129 amu). This suggests that the formation mechanisms are
likely different for H−(D−) than for [M–H]− formation[15].

3.3. Fragment origins and desorption energy thresholds

Given the chemical identification of several ionic frag-
ments, it is possible to further specify their site origins within
the thymine molecule. According to the molecular structure
of thymine, the major cation fragment HNCH+ (HNCD+) is
a result of cleaving the N(1)C(2) bond and the C(5)C(6)
bond, and the HNC3H4

+ (HNC3D4
+) fragment is a result

of breaking the N(1)C(2) bond and the C(4)C(5) bond.
Fragment C3H3

+ (C3D3+) arises from dissociation of the
N(1) C(6) bond and the C(4)C(5) bond, with further loss
of a hydrogen atom. The fragments [TOCNH]+, OCNH2

+,
CN−, and OCN− can have three possible site origins, which
are not distinguishable on the basis of the present results.
Fragments [TO]−, O−, H /H+, and CH3

+ are results of
breaking specific exocyclic bonds of thymine.

Since the fragmentations involve either endocyclic or exo-
cyclic bond cleavage, both the positive and negative ion frag-
ments can be sorted into two groups. In this respect, the cation
fragments HNCH+, C3H3

+, OCNH2
+, HNC3H4

+(±H), and
[T OCNH]+(±H), and the anion fragments CN− and OCN−
clearly indicate endocyclic bond cleavage, while the H+,
C + + − − c
b am-
a e, as
w ident
i

orp-
t
o n
e ated.
M 0 eV,
n

2 2
hat for Td films, the 24 amu peak is unchanged while
5 amu peak is absent (not shown), since the C2D− fragmen
26 amu) will contribute to the strong CN− peak. We not
hat both the C2 and C2H have high EA’s of 3.3 and 3 e
21], respectively, which may contribute to their format
echanism. Between 10 and 20 amu for T (Fig. 8), we find

hat the CH− peak at 13 amu in T shifts to 14 amu in Td,
nd thus suggests assignment to CD−. The 17 amu peak
is assigned to OH−, since it shifts to 18 amu in Td; since

his is also associated with a shift of CH3
− (15 amu) to CD3−

18 amu), this assignment is more tentative. However, we
hat upon Td substitution, the OH− peak decreases in re
ive intensity, while the 18 amu peak increases more tha
e accounted for by the small amount attributable to CD3

−.
hus, the 18 amu peak is mainly attributed to OD−. Since the

hymine molecules here have no OH groups, this sugges
ere some of the large amount of O− formed by ion impac

n the film may react by H abstraction prior to desorptio
H− or OD−. This mechanism has been observed in e

ron irradiated mixed films of O2 containing hydrocarbon
23]. Here, the observation that both OH−and OD− can be
ormed in Td films, suggests that H abstraction by desorb
− occurs at both CH and NH sites.
Regarding the formation of the lowest and highest m

nions, i.e., H− and [T–H]−, we note that the site of
emoval is not identical to both. This is shown inFig. 9, which
hows that while H− and D− formation from Td occurs with
:2 stoichiometric ratio, deprotonation of T (or Td) seems

o clearly occur mainly at the NH sites, and almost alw
esults in formation of [T–H]− (125 amu) and [Td–H]−
H3 , [T O] (±H), H , and O originate from exocycli
ond cleavage. Thus, one is able to identify ion impact d
ge to the endocyclic and the exocyclic sites in thymin
ell as the dependence of fragment desorption on inc

on projectile and energy.
Fig. 10shows the relative yields of cation fragment des

ion as a function of incident energy during Ar+ ion irradiation
f a 200 ng/cm2 thymine film, from which the desorptio
nergy thresholds of major fragments can be approxim
ost cation fragments appear at energies near 15–3
amely HNC3H4

+ (15–18 eV), HNCH+, [T OCNH]+(±H),



76 M. Imhoff et al. / International Journal of Mass Spectrometry 245 (2005) 68–77

Fig. 10. Relative yields of positive ion fragment desorption as functions of
incident ion energy during Ar+ ion irradiation of a 200 ng/cm2 thymine film
on Pt substrate. The yield curves for the various ions have been normalized
here in intensity at 120 eV to compare their energy dependence. Their relative
abundance can be seen inFig. 2.

[T O]+(±H) (∼20 eV), and C3H3
+ (∼30 eV). The CH3+ and

H+ fragments appear at higher energies of about 40 and 60 eV,
respectively. The anion fragments appear generally at higher
energies with H− at 40 eV, CN− and OCN− at 60 eV, and O−
at about 70 eV (not shown here). It is interesting to note that
for Ar+ impact, the endocyclic cation fragments HNC3H4

+,
HNCH+, [T OCNH]+, etc., appear at lower energies than
the exocyclic fragments CH3+ and H+. The detailed frag-
mentation dynamics leading to the observed ion desorption
is discussed elsewhere[15].

Most of the major ion fragments observed here during
Ar+ ion irradiation of thymine films are also seen when we
irradiate such films with other ions, including Ar2+, He+,
CO+, NO+, O+, N2

+, N+, and Dx
+ (x = 1–3) [19]. While

the results from these latter measurements cannot be dis-
cussed here for sake of brevity, we find it worthwhile to
note the general trends: (1) anion fragments appear usu-
ally at higher incident ion energies than the cation frag-
ments. (2) High mass incident ions tend to fragment thymine
molecules more efficiently than low mass ions, and also
result in the desorption of larger fragment ions. For exam-
ple, during 50–200 eV Ar+ irradiation, the cation fragment
spectra are dominated by HNCH+, HNC3H4

+, etc., while
during 50–200 eV He+ irradiation, the H+ fragment, instead
of HNCH+, dominates the cation fragment yields, which
suggests an enhancement of CH or CD bond cleavage by
l e of
d also
d r
A r at
l ght
i ts
a hese

studies continue and will be discussed in detail elsewhere
[19].

4. Summary and conclusions

Thymine and thymine-methyl-d3-6-d are irradiated by low
energy (10–200 eV) ions in the condensed phase, and by
70 eV electrons in the gas phase. The ionic fragmentation
products are measured by a quadrupole mass spectrometer.
Both electron and ion impact produces abundant positive
ion fragments. The chemical composition of the ionic frag-
ments has been identified by comparing the mass spectra of
thymine and thymine-methyl-d3-6-d. The major cation frag-
ments produced by Ar+ impact on thymine films are identified
as HNCH+, HN(CH)CCH3

+, C3H3
+, OCNH2

+, [T OCN]+,
[T O]+, and [T + H]+. While ion impact produces an addi-
tional fragment [T O]+, gas phase electron impact also leads
to a fragment CO+ that is not seen in condensed phase ion
impact. The anion fragments produced by Ar+ impact on
thymine films are dominated by H−, O−, CN−, and OCN−,
with smaller amounts of NC3H2

−, HNC3H3
−, OC3H3

−, and
other hydrocarbon anions. Both positive and negative ion
fragment desorption involves exocyclic and endocyclic bond
cleavage, which extends down to about 15–18 eV for positive
ion fragments.

er-
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ower mass ion projectiles. (3) The energetic sequenc
amage to endocyclic and exocyclic bonds of thymine
epends on the ion projectiles. During heavy ion (A+,
r2+, N2

+, and N) impact, endocyclic fragments appea
ower energy than exocyclic fragments, while during li
on (He+ and Dx

+ (x = 1–3)) impact, exocyclic fragmen
ppear at lower energies than endocyclic fragments. T
In the radiobiological context of heavy primary ion int
ctions in biological media, our measurements suggest
a) even at primary ion track-ends, i.e., well beyond the B
eak, significant ion damage to cellular DNA may oc
nd (b) secondary hyperthermal ions, produced anyw
long the primary ion track, are also likely to cause sim
amage. In both cases, DNA damage even at the lowe
nergies, e.g., below 1 eV/amu, may involve complex f
entation channels (damage clusters) that reach far be

imple molecular ionization.
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