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geboren op 29 december 1977
te San Jośe, Costa Rica



Promotor: Prof. dr. ir. R. Hoekstra
Copromotor: Dr. T. Schlatḧolter
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CHAPTER 1

Introduction

1.1. General introduction

When ionizing radiation crosses a living cell, ionization of biologically relevant molecules
such as water as well as DNA constituents occurs. These processes are the initial steps in bi-
ological radiation damage [1]. Secondary particles such as low energy electrons, radicals and
singly/multiply charged ions are formed along the track. To a large extent the biological dam-
age induced is due to the action of these secondary particles. Processes where the secondary
particles are radicals (e.g.water radiolysis) that chemically attack DNA are classified as indi-
rect damage. Whereas most of all other (primary and secondary) particle induced damage is
classified as direct. This thesis deals exclusively with direct damage. In this context, ions can
be of relevance not only as primary but also as secondary particles. As secondary species, for
instance it can happen that molecules within a cell are subject to core ionization by a primary
particle. Subsequent Auger-cascades lead to formation of multiply charged ions. These ions
in turn can interact with DNA constituents.

As primary particles, high energy proton and heavy ion beams are becoming a particu-
larly effective tool in cancer therapy [2, 3]. For example fast protons are successfully used
in the treatment of small tumors localized near critical structures,e.g. uveal melanoma [4]
and olfactory neuroblastoma [5]. On the other hand, Cq+ ion radiotherapy offers an effective
treatment option for skull based chordomas [6] and localized prostate cancer [7]. A technical
advantage of heavy–ion therapy is the smaller beam widening in tissue, leading to better con-
trol. Other sorts of light-ions like lithium or beryllium have been proposed as an even better
treatment because they cause less detrimental biologic effects to normal tissues [8]. Further-
more, radiation in the form of heavy particles is also found in the natural environment. From
environmental studies, it is known that inhaled radon and its decay products emit energetic
alpha particles (He2+) which in turn have large damage potential to tissue [9, 10]. In space,
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Figure 1.1: Comparison of the depth–dose distribution of photons and carbon ions. With photons the
dose decreases exponentially with increasing depth. Carbon ions dispose of an inverse dose profile, i.e.
the dose increases with increasing penetration depth. This profile can be shifted by energy variation
over the target volume. The figure is courtesy of D. Schardt, GSI.

the alpha particle and proton components of solar flares represent a hazard for manned space
missions [11, 12]. For example the solar particle event of August 1972 could have delivered
severe doses in an extended period of time to the astronauts even inside a spacecraft [13].

Depth–dose distributions for photons at different energies and12C-ions are shown in
fig. 1.1. Compared to other kinds of ionizing radiation such as electrons or photons, atomic
particles such as12C-ions and protons have a different depth distribution of the deposited
dose, peaking at an energy-dependent depth (the Bragg peak) at the end of the particle’s track
and dropping to zero beyond this peak. It is the volume selectivity given by the existence of a
well localized Bragg-peak region, where the deposited dose is maximum, that makes proton
and heavy ion therapy such a promising technique in cancer treatment.

The shape of the Bragg peak can be understood by looking at the velocity termV in the
non-relativisticstopping powerequation of Bethe [14]:

−dE
dx

=
4πe4Z2N

mV2 ln

(
2mV2

I

)
(1.1)

whereeandmare the charge and mass of the electron,Z andV are the charge and velocity of
the incident particle, andN andI are the electron density and the mean excitation potential of
the medium. It can be seen that with decreasingV the stopping power increases to a maximum
and then decreases sharply at lower velocities. This stopping power formula accounts for
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inelastic atom-electron collisions. These collisions are statistical in nature, and they occur
with a certain quantum mechanical probability. Eq. 1.1 gives the average rate of energy loss
per unit path length for a non-relativistic charged particle. Taking the average is valid since
the number of collisions per macroscopic path length is large, so that the total energy loss is
small. The stopping power was first calculated by Bohr using classical arguments and later
by Bethe, Bloch and others using quantum mechanics. Eq. 1.1 was obtained under the first
Born approximation and under the assumption that the projectile velocity is much larger than
the orbital speeds of the target electrons. In reality, the stopping of heavy ions is a much
complex process and the Bethe formula in eq. 1.1 does not reflect the microscopic nature
of the process. Additional terms have to be added in order to get an accurate description.
Nevertheless the formula shown gives a good phenomenological approximation [15].

In the Bragg-peak region, the ions are slowed down to MeV, keV energies and below.
Due to the high linear energy transfer of the particles at those energies, the density of ion-
ization events is very high along the particle’s track resulting in a reduced cellular repair
rate. Accordingly, not only the deposited dose is maximum but also the relative biological
effectiveness (RBE) is enhanced at the Bragg peak [16]. It is generally accepted that the
main target for radiation damage to cells is the DNA. DNA is a large double stranded macro-
molecule made up of a large number of deoxyribonucleotides. Each of them is composed
of a base, a sugar and a phosphate group. The nucleobases in DNA carry the genetic infor-
mation whereas the sugar and the phosphate group constitute the backbone of each strand.
The complementary strands are linked by selective hydrogen bonds between the nucleobases,
forming Watson–Crick pairs. A schematic view of the double stranded DNA is shown in the
upper part of fig. 1.2. When ionizing radiation interacts with DNA in a direct or indirect
way (via radicals) several lesions can occur in the form of base damage or strand breaks.
Within the living cell a complex repair machinery operates in order to maintain the integrity
of DNA. Some of the lesions can be repaired but if the damage is very severe, it can be lethal
to the cell. The connection between the initial lesions and the cellular end points is not fully
understood [17].

The damage inflicted upon DNA can be classified as either Single Strand Breaks (SSBs),
Double Strand Breaks (DSBs) or clustered lesions. In living cells, SSBs have large probabil-
ity of being repaired without further consequences leading to a healthy cell, but they can also
be mis-repaired or completely not repaired leading to cell death. DSBs are more difficult to
repair, their mis-repair can cause mutations or even cell death. Furthermore, multiple close-
lying ionization events along the particle’s track can form complex clusters of lesions which
are even more difficult to repair [18]. A scheme with the different kinds of strand breaks and
the possible pathways that can follow is shown in fig. 1.2. It was shown that low doses of
radiation can induce clustered lesions in human cells [19]. Studies on plasmid DNA have
revealed that keV Ar+ ions can induce SSBs and DSBs [20] and, very recently it was shown
that C+ ions of keV energies can induce multiple DSBs in plasmid DNA [21].

A first approach to understand strand breaks at the molecular level is to study the fragmen-
tation and energetics of individual building blocks under different kinds of particle irradiation
in the region of the Bragg-peak. The velocity range relevant for the Bragg peak corresponds
to projectile energies from 0 to a few hundred keV/amu. In this range, collisions involving
atomic particles are very complex, since their velocities are similar to the typical velocities
of molecular valence electrons. Until very recently, it was commonly believed that the main
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Figure 1.2: Above: schematic view of the double strand of DNA. Below: the different kinds of strand
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differences between irradiation with atomic particles and with electrons/photons lied in the
different track structures and in the higher density of ionization events along the track in the
case of atomic particles. For a biologically relevant medium such as liquid water, the effect
of a (sub)-keV atomic particle moving through that medium implies screening and charge
exchange processes which dynamically alter the particle’s effective charge. Monte-Carlo
track-structure calculations for full stopping of low energy alpha particles in water including
all interactions present in the media predict that at keV energies, helium is predominantly
found in its neutral state [22]. Cross sections for protons and hydrogen in water vapor re-
veal the importance of the interplay between electron capture and electron loss in this range
of energies [23, 24]. Furthermore, it was very recently shown in calculations that at low ki-
netic energy, neutralized protons have a large contribution to the direct ionization of H2O
molecules in the liquid phase [25].

Recent studies have focussed on interactions of ions with kinetic energies in the keV
range since these energies are relevant for heavy ion induced biological radiation damage in
the region of the Bragg peak. There are indications that in the Bragg peak region, heavy ions
have the potential to induce very complex damage to DNA [26]. Even at keV ion energies
(typical for the Bragg-peak region) collisions with isolated nucleobases lead to fragment ions
whose kinetic energies can easily exceed 10 eV [27,28]. Such energetic secondary ions in turn
can induce further molecular fragmentation of DNA building blocks [29,30]. The interactions
of singly and multiply charged ions with the isolated nucleobases uracil [31, 32], thymine
[27, 28] and adenine [33] have been addressed by means of gas-phase collision studies. It
has been observed that the dissociation dynamics depend strongly on the projectile ions’
electronic structure and velocity as well as on the properties of the target molecule. Until
now, such gas–phase studies have been limited to charged projectiles. In this thesis for the
first time, results on fragmentation induced by neutral projectiles will be presented, too.
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Gas phase studies allow a detailed exploration of the molecular mechanisms involved, but
by nature neglect any effects of the chemical environment such as modified ionization ener-
gies or dissipation of the excitation energy. The relevance of gas phase studies for biomolec-
ular radiation damage, however, relies on the assumption that the fundamental ionization and
dissociation dynamics are similar for isolated molecules and for molecules embedded in a
biological environment. In comparisonin vivoandin vitro experiments of biomolecular radi-
ation damage inherently include the environment effects. In this thesis a first step towards a
realistic environment was done by investigation of ion irradiation of clusters of biomolecules.

1.2. Outline

The general motivation of our work has been addressed. In the following chapter an
overview of the different experimental techniques used will be given. In chapter 3, the the-
oretical concepts underlying processes studied in this thesis will be briefly described and
some methods used to study the electronic structure of the molecules will be summarized. In
chapter 4–7, the experimental results that gave rise to several publications will be presented
and extensively discussed. More specific, in chapter 4 the different dissociation channels of
water molecules after the impact of alpha particles and protons will be discussed. In chapter
5 experimental results on collisions of neutral projectiles with nucleobases will be shown.
In chapter 6 the statistical fragmentation of deoxyribose molecules after ion impact will be
discussed. Chapter 7 deals with the effects of ion interactions with clusters of nucleobases.
Chapter 8 summarizes the conclusions and outlook of this thesis. Finally the summary of the
thesis is given in Dutch and Spanish.





CHAPTER 2

Experiment

The bulk of the experimental results presented and discussed in this thesis were obtained
at the KVI in Groningen, using the CHEOPS setup. In this chapter the ion-source used to
produce the projectile ions will be briefly discussed. A complete description of the technical
details of the experimental setup will be given. Then, the modifications made in order to
perform the experiments with neutral projectiles will be addressed. The data analysis pro-
cedures will also be described in detail. The experiments on energy deposition (chapter 6)
were performed at LASIM (Lyon). The data presented in chapter 7 were measured at CIRIL
(Caen). A brief description of the setups used in Lyon and Caen will close this chapter.

7
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Figure 2.1: Sketch of the Electron Cyclotron Resonance Ion Source (ECRIS) at KVI, Groningen.

2.1. ECRIS and beam transport

The projectile ions used for our studies employing the CHEOPS setup are extracted from
a 14 GHz Electron Cyclotron Resonance Ion Source (ECRIS). A sketch of the ion source at
the disposal of the KVI-Atomic Physics group is shown in fig. 2.1. The principle of opera-
tion of an ECRIS is the following: In the plasma chamber, electrons gyrate around magnetic
field lines according to their cyclotron frequencyωc = eB

me
. If microwave radiation of the

same frequency propagates into that region, the electrons are resonantly accelerated or de-
celerated. Plasma electrons can pass the resonance region very often, gain high energies and
ionize plasma atoms and ions into high charge states via sequential electron impact ionization.
The plasma electrons are confined in a superposition of an axial magnetic field component
(produced by the injection and extraction solenoids) and the radial magnetic field due to the
permanent hexapole magnet. This configuration is called aminimum-B-structure.

The magnetic confinement, however, is not perfect and electrons can leave the plasma.
The ions are extracted from the plasma using a puller lens that can be negatively biased for
more efficient extraction. The key parameters for getting a stable and optimized ion output,
are the gas pressure, RF power (0.1-0.5 kW) and the current of the solenoid coil on the
extraction side (700-1000 A). The injection solenoid’s current is usually set to the maximum
value of the supply: 1000 A.

The source can be floated on potentials up to 25 kV. The ion kinetic energies depend on
the charge stateq of the projectile. Typical energies used range from2×q to 25×q keV.
For our studies, H+, Heq+, Cq+ and O5+ projectile ions are mainly used. For highly charged
projectiles (q > 3), the source is most conveniently run with a support gas.

Ions with the desiredm/q ratio are selected by deflection in a 110◦ magnet. The beam
current is measured just after the 110◦ magnet by a movable faraday cup. The beam currents
usually range from a few hundred nA to 100µA, depending on the element and charge state.
In order to avoid overlap with other ions of similar mass–over–charge ratio present in the
plasma, particularly for highly charged ions isotopically pure gases are often used.
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Figure 2.2: Sketch of the experimental set-up.

The selected ions are transported and focussed by triplets of quadrupole magnets along
the central beam line. The ions are deflected by a 45◦ magnet out of the central beam line in
the direction of the setup. A quadrupole magnet doublet is used to focus the ion beam into
the collision chamber. The base pressure in the beam transport sections is about10−7 mbar.
The beam current can be measured at two places: on the entrance diaphragm of the collision
chamber and after the collision region in a FC. The typical currents in the last FC (see fig. 2.2)
are in the nA range, with a maximum of hundreds of nA for higher projectile energies. For
typical ion beams, for example 20 keV He2+ the overall transmission from the source to the
last faraday cup is∼ 0.13%. For this projectile typical beam currents of 46µA at the source
exit, 1 µA on the first diaphragm and 60 nA at the end FC are achieved. For singly charged
projectiles at similar energies the overall transmission is of the order of 0.1%. For highly
charged ions the transmission is usually higher.

2.2. Experimental setup

2.2.1. General features

Fig. 2.2 displays a sketch of the experimental setup CHEOPS. After optimization of the
beam current, the ion beam can be chopped right in front of the first diaphragm (D1) by means
of a set of chopper–sweeper plates in order to produce ns beam bunches. After chopping, the
bunch of ions crosses a set of focusing lenses used only for small corrections on very low
energy beams. The diameter of the ion bunch is restricted by two 1-mm diaphragms (D1 and
D2) fixed 205 mm apart.
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The targets are produced in two ways: they are either evaporated from a small oven with
a 1 mm nozzle or they effuse into the setup via a 1 mm injection needle controlled by a high–
precision valve. More details on target production will be given in the next subsection. In
both cases the exits of the 1 mm capillaries are placed at a distance of≈ 20 mm away from
the collision center. The base pressure is always below2×10−8 mbar. In order to keep the
collision chamber free from residual gas, a stainless steel plate mounted close to the collision
region and kept at liquid nitrogen temperature serves as a cryo-trap. For the experiments to be
discussed in chapter 4, the pressure inside the collision chamber stayed below1×10−6 mbar
during measurements. For the rest of the experiments with evaporated gaseous molecules, the
pressure close to the collision chamber stayed below5×10−7 mbar during the experiments.

After the interaction of the ion beam with the gaseous target, the charged fragments are
extracted from the collision region by means of a static electric field (600Vcm−1 in most
cases or 100Vcm−1 for low extraction experiments). The field is provided by opposite volt-
ages on two stainless steel discs of 60 mm diameter, mounted 10 mm apart. When using
sublimated targets, the plates are resistively heated to 100◦C during measurements in order
to prevent coverage with an insulating molecular layer. Due to the electric field, positively
charged collision products generated in the collision region are extracted through a diaphragm
and a lens system into a reflectron time–of–flight (TOF) spectrometer, to be discussed in de-
tail in section 2.2.4. The extraction diaphragm can be varied in size, most measurements are
performed using a 5 mm diaphragm. The time projectile ions spend in front of the diaphragm
is usually of the order of a few ns. A typical value for 10 keV He2+ is∼1.5 ns/mm.

The ions are detected by a 5 cm diameter Microchannel plate (MCP) detector. The detec-
tion efficiency of the MCP is of the order of 55% (close to the detector optimum). The MCP
is connected to standard electronic components (preamplifier–amplifier–discriminator) that
amplify and filter the signal. The signal is then fed into a multi–hit time–to–digital converter
(TDC, FAST 7888, 1 ns resolution) in order to measure the time-of-flight (TOF) of one or
more collision products from each collision event in coincidence. The TDC is triggered by
the DDG using the signal delayed with respect to the chopper pulse as shown in fig. 2.3. This
is known as the start signal. Our data acquisition system can be used in single–stop mode as
well as in multiple–stop mode,i.e. two or more charged fragments stemming from the same
collision event are detected.

2.2.2. Chopping schemes

Depending on the target density and the beam current, and also the type of experiment
(single– or multiple–stop measurements) two different chopping schemes are used. The time
structures of both chopping modes are shown in fig. 2.3:

1. One of the chopper plates (pl1) is kept at a constant voltage and block pulses of higher
amplitude are applied to the other one (pl2), so that when the voltages on both plates
equal, the ion beam can pass through the diaphragm. This way ion beam pulses with
less than 10 ns duration are produced. Such short pulses are a requirement for good
mass resolution of the system. The falling edge of the square pulses is wider than the
rising edge. Therefore it is discarded.

2. One of the chopper plates (pl1) is grounded or at a fixed potential and very sharp block
pulses with the same voltage amplitude as on pl1 are applied to the second plate (pl2).
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In this scheme the beam will again pass only when the voltages on both plates are equal.
The duration of the pulses can be as short as typically 30 ns. Longer pulse duration is
useful when good mass resolution is not critical for the experiment.

The constant voltages are supplied by a standard 300 V power supply while the pulsed
voltages are generated by a Digital Delay Generator (DDG) driven HV–pulser with a mini-
mum pulse duration of 30 ns. The trigger for the TOF measurement is also generated by the
DDG. Typical values for chopping using the first scheme are the following:

I) for measurements on small molecules such as water (high target density): constant
V = 90V, pulsed voltage amplitude250V, period 26µs, pulse width 13µs;

II ) for biomolecules (adenine and deoxyribose for example): constantV = 90 V, pulsed
voltage200V, period 86µs, pulse width 43µs.

The signal of the trigger can be a standard TTL pulse or a square pulse of7.5V amplitude.
The trigger signal has a width of 1µs and it is delayed with respect to the chopping signal
depending on the projectile velocity, to account for the flight time of the projectile ions from
the chopper plates to the collision chamber. For example for 12 keV He+ the delay needed is 2
µs, whereas for 6 keV He+ the delay is 3.5µs. In order to increase the acquisition frequency
when using the first chopping scheme, a second pulse can be applied to the sweeper plates
(just after the chopper plates) in order to block the ion bunch generated by the falling edge of
the chopper pulse and then decrease the period. When going from the first chopping scheme
to the second one, the rate can be increased from∼40 kHz to∼76 kHz.
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2.2.3. Gas phase targets

H2O molecules

Water molecules enter the setup through a 1 mm needle placed at a distance of≈ 20
mm from the collision center. The flux is controlled by a high precision valve. The distilled
water used as target is stored in the liquid phase in a container in which it can be purified
by repeated freezing-pumping-liquifying cycles. From the negligible contribution of residual
gas species to the obtained mass spectra, it can be concluded that the target purity was at least
99.9%.

Nucleobases

The nucleobases with purity≥ 99%are purchased from Sigma-Aldrich and used without
further purification. Isolated nucleobase targets are produced by evaporation from the pur-
chased powder sample in a resistively heated oven. Oven temperatures of 180◦C for uracil
(C4H4N2O2), 170◦C for thymine (C5H6N2O2) 150◦C for adenine (C5H5N5) and 160◦C for
cytosine (C4H5N3O) ensure sufficient target densities without thermal fragmentation of the
molecules. The molecular vapor escapes from the oven through a 1 mm nozzle. The noz-
zle can be varied in length and diameter to avoid clogging. In all experiments, no signs of
polymerization or thermal fragmentation of any of the nucleobases are observed in the range
of temperatures used. For cluster production the oven is located inside a nitrogen cooled
atmosphere and the oven temperatures used are around 200◦C.

2–Deoxy–D–Ribose

2–Deoxy–D–ribose (C5H10O4, purity ≥ 99%) by FLUKA is purchased from Sigma–
Aldrich and employed without further purification. The powder is evaporated from a stainless
steel oven with a nozzle of 1 mm diameter kept at 95◦C. The temperature for sublimation of
the deoxyribose (dR) from the oven is chosen such that the signal–to–noise ratio is optimal.
This is particularly important for a precise quantification of the weaker peaks in the spectrum,
such as the parent molecular ion (C5H10O+

4 ). The temperature, therefore, is chosen just above
the melting point of deoxyribose (∼ 85◦C), but below the threshold for polymerization into
long molecular chains. No clusters or cluster-fragments bigger than the parent molecule are
observed. Details on the temperature dependence of the spectra will be given in chapter 6.

2.2.4. The reflectron TOF

Time–of–flight (TOF) spectrometry techniques have been used since the beginning of the
last century to measure the mass–to–charge ratio of ionic systems (for a review see [34]). The
basic idea of TOF spectrometry is that monoenergetic ions with differentm/q ratios have
different velocities but follow identical trajectories. This implies that they need different
times to traverse a given path in the instrument. One of the major limitations to improve
the resolution of linear TOF was the energy spread and initial velocity of the ions. A major
step in the improvement of the resolution in TOF systems was, therefore, the reflection of
the ions by means of an electrostatic mirror: the advent of the so-called reflectron type TOF
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Figure 2.4: (a) Schematic view of our reflectron TOF spectrometer including the trajectory of a simu-
lated ion and (b) graph of the different voltages used during operation.

systems with first results published already in 1973 [35]. The idea of the first reflectrons
was to compensate the initial energy spread of the ions. Due to the fact that the collision
center is not point like but occupies a certain volume, two identical ions can have different
TOF when their starting positions are different. The principle of operation of reflectron TOF
spectrometers is to compensate for different starting positions with an electrostatic mirror at
the end of the flight-tube. The principle can be understood as follows: consider two identical
ions starting at different points in the extraction field. At the end of the extraction region, the
ions will have different velocities due to the different starting potentials. The ion which was
further from the spectrometer will be accelerated more and will reach the reflection region
first. It will go deeper inside the mirror because of its higher kinetic energy whereas the other
one starting closer to the spectrometer will have a lower energy and will leave the mirror
before. During the second drift stage the faster ions catch up with the slower ones. With
the correct acceleration lenses and mirror settings, time–focused ions with the same mass per
charge ratio but starting at different positions in the collision region will be obtained. Thus,
the resolution of the system is improved and it increases proportionally to the drift length.

Our TOF spectrometer consists of a set of extraction lenses (L1 to L4 in fig. 2.4) which
ends with an extraction tube lens (L5). A pair of deflecting plates just after the extraction tube
direct the beam towards the mirror. The drift tube is 80 cm long and just before the mirror
it is closed by a high transmission grid1(G1). Another grid is placed just at the entrance
of the mirror (G2) and a third one is between the drift region and the detector (G3). The
grids are used to ensure a homogeneous transition between the drift region and the mirror
(G1 and G2) or the detector (G3). The electrostatic mirror compresses and reflects the ion
bunch into the direction of the 5 cm diameter MCP detector. The optimization of the voltages
needed for each lens and the mirror is made by maximizing the count rate of the molecular
fragments under study but trying to keep an optimum peak width and shape for the parent

1The high transmission grids used in CHEOPS are electroformed copper meshes with 118 wires per inch and
12.5 micron wire diameter (Goodfellow) which implies 88% open area.
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ions,i.ea trade-off between ion beam focusing (reflected in the count rate) and time resolution
(reflected in the peak width).

The potential array of our TOF reflectron together with the extraction system and the
corresponding mirror section is shown to scale in fig. 2.4. The potential array was generated
by using the SIMION software package [36]. Ions are propagated under the influence of the
static E field of the whole TOF system. The displayed ion trajectory in a) corresponds to
a singly charged ion with mass 135 starting from the center of the collision region. Below
the sketch, a graph of the electrostatic potentials vs. distance is shown. The values of the
potentials used in the figure and for the simulation correspond to typical values used during
the experiments.

Our TOF spectrometer has a maximum resolution of m/∆ m∼ 1500 at 720 amu [37]. For
an ion, the overall efficiency of the spectrometer (considering only the transmission grids and
the detector efficiency) is around 30%. For multiple stop measurements the transmission is
lowered accordingly (for two-stops: 9% and for three-stops:<3%). It is important to note
here that 30% is an upper limit since losses in the lenses and mirror are not considered. This
makes the recording of data from two-stop measurements (coincidence experiments) very
time consuming and extremely challenging (since the experimental conditions have to keep
constant for very long times).

2.3. Producing neutral projectiles

For the experiments with neutral projectiles, the ion beam is neutralized in a gas–filled
cell. The original design of the gas cell can be found in [38]. The projectiles are neutralized
by charge transfer processes in collisions with the buffer gas. The buffer gases used are H2 to
neutralize H+, He for He+ and Kr for C+. The gases are chosen such that the neutralization
efficiency is high enough to ensure sufficient beam intensity and that the mass of buffer gas
atoms effusing into the collision chamber does not overlap with a biomolecular fragment
mass. The only case where this is not fully achieved is for the Kr buffer gas because some
of its isotopes overlap with important peaks in the spectra. But since the natural isotope
distribution of Kr is known, the contributions of specific Kr isotopes can be corrected for.
To avoid significant pressure rise in the collision chamber the neutralization cell is closed by
two diaphragms of 4 mm and 2 mm diameter and it is differentially pumped by an additional
turbo pump.

Fig. 2.5 displays a schematic of the modified CHEOPS experimental setup. For the ex-
periments with neutral projectiles, the ion beam is chopped in front of the bending magnet,
by two plates placed in the main beam line. Then the beam is deflected by a 45◦ magnet. Af-
ter traversing the first new diaphragm (ND1,φ=4 mm), it enters the neutralization chamber.
There, the ion beam can be neutralized when the gas cell is filled with buffer gas. The early
chopping of the beam is necessary to ensure a low signal–to–noise ratio: in the conventional
scheme, neutralization gas leaks into the chopper leading to neutralization before the chopper
and therefore a high flat background.

After the neutralization the beam is unaffected by electrostatic deflection and continues
its original trajectory through the two 1mm-diaphragms into the direction of the collision
chamber. Before the second new diaphragm (ND2,φ=2 mm) a set of plates deflects the
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Figure 2.5: Sketch of our experimental set-up after the modifications made for the experiments with
neutral projectiles.

remaining charged particles. To measure the neutralization efficiency, the beam current is
precisely monitored on the end FC while letting the buffer gas in. The decrease in the beam
current represents the percentage of neutralized beam. Neutralization efficiencies of a maxi-
mum of 10% are achieved for He projectiles. In order to ensure no influence from the charged
particles the counting system is started and the voltage on the deflection plates is increased
until the signal is gone. This is done before letting the buffer gas in.

The count rate of the TOF measurements was maximum for 14 keV He0 projectiles. It
was about 15 counts/s. This quantity is only 4% of the fragment count rate after interactions
with the ion beam at the same energy (He+). For C0 projectiles, the count rate was around
1-2 counts/s (only 1% from the count rate with C+). For H0 projectiles, the fragment rate
was only 1-2 counts/s when for H+ it was more than 1000 events/s (¿ 1%). This makes
the measurements with neutral projectiles time consuming and rules out the possibility of
measuring multiple–stop signals with enough statistics. The chopping scheme used in the
experiments with neutrals was the second one in order to increase the number of ion/neutral
bunches per second.

2.4. Data analysis

The obtained data can be classified according to the number of charged collision products
detected per projectile pulse. Category one (first–stop) contains only the TOF of the first
detected product ion, whereas category two (multiple–stop) contains the TOF of two or more
detected product ions,i.e. the coincidence information. Usually, the setup is run at chopper
frequencies of> 10 kHz and the count rate for first stops is of the order of 100 Hz. Random
coincidences thus contribute only weakly.

An example of a TOF first–stop spectrum for adenine molecules after collision with He+

projectiles is given in fig. 2.6. This spectrum collects all the events produced by single, double
or multiple ionization. As can be seen, the smaller fragments such as H+ and C+ arrive at
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Figure 2.6: TOF spectra of adenine molecules after collisions with 20 keV He+ projectiles. ade+

represents the adenine parent molecule.

earlier times to the detector,i.e. their times of flight are short. Typical TOF of the singly
charged parent molecules under study is around 40µs. The lighter/faster fragments appear
on the left and the heavier/slower ones on the right.

Fig. 2.7 shows an example of a coincidence plot for adenine molecules after collisions
with He2+ projectiles. The first fragment giving the first stop is plotted on the X-axis and
the second fragment stemming from the same process gives the second TOF in the Y-axis.
Islands can be observed that correspond to pairs of fragments. Some of the fragment pairs
are marked in the figure as an example.

The time of flight of ions travelling under the influence of electrostatic potentials is always
proportional to the square root of the mass per charge of the ion travelling plus a constant that
defines the zero time in the TOF spectrum. So it is straightforward to convert time of flight
to m/q.

2.4.1. Information from first–stop spectra

From the first–stop TOF spectrum of a molecule, different information can be obtained:
preferential fragmentation paths, relative fragmentation cross sections, relative stability of
the molecular fragments, etc. In order to obtain precise information from a spectrum, the
procedure before analyzing the data is as follows, first a background level is subtracted. In our
measurements with charged projectiles, background is usually not an issue but for the neutral
projectiles the background substraction is an important step in view of the long counting
time. The uncertainty in the quantities obtained from the first–stop spectrum is related to the
number of counts, so the square–root rule is used to estimate relative error bars.

Information on single ionization events is only contained in the first–stop data. However,
the first–stop data also contain contributions from multiple ionization processes. Single ion-
ization events can be separated for cases where information on multiple ionization events can
be extracted from a multiple–stop measurement. As an example, the procedure to separate
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both contributions (from single and multiple ionization events) for a simple target system
like water is sketched in fig. 2.8. The H+ fragment peak in the first–stop spectrum contains
contributions from multiple ionization processes. The respective spectra taken from the coin-
cidence experiments are scaled to fit to the first–stop spectrum and then subtracted. This way
an anti-coincidence spectrum,i.e. the H+ TOF spectrum from single ionization processes
only, is obtained.

Furthermore as can be seen from fig. 2.7, albeit very weak, random coincidences are
usually present in the coincidences plot. In order to account for them, the TOF spectrum
obtained in the single ionization events is used. Its autocorrelation distribution is scaled to a
known false coincidence island (for example H+–ade+) and subtracted from the coincidence
data.

2.4.2. Extraction of the kinetic energies for different fragments

When two charged particles start from the same position within an electric field with an
initial velocity v0 = 0, they will follow exactly the same trajectory. However when they have
an initial v0 6= 0, their trajectories will be slightly different and also their times of flight. The
last situation is sketched in 2 dimensions in fig. 2.9 for the two limit cases: fragmentation of
molecules oriented a) parallel and b) perpendicular to the applied electric field. The situation
sketched in a) implies 100% transmission whereas the situation in b) illustrates a case where
transmission is zero,i.e the fragments do not go through to the spectrometer. In reality, the
molecules are oriented in any direction, but fragments originating from molecular orientations
with large angles to the electric field get intercepted by the extraction plate. The transmission
will be discussed further on. Let us consider only the situation sketched in a): one of the two
positively charged fragments will go initially backward and the other will go forward due to
their mutual Coulomb interaction. In the case of identical particles, their initial velocitiesv0

and -v0 only differ in sign. This will lead to a difference in the observed time of flights of the
initially backward and the forward emitted fragments. In the single–stop TOF spectrum peak
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Figure 2.10: Coincidence plots for different fragment ion pairs stemming from water multiple ioniza-
tion after collisions with 16 keV He2+ ions.

splitting is observed for very low extraction voltages and in the two-dimensional plots forma-
tion of separated islands is the result. The difference in time (∆t) can be used to calculate the
kinetic energy released during the fragmentation.

The relation between the difference in time (∆t) and the kinetic energy of each recoil ion
(Ur ) can be written as follows:

∆t =
√

8mUr

qE
(2.1)

whereq is the charge state of the fragment,m is its mass andE is the extraction field.
As an example of how to obtain kinetic energy releases for different types of islands,i.e

different fragmentation channels, coincidence data for fragmentation of the water molecule,
the simplest molecule studied in this thesis, are used. In fig. 2.10 coincidence data for col-
lisions of He2+ with water molecules is visualized in 2-D plots of the TOF of the faster
fragment ion (TOF1)vs the TOF of the slower fragment ion (TOF2). The number of ions
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within a given bin is gray scale coded. Three different regions of interest corresponding to
the fragment ion pairs a) H+–OH+, b) H+–O+ and c) H+–O2+ are shown. For each ion pair,
two islands are observed. As mentioned before, kinetic energy released in the dissociation
event leads to an initial momentum of the fragment ions. If the momentum vector is parallel
to the spectrometer axis, the fragment ions can pass the diaphragm and enter the reflectron.
Thus, identical fragment ions with a positive (forward) or negative (backward) initial velocity
v0 along the spectrometer axis are detected at different TOF. In fig. 2.10, the left islands corre-
spond to the lighter fragment emitted forward (H+

f ) and the heavy fragment emitted backward

(OH+
b , O+

b and O2+
b ). The right islands correspond to the light ion emitted backward (H+

b )
and the heavy fragment emitted forward (OH+

f , O+
f and O2+

f ). This coincidence spectrum

was obtained with a low (100Vcm−1) extraction field, in order to separate the islands clearly.
By simply looking at the shape and orientation of the islands in the 2D-plot, already some
information about the fragmentation process can be obtained. In a two–body breakup process
(e.g.H+–OH+) the complete kinetics of the fragmentation process can be obtained from the
coincidence data. Due to conservation of momentum, the slope of a line drawn through both
islands is−1 (see fig. 2.10a).

It does not always occur that the molecule dissociates in exactly two charged fragments.
The molecule can also dissociate emitting neutral fragments or more than two ionic frag-
ments. Neutral fragments can not be accelerated by an electric field, which may be overcome
by using post-ionization techniques. In our system this is not possible and our studies are
limited to cases where at least two charged fragments are emitted. Nevertheless, information
on the fragmentation process can be also obtained when neutral fragments are emitted. If for
example a third undetected (neutral or ionic) fragment is formed, the line deviates from the
-1 slope since momentum is carried by the third body (see fig. 2.10b) and c)).

From the projection of the coincidence data to TOF1 or TOF2 (see fig. 2.10) the kinetic
energy distributions for the respective ion recoil (Ur ) can be calculated. The time reference
is determined by the requirement that the energy–release spectra from forward and backward
emission have to agree. For a two–body breakupUr is calledUKER since the total kinetic
energy released during the process can be calculated from the difference in time between the
forward and backward emitted fragments.

2.4.3. Correction for transmission

Due to the diaphragm on the extraction plate (E2 in fig. 2.4), the product ions from a
collision are extracted from the collision center into the spectrometer with certain probability.
The probability depends on: the diaphragm radius (rd) and the extraction fieldE as well as
the fragment ion parameters: kinetic energy, mass and charge state. This transmission can be
calculated under the assumption that the emitted fragments have an isotropic distribution. In
fig. 2.11 a sketch of the model used for calculating the transmission is shown for five different
timest1 to t5, for t3 the sphere coordinates are given. The model is based on the translation
of an expanding sphere (represented as circles). The sphere radius expands according to the
initial velocity of the ionv0 and its center displaces due to the extraction fieldE. The initial
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Figure 2.11: Schematic situation of a charged fragment with some initial kinetic energy moving in an
extraction field. The circles indicate all possible positions of the fragment at different times t1 to t5. In
the lower panel, a closer look reveals what happens at time t3.

velocity of the ion is given by

v0 =

√
2Ur

m
(2.2)

and its acceleration is given by

a =
qE
m

(2.3)

From these equations the timet3 at which the ions emitted forward intersect the diaphragm,
and the timet5 at which the ions emitted backward intersect the diaphragm can be obtained.
The particles passing the diaphragm are assumed to be detected, leading to the forward or
backward peak, respectively. The transmission of the forward emitted ionsk can be calculated
as:

k = 1−cosϕ (2.4)

where

ϕ = arcsin
rd

v0t3
(2.5)

The obtained kinetic energy distributions then have to be corrected for transmission through
the extraction diaphragm using the correction functions1/k. The transmission of the back-
ward emitted ions is smaller than for the forward emitted ions. The maximum transmission
for our systems is obtained for high extraction fields, large diaphragm diameter and low initial
kinetic energies. Projectile ions are too energetic to be extracted.
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Figure 2.12: Experimental setup to measure collision induced dissociation at LASIM, Lyon.

2.5. Experiments performed in other facilities outside KVI

The experiments on quantification of energy deposition (chapter 6) and on cluster forma-
tion (chapter 7) were performed in other experimental facilities outside KVI. In both cases,
key experimental features are similar to the KVI experiments. Here, only a brief description
of the Lyon and Caen setups, focusing on the additional features will be given.

2.5.1. Collision induced dissociation under energy control at LASIM

The H+ ion beams (2-10 keV) used in our studies are delivered by a 10 GHz electron
cyclotron resonance ion source (Nanogan III). After collimation the ion beam enters the in-
teraction chamber through a 500µm diameter hole and crosses an effusive jet of biomolecules
created by evaporation in an oven at temperatures below 90◦C. Under these conditions, the
background vacuum inside the chamber is below1×10−8 mbar. After the interaction, the
outgoing projectile is charge and energy selected by an electrostatic analyzer and detected
by a channeltron electron multiplier with an efficiency of about 100% in the energy range
considered in this work. For our studies, the selected projectile was H−.

The ejected electrons and charged fragments are extracted from the interaction region by
a 250Vcm−1 transverse electric field. After extraction, the electrons are accelerated by a 17-
20 kV potential towards a semi-conductor detector (PIPS). The signal delivered by the PIPS
is proportional to the energy deposition into the detector and thus to the number of electrons
that hit the detector. The recoil ions are analyzed by time of flight spectroscopy and detected
by two multi-channel plates followed by a multianode composed of 121 pixels. The signals
delivered by the multianode detector are sent to four multi-hit time-to-digital converters (TDC
3377 Lecroy). For singly charged ions the detection efficiency has been estimated to be 75%.
Multi–coincidence measurements between a charge selected projectile, the electrons and the
recoil ions are performed in event-by-event mode data acquisition.
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For fragmentation processes the initial charge of the deoxyribose parent (C5H10O4)r+ is
determined using the electron number conservation lawr = n+swheresrefers to the number
of electrons stabilized by the outgoing projectile (e.g. s= 2 for H+ → H− collisions) andn
is the number of ejected electrons. More information about the experimental setup at LASIM
can be found in [33,39].

2.5.2. The cluster source at CIRIL/GANIL

The keV multiply charged ions employed for the cluster studies are extracted from the
electron cyclotron resonance ion source at CIRIL/GANIL in Caen. Bending magnets are
used form/q separation of the projectile ion beam before it is collimated and guided into the
collision chamber.

Neutral nucleobase clusters are produced in a cluster aggregation source [40, 41]. The
original design contains one oven with two parts (the crucible and the lid) which can be
heated separately. For the experiments with mixed clusters, the oven is replaced by two
crucibles. Nucleobase powder is evaporated in the oven(s) at temperatures around 200◦C.
The evaporated material diffuses out of the oven(s) and passes through a heat shield into a
cold helium stream at a few mbar pressure. The gas mixture enters a condensation channel
which is cooled continuously with liquid nitrogen. Formation of clusters occurs in this region
due to supersaturation of the vapor (see fig. 2.13). The main parameters controlling the cluster
formation are the oven temperature (the vapor pressure of the material) and the carrier gas
pressure. Our experiments are carried out at a constant He-flow of 280 ml/min and oven
temperatures are only varied within a range where no thermal fragmentation is expected.

The formed neutral clusters pass several differential pumping stages separated by skim-
mers before interacting with the beam of multiply charged ions. Similar to the experiment
on isolated biomolecules, charged reaction products are extracted from the interaction zone
perpendicular to the two beams. In this experiment, the ion beam as well as the extraction
voltage are pulsed. The charged collision products are analyzed with a linear Wiley-McLaren
time-of-flight mass spectrometer. It consists of an ionization and acceleration region, a field-
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free drift region and a detector. The particles are post-accelerated towards a conversion plate
kept at voltages up to 25 kV in order to obtain a constant detection efficiency (close to 1)
for the heavier (cluster-)ions. The electrons emitted from the conversion plate are focused on
a channel plate. The resulting signals are then registered with a multihit TDC on an event-
by-event basis. The transmission and detection efficiency of the spectrometer are close to
100%.



CHAPTER 3

Theoretical concepts

The experimental results presented in the course of this thesis require understanding of
electron removal, molecular fragmentation and molecular structure. The first two are associ-
ated with the collision process and its consequences. The third ingredient is used to under-
stand the results of the collision process. In this chapter the basic concepts of ion–molecule
collisions will be described for ions at keV energies. Possible fragmentation mechanisms
will be discussed. At the end of the chapter some of the quantum chemical models used to
explore the geometry, stability and internal energy of the biomolecules under study will be
introduced.
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3.1. Scenario for ion-molecule interaction

For projectile velocities of 0.1–1 a.u., the ion–molecule interaction time is around 10−16-
10−15 s which is much shorter than typical vibrational time scales in molecules (10−13-
10−12 s). During the collision, electronic and vibrational wave-functions can thus be de-
coupled,i.e. the Born-Oppenheimer approximation is applicable. For very slow projectiles,
this approximation is not valid. The scenario for the interactions under study can thus be
divided in two steps:

1) The collision itself, involving the excitation of the molecular target or the creation of
one or more vacancies in the molecular target by charge transfer, transfer ionization or
direct ionization.

2) Fragmentation of the excited/ionized target. The excited and/or ionized transient molec-
ular complex follows its reaction path on a multidimensional potential energy land-
scape. Here, the Coulombic repulsion and the energy deposited by the projectile play
an important role.

Much work has been devoted to the study of collisions between highly charged ions (HCI)
and small diatomic or triatomic molecules (for example H2, D2, CO and CO2). The process
of fragmentation for these small systems can be explored in great detail and is better under-
stood than collisions involving larger systems, where it is virtually impossible to map the
multidimensional potential energy surfaces. For a review see for example references [42,43].

3.1.1. Charge exchange

The first step in fast collisions involves mainly the projectile and the electrons of the mol-
ecule. The positions of the nuclei remain fixed. All electronic transitions therefore, follow the
Franck–Condon principle: the electronic transition occurs without changes in the positions
of the nuclei. Because of the large mass difference between the electrons and the nuclei, the
electronic motions are much faster than the nuclear ones. Then, in potential energy diagrams
as the ones in fig. 3.1, the transition will be vertical. In a quantum mechanical picture, the
highest transition probability is found for the particular level whose wave function maximum
lies just above the maximum of the ground state [44].

In the velocity range used in this thesis (0.1–1 a.u.), the three main processes involved
in the collision are: charge transfer, direct ionization and excitation of the molecular target.
The collision process depends on the impact parameter: for small impact parameters (close
collisions) multiple ionization is expected but for large impact parameters (distant collisions)
it is more likely that electron capture is the dominant process. Both processes are usually
accompanied by excitation of the molecular target. The collision of a projectileA with charge
q with a molecule BC can thus leave the molecule in different states, depending on the kind
of collision. The collision can lead to an excited molecule:

Aq+ +BC → Aq+ +BC∗ (excitation) (3.1)

a charged molecule accompanied by release of electrons:

Aq+ +BC → Aq+ +BCs+ +se− (multiple− ionization) (3.2)
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or a combination of both. In particular distant collisions are characterized by gentle charge
transfer from the target to the projectile in a process called electron capture:

Aq+ +BC → A(q−r)+ +BCr+ (electron capture) (3.3)

Single and multiple electron capture processes have been extensively studied in ion-atom col-
lisions but barely for molecular systems. Some of the models used for charge transfer from
atoms and some molecules are the classical over the barrier model [45] and more sophisti-
cated classical trajectory Monte Carlo approaches [46]. In the case of our systems, there are
usually many electrons involved and it is difficult to apply any of the previous models.

Usually during our experiments excitation, capture and ionization occur at the same time,
leading to multiple electron dynamics described by the following general equation:

Aq+ +BC → A(q−r)+ +BC(r+s)+∗+se− (3.4)

Here,r is the number of electrons captured from the target to the projectile ands is the number
of electrons released in the collision.

3.1.2. Fragmentation process

After the collision, the projectile has left an excited ionic molecular complex behind.
Excitation alone will not be treated here since neutral molecules are difficult to access ex-
perimentally. If the vibrational excitation energy is small and the molecular ion is not in a
repulsive state, an intact parent ion is finally observed. In all other cases however, the excited
molecular ion will dissociate, either promptly or delayed. Typical dissociation timescales of
this process range from 10−12 s to several 10−6 s.

The dissociation and fragmentation process is accompanied by release of kinetic energy
(UKER), the process for a molecule BC in an ionic/excited state can be described as follows:

BC(r+s)+∗ → Bu+∗ + C(r+s−u)+∗+UKER (3.5)

herer + s are the electrons removed during the collision,u is the charge of one of the frag-
ments andr + s−u is the charge of the other fragment.UKER is the kinetic energy released
in the dissociation. A molecular ion such asBC(r+s)+∗ can decay with release of fragments
with different charge states and kinetic energies. The energy released in the dissociation is
distributed over the fragments in accordance with the conservation of momentum. In this the-
sis,Ur is used for the energy of each fragment andUKER is used for the total kinetic energy
released.

The dissociation path that the molecular ion follows depends on its potential energy, in
particular on the shape of its potential energy surface (PES). A potential energy surface of a
molecular system is defined as the electronic potential energy including nuclear repulsion, at
a given nuclear configuration. More details will be given in the next section.

A simple case of a molecular system is the homonuclear diatomic molecule H2. Here, the
potential energy surface of the neutral and ionic states is only one–dimensional since the only
nuclear coordinate is the internuclear distance. In fig. 3.1, different potential energy curves
for H2 and H+

2 together with the Coulombic potential of H2+
2 are plotted. The values are

taken from a compilation of theoretical and experimental data by Sharp [47].
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Figure 3.1: Potential energy curves for the ground state and one excited state of H2(—), two electronic
states of H+2 (– –) and the Coulomb potential of H2+

2 (· · · ). The tabulated data from [47] was used to
draw the potential energy curves.
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The ground stateX1Σ+
g (1sσ )2 of H2 is stable. This means that the potential energy curve

has a minimum at Re=1.4 a.u. such that the energyE at this point satisfiesE(Re) < E(H)+
E(H), where2E(H) is the sum of the energies of the individual H atoms, the dissociation
limit. In this case, the H products are in the ground state H(1s). If the potential-energy curve
does not possess any minimum then the molecule isunstable. This means the potential is
repulsive, for example the triplet state of the neutral H2 molecule:b3Σ+

u (1sσ2pσ ), the 2pσu

state of H+
2 and the Coulomb potential of H2+

2 . In fig. 3.1, it can be seen that if a Franck-
Condon transition occurs from the ground state of the neutral molecule to one of the repulsive
potentials, the molecule will unavoidably dissociate. For example, if the transition involves
removing two electrons from the H2 ground state then H2+

2 will dissociate in the products
H++H+ with an associatedUKER≈ 17 eV.

Diatomic potential-energy curves can also be like the one for H+
2 1sσg state (fig. 3.1)

where the potential energy shows a relative shallow minimum. They can also be a mixture of
states and have a relative minimum and a potential maximum, such as the E,F singlet state of
H2. Molecules described by such a curve are considered to bemetastable. Molecules trapped
within the potential well, which can be very shallow as for the first case, will ultimately
fragment due to either tunnelling or predissociation. Predissociation occurs if there exists
a coupling between the metastable state and an unstable (repulsive) state. If the transition
between the states is possible, then the molecule will dissociate. The lifetime of a metastable
species depends on the barrier height and width, and on the probability of predissociation.

3.2. Molecular structure

Computational chemistry models are used to describe the geometrical and electronic char-
acteristics of a molecule, compute energies and vibrational frequencies of a given structure.
Within computational chemistry there are two broad areas: molecular mechanics and elec-
tronic structure theory. Molecular mechanics use the laws of Newtonian physics to model
molecular systems. The potential energy is calculated using force fields. It can model very
large systems of thousands or millions of atoms but its limitation is that electrons are not in-
cluded explicitly. Electronic structure methods use the laws of quantum mechanics to predict
the properties of molecular systems. They are more accurate for predicting properties which
depend on subtle electronic details [48]. In this section an overview of electronic structure
methods used by the GAUSSIAN software [49] will be given. This program was used to
estimate geometrical structures at stationary points, orbital shape and ionization potentials of
some of the systems under study.

3.2.1. Theoretical background

Electronic structure methods are based on solving the time independent, non relativistic
Schr̈odinger equation for the electronic states of the molecule:

HelecΨelec(~r,~R) = Eelec(~R)Ψelec(~r,~R) (3.6)

Here,Ψ is a function of the position of the electrons (~r) and the nuclei (~R) within the molecule.
These symbols are a shorthand for a set of component vectors describing the position of each
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particle. This form of the Schrödinger equation is the result of using the Born-Oppenheimer
approximation (electronic adiabatic approximation). This approximation allows the elec-
tronic and nuclear part of the problem to be solved independently. As mentioned before, it
is valid for molecular systems since the nuclei are much heavier than the electrons and their
motions can be separated. In other words, the nuclei are stationary on the timescale of elec-
tron movement. The electronic motion can be described as occurring in a field of fixed nuclei.
The Hamiltonian operator (Helec), using atomic units, is constructed in the following way:

Helec=−1
2

elec

∑
i

∇2
i −

elec

∑
i

nuclei

∑
I

ZI

|~RI −~r i |
+

elec

∑
i

elec

∑
j<i

1
|~r i −~r j | +

nuclei

∑
I

nuclei

∑
J<I

ZI ZJ

|~RI − ~RJ|
(3.7)

Here, the first term corresponds to the kinetic energy of all electrons in the molecule, the
second term corresponds to the electron–nuclear attraction, the third one is the electron–
electron repulsion, and the last one is the nuclear–nuclear repulsion.

Solving eq. 3.6 for the electronic wave function will produce the effective nuclear poten-
tial functionEelec. The solution depends on the nuclear coordinates and describes the poten-
tial energy surface (PES) for the system. For a given set of nuclear coordinates (~R), Eeleccor-
responds to the total energy predicted by a single point energy calculation. Such calculations,
of course, do not solve this equation exactly. An exact solution to the Schrödinger equation is
not possible for any but the smallest molecular systems, for example H+

2 . However, a number
of simplifying assumptions and procedures make an approximate solution possible for a wide
range of molecules. The methods using rigorous mathematical approximations are calledab
initio since their computations are based solely on the laws of quantum mechanics and the
values of a small number of physical constants: the speed of light, the masses and charges of
electrons and nuclei and Plank’s constant.

Other electronic structure methods are the semi-empirical and the density functional ones.
Semi-empirical methods use parameters derived from experimental data to simplify the com-
putation. They are largely characterized by their differing parameter sets. Semi-empirical cal-
culations are relatively inexpensive and provide reasonable qualitative descriptions of molec-
ular systems. They can predict accurately energies and structures for systems for which good
parameter sets exist. Among the best known are AM1 (Austin Model 1) [50], PM3 and
MNDO (Modified Neglect of Diatomic Overlap) [51]. For our purposes we used mainlyab
initio and density functional methods. These will be discussed in somewhat more detail in
the following section.

3.2.2. Model chemistries

Ab initio calculations provide high quality quantitative predictions for a broad variety of
systems. The calculations are not limited to any specific class of systems. A program like
GAUSSIAN [49] which implementsab initio methods can be run on a typical workstation
and can compute systems containing up to hundreds of atoms. GAUSSIAN’s calculations
are based on theoretical model chemistries which have been tested for consistency and can
be recommended for general use. Model chemistries are characterized by a combination of a
theoretical procedure and a basis set. Additionally one can specify how the electron spin is
handled: with a closed shell model (restricted) or with an open shell model (unrestricted).
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1) Levels of theory

Hartree–Fock SCF

Hartree–Fock Self-Consistent Field (HF-SCF) is the simplest approximation for the solu-
tion of eq. 3.6. The basic idea is that the motion of each electron is described by a molecular
orbital (MO). Then, the wave function can be approximated by a product of functions de-
scribing these orbitals, which is known as the Hartree product:

Ψ(~r) = φ1(~r1)φ2(~r1)...φn(~rn) (3.8)

However, the Hartree product is not antisymmetric. A first step is to include the intrinsic
spin coordinate as a functionσ(ω) = α(↑),β (↓) whereα andβ are functions for spin up and
spin down. Each molecular orbital can thus be described by the productχi(~xi) = φi(~r i)σi(ω),
usually called spin orbital. In order to make the product of the spin orbitals antisymmetric
a determinant of spin orbitals known as the Slater determinant is formed. This determinant
mixes all possible orbitals of all possible electrons in a molecular system to form an antisym-
metric wavefunction.

Ψ(~x) =
1√
N!

∣∣∣∣∣∣∣∣∣

χ1(~x1) χ2(~x1) . . . χN(~x1)
χ1(~x2) χ2(~x2) . . . χN(~x2)

...
...

. ..
...

χ1(~xN) χ2(~xN) . . . χN(~xN)

∣∣∣∣∣∣∣∣∣
(3.9)

In order to solve the Schrödinger equation using this approximation, each unknown spa-
tial MO is expressed as a linear combination of a set of known basis functionsϕ :

φi(~r i) =
N

∑
µ=1

cµ iϕµ (3.10)

These basis functions are usually centered on the atomic nuclei and they can be of any type.
GAUSSIAN uses gaussian–type atomic functions as basis functions,i.e. ϕ ∝ e−ξ r2

. The
Hartree-Fock procedure solves for the linear expansion coefficientscµ i using the variational
principle. So the problem becomes finding the set of coefficients that minimize the energy
of the resultant wave function. The variables in the Hartree-Fock equations depend on them-
selves, so they must be solved in an iterative manner. The procedure which does that is the
self-consistent field method. The name of the method comes from the fact that when conver-
gence is reached (usually in 10 iterations) the energy is a minimum and the orbitals generate
a field which produces the same orbitals. The Hartree–Fock theory does not include the in-
stantaneous electron–electron interaction,i.e each electron sees all the other electrons as an
average distribution. Higher level methods attempt to remedy this lack of electron correlation
in order to improve the accuracy in the results.

Many–Body Perturbation theory

Many-body perturbation theory (MBPT) is a way to account for electron correlation by
treating it as a perturbation to the Hartree-Fock wave function. For this method to be valid, the
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perturbation has to be small so that the perturbed wavefunction and energy can be expressed
as a power series. Usually, the computations are made using second-order perturbation theory.
A typical implementation is the second-order Møller-Plesset perturbation theory (MP2). It is
possible to do higher orders of perturbation theory (MP3, MP4, etc), but the computing times
become excessively longer and the results do not necessarily get better. MBPT is always an
improvement on Hartree-Fock.

Density Functional theory

Density functional theory (DFT) approach is based on modelling electron correlation via
general functionals of the electron density. It has its origin in the Hohenberg–Kohn theorem
(1964) which demonstrates the existence of a unique density functional which determines the
ground state energy exactly. The theorem does not provide the form of the functional. Kohn
and Sham (1965) provided an approach to find approximate functionals. The method is based
on partitioning the electronic energy into several terms:

Eelec= ET +EV +EJ +EXC (3.11)

whereET is the kinetic energy term from the motion of the electrons,EV includes terms
describing the potential energy of the nuclear–electron attraction and of the repulsion between
pairs of nuclei,EJ is the electron–electron repulsion term andEXC is the exchange-correlation
term and includes the remaining part of the electron–electron interactions. This last term is
the functional which contains everything that is unknown. If the exact form of this term was
known, the problem could be solved exactly because the method does not include, so far,
any approximation. The quest is then to find good exchange-correlation functionals. But,
this is also the main drawback of DFT, functionals can not be systematically improved as
they can be improved forab initio approximations. TheEXC functional is usually divided
into an exchangeEX and a correlationEC term. The initial letters of the corresponding
author for some functional give it the name. If the same author has developed more than one
functional, the letters are augmented by a year. Some of the typical exchange-correlations
functionals used by GAUSSIAN are based on the exchange functional by Becke (1988) whilst
different correlation functionals are used,e.gPerdew and Wang, 1991 (PW91) or Lee, Yang,
and Parr, 1988 (LYP). They already provide fairly accurate results. Hartree-Fock theories
also include an exchange term. Becke formulated functionals which include a mixture of
HF and DFT exchange along with DFT correlation. These are called hybrid functionals.
The most common hybrid exchange term is Becke-style 3 parameter functional (B3). DFT
methods are attractive because they include the effects of electron correlation at the cost of
HF calculations [52]. For excited states, time dependent density functional theory (TD-DFT)
methods are used.

2) Basis set

The basis sets are mathematical representations of the molecular orbitals within a mol-
ecule. They restrict each electron to a particular region of space, larger basis sets impose
less constraints to electrons and approximate more accurately the exact molecular orbitals.
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As mentioned before, standard basis sets for electronic structure calculations often use lin-
ear combinations of gaussian functions to form the orbitals. Basis sets assign a group of
basis functions to each atom within a molecule to approximate its orbitals (see eq. 3.10).
GAUSSIAN offers a wide range of pre-defined basis sets, which are classified by the number
and types of basis functions they contain. Some of the types of basis sets are: minimal, split
valence and polarized basis sets. The minimal basis sets contain the minimum number of
basis functions needed for each atom. These basis sets use fixed-sized atomic-type orbitals.
One example is the STO-3G basis set. STO stands forSlater–type orbitalsand 3G indicates
that it uses three gaussian primitives per basis function. The split valence basis sets use a
single Slater–type orbital to describe the inner shell electrons and two or more sizes of basis
functions for each valence orbital. Some common examples are 3-21G and 6-31G, where
the first digit represents the number of gaussian functions summed to describe the inner shell
orbital and the second and third digit give the number of functions for a double split basis set.
A triple split basis set like 6-311G uses three sizes of functions for each orbital type.

Split valence basis sets allow orbitals to change size but not shape. Polarized basis sets
add orbitals with angular momentum beyond what is required for the ground state to the de-
scription of each atom. For example 6-31G(d) adds polarization functions to heavy atoms
whilst 6-31G(d,f) adds polarization functions to the hydrogens as well. Diffuse functions
allow orbitals to occupy a larger region of space. They are small exponents which describe
weakly bound electrons, for example molecules with lone pairs or systems with low ioniza-
tion potentials. The sign+ adds diffuse functions to heavy atoms and++ adds them also to
the hydrogen atoms. For example a basis set 6-311++G(3df,2pd) puts 3 d functions and 1 f
function on heavy atoms, and 2p functions and 1 d function on hydrogens, and puts diffuse
functions on both. Some basis sets as cc-pV6Z include already polarization functions in the
definition but the diffuse functions are added with the prefix aug.

3) Restricted vs. unrestricted

There is a third component to every GAUSSIAN calculation involving how electron–spin
is handled: with an open shell model (unrestricted) or with a closed shell model (restricted).
For closed shell molecules, the default is to use doubly occupied orbitals, each containing two
electrons of opposite spin. Open shell systems, for example most singly charged molecules,
are usually modelled by an unrestricted model spin. Restricted, closed shell calculations
force each electron pair into a single spatial orbital, while open shell calculations use separate
spatial orbitals for the spin up and spin down electrons.

3.2.3. GAUSSIAN calculations

In practice, defining a chemistry model implies choosing a level of theory and a basis
set which can be handled by the workstation but depends a lot on what is the goal of the
calculation. Two different kind of calculations were performed for this thesis: i) geometry
optimizations and ii) total energy calculations. While DFT has proven to be efficient in
optimizing molecular structures, MP2 is more accurate for single point energy calculations.
A mixed model combining different theory levels was used when the knowledge of the energy
was crucial.
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i) Geometry optimizations

A potential energy surface (PES) is a mathematical relationship between the molecular
structure and the according energy. For a diatomic molecule, the PES is a one dimensional
plot with the internuclear separation on the X-axis and the energy on the Y-axis. For larger
systems, the surface has as many dimensions as degrees of freedom within the molecule.
A surface can have valleys and mountains,i.e. minima and maxima. The minima can be
local or global. Local minima are limited to certain regions of the potential surface. A global
minimum is the lowest energy point anywhere on the potential surface. Minima correspond to
equilibrium structures, different minima can be different conformations or structural isomers.
Peaks and ridges are maxima. A peak is a point which is a maximum in all directions. A point
which is a minimum in one direction but a maximum in other direction is called a saddle point,
it usually corresponds to a transition structure connecting two equilibrium structures.

Geometry optimizations attempt to locate minima on the potential energy surface, and
in this way predict equilibrium structures of molecular systems. A geometry optimization
begins at the molecular structure specified as input, and evolves along the PES. It computes
the energy and the gradient at that point and determines how far and in which direction it
makes the next step. An optimization is complete when it has converged. The convergence
criteria used by GAUSSIAN are: the forces must be zero, the root-mean-square of the forces
must be essentially zero (below a certain tolerance), the calculated displacement for the next
step must be smaller than the defined cutoff value and its root-mean-square as well. The
presence of four criteria prevents premature identification of the minimum. In our cases,
the input is a known geometry from a database. When the structure was very complex,
for example for the clusters, the optimization was made following several steps in levels of
theory: first a semiempirical approximation and then the results were used as input for DFT
optimizations.

ii) Energy calculations

In order to estimate ionization potentials or molecular orbital shapes, single point energy
calculations are performed. A single point energy calculation is a prediction of the energy and
related properties for a molecule with a specified structure (geometry optimized structures
were used). The energy calculated is the sum of the electronic energy and nuclear repulsion
energy of the molecule at the specified nuclear configuration. The calculation is performed
at a fixed point (single point) on the PES for the molecule. Single point energy calculations
can be performed at any level of theory and with small or large basis sets. In order to obtain
accurate total energies of the systems under study, zero-point vibration and thermal energy
corrections must be computed.

Vertical ionization potentials are calculated based on the Franck–Condon principle. The
molecular structure remains unchanged and there is only an electronic transition between the
ground state(s) of the neutral molecule and the singly or doubly ionized molecule. Adiabatic
ionization potentials are more difficult to compute, since the geometries in the excited/ionized
state should be relaxed.



CHAPTER 4

H2O dissociation by protons and alpha particles

The most common molecule in biological environments is water. Many studies have been
devoted to the interaction of ionizing particles with water molecules. Those studies have
yielded absolute cross sections for selected final products, for example H2O+ or H+. Only
few coincidence studies have been performed to identify individual dissociation channels. In
this chapter, different H2O dissociation channels after impact of 4-24 keV H+ and Heq+ ions
are identified and the associated kinetic energy releases are presented. Some general features
of water molecules are discussed at the beginning of the chapter. Afterwards, proton average
energies following single ionization of water molecules are presented. Dissociation pathways
for double and triple ionization of water molecules can be identified on basis of the measured
kinetic energy releases. For double ionization, the two–step process predicted by Nobusada
and Tanaka [53] has been observed for the first time.

based on:
Dissociation of water molecules upon keV H+- and Heq+-induced ionization
Fresia Alvarado, Ronnie Hoekstra, and Thomas Schlathölter
J. Phys. B: At. Mol Opt. Phys.,38 (2005) 4085
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4.1. Gas phase water molecules

The current interest in understanding the molecular mechanisms underlying biological
radiation damage has triggered the investigation of ion-induced ionization and dissociation
of water molecules for ion energies covering the whole Bragg–peak region. In early studies,
Toburenet al.[54] measured high energy charge transfer cross sections for protons and atomic
hydrogen in the energy range 100 to 2500 keV in various gases, including water vapor. They
measured the energy dependence for single electron capture and electron loss. Both quantities
were found to decrease with energy. Some years later, Ruddet al. [55] measured ionization
cross sections of water vapor by protons in a broader energy range of 7-4000 keV . They also
determined ionization, capture and loss cross sections for H2O in collisions with 5-450 keV
He+ [56]. The obtained data provided cross sections for the production of positive ions and
electrons after the collision.

It was only in 1995 when Werneret al. [57, 58] provided coincidence information of
selected fragments for the complete Coulomb fragmentation of water molecules. In these
studies, kinetic energy releases (KER) for a number of water dissociation channels after 100-
350 keV H+ and He+, O6+ and O7+ impact were reported. Of special interest was the
process H2O → H++H++O+ for singly charged projectiles. Gobetet al. [23, 59] extended
these results by separating direct ionization and electron-capture contributions to the partial
and total absolute cross-sections in 20-150 keV proton collisions with water molecules. From
their results, it is clear that around 50 keV, there is a transition from electron capture as the
major contributor to direct ionization. A compilation for charge transfer cross sections for
a wide energy range of protons and hydrogen atoms colliding with water molecules can be
found in the atomic data tables [60].

In the lower energy range, the studies by Dagnacet al.[61] on collisions of H+ with a wa-
ter vapor target provided total cross sections of charge exchange and electron loss for energies
between 2 and 60 keV. More recent experimental studies on charge transfer and electronic ex-
citation by 0.5-5 keV protons provided absolute differential and integral cross sections [62].
Very recently theoretical investigations on charge transfer and electronic excitation in pro-
ton collisions below 10 keV were performed using the molecular–orbital close–coupling ap-
proach [63]. In the energy range covered, this approach showed excellent agreement with the
above mentioned experiments.

In the high velocity range, several studies using highly charged ion impact have been
performed. Luna and Montenegro [64] used 1-3.5 MeV C3+ and O5+ to determine absolute
water cross sections. Much stronger H2O fragmentation was observed than for proton impact.
This was attributed to many electron removal and subsequent Coulomb explosion: the pre-
dominant process for highly charged projectiles at MeV energies. At energies≥1 MeV/amu,
fast protons and Fq+ [65] were used to study bond rearrangement within the water mole-
cule, namely water dissociation into H+

2 +Oq+. For fast protons, a strong isotopic effect was
observed when comparing the bond rearrangement effect in H2O, HDO and D2O. Dealing
with isotopic effects, Legendreet al. [66] found evidence of a stronger O-H bond cleavage
in comparison with the O-D cleavage on HDO cation and dication fragmentation. Recently
wave-packet propagation calculations of the branching ratios for HDO2+ dissociation were
shown to be in good agreement with the experimental data [67].

In non-coincidence studies on 1-5 keV He2+ and 2-90 keV Neq+ induced water frag-
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Figure 4.1: Ground state geometry of the water molecule with the parameters calculated using MP2
theory with aug-cc-pVQZ basis set. In brackets the experimental data is given [71].

mentation [68–70], a number of different dissociation channels has been invoked. The as-
signment of the kinetic energies observed for the dissociation channels was done using only
a Coulomb explosion model. Therefore the correspondence between the energy assigned
to particular dissociation channels remained tentative. However, the absolute cross sections
for the different dissociation channels obtained at these projectile energies are very valuable.
Then, complementary studies on coincident detection of the fragments at the same projectile
energies will provide additional information to unambiguously assign the channels observed.

Electronic and geometric features of H2O

In fig. 4.1 a schematic representation of the water molecule is shown. It consists of two
light atoms (H) and a relatively heavy atom (O). The ground state geometry can be described
by the O-H bond lengths and the angle in between the two O-H bonds. The values in the
figure correspond to the result of a geometry optimization using GAUSSIAN [49] with MP2
theory and the aug-cc-pVQZ basis set. For comparison, the experimental values are given in
brackets.

Electronically, the H2O molecule is dominated by the central oxygen atom. The valence
molecular orbitals (MO’s) are largely centered around the O atom and H2O accordingly ap-
pears almost spherical. Fig. 4.2 displays the molecular orbital shapes for the ground state of
the water molecule. Binding energies obtained with MP2 theory are compared with binding
energies given by TD-DFT theory [72] and experimental results [73]. The orbital labels in
the figure denote the five occupied molecular orbitals of the water molecule (C2v geometry)
corresponding to the (1a1)2(2a1)2(1b2)2(3a1)2(1b1)2 ground state configuration. The geom-
etry of the orbitals does not depend on the theoretical model employed. It can be seen that
the HOMO of the molecule corresponds to the oxygen lone-paired electrons (not involved in
chemical bonding). The HOMO-1 has mixed bond pair and lone pair character and HOMO-2
is only related to O-H chemical bonding. The orbitals 2a1 and 1a1 correspond to inner va-
lence and core MO’s, dominated mostly by contributions of the oxygen 2s and 1s orbitals
respectively.
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Figure 4.3: Fragmentation spectra of water molecules after collisions with H+, He+ and He2+ at 6 keV
total energy of the projectile.

Two important consequences arise from the geometry and electronic properties of the
water molecules: 1) charge is not equally distributed over the molecule, the dipolar char-
acteristics can be represented by 2 positive point charges at the positions of the hydrogen
atoms and 2 negative point charges on the oxygen atom; 2) the lone-pairs on the oxygen atom
and the polarity of the OH bonds give rise to tetrahedral coordination when several H2O
molecules are present.

Electron transfer to keV singly and multiply charged ions is known to involve mainly the
most weakly bound target electrons. For water molecules, inelastic atomic interactions will
involve HOMO, and to a less extent HOMO-1 and HOMO-2. Only when large amounts of
energy can be deposited into the target, inner valence and core electrons will play a role.

4.2. Fragmentation of water molecules

When a keV ion collides with a water molecule, a variety of processes can take place. It
is known that in this velocity range not only charge transfer processes but also direct ioniza-
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Figure 4.4: Percentage of fragment formation relative to the H2O+ formation for the different frag-
ments formed after impact with 6 keV H+, He+ and He2+.

tion and excitation can occur. In our experiments we can directly observe the fragmentation
pathways after ionization but we cannot directly infer how the molecule was ionized in the
first place. For a projectileA with chargeq colliding with water molecules, the following
specific collision processes are possible:

Aq+ +H2O → Aq+ +H2O∗ (excitation) (4.1)

Aq+ +H2O → Aq+ +H2O+ +e− (direct ionization) (4.2)

Aq+ +H2O → A(q−r)+ +H2Or+ (electron capture) (4.3)

The full process, including the previous three can be described by the following equation:

Aq+ +H2O → A(q−r)+ +H2O∗(r+s)+ +se− (total) (4.4)

Here, r is the number of electrons captured from the target into the projectile ands is the
number of electrons released during the collision. As described in chapter 3, close collisions
lead to excited molecules (eq. 4.1), singly charged intact molecules with electron release
(eq. 4.2), or a combination of them: singly charged molecules in an excited state which
can, in turn, dissociate. On the other hand, distant collisions are characterized by gentle
charge transfer from the target to the projectile (eq. 4.3). In the experiments described in
this chapter, excitation, ionization and capture can occur during the collision, leading to a
more general process described by eq. 4.4. The consequence of this general process can be
surprising effects such as triply charged target molecules after collisions with doubly charged
projectiles.
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Table 4.1: Average kinetic energies of protons stemming from single ionization of H2O induced by
different projectile ions at 6 keV.

projectile H+ He+ He2+

average kinetic energy (eV) 2.1 1.8 3.6

In fig. 4.3 the fragmentation patterns of water molecules after impact by different projec-
tiles are shown. It can be seen that the total fragment formation yields are strongly influenced
by the projectile’s electronic structure and charge state. All spectra are normalized to the
maximum intensity of the surviving H2O+. It can be seen that the relative fragmentation
yields are the highest for He+. The fragment O2+ is observed for He2+ projectiles and in
traces also for He+. In fig. 4.4 the branching ratios for fragment formation are plotted for
the different projectiles. The highest fragment yields are observed for He+, followed by the
He2+ and the lowest yields are observed for H+. For the fragment OH+ the branching ratios
are higher for H+ projectiles than for He2+.

In the following the second step of the collision process will be discussed,i.e. possi-
ble dissociation paths followed after single, double or triple ionization will be explored and
compared for different projectiles.

4.3. Single ionization

H2O+ → H+ + OH0 and H2O+ → H+ + O0 + H0

There are several fragmentation channels that can result from the single ionization of
water molecules. The channels involving formation of protons are H2O+ → H++OH0 and
H2O+ → H++O0+H0 [74]. To our knowledge, the cross-section for the second mentioned
channel as compared to the first one is not known. There are two other channels leading to
formation of either O+ and two neutral hydrogens or OH+ and a neutral H. Due to the lower
yields for these processes as compared to the ones leading to H+ formation, they will not be
treated in this study.

The assignment of KER values to dissociation channels following single ionization is
more difficult than for the multiple ionization cases. Using the technique sketched in fig. 2.8,
the contributions from single ionization can be separated. Within our experimental resolu-
tion, structure-less KER distributions peaking at 0 eV are obtained. Table 4.1 shows the
average kinetic energies of protons stemming from single ionization events. Whereas for
singly charged projectiles, average KER’s of≈ 2 eV are found, these values almost double to
3.6 eV for the He2+ case. This hints at the population of higher excited H2O+ intermediate
states from which the dissociation starts.
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He+(middle) and He2+(bottom) collisions with H2O. The values in parentheses were obtained for
23 keV projectiles.

4.4. Double ionization

As already mentioned in chapter 2, time-of-flight spectrometry experiments on molecu-
lar dissociation products might be hindered by the occurrence of neutral fragments, which
cannot be detected without employing post-ionization methods. Therefore, the KER of some
dissociation channels after double ionization of the molecule, namely the ones leading to neu-
tral fragments, are not directly accessible in our experiment. Furthermore, the dead-time of
the timing electronics does not allow the coincident detection of two protons from one H2O
dissociation event. Detection of two fragments from a dissociation into three fragments is
often insufficient to unambiguously identify the respective fragmentation channel. However,
two-body breakup into two charged fragments can be investigated kinematically complete
and serves as a starting point for the further analysis.

H2O2+ → H+ + OH+

For singly charged projectile ions at lower energies, this is the most intense fragmenta-
tion channel involving at least two ionic fragments. Its two-body nature requires zero total
momentum of the two fragment ions leading to a−1 slope of the respective islands in the
correlation plot (see fig. 2.10 and discussion in section 2.4.2). The KERs for this process
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were determined to be (3.4 + 0.18) eV≈ 3.6 eV and (3.6 + 0.16) eV≈ 3.8 eV for 6 keV H+

and He+ projectiles, respectively. At 23 keV, only slightly higher KER values are observed.
For He2+ projectiles, the H+ + OH+ channel has a smaller relative cross section but the

KER is much higher than for H+ and He+ projectiles. At 6 keV projectile energy, a KER
of (6.5 + 0.31) eV≈ 6.8 eV is observed (see fig. 4.5). At 23 keV projectile energy, this
value decreases by more than one eV to 5.6 eV total KER. This dissociation channel can
be assigned to double electron capture from the water molecule. The possible scenario is
described in the following paragraph.

The short He2+-H2O interaction time (of the order of 1 fs) implies a Franck-Condon
transition from the H2O ground state to a H2O2+ dication state,i.e. a vertical transition with
H2O2+ in bent (C2v) geometry. Fig. 4.6 shows the ionization energies of the lowest H2O2+

states relative to the H2O ground state. The dissociation products of these (unstable) states
are H+ and OH+, the latter either in the3Σ− ground state or in the1∆ excited state. Because
of spin-conservation, the3B1 H2O2+ can only decay to the3Σ− ground state of OH+. This
dissociation would be accompanied by a KER of about 8.3 eV, which clearly exceeds our
experimental value. Dissociation from the1A1 H2O2+ to H+ + 1∆ OH+ on the other hand
leads to a KER of about 7.3 eV, only 0.5 eV off the 6.8 eV we observe experimentally for 6
keV He2+ projectiles. The decrease of the measured KER with increased projectile kinetic
energy might be due to population of higher excited H2O2+ states leading to higher excited
states of the product OH+ or vibrationally excited OH+. A similar trend of decreasing kinetic
energy release with increasing velocity has been observed before, for He2+ collisions with
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Table 4.2: Percentage of H+ fragments stemming from different ionization/dissociation channels fol-
lowing He+/H+ interactions with H2O. Our experiment discriminates against the H++O+H+ channel.

ionization: products:

projectile single double H++OH+ H0+O++H+

6 keV He+ 84.2% 15.8% 10.0% 5.7%

23 keV He+ 82.6% 17.4% 9.0% 8.4%

ratio (23keV/6keV) 0.98 1.10 0.9 1.47

6 keV H+ 86.5% 13.5% 11.2% 2.3%

23 keV H+ 88.4% 11.6% 8.2% 3.4%

ratio (23keV/6keV) 1.02 0.86 0.73 1.48

CO [79]. Note that population of higher excited states does not lead to a lower KER. If the
excited state decays into low lying product states, also an increase in KER is possible, as will
be invoked in a later section. A thorough theoretical analysis of the excited states of the water
dication and its products would be needed for a detailed understanding of their role.

In collisions of MeV highly charged ions with water, Siegmannet al. [80] and Legendre
et al. [66] also observed a KER around 6.5 eV for the H+ + OH+ and H+ + OD+ breakup
channels, respectively. No dependence of the energy distribution on the projectile charge
state was observed [80].

On the other hand, in photofragmentation/charge transfer studies on H2O two KER con-
tributions at lower energies of 3±1 eV and 4.8±0.5 eV have been observed for the D++OD+

pair [76], and they are assumed to be similar for isotopic congeners. The energies were
attributed to an adiabatic double ionization to3Σ−g H2O2+ in linear (D∞h) geometry which
subsequently dissociates into H+ and3Σ− OH+ or 1∆ OH+, supposedly giving rise to KERs
of about 2.6 eV and 4.8 eV, respectively (see fig. 4.6). Note, that the low KER channel is
spin-forbidden. The KER of about 4 eV that we measure for the H+ and He+ induced disso-
ciation of the water dication (see fig. 4.5) lies in between the values obtained by Richardson
et al. [76] and also can only be explained by an adiabatic double ionization. For He+ and
H+ projectiles, double charge transfer is either ruled out or very unlikely and other ioniza-
tion processes have to be invoked. A possible scenario is resonant capture or ionization of
an inner H2O electron and a subsequent Auger-deexcitation. Auger processes take place on
timescales similar to molecular rearrangement times which would explain the apparent adi-
abatic nature of the ionization process. For H+ projectiles, the responsible process could be
direct ionization of a lower lying electron followed by Auger deexcitation.

Using the procedure sketched in fig. 2.8, chapter 2 the fraction of fragment H+, which
is due to single or double ionization can be obtained. For double ionization, it is further-
more possible to distinguish between two dissociation channels. The results for H+ and He+

projectiles at 6 keV and 23 keV can be found in table 4.2. The balance between single and
double ionization remains virtually unchanged when increasing the projectile energy and also
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Figure 4.7: Kinetic energies of H+(left) and O+(right) fragment ions formed in 6 keV H+ and He+

collisions with H2O. The values in parentheses were obtained for 23 keV projectiles.

the relevance of the H2O2+ → H++OH+ channel changes only weakly. It is difficult to draw
conclusions from these trends alone, since two additional dissociation channels for the wa-
ter dication exist. For the H2O2+ → H0+O++H+ channel, a strong increase with projectile
velocity is observed. This channel is relatively stronger for He+ than for H+. In the next
section, this fragmentation channel is discussed in more detail. The third channel, namely
H2O2+ → H++O+H+, was found to be the most important one for double ionization of water
after MeV Xe44+ collisions [74]. A qualitatively similar result has been observed for 100-350
keV H+ projectiles [58]. This channel cannot be observed in the present experiment.

H2O2+ → H0 + O+ + H+

For H+ and He+ projectiles, a strong O+ + H+ fragmentation channel associated with a
H+ fragment kinetic energy of about 14-15 eV (see fig. 4.7) is observed. This value is too low
to be due to a Coulomb explosion of H2O3+ (H+ kinetic energy≈ 18 eV, see next section).
Furthermore, triple ionization by singly charged projectiles at keV energies is a very unlikely
process and should therefore be negligible in our experiment. Therefore the H+-O+ fragment
ion pair is most probably due to H2O2+ fragmentation.

A two–step dissociation of H2O2+ proceeding via the process discussed in the last section
is ruled out, since it yields1∆ OH+, which dissociates into O and H+. The resulting H+-H+

coincidence has been observed as a very weak channel in the photofragmentation study of
Richardsonet al. [76]. Some excited states of H2O2+ however eventually can dissociate into
H+, O+ and H, according to calculations using spin coupled valence bond theory [81]. In
the photofragmentation study, a weak H2O2+ → OH++H+ → O++H+H+ channel was also
identified. The KER associated with this channel amounts to 5±1 eV [76] and therefore
clearly falls short to the 15 eV obtained here.
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Nobusada and Tanaka [53] calculated that if H2O2+ is formed by removal of the 2 oxygen
lone-paired2p electrons (corresponding to the most loosely bound1b1 molecular orbital in
fig. 4.2) accompanied by a shake-up of an electron from3a1 to 4a1, then another decay pro-
cess occurs: H2O2+→OH2++H→O++H++H. With the two charges localized on the oxygen
atom, the authors conclude that the two O-H bonds start to stretch almost symmetrically on
a rather flat potential energy surface (PES), before the intermediate OH2+ dissociates. The
total KER is expected to be≈ 15 eV.

The latter value is in good agreement with the experimental data presented in fig. 4.7 and
we therefore conclude that we have experimentally identified this predicted decay channel.
It has to be noted that in a non-coincidence experiment for 4 keV He2+ induced water frag-
mentation, Seredyuket al. [69] already observed H+ fragment ions of about 15 eV kinetic
energy. However, in their study this peak was tentatively attributed to the one step H2O2+

dissociation into OH+ and H+ or O++H++H.
From table 4.2 it can be seen, that the relative importance of this channel increases by

about 50% when going from 6 keV to 23 keV projectiles. This suggests that the process is
due to collisional ionization rather than electron transfer.

4.5. Triple ionization

H2O3+ → H+ + O+ + H+

For He2+ projectiles, the H+ and O+ kinetic energies associated with the H+ + O+ frag-
ment channel amount to 17.8 eV and 0.45 eV, respectively (see fig. 4.8). The H+ value is
higher than the 15 eV observed for He+ and H+ projectiles and therefore indicates that the
origin of these fragments is mainly triple ionization followed by a dissociation into H+ + O+

+ H+. In a non-coincidence experiment, Pešić et al. obtained similar H+ fragment energies
for 21 keV Neq+ induced dissociation of H2O [68].

In the higher energy range 100-350 keV H+ and He+, induced dissociation of triply
ionized water into H++O++H+ was studied by Werneret al. [58]. They found only a slight
increase of the H2O bond-angle during a symmetric H2O3+ breakup. The KER for this
process was calculated by means of Monte-Carlo techniques based on theab initio potential
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energy surfaces of the 9 lowest H2O3+ states. In agreement with their experimental data,
KER peaking between 32 eV and 41 eV with an overall maximum at 36 eV are obtained.
This value fits well to the(2× 17.8+ 0.45) eV ≈ 36 eV observed in our experiment (see
fig. 4.8). Note that one expects 39 eV from a pure Coulomb explosion model.

H2O3+ → H+ + O2+ + H

For He2+ projectiles, formation of O2+ fragment ions becomes an important channel.
For fast Xeq+ [80] as well as keV Oq+ [57] induced water ionization peak KER values of
about 67 eV have been observed for H+ and O2+ ions originating from quadruple ionization
(H2O4+ →H+ + O2+ + H+). This value is again smaller than the prediction of the Coulomb
explosion model but in agreement with Monte-Carlo simulations based onab initio PES [80].
A KER of 67 eV corresponds to H+ kinetic energies of≈ 33 eV, as observed for keV Neq+

projectiles [68].
In the experiments presented here, a much lower H+ fragment kinetic energy of about

27.5 eV (see fig. 4.9) is observed. This can be explained by the fact that H+-O2+ coincidences
can also be observed for a triple ionization followed by the process H2O3+ → H++O2++H.
A Coulomb explosion of the transient OH3+ complex alone leads to H+ and O2+ kinetic
energies of 28.3 eV and 1.8 eV, respectively. In the experiment, these energies are expected
to be influenced by the presence of the neutral H fragment.

4.6. Conclusions

Fragmentation channels for water molecules upon interaction with protons, He+ and
He2+ projectiles in the energy range 4-24 keV were investigated. It is clear that the projec-
tile electronic structure very strongly influences the dissociation patterns. The corresponding
KER distributions for a variety of dissociation channels were obtained and the underlying
fragmentation processes identified. In particular, for singly charged projectiles we identified
a H2O2+ fragmentation channel with a KER of about 15 eV. This KER can be attributed to the
dissociation sequence H2O2+ → OH2++H→ O++H++H recently predicted by theory [53]
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and observed experimentally for the first time. Charge states of q≥2+ of the transient water
molecular ion lead to fragment proton energies which often exceed 10 eV. This is particular
interesting in the context of biological radiation damage, since these energetic protons have
the potential to induce further damage in a cellular environment.



CHAPTER 5

Particle induced fragmentation of nucleobases

The first gas phase studies on molecular mechanisms underlying biological radiation dam-
age were performed using nucleobases. Together with the deoxyribose and phosphate groups,
the nitrogenous bases constitute the basic components of DNA. The DNA bases thymine, ade-
nine, guanine and cytosine together with the RNA base uracil codify the genetic information
in cells. In this chapter, for the first time experimental data on molecular fragmentation of the
nucleobase adenine following neutral projectile impact are presented. The results obtained
for atomic particle collisions are compared to measurements with ionic projectiles. The ap-
pearance of surprisingly long lived metastable adenine cations, particularly strong for neutral
projectile collisions, is reported for the first time and a two-step fragmentation process is
suggested to explain their appearance.

based on:
Interactions of neutral and singly charged KeV atomic particles with gas phase adenine molecules
F. Alvarado, S. Bari, R. Hoekstra, and T. Schlathölter.
J. Chem. Phys.127(2007) 034301

Ion-induced ionization and fragmentation of DNA building blocks
T. Schlatḧolter, F. Alvarado, S. Bari and R. Hoekstra.
Phys. Scr.,73 (2006) C113

Ion-biomolecule interactions and radiation damage
T. Schlatḧolter, F. Alvarado, and R. Hoekstra.
Nucl. Instr. Meth. B,233(2005) 62
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5.1. How it started

In their pioneering studies on the effects of secondary particles on DNA, Sanche and
coworkers showed that low energy electrons (3-20 eV) can cause single and double strand
breaks of plasmid DNA [82, 83]. They also demonstrated a strong correlation between the
formation of these strand breaks, particularly their energy dependence, and the decays (via
electron detachment or dissociation along one or several bonds) of transient molecular anions
produced by electron attachment on the basic DNA components [84, 85]. It was shown that
even electrons with kinetic energies down to zero were able to induce single strand breaks
with pronounced maxima between 0 and 3 eV [86]. Those results were in good agreement
with resonances found for dissociative electron attachment to gas phase nucleobases [87–89].
From there on it became clear that nucleobases are a relevant model target in the context of
biological radiation damage.

It is well known that low energy electrons are the most abundant secondary species pro-
duced along a particles track. However, other secondary processes occur along the path of a
charged particle, such as radical production and formation of slow secondary ions. Whereas
low energy electrons mainly induce easily repairable SSBs in DNA, slow ions carry sufficient
potential and kinetic energy to induce more relevant biological damagee.gclustered lesions.

Our studies on the interaction of keV ions with isolated DNA/RNA building blocks started
with the nucleobases thymine (C5H6N2O2) and uracil (C4H4N2O2). These studies revealed
that fragmentation patterns and fragment formation are strongly influenced by the projectile
characteristics. The dependence of ionization and fragmentation of thymine and uracil on
type, charge stateq and velocityv of the projectiles have been intensively studied [27, 28,
31, 90]. It was shown that the electronic structure of the projectile plays an important role
in molecular fragmentation. On the other hand the dependence of the fragmentation cross
sections on projectile velocity was found to be weak. Our previous studies also showed that
the fragmentation processes depend strongly on the target molecule [91].

For the isolated nucleobases uracil and thymine the response to the interaction can be
divided into three regimes: i) non-dissociative ionization (mainly due to electron capture),
ii) two-body break up and iii) multi-fragmentation. The fragments originating from the col-
lisions can have energies in the order of 10 eV for Cq+ projectiles [27] and of the order of
100 eV for Xe25+ projectiles [90]. Denget al. found that even ions with kinetic energies
in this order (10-200 eV) can produce damage to fundamental building blocks of DNA in
films [29]. Their results indicate that usual models of biological radiation damage might
underestimate the damage at the end of the Bragg peak [26].

In fig. 5.1 the molecular structures of the five nitrogenous bases are given. Adenine
and guanine belong to the class of purine derivatives while thymine, cytosine and uracil are
pyrimidine derivatives. Being aromatic compounds, the molecules are mainly planar. The
main difference between the structure of purines and pyrimidines is the number of rings
present. In living systems, the main difference between purines and pyrimidines is the way
they are synthesized from simple precursors: in order to form the purines rings 5 precursors
are needed but to synthesize the pyrimidines ring, only two precursors are needed [92].
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Figure 5.1: Schematic representation of the molecular structure of the four DNA nucleobases adenine,
thymine, guanine and cytosine and the RNA base uracil.
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Figure 5.2: Mass spectra of adenine after collisions with singly and doubly charged He projectiles at
0.45 a.u velocity.aderepresents the adenine molecule. Spectra are scaled to the maximum intensity of
the parent molecule peak. The relative fragmentation yields are 97% (He+) and 87% (He2+).

5.2. The nucleobase adenine

Adenine (C5H5N5) is a purine derivative. Purines differ from pyrimidines because they
contain not only the aromatic 6-membered ring characteristic for pyrimidines but fused to
it also an imidazole ring. Previously studied nucleobases (thymine and uracil) were pyrim-
idines. The components of nucleobases are carbon, nitrogen, hydrogen and oxygen atoms.
Adenine is the only nucleobase without oxygen atoms in its structure.

Gas phase adenine molecules were studied using ultraviolet photoelectron spectroscopy.
There, the ionization potentials of the adenine orbitals were determined and conclusions on
the most stable tautomeric structures were obtained [93]. Early studies using electron impact
ionization of pyrimidines [94] and purines [95] gave the first hints of differences in fragmen-
tation paths between purine and pyrimidine nucleobases. Studies on site selectively isotope
labelled adenine compounds gave a better inside on the specific adenine fragmentation path-
ways [96]. Negative fragment ions have been investigated in high resolution experiments of
electron attachment to gas phase adenine at electron energies up to 15 eV [97]. The dehydro-
genation processes due to electron attachment for very low energies (<3 eV) were also stud-
ied [98]. To our knowledge the only studies of interactions of ions with adenine molecules
were carried out very recently using 36 keV F2+ [33], 56 keV Ar8+ [99] and 100 keV pro-
tons [100].
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5.3. Adenine fragmentation by alpha particles

Fig. 5.2 shows two typical fragmentation spectra of adenine after collisions with He+ and
He2+. The main characteristics of nucleobase spectra in general are 1) the relatively strong
peak of the surviving parent molecule (in this case ade+ at m/z = 135) and 2) the clearly
defined groups of fragment peaks numbered from 1 to 10 on top of the figure. Each of these
groups is due to fragments with a fixed number of “heavy” atoms (carbon and nitrogen for
adenine) and a variable number of hydrogen atoms. Similar characteristics were observed for
uracil [31] and for thymine [27] after irradiation with carbon and other projectile ions [91].

A remarkable fact that has been also observed for other nucleobases is the selectivity in
bond breakage. As can be seen, the yields of the group containing 7 heavy atoms (m/z≈ 92)
are very low whereas fragments containing 9 heavy atoms (m/z≈ 118) are not observed
at all. This implies that losing only one nitrogen or carbon atom with or without different
numbers of hydrogens is not a viable fragmentation path. Note that while these groups are
weak or absent for the isolated nucleobase, they are observed in the fragmentation spectra
of adenine clusters where intermolecular hydrogen bonds weaken intramolecular bonds and
thus influence fragmentation (chapter 7). On the other hand, although weak, the loss of one
hydrogen was observed for adenine molecules after interaction with the different projectiles,
in contrast to uracil where it was not observed at all. For thymine molecules the loss of one
and even two protons was observed.

It can be seen that for He+ the fragmentation is more extensive as compared to He2+.
This can be attributed to the projectile electronic structure. For He+ the resonant electron
capture channel is closed. Electron capture can only occur accompanied by the deposition of
large amounts of energy that will make the collision very violent. On the other hand He2+

has available levels into which resonant or quasi-resonant capture of electrons from the target
molecule can occur. The possibility of gentle capture gives rise to larger amounts of surviving
molecules. This will be discussed in detail later in this chapter.

Doubly charged surviving molecules appear as a strong channel for both projectiles. They
have also been observed for other nucleobases. This reflects the capacity of the molecule to
redistribute the charge without breaking any bonds. Small peaks of doubly charged nitrogen
and oxygen observed in both cases are attributed to ionization of residual gases (N2, O2 and
water vapor).

5.4. From charged to neutral projectiles

In fig. 5.3 mass spectra for 14 keV charged and neutral projectiles are presented. The
spectra are normalized to the peak maximum of the parent molecule. Although intensities
differ, the same groups of peaks appear in all spectra. No peaks or groups of peaks are
specific to one of the projectiles which indicates that the possible fragmentation pathways
depend neither on the type of projectile nor on the projectile’s electronic structure. Only the
intensity of the different peaks,i.e. the branching ratios, depend on the projectile. Note that
the total ionization cross section is much larger for charged projectiles as compared to neutral
ones but as the spectra are normalized to the parent peak, this effect does not show in fig. 5.3.

The shapes of the adenine spectra shown in fig. 5.3 are typical for nucleobases as pointed
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Figure 5.3: Mass spectra of adenine after collisions with 14 keV H+ and H0, 14 keV He+ and He0 and
14 keV C+ and C0. The numbers on top of the upper panels represent the number of heavy elements (C
or N) in each group of peaks.
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Figure 5.4: Zooms into the group5 of the adenine mass spectra after collisions with 14 keV projectiles:
H+ and H0, He+ and He0, and C+ and C0. The solid line corresponds to the charged projectile and the
dashed line to the corresponding neutral one.

out for the case of alpha particles. The groups of peaks for charged and neutral projectiles
are labelled on top of the panels in fig. 5.3. A quantitative view on the details of the spectra
will be given in the following sections.

5.4.1. Formation of adenine2+

In all the spectra for adenine, remarkably enough also in those obtained from collisions
with neutral projectiles, the doubly charged parent molecule is observed, indicating a high
stability of the doubly charged adenine molecule. Zooms into the spectra around the doubly
charged adenine peak appearing at 67.5 (group 5) are displayed in fig. 5.4. The spectra are
normalized to the ade+ yield. It can be seen that for hydrogen projectiles, the peaks for the
ade2+ are of equal relative intensity (≈ 0.05, see grey dotted stripe in fig. 5.4). Similar relative
intensities around 0.05 are found for C0 and C+, and He0 projectiles. The only exception is
the He+ projectile, for which the relative ade2+ yield is three times higher.

5.4.2. The dominant fragments

In contrast to pyrimidine nucleobases, such as uracil and thymine, the fragmentation of
the purine adenine mainly proceeds along specific pathways. This is partly due to the more
homogeneous molecular composition of adenine: it lacks oxygen atoms. For H+ and H0

and C+ and C0 the dominant peaks in the spectra shown in fig. 5.3 correspond to the adenine
parent molecule (ade+) and ions withm/z= 28. A strong peak atm/z= 28was also observed
in early electron impact studies [95] and in photoionization studies [101] in which it was
identified as the molecular fragment HCNH+. A strong contribution of surviving adenine
molecules was also observed in collisions with keV F2+ ions, where a restriction to single
electron capture events was made [33]. The contribution of residual gas in our experiments
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Table 5.1: Relative yield of HCNH+ as compared to the parent molecular adenine ion for 14 keV ionic
and neutral projectiles.

Projectile HCNH+/ade+

H+ 1.20±0.01

H0 1.03±0.02

C+ 0.57±0.01

C0 1.28±0.02

He+ 4.90±0.03

He0 5.00±0.04

is negligible. We can thus rule out an appreciable contribution of N+
2 or CO+ from residual

gas to the peak atm/z= 28.

For He+ and He0 the HCNH+ peak clearly dominates the spectra, in contrast to the results
for H and C projectiles where the ade+ also is a dominant peak in the spectra. In table 5.1
the ratios of the total integral of HCNH+ in comparison with the yield of the adenine parent
molecule (ade+) are given. It can be seen that for He projectiles the intensity of the HCNH+

peak is∼5 times larger than the parent molecule, hinting at a more violent fragmentation for
this projectile both in its neutral and charged state.

It can already be seen from table 5.1 that when changing the charge state of the projectile
from singly charged to neutral, the effect on HCNH+ formation is the strongest for carbon
projectiles. After collisions with neutral carbon projectiles, the yield of this fragment is
about two times larger than after collisions with the correspondent charged projectile. For H
projectiles, when changing the charge state the intensity of this fragment slightly decreases
with respect to the parent molecule.

5.4.3. The different groups

The neutral/charged projectile ratios of the total integrals of all the peaks within each of
the groups labelled on the top panel in fig. 5.3 and normalized to the parent molecule (group
10) are plotted in fig. 5.5. From this figure, it is clear that the strongest difference between
neutral and charged projectiles is observed for carbon projectiles. The interaction of a neutral
carbon projectile with the adenine produces on average 3 times more small fragments (groups
1–5) than the interaction of a charged carbon projectile. For helium and hydrogen projectiles,
the ratios are close to one for all groups, the only exception being the group containing 8
heavy atoms after collisions with the He projectiles (marked with a dashed circle in fig. 5.5).
This group together with particular other fragments will be discussed in detail later.
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Figure 5.5: Ratio of the different groups numbered from 1 to 10 according to the number of “heavy”
elements after collisions with 14 keV singly charged and neutral projectiles.

5.4.4. Delayed fragmentation

In earlier adenine studies [95], it was shown that one of the characteristic fragmentation
pathways for adenine after collisions with 70 eV electrons is the sequential loss of neutral
HCN. Although the initial HCN loss requires at least two bond ruptures within the six–
membered ring, this channel is known to be a major fragmentation pathway in many purine
derivatives [96].

In fig. 5.3, the sequential loss of HCN is indicated with arrows. The channels correspond-
ing to each HCN loss were assigned in photoionization studies [101] as follows:

C5H5N+
5 → HCN + C4H4N+

4 (m/z= 108) (5.1)

C4H4N+
4 → HCN + C3H3N+

3 (m/z= 81) (5.2)

C3H3N+
3 → HCN + C2H2N+

2 (m/z= 54) (5.3)

C2H2N+
2 → HCN + HCN+ (m/z= 27) (5.4)

Due to the neutral nature of the HCN, a direct observation of these channels is difficult.
However, the complementary ion can be directly measured.

For the fragments likely to be associated with HCN loss, fig. 5.6 shows the ratio of their
production by neutral and charged projectiles. It can be seen that for the fragments produced
after collisions with H0 and H+ the ratios stay close to 1,i.e. the respective channels seem
unaffected. The same trend was observed for all groups corresponding to these projectiles in
fig. 5.5. For carbon projectiles, as already expected from fig. 5.5, an enhancement in the lower



58 Particle induced fragmentation of nucleobases

27 54 81 108
0.5

1.0

1.5

2.0

2.5

3.0

 

 

 C0/C+

 He0/He+

 H0/H+

ra
tio

 n
eu

tra
l/c

ha
rg

ed

m/z

Figure 5.6: Ratio of the fragments presumed to be formed by HCN neutral loss by collisions with
14 keV singly and neutral projectiles. The processes are described in eq. (5.1) – (5.4).

mass fragments is observed. The fragments HCN+ (m/z = 27) and C2H2N+
2 (m/z = 54)

are respectively 3 and 2 times stronger for the neutral projectiles than for the charged ones.
For He0 the formation of the fragments C4H4N+

4 (m/z= 108) and C3H3N+
3 (m/z= 81) is

respectively 2.5 and 1.8 times more probable than for He+. This could already be observed
in fig. 5.5 especially for group8 which strongly deviated from the general trend.

A zoom into group6 and group8 for the mass spectra after collisions with He projectiles
is shown in fig. 5.7. The solid line corresponds to collisions with He+ while the dashed line
shows the spectra after collisions with neutral He. It is clear that for collisions with neutral
projectiles peaks appear at non–integer masses.

The appearance of such non–integer peaks atm/z= 81.7 andm/z= 108.7 is a character-
istic signature of delayed fragmentation in reflectron-type TOF systems (see section 2.2.4).
It originates from fragmentation processes that occur in the first field-free drift region of the
spectrometer. After fragmentation in this region, the fragments will continue to propagate
with an unchanged center-of-mass velocity until the electrostatic mirror is reached. Here, the
change in ion mass manifests in a way that a given fragmentation process anywhere in the
first field free region will lead to the same, shifted peak position in the TOF spectrum,i.e. in
them/zspectrum.

For our reflectron system, the additional peak atm/z = 108.7 can only be explained if
the fragments arriving delayed to the detector stem from a metastable adenine fragment with
m/z= 109, C4H5N+∗

4 probably originating from the (prompt) loss of a neutral CN fragment.
During its flight through the first drift region, the C4H5N+∗

4 then loses a neutral hydrogen.
The two-step process should look like:

C5H5N+
5 → CN + C4H5N+∗

4 (m/z= 109) (5.5)
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Figure 5.7: Zoom into group 6 and group 8 of the adenine mass spectra after collisions with 14 keV
He+ and He0 presented in fig. 5.3. The solid line corresponds to the charged projectile and the dashed
line to the corresponding neutral one.

C4H5N+∗
4

τ ∼ µs−−−−→ H + C4H4N+
4 (m/z= 108) (5.6)

For the non-integer mass peak atm/z = 81.6, similar TOF estimations of the different
fragments’ arrival times indicate that the shifted peak originates most probably from an ex-
cited fragment withm/z = 82 that decays after a few microseconds by losing a neutral H.
The precursor fragment withm/z= 82 is produced promptly in the collision region. After
reaction (5.1), the following steps are therefore:

C4H4N+
4 → CN + C3H4N+∗

3 (m/z= 82) (5.7)

C3H4N+∗
3

τ ∼ µs−−−−→ H + C3H3N+
3 (m/z= 81) (5.8)

In both cases, the excitation energy in the intermediate complex is thus statistically dis-
tributed over its vibrational modes. Depending on how far the excitation energy exceeds
the energy needed to detach the respective H atom, this detachment will be either prompt or
delayed.

For electron [95, 96] and photon impact [101] direct HCN loss was observed as the pre-
ferred fragmentation channel. This could mean that also in those studies fragmentation pro-
ceeds via eqs. (5.5)-(5.6) or (5.7)-(5.8) but: 1) their measuring system did not allow to study
metastable decay of fragments or 2) the excitation energy was high enough to reduce average
lifetimesτ to the ns regime and made the effect not measurable.
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Figure 5.8: Zoom into three groups of islands from a correlation plot of fragment ions produced in
collisions of 20 keV He2+.
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5.4.5. Coincidence studies

For double ionization events, the precursor is ade2+. Intuitively one expects that the
channel from eq. (5.1) or rather the ones from eqs. (5.5)-(5.6) are then switching over to

C5H5N2+
5 → HCNH+ + C4H3N+

4 (5.9)

in which two closed shell fragments rather than radicals are formed. In our coincidence stud-
ies with singly and doubly charged projectiles, the formation of HCNH+ in coincidence with
C4H3N+

4 (m/z= 107) is observed, implying the two body break up of the adenine molecule.
Also the fragmentsC3H2N+

3 (m/z= 80) andC2HN+
2 (m/z= 53) are observed in coincidence

with HCNH+. In fig. 5.8 a zoom into specific islands from a coincidence plot for adenine
after collisions with 20 keV He2+ projectiles is shown. The coincidence islands correspond-
ing to the fragments formed in coincidence with HCNH+, namelyC4H3N+

4 (m/z = 107),
C3H2N+

3 (m/z= 80) andC2HN+
2 (m/z= 53) are marked with an arrow.

The encircled areas in the figure, close to the coincidence islands, show the position of
tails attached to the islands. As for adenine single ionization, here again we observe signs of
delayed fragmentation. If occurring within the extraction region of the spectrometer, delayed
fragmentation manifests in tails rather than additional peaks.

Delayed fragmentation of doubly charged adenine produced in collisions with 100 keV
protons was recently reported by Francerieset al. [100] for the same two channels that we
observed. The authors estimated lifetimes for the respective metastable states of ade2+ of the
order of 200 ns.

5.5. Discussion

As it has been pointed out previously [102] in general, in molecular fragmentation by
charged projectiles, the appearance of intact parent ions can often be related to resonant
electron capture at relatively large projectile–target distances - a relatively gentle process.
This is in contrast to the formation of small fragments, which are often generated in more
violent close collisions, involving not only electron capture but also direct ionization and
electronic and vibrational excitation. We can thus divide the interaction processes in two
regimes: 1) close collisions where ionization, capture and excitation occur simultaneously
and 2) distant collisions where electron capture is the dominant mechanism.

The relative fragmentation yield for a molecule after impact with different projectiles
can be assumed to be inversely proportional to the electron capture cross section. Bacchus-
Montabonelet al. showed that semiclassical calculations based onab initio potential energy
curves can explain the experimentally observed trends in resonant charge transfer between
uracil and Cq+ ions [103,104].

For neutral projectiles, obviously the main capture channel is closed as compared to the
charged projectile case. Only regime 1) contributes and formation of smaller fragments is
expected to become preferred if for the ionic projectile resonant capture was a relevant pro-
cess in the first place. Such a closure of the capture channel seems to happen for carbon
projectiles. For helium and hydrogen the changes in the ratios of the fragments are very
weak.
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Fig. 5.9 displays the energy levels of the adenine’s highest occupied molecular orbitals
(HOMOs) [93] in comparison with the levels of the three projectile ions in which an electron
can be captured [105]. The He2+ is added for comparison. The crucial value in fig. 5.9 is
the vertical ionization potential of adenine (IP=8.48 eV). Obviously, for C+ resonant electron
capture is possible into several energy levels (regime 2). The suppression of regime 2 (the
case for neutral projectiles) increases clearly the average amount of energy deposited to the
molecule which increases the fragmentation into small cations as seen in fig. 5.5.

For He+ projectiles resonant capture from the adenine HOMO is energetically ruled out,
inhibiting the contribution of regime 2). This explains the more severe fragmentation for He+

as compared to C+ where gentle collisions from regime 2) do contribute (fig. 5.3). For He+,
we thus look at events of high energy deposition, only.

To a smaller extend the same argumentation holds for H+ projectiles. Here, the only
energetically accessible state lies higher than in the He+ case but still about 6 eV below the
adenine HOMO. Resonant electron capture is unlikely for distant collisions but might become
possible for close collisions. Since these belong to regime 1), switching off regime 2) will
not have a strong effect on adenine fragmentation.

The strong effect for neutral Carbon can be observed once more in table 5.2 where the
relative fragmentation cross sections for the spectra shown in fig. 5.3 are displayed. The
relative fragmentation cross section (σ f ) is defined as1−Yade/Ytotal whereYade is the yield
of the adenine peak andYtotal is the sum of the yields of all adenine fragments excluding
H+ and H+

2 that could also stem from the residual water; but including the adenine parent
molecule yieldYade. The conclusion that for hydrogen and helium projectilesσ f are very
similar for the charged and the neutral projectiles whilst for carbon projectiles, the difference
in σ f is around 18%, summarizes the idea that electron capture plays an important role in
these collision systems.
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Table 5.2: Relative fragmentation cross sections (σ f ) of adenine for the different projectiles shown in
fig. 5.3

Projectile σ f ratio X0/X+

H+ 0.82±0.01 1.03

H0 0.80±0.01

C+ 0.72±0.01 1.18

C0 0.85±0.01

He+ 0.95±0.01 1.00

He0 0.95±0.01

But why is fragmentation so pronounced for He+ and He0 projectiles? It was already
hinted when we compared the fragmentation of adenine after He+ and He2+ projectiles. The
large energy gap (≈13 eV) between adenine HOMOs and the accessible He+ ground state
is the most important reason. If this energy is put within the molecule, fragmentation is
unavoidable. So for the neutral He projectiles as well as for the charged ones regime 1) is
the only possibility. One possible charge transfer mechanism is Auger-type neutralization, a
process well known from ion–solid interactions [106]. Auger neutralization may also explain
the extraordinarily strong relative yield in adenine2+ for He+ projectiles: an electron from
one of the adenine HOMOs Auger neutralizes the He+ while the excess energy is used to
release a second adenine electron.

The electronic excitation of a molecular target such as C60 by an atomic projectile was
shown to be a phenomenon that depends on the projectile atomic number, being very low
for Z = 1 and reaching a first maximum (10 times larger) forZ = 6− 7 (the so called Z-
oscillations) [107]. In the case of adenine molecules, this does not seem to be the predominant
process but could explain the increase in cross sections when going from H0 (Z=1) to C0

(Z=12). These Z oscillations will definitely not explain the strong fragmentation observed
for He0.

Relative fragmentation cross sections for all the projectiles used in the studies of neutral
vs. charged projectiles are plotted in fig. 5.10. It can be seen that for “light” projectiles such as
H+ and H0 and He+ and He0, small differences inσ f for charged and neutral projectiles only
start to appear at lower energies (less than 5 keV/amu for He for example). But for “heavier”
projectiles such as C+ and C0 a difference in energy of a few keV/amu will influence only
the fragmentation due to the charged projectile.

5.6. Conclusions

The interaction of ions with different nucleobases has been an emerging research field
in the last years. Very significant dependence of the fragmentation patterns on the projec-
tile electronic structure has been found. Also relatively strong dependence of the fragment
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Figure 5.10: Relative fragmentation cross sections for the different projectiles used in our study.

production on the different target molecules was observed when comparing the pyrimidines
thymine and uracil with the purine adenine. In this chapter new results for the fragmentation
of the nucleobase adenine induced by ionic or neutral projectiles were shown. Although it
was found that nucleobases share similar characteristics in their fragmentation spectra the
new delayed fragmentation process was observed for the first time in this thesis and for the
case of adenine.

The ionization and fragmentation of gas-phase adenine molecules by keV neutral and
singly charged H, He and C impact was quantitatively studied in this chapter. The largest
effect on relative fragmentation was observed for the C0 projectiles in comparison with C+.
This can be understood in terms of gentle resonant electron capture, only possible for C+. For
H and He projectiles the changes when going from singly charged to neutral were negligible,
since in these cases, electron capture cross sections are expected to be small even for charged
projectiles. Delayed fragmentation withµs lifetimes was observed for fragments usually
assigned in the purines cases to HCN loss. This effect is particularly pronounced for He
projectiles but was also observed in a smaller scale for the other neutral projectiles used.

One open question remains: Why is the delayed loss of an H atom from adenine+ only
observed for neutral projectiles? In recent studies of electron impact ionization of uracil
molecules, transient fragment ions with microsecond lifetimes have been observed [108].
The fact that such long lived metastable fragments are observed also for electron impact can
imply that also in our studies they are produced via a collisional process, more specifically
via direct ionization.



CHAPTER 6

Deoxyribose

The DNA backbone is built up from 2-Deoxy-D-Ribose molecules linked together by
phosphate groups. Radiation damage studies on deoxyribose molecules in condensed phase
have been performed by soft X-rays and low energy ions. So far only the response of gas
phase deoxyribose to electrons has been studied. In this chapter, an in-depth study of the
interactions of keV H+ and Heq+ ions with isolated deoxyribose is presented. The deoxyri-
bose molecule is identified as the weakest DNA compound with respect to keV ion impact.
Extensive statistical fragmentation of the molecules is observed. The fragment distribution
follows a power law dependence M−τ , whose exponentτ can be used to characterize and
quantify the molecular damage.

based on:
Quantification of ion-induced molecular fragmentation of isolated 2-deoxy-D-ribose molecules.
F. Alvarado, S. Bari, R. Hoekstra, and T. Schlathölter.
Phys. Chem. Chem. Phys.,8 (2006) 1922.
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Figure 6.1: Geometrical structure of the 2-deoxy-D-ribose in its furanose form.

6.1. The weakest link?

The deoxyribose molecule (dR) is a five–carbon monosaccharide with molecular formula
C5H10O4. Fig. 6.1 shows an optimized geometrical structure of the 2-deoxy-D-ribose mol-
ecule in its furanose isomeric form, as found in DNA. In the DNA backbone, a nucleobase
takes the place of the OH group at the C–1 position and the C–3-hydroxyl group is joined to
the C–5-hydroxyl of the adjacent dR molecule by a phosphate linking group.

The sugar’s furanose ring is puckered rather than planar. It may have either one non–
coplanar atom or two atoms displaced from the plane of the other three [109]. In comparison
with the aromatic nucleobases, the non-aromatic furanose molecule has a less symmetrically
distributed HOMO and the atoms within the ring do not form double bonds. In the nucle-
obases the double bonds within the ring can stabilize the molecule against external electro-
static influences [110]. In fig. 6.3 molecular structures and the HOMO’s for deoxyribose and
the nucleobase adenine are presented. The planar structure of the nucleobase as compared to
the puckered ring of the deoxyribose is obvious. The figures also show the highly symmetric
distribution of the HOMO for the adenine whereas for the deoxyribose, the distribution is
irregular.

Molecular fragmentation of deoxyribose has been studied in the condensed phase using
soft X-rays [111,112] and low energy ions (10–100 eV Ar+) [113]. The molecule was shown
to be very fragile in comparison with nucleobases. Studies of low energy (5-20 eV) elec-
tron damage to condensed phase deoxyribose analogues showed that not only ring CH bond
cleavage can occur but also dissociation of exocyclic OH and CH bonds [114]. However, in
condensed phase experiments the action of direct and indirect effects on the molecule under
study is always observed. Only gas phase experiments can isolate the primary processes. The
response of gas phase deoxyribose has been studied only upon dissociative electron attach-
ment, yet [110].

In this chapter, the fragmentation of gas phase deoxyribose molecules after irradiation
with keV H+ and Heq+ projectile ions will be discussed in detail. It will be shown that the
molecular response is dominated by statistical fragmentation and that the fragment distribu-
tion can be described by a power law with exponentτ. This exponent can be used to quantify
the damage. At the end of the chapter, it will be shown that this characteristic exponent is
directly related to the energy deposited by the projectile on the molecular target.
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6.2. Fragment formation dependence on temperature

Three TOF spectra of dR fragments after bombardment with 7 keV He2+ ions at different
oven temperatures T=70, 80 and 95◦C are shown in fig. 6.2. The spectra are normalized to the
total integral yield. Obviously the overall fragmentation pattern does not change in this range
of temperatures. The major differences are i) the intensity increase of the peak around 13µs
assigned tom/z= 18 (H2O+) and ii) the intensity decrease of the peak at 22µs assigned to
m/z= 44 (possibly partly CO+2 ).

The peak labelled O2+ can help to understand the difference. A doubly charged atomic
fragment ion, such as O2+, is usually not produced in He2+ collisions with larger molecules.
It is thus not very likely that O2+ stems from dR. Probably, this fragment comes from colli-
sions with residual gas, namely H2O or CO2. It is known that after interactions of He2+ with
neutral water the fragment products are H+, O+, OH+ and O2+. At 7 keV projectile energy
the ratio O2+/H2O+ resulting from these collisions is around 10% (see chapter 4). In fig. 6.2,
the ratio O2+/H2O+ is only 5% for all oven temperatures. This implies that more than half of
the H2O+ observed comes from dR itself and the rest corresponds to residual gas, probably
originating from contaminations in the dR powder which is highly hygroscopic.

The residual CO+2 yield follows the opposite trend than the H2O+ yield: it decreases with
T. The peak is relatively strong at low T (panel (a) in fig. 6.2) where the vapor pressure of
the deoxyribose is low. At higher T, the dR vapor pressure is higher so the relative intensity
of CO+

2 decreases and the fragment coming from dR at the same mass (C2H4O+) starts to be
important. This can be confirmed by looking again at the change of the O2+ from panel (a)
to (b), there the H2O+ is more or less constant. The O2+ formed from the CO+2 decreases as
the residual gas gets less important, but the H2O+ contribution stays high. Note that a similar
increase of the H2O+ peak with temperature was observed by Ptasińskaet al. [110] after 70
eV electron impact and higher dR temperatures up to 110◦C. There, the formation of H2O+

was attributed to deoxyribose fragmentation only.
In fig. 6.2, there is also a slight increase in the peak at 17µs, assigned tom/z = 29

(CHO+). As the residual gas is less important, the fragments originating from the collisions
with the deoxyribose itself start to be more important. Then, already at 80◦C the CHO+ peak
becomes the second strongest fragment after the H2O+. The intensity change in the other
peaks is negligible.

The oven temperature of 95◦C used in our experiments ensures sufficient signal–to–noise
ratio without noticeable thermal modifications. Fragment ions with very low relative intensity
can thus be clearly distinguished from the background. A negligible contribution of thermal
fragmentation of deoxyribose, however, cannot be rule out. Since ion-induced fragmentation
turns out to be a rather violent process, this contribution can be neglected.

6.3. Comparison with nucleobases

In fig. 6.3 mass spectra for 5 keV/amu He+ induced ionization/fragmentation of the nu-
cleobase adenine C5H5N5 (a) and deoxyribose C5H10O4 (b) are compared. Striking differ-
ences are obvious. The most remarkable difference is the intensity of the surviving parent
molecules. For adenine a very strong parent molecule peak is observed. For deoxyribose, on
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Figure 6.2: TOF spectra of dR fragments after collisions with 7 keV He2+ for different T. Panel (a)
shows a spectrum with dR molecules from an oven at 70◦C, panel (b) from an oven at 80◦C and panel
(c) from an oven at 95◦C.
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Figure 6.3: Mass spectra of adenine (a) and deoxyribose (b) fragments after collisions with 5 keV/amu
He+ ions. As an inset in each graph the structure of the correspondent molecule together with the
respective HOMO is shown.
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the other hand, the parent peak is negligible (for some projectile energies even zero). The
spectrum shown in panel (a) is typical for nucleobases; similar characteristics were observed
for uracil [31] and for thymine [27] after irradiation with carbon ions in different charge
states.

The stability of adenine as compared to dR manifests itself in the appearance energies
(AE) of different fragments. For example, for group 8 from fig. 6.3 in the case of adenine
3.34 eV are needed in addition to the ionization energy (8.20 eV) to form the fragment at
m/z= 108, according to photoionization studies [101]. In the case of deoxyribose, for the
same group only 0.3 eV excess energy is needed in order to form the fragment atm/z =
116 [110]. According to electron impact studies on appearance energies, some fragment
cations are even formed at energies below the dR IP (10.51 eV) [110].

In general, the nucleobase spectra are very structured with clearly defined groups of
peaks. These groups –numbered from 1 to 8 in figure 6.3(a)– are due to fragments with
different numbers of “heavy” atoms (carbon and nitrogen for adenine) and a variable number
of hydrogen atoms. It is important to notice that not all groups are present. For example, in
adenine fragmentation, a group containing 9 heavy atoms (the parent molecule missing only
one nitrogen or one carbon) was not observed. Furthermore, the fragmentation patterns for
adenine and other nucleobases follow a bimodal distribution with decreasing intensities down
to a minimum (around group 7 for adenine) and increasing again up to the parent molecule.
In chapter 5, these characteristics are discussed in greater detail.

For targets like nucleobases and C60, the formation of stable parent molecular cations is
usually assigned to resonant electron capture into the unoccupied states of the projectile, a
process that depends on the projectile electronic structure. Resonant electron capture pro-
cesses are considered comparably gentle,i.e. the transfer is not accompanied by strong ex-
citation of the target. In collisions with keV ions, resonant electron capture mainly involves
electrons from the highest occupied molecular orbitals of the target molecule. In contrast,
the formation of small fragments (with low masses) is associated with more violent close
collisions involving mainly direct ionization and vibrational excitation. These collisions can
involve virtually any target electron. The transferred energy mainly stems from kinetic energy
of the projectile ion [90, 102]. In fig. 6.3 the HOMO of the nucleobase adenine and the one
of the dR molecule are shown.

In contrast to the nucleobase case, dR shows a very small parent ion peak. No groups
are missing and the overall peak intensities monotonically decrease withm/z. These char-
acteristics hold for all projectiles under study as obvious from fig. 6.4, which shows mass
spectra of the dR fragmentation, obtained from collisions with H+, He+ and He2+ of equal
velocity. The spectra resemble the mass spectrum for 70 eV electron impact from the NIST
database [115]. The ratio between the large fragments (m≥ 65) and small fragments (m≤ 62)
changes with projectile, being three times smaller for He+ than for H+ and He2+.

In fig. 6.5, the vertical IP of dR is compared to the electronic structure of the projectiles,
as done in fig. 5.9 for the adenine molecule. Obviously, for He+ resonant capture from the
dR HOMO is energetically ruled out, inhibiting the most gentle electron removal mechanism.
This explains the more severe fragmentation for He+ than for H+ and He2+ for which reso-
nant or quasi-resonant capture is possible. Only for He+, part of the potential energy of the
projectile has to be transferred to the dR molecule. For He+, we thus only look at events of
high energy deposition: direct ionization or electron capture accompanied by potential energy
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Figure 6.4: Mass spectra of deoxyribose fragments after collisions with 5 keV/amu projectiles. Panel
(a), (b) and (c) show spectra obtained after collisions with H+, He+ and He2+. The marked peaks are
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transfer of the order of∼15 eV . For He2+ and H+, on the other hand, resonant capture into
excited states leave most of the projectile potential energy on the projectile ion.

In general, some obvious differences between the spectra for different projectile impact
as shown in fig. 6.4 are:

The peaks of C+n with n=1, 2 and 3 and of CnH+
m with m=1, 2 and 3 for H+ (a) are very

low compared to the same peaks in He+ (b) and He2+ (c). This was observed for all
investigated ion velocities. This implies that on average the energy deposited to the dR
molecules is less for protons than for He+ and He2+ ions. This might be attributed to
the lower electronic stopping of H+ in this projectile energy range [116].

In the shaded area of fig. 6.4, ranging fromm/z= 46 to m/z= 55, the intensity of the
peaks changes with projectile, being highest for He+.

For H+ (a) and He2+ (c) the fragments C5H5O+ atm/z= 81and C5H9O+
3 atm/z= 117

are observed. For He+ (b) these fragments are negligible.

The group of peaks atm/z= 97−99 (dashed circled) is present for H+ projectile (a)
and He2+ projectile (c) but absent or very weak for He+ (b). This is valid for the whole
energy range under study.

Another characteristic specific for He2+ projectiles that is not seen in fig. 6.4 is the ap-
pearance of fragments atm/z = 65 (not observed for films [26] and very weak in electron
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Table 6.1: Ratios of the yields of the fragments at m/z = 18 (H2O+), 19 (H3O+) and 20 (H2
18O+) for

different projectile ions.

% H+ He+ He2+

ratio 19/18 2.8 8.4 2.5

ratio 20/18 0.2 0.2 0.2

studies [110, 115]) and atm/z= 104(C4H8O+
3 ). Both fragments are formed in collisions of

He2+ at most energies but not at the one shown in the fig. 6.4. These fragments are absent for
singly charged projectiles at any energy.

The relative change in peak intensity with projectile (stronger for He+ than for H+ and
He2+) implies that fragments, such as the ones atm/z = 46− 55, originate from scission
of rather strong bonds. This process is only possible after high energy deposition and thus
more prominent for He+ projectiles. Meanwhile, fragments formed in more gentle collisions
(for example the ones in the dashed circle) are not stable after high energy depositions in the
molecule and are not observed for He+ projectiles.

A very strong peak atm/z= 19 is observed in the spectra in fig. 6.4. In the results on
low ion bombardment on condensed phase [26,113], this fragment was observed clearly and
was attributed to H3O+. This fragment has not been observed in our studies on nucleobases.
According to the isotopic studies of Baldet al. in the condensed phase, this fragment is a clear
evidence of H abstraction or proton transfer from the parent or adjacent dR molecules. Two
possible mechanisms are proposed to explain the formation of H3O+ fragments in condensed
phase: i) formation of a very reactive (OH)+ which removes two other hydrogen atoms from
adjacent sites and ii) intramolecular proton transfer forming an OH+

2 which will pick up
another H. The presence of the H3O+ peak in our spectra shows that in the gas phase it is
possible to generate such fragments directly from the dR fragmentation without the action
of the reactive radicals that form in the condensed phase. The ratios between the yields of
the fragments atm/z= 19 (H3O+) andm/z= 18 (H2O+) is shown in table 6.1 for different
projectiles. It gives a clear indication that the appearance ofm/z= 19 peak is not an isotope
effect: the natural abundance of deuterium (2H) is 0.01% and the natural isotopic abundance
of 17O is 0.04%. For comparison, the ratios of the yield atm/z= 20 compared to the yield
at m/z= 18 are also shown for the different projectile ions. The peak atm/z= 20 can be
unambiguously assigned to H2

18O+ because the ratios for all projectile ions are the same
and correspond to the natural abundance of isotopic18O (0.20%).

6.4. Quantification of the damage

For nucleobases the surviving molecular ions represent an appreciable fraction of the total
yield so that relative fragmentation cross sections can be obtained and relative yields for the
different groups of fragments can be evaluated [31]. For deoxyribose the yield of surviving
parent molecules is usually less than 0.01% and the fragmentation yields are thus always
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Figure 6.6: Peak integrals of a deoxyribose spectrum with their corresponding statistical error on a
double–log scale. The apparent fit of the points (dashed line) gives the trend of the fragmentation and a
value for the characteristic exponentτ. The labels are discussed in the text.

very close to 100%. We hence have to find another parameter (equivalent to the relative
fragmentation cross sections) to quantify the damage inflicted upon deoxyribose molecules
by the different projectiles.

A more detailed analysis of the fragmentation patterns discussed in fig. 6.4 can be done
by evaluating the relative yield for eachm/z (see fig. 6.6). Every point represents the relative
yield of the respective fragment with the corresponding statistical error. The line shown is an
apparent power law fit1 to the data points. Deviations from the fit are not statistical but an
inherent property of the molecular fragmentation. They reflect fragment stabilities, ionization
energies, bond strengths within the molecule, etc. The deviations will be discussed in detail
later in this section.

Numerous studies in a variety of fields have already shown that a fragment mass distri-
bution following a power lawn(M) ∼M−τ (n: number of fragments, M: fragment mass,τ:
characteristic exponent) is a signature of statistical fragmentation processes. Examples are
the fragmentation of nuclei [117], size distributions of asteroids [118], fragmentation of solid
and liquid matter [119] or sputtering of clusters [120]. The power law-like behavior is often

1The apparent fit is used by Origin software to fit exponential decaying data with a straight line fit when the data
are plotted on a log scale. The larger positive/negative errors are used as weight.
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Table 6.2: Appearance energy of cations produced by electron impact of neutral deoxyribose [110].

Cation Mass AE value

(Da) (eV)

CH+
3 15 13.31±0.50

CHO+ 29 12.18±0.49

CH3O+ 31 12.36±0.14

C3H+
3 39 13.01±0.42

C2H4O+ 44 12.50±0.02

C3H5O+ 57 11.63±0.06

C2H4O+
2 60 11.28±0.16

C4H6O+ 70 10.67±0.03

C4H9O+ 73 10.74±0.03

C5H5O+ 81 11.72±0.50

C4H6O+
2 86 11.41±0.02

C5H6O+
2 98 10.12±0.15

12.36±0.15

C4H7O+
3 103 11.25±0.08

C5H8O+
3 116 10.82±0.05

C5H10O+
4 134 10.51±0.11

linked to critical phenomena, for instance at the liquid-gas phase transition. However, other
fragmentation processes, such as weathering, can exhibit a power-law behavior as well [121].
Almost independent on the nature of the system, exponents of the order ofτ ≈ 2 are found.

During the last decade, statistical fragmentation has also been observed for atomic clus-
ters, for instance in H+n collisions with atoms [122] or in ion–fullerene collisions [123]. For
these systems, which come closest to the case of a polyatomic molecule studied here, a gen-
eral requirement for statistical fragmentation is a rather hot intermediate system. The ex-
citation energy has to clearly exceed the binding energy of the system. Within a cluster,
the energy is then quickly distributed over all available electronic and vibrational degrees of
freedom. This can lead to evaporation of fragments (a sequential process governed by rate
constants) or to multifragmentation, if the excitation energy is sufficient. Multifragmentation
is an entropy-driven process during which the system tries to reach a distribution of products
that occupies the maximum volume in accessible phase-space. The fragment distribution is
thus dominated by smaller fragments. This is exactly what we observe in the fragmentation of
deoxyribose (fig. 6.6). The power law fit in fig. 6.6 for dR fragmentation yields an exponent
τ = 2.0 for 20 keV He+ impact.
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Figure 6.7: Values of the characteristic exponentτ for deoxyribose spectra after collisions with differ-
ent projectiles at different kinetic energies.

Fragments with yields exceeding the power law fit could be either due to high stability or
low IP. In their electron impact ionization experiments, Ptasińskaet al. [110] have observed
that indeed almost all these fragments (marked by a framed label in fig. 6.6) have low ap-
pearance energies between 10 and 14 eV (the energies are given in table 6.2). The fragments
below the fit therefore probably correspond to high appearance energies or are very unstable.
Note that in order to obtain the parameterτ, the contribution of H2O+ and its fragments was
neglected because of potential contributions from background H2O.

By fitting a power law to all the measured fragmentation spectra, the characteristic ex-
ponentτ can be obtained for H+, He+ and He2+ colliding with deoxyribose over the whole
velocity range under study. The results are displayed in fig. 6.7. Obviously, lowest exponents
that increase linearly with v are observed for H+. For He2+ projectiles, higher values are
found and the exponents increase linearly with v, as well. For He+ projectiles, on the other
hand, largest characteristic exponents are observed which exhibit a linear decrease with v.
The explanation for this behavior has already been outlined in the discussion of fig. 6.4 (and
in [31] for collisions of Cq+ with uracil): Whereas H+ and He2+ can resonantly capture an
electron from the deoxyribose HOMOs, this is energetically ruled out for He+ projectiles.
In the later case, the measured fragment ions almost exclusively originate from collisional
ionization processes at small impact parameters. The violent nature of the ionization process
is reflected in the mass spectrum by a fragmentation spectrum characterized by a highτ.

In most ion-molecule collision systems, if energetically possible, resonant electron trans-
fer from the highest molecular orbitals is usually the channel with the largest cross section
(H+, He2+). For He+, where resonant capture from the HOMOs is ruled out, different scenar-
ios are possible. Non resonant capture from HOMOs would lead to excess energy sufficient
for release of an additional electron from the dR. Electron capture from lower lying states is
also possible, leaving the molecule in a strongly excited state. Both scenarios could explain
the observation of much stronger fragmentation for He+ and its high characteristic exponent.
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The increase in fragmentation when going from H+ to He2+ can be explained by the fact that
a doubly charged projectile usually induces more double ionization than a singly charged one.
Double ionization in turn will lead to much more severe fragmentation than single ionization.

The velocity dependence of the characteristic exponents can be easily explained within
the same framework. In case resonant electron capture is possible (H+, He2+) the projectiles
can still induce collisional excitation of the electronic system of the target molecule. This
process is usually called electronic stopping of the projectile. For ion-fullerene collisions at
v= 0.1−1 a.u., it has been shown that electronic stopping depends strongly on the impact
parameter but generally scales and increases with v [102,116]. If ion-deoxyribose collisions
follow a similar trend, the energy deposited into the target molecule by a given projectile
increases with v and therefore the characteristic exponent increases as well. In case resonant
capture is ruled out (He+) only small impact parameters are involved. At small impact pa-
rameter electronic stopping is highest because the projectile traverses a high electron density.

However, with increasing v non–resonant processes become possible. This facilitates
electron capture into excited projectile states [124–126]. Gentle electron capture at larger
impact parameters thus becomes increasingly important with increasing v. This is reflected
in a characteristic exponent decreasing with v (see fig. 6.7).

Itoh et al. [127] showed that for collisions of MeV Siq+ ions with C60 the characteristic
exponent can be used to quantify the exact amount of electronic stopping deposited into the
target at a given projectile velocity. For ion-fullerene collisionsτ appears to follow a simple
exponential dependence on the deposited energy. In the next section the relation between
characteristic exponent and deposited energy will be explored for the double electron capture
channel in H+-dR collisions.

6.5. Energy loss of the projectile ion

In order to experimentally access the total internal energies of deoxyribose cations pro-
duced in ionizing collisions with keV projectiles, several requirements have to be fulfilled:

1) The kinetic energy of the outgoing projectile has to be measured in coincidence with
the fragments formed.

2) The projectile needs to be charged after the collision.
3) The outgoing projectile should be in the ground state since excitation energies cannot

be measured.

As outgoing projectiles, negative ions such as H− are perfectly suited, since they have
only one stable state. With the experimental setup at LASIM, the first requirement is fulfilled.
In this setup, the detection of projectile–recoil ions in coincidence is possible. The process
chosen is double electron capture from deoxyribose by H+ projectiles:

H+ +dR→ H−+dR2+∗ (6.1)

The cases under study in this section are a subset of the data presented in the previous
sections. Here, only double electron capture from the molecular target is considered. The
non–coincident spectra included single and multiple electron capture plus ionization and ex-
citation events. Therefore this data will be called “inclusive”.
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From conservation of energy for the processes studied here, it follows that the energy lost
by the projectile and the energy gained by the molecular target are equal under the following
assumptions: a) the double ionization of the molecule is a Franck–Condon transition since the
proton–molecule interaction occurs on a fs timescale. b) momentum transfer to the molecule
can be neglected for this system. Then the excitation energy of the dR fragments or, in other
words, the energy deposited into the target can be written as follows:

Eexc= ∆E− [I1 + I2−EAH − IH ] (6.2)

where∆E is the measured projectile kinetic energy loss, I1 and I2 are the first and second
vertical ionization energies of deoxyribose, EAH= 0.754 eV is the electron affinity of the
H atom and IH=13.6 eV is the ionization energy of the H atom. The first vertical ioniza-
tion energy of deoxyribose has been determined experimentally as Iexp

1 =10.51 eV [110]. The
second deoxyribose vertical ionization energy cannot be obtained experimentally since no
stable deoxyribose dication has been observed, yet. Therefore, both vertical ionization en-
ergies were quantum-chemically calculated with the GAUSSIAN-03 package [49] following
the recipe described by Cauët et al. [128]. The geometry of 2-deoxy-D-ribose was first opti-
mized using DFT at the B3LYP level with a large 6-311+g(3df,3pd) basis set. The ionization
energies have then been calculated using MP2 theory with a smaller 6-311+g(d,p) basis set.
Itheor
1 =10.4 eV is found to be in good agreement with the experimental value. For the second

ionization energy we obtain Itheor
2 =13.9 eV. The deposited energy is thus:

Eexc= ∆E−
[
Iexp
1 + Itheor

2 −EAH − IH

]
= ∆E−δ (6.3)

with δ=10.05 eV.
In fig. 6.8 the mass spectrum of the fragments formed after collisions of 3 keV H+ projec-

tile ions with dR and double capture events only is shown. For comparison and identification
of the peaks an “inclusive”m/q spectrum is shown in gray. The “inclusive” mass spectrum
includes the fragments stemming not only from dR2+ fragmentation but also from deoxyri-
bose single and multiple ionization as well as excitation and decay of the excited molecule.
It can be seen that for the double capture spectrum due to the poor mass resolution the peaks
are very broad and they can contain several fragments. These peaks are labeled according
to them/q of their maximum. The average energy deposited for the projectile to form each
of the fragments is shown in the upper panel of fig. 6.8. The dashed line in the upper panel
represents the average energy deposited by the projectile.

In fig. 6.9 a mass spectrum of the fragments produced after dR2+ dissociation following
impact of 7 keV H+ is shown. The fragments are labelled according to the intensity of the
maximum peak. In the upper panel, the energy deposited by the projectile to form each of the
fragments is shown. The main difference to the spectrum shown in fig. 6.8 are the intensities
of some of the peaks. For example the group of peaks assigned to CHO+ becomes stronger.
Also, a small shoulder next to CH+3 is clearly visible and it can be assigned to CH+

2 . The
average energy needed to form the fragments is on average higher. The dashed line for 3 keV
projectile ions has an average value of 4.9 eV while the one for 7 keV projectiles has an
average value of 9.7 eV. Circa 4 eV difference.

Fig. 6.10 shows the relation between the average excitation energy deposited by each
projectile into the molecular target and the characteristic exponentτ previously obtained for
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Figure 6.8: Mass spectra of deoxyribose molecules after collisions with 3 keV H+ projectiles. The solid
line represents the fragments formed after the fragmentation of dR2+. The dashed line corresponds to
the inclusive spectrum and is used for peak assignment. In the upper panel the energy deposited by the
projectile Eexc for each major fragment is shown.

0 10 20 30 40 50 60 70 80 90 100
0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

CH+
2

H+
C2H4O

+
2

C3H5O
+

H3O
+

 

 

re
la

tiv
e 

in
te

ns
ity

m/q

CH+
3

C2H
+
3

CHO+

CH3O
+

C3H
+
3

C2H3O
+

C2H9O
+

0
4
8

12
16

 

 

 

en
er

gy
 (e

V
)

Figure 6.9: Mass spectra of deoxyribose molecules after collisions with 7 keV H+ projectiles. The
fragments observed are formed after the fragmentation of dR2+. In the upper panel the energy deposited
by the projectile for each fragment is shown.
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Figure 6.10: Relation between the excitation energy deposited by the H+ projectiles into the dR target
and the characteristic exponentτ

3 and 7 keV H+ projectiles. A linear fit was made in order to indicate that as the exponent
becomes larger, the energy deposited is higher as well. In the results from Itohet al. [127],
an exponential relation was found between the calculated energy deposition and the experi-
mentally determined exponent for the collision system MeV Siq+ in C60. Extraordinary high
energy depositions of the order of thousands of eV are already expected for exponents be-
tween 1 and 2. In our case, the energy depositions expected are much lower, partly due to
lower projectile energies. With only two data points, it is impossible to establish a mathemat-
ical relation between the two variables. Following Itohet al., if an exponential relationship is
assumed, an extrapolation to exponents like the ones observed for He+ (maximum 2.8 from
fig. 6.7) will give energy depositions of the order of 140 eV. This is not very likely for our
collision system. On the other hand, if a linear relationship is assumed, an extrapolation to
τ = 2.8 will give an energy deposition of 28 eV. From fig. 6.5 and the discussion related to
it, energy depositions 1–15 eV higher than for H+ are expected for He+ due to its electronic
structure. This order of magnitude looks more reasonable than the one stemming from an
exponential fit. There is no doubt that more data points are needed to determine the exact
relation between the average energy deposited and the characteristic exponent.

6.6. Conclusions

The ionization and fragmentation of gas-phase deoxyribose molecules by keV H+, He+

and He2+ impact over a wide range of velocities was studied. Virtually complete disintegra-
tion of the molecule is observed invariably. The fragment distribution is found to follow a
power law: a fingerprint of statistical fragmentation. Deviations from the power law trend
can be explained by the different appearance energies of the fragments reported by Ptasińska
et al. [110]. The characteristic exponent of the power law fit is obtained for each collision
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system as a function of projectile velocity. For H+ and He2+, low exponents are observed
which linearly increase with projectilev. For He+, the characteristic exponent is larger and
decreases withv. These findings can be explained in the framework of charge exchange
and electronic stopping. The characteristic exponent is found to be a suitable parameter for
quantitative studies of dR fragmentation. Most probable, it is also applicable to other fragile
molecules.

For the first time, the energy deposited by H+ projectiles into the molecular target was
studied for two different projectile energies for double capture leading to doubly charged dR
molecules. An increase in the deposited energy with increasing exponentτ is observed. For a
quantitative interpretation of the characteristic exponent on the energy deposition theoretical
studies on this collision system would be beneficial.





CHAPTER 7

Clusters of nucleobases

The relevance of studies on isolated gas phase molecules for processes occurring in bio-
logical systems is often questioned because of the lack of a real chemical environment. There
are several ways to address this issue and still keep the system under study sufficiently simple
to explore the underlying fundamental processes. One of the most straightforward approaches
is to give the isolated molecule a chemical environment by surrounding it with analogue
molecules or other molecules present in a realistic biological environment. In this chapter,
results on the interactions of ions with neutral nucleobase clusters will be compared to pre-
vious results on isolated nucleobases. The experiments were performed at CIRIL/GANIL,
Caen. The neutral clusters were produced in an aggregation source and ionized using multi-
ply charged projectiles at keV energies. Experiments with homo-clusters and hetero-clusters
were carried out. Structured mass spectra with prominent magic numbers are observed for
clusters of pyrimidine bases but not for the purine adenine. When comparing fragmentation
of one isolated single molecule and the same molecule within a cluster, significant changes
are observed. New fragmentation channels open–up already for very small cluster sizes. Pre-
liminary results on hetero-clusters show preferential formation of clusters containing bases
which form Watson–Crick pairs within the DNA.

based on:
Ion-Induced Biomolecular Radiation Damage: From Isolated Nucleobases to Nucleobase Clusters.
T. Schlatḧolter, F. Alvarado, S. Bari, A. Lecointre, R. Hoekstra, V. Bernigaud, B. Manil, J. Rangama,
and B. Huber.
Chem. Phys. Chem,7 (2006) 2339
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7.1. From isolated nucleobases to nucleobase clusters

The unique potential of studies on isolated molecules in the gas-phase as discussed in the
previous chapters lies in the possibility of studying ionization and fragmentation dynamics
in finite systems without the perturbing effects of a surrounding medium. The relevance
of these studies for biomolecular radiation damage, however, relies on the assumption that
the fundamental ionization and dissociation dynamics are similar for isolated molecules and
for molecules embedded in a biological environment. This is nota priori the case. For
instance, in aqueous solution the vertical ionization energies for DNA building blocks are
altered [129–132]. The variation of adenine and thymine ionization potentials by hydration in
the cluster phase has been shown to depend on the number of water molecules surrounding the
nucleobase [133]. Furthermore, vibrational excitation of the molecules might be transferred
to the environment before fragmentation can occur. Protonation of intact molecules or their
fragments, as observed for instance in ion stimulated desorption experiments on thin films of
thymine [29], is obviously ruled out for isolated molecules in the gas phase.

The radiobiological significance of gas phase studies is therefore often questioned be-
cause of the lack of a chemical environment. Preliminary studies on gas phase nucleobases
clusters were performed by Deyet al. [134]. They used laser desorption of neutral molecules
into a supersonic beam expansion in order to study pair formation of free unsubstituted nu-
cleobases and mononucleosides. Pure clusters of pyrimidines produced in a supersonic ex-
pansion were studied by photoionization TOF mass spectrometry by Kimet al. [135, 136].
They observed magic numbers for thymine and uracil clusters. Pairing of DNA bases in
the absence of the backbone has been extensively studied by means of spectroscopic tech-
niques. Guanine-guanine and guanine-cytosine pairs were studied using resonance enhanced
multiphoton ionization (REMPI) [137]. By using double resonance spectroscopy (R2PI) the
studies were extended to cytosine-cytosine pairs [138] and later compared to theoretical cal-
culations [139–141]. The same kind of spectroscopic studies combined with theoretical as-
signment of the peaks were performed on the adenine-thymine pair [142].

Very recently cold helium droplets have been used to study free electron attachment to
pure and mixed nucleobases clusters [143, 144]. These studies have shown preferential for-
mation of protonated clusters and long lived anions which can not be formed from isolated
molecules in the gas phase.

The experimental approach used in this chapter is based on a very well–known technique
to produce alkali clusters. The technique has been successfully used to investigate sodium
clusters after ion impact [41]. Using this approach DNA building blocks can be surrounded
by other molecules to mimic a biological environment. This technique allows to form neutral
nucleobases clusters of a wide size distribution. The dynamics of a single molecule can be
investigated within a cluster.

In the following, spectra obtained after the interaction of keV multiply charged ions with
isolated nucleobases and their clusters will be compared in detail. In particular, the pyrim-
idine nucleobases thymine, uracil and cytosine and the purine nucleobase adenine will be
discussed. Then, for the thymine case correlation between fragment cations will be used to
investigate the molecular fragmentation within the cluster in more detail. To close the chap-
ter preliminary results on gas phase mixed clusters will be presented and discussed. The
structures of the molecules under study can be found in chapter 5.
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Figure 7.1: Typical mass spectrum for collisions of 60 keV C5+ with isolated thymine molecules. The
assignment of the fragment peaks essentially follows the work of Denget al. [29] thy indicates the
parent thymine molecule.

7.1.1. Thymine

Fig. 7.1 displays a typical mass spectrum obtained for collisions of 60 keV C5+ ions with
isolated thymine molecules. In a recent work on low energy (10-200 eV) Ar+ ion stimulated
desorption from thymine thin films, Denget al. have identified the most prominent peaks in
the spectrum by means of an isotope labelling technique [29]. The peak assignment in the
figure largely follows their work. However, in the desorption studies, protonation of parent
molecules and fragments is an important channel that is ruled out for isolated molecules in
the gas-phase. Some of the dominating peaks (for instance the parent ion at mass 126) are
therefore one mass unit shifted when comparing the spectrum in fig. 7.1 with condensed phase
results. Almost all fragments observed in the spectrum correspond to products involving
fragmentation of the ring. Only the loss of one or two hydrogens from the parent molecule
does not imply destruction of the ring.

Fig. 7.2 shows a wide range spectrum of the fragment cluster-ion distribution (thyq+
n ) ob-

tained in collisions of 50 keV O5+ with neutral thymine clusters. Under the experimental
conditions used, thymine clusters with more than 50 constituent molecules could clearly be
identified. Cluster ions with charge states up to 4 were observed. In fig. 7.2, the series for
q = 1,2,3 are indicated. Note, that for singly charged clusters, prominent peaks indicating
magic numbers are found atn = 7,10 and 13 (marked with a star in the figure). For the
other pyrimidines uracil (section 7.1.2) and cytosine (section 7.1.3), qualitatively similar re-
sults are observed, although the magic numbers are less pronounced for the cytosine case.
Kim et al. [136] have already observed the magic numbers 7, 10 and 13 in photoionization



86 Clusters of nucleobases

0 2 4 6 8 10 12 14 16

0.01

0.1

1

*
*

* ...

...

. . . .
thy2+

n  

in
te

ns
ity

n/q

thy+
n

thy3+
n

 

thy2+
n  

Figure 7.2: Wide scale mass spectrum for collisions of 50 keV O5+ with neutral thymine clusters. The
masses are given in multiples of the thymine mass (n). Peak series due to singly, doubly and triply
charged clusters are indicated. The starred marked peaks are discussed in the text.

studies of thymine clusters and related them to secondary processes like photoexcitation and
fragmentation of neutral clusters, which preferentially enhances the relative population of the
corresponding cluster configurations.

One of the main incentives of the experiments, was the investigation of nucleobase frag-
mentationwithin a cluster. In this context, the spectrum in fig. 7.2 already reveals one issue of
particular importance: at masses higher than the thymine monomer, almost exclusively peaks
due to thyq+

n can be observed. This indicates that the ion impact does not lead to polymer-
ization but only to dissociation of one or more single molecules within the cluster. Whether
the molecular fragments from the cluster are protonated or not, cannot be answered due to
the insufficient resolution of the mass spectrometer. However, in fig. 7.3 a zoom into the low
mass region of the spectrum in fig. 7.2 is shown. The lower masses are not displayed since
this range is overwhelmed by contributions coming from the condensation gas (He).

The fragmentation in the cluster case is obviously different from what is observed in the
gas phase (see fig. 7.3). Not only the relative peak intensities are very different. Particularly
the structures aroundm/q≈ 109andm/q≈ 97, basically due to loss of OH and NH2CH (or
HCO) respectively, are not observed at all for ion induced fragmentation of isolated thymine
molecules. For comparison,m/q≈ 109 has also not been observed in photoionization and
electron impact ionization studies of isolated thymine molecules and form/q≈ 97only traces
were found [101]. However, the peaks aroundm/q≈ 109appeared in the mass spectra from
ion collisions with condensed phase thymine [29]. Apparently the finite environment of a
cluster is sufficient to allow “characteristic” fragmentation channels normally only present
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Figure 7.3: Zoom into the low mass region of fig. 7.2 with masses in amu. The assignment of the
peaks essentially follows the work of Denget al. [29] thy indicates the parent thymine molecule. The
peaks aroundm/q = 97 have not been observed by Denget al. For them, the assignment of Jochimset
al. [101] is used. For comparison, the data for isolated molecules is added in grey.

in the condensed phase with the OH-loss peak atm/q≈ 109 being one of the fingerprints.
OH-loss is the only channel observed that can solely be due to exocyclic bond cleavage.

This finding entails the question if the appearance of the peaks aroundm/q = 109 and
m/q = 97 (loss of an OH and an NH2CH (or an HCO) group, respectively) depends on the
parent cluster size. This issue will be discussed in greater detail in the section 7.3.

7.1.2. Uracil

Fig. 7.4 shows a typical mass spectrum acquired for collisions of 48 keV C5+ ions
with isolated uracil molecules. Our peak assignment follows the photoionization studies of
Jochimset al. [101]. As in photoionization and electron impact ionization studies [94], the
prominent peaks are the parent ura+ (m/q=112), C3H3NO+ (m/q=69), C2H2O+ (m/q = 42)
and HCNH+ (m/q=28). As for thymine all fragment ions are formed by breaking the six–
membered ring.

Fig. 7.5 displays a wide range spectrum of the fragment cluster-ion distribution (uraq+
n )

obtained in collisions of 100 keV O5+ with neutral uracil clusters. The characteristics of the
spectrum are similar to the ones for thymine. Note that due to a somewhat lower resolution,
only cluster ions with charge states 1 and 2 could be identified unambiguously. In fig. 7.5,
the series forq = 1 and 2 are indicated. As in the thymine case, forq = 1 prominent peaks
corresponding to the magic numbersn = 7 and10 are observed. As for thymine, there is
no evidence for polymerization: forn ≥ 1 almost exclusively peaks due to uraq+

n can be
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Figure 7.4: Typical mass spectrum for collisions of 48 keV C5+ with isolated uracil molecules. The
assignment of the peaks essentially follows the work of Jochimset al. [101] ura indicates the parent
uracil molecule.
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Figure 7.5: Wide scale mass spectrum for collisions of 100 keV O5+ with neutral uracil clusters. The
masses are given in multiples of the uracil mass. Peak series due to singly and doubly charged clusters
are indicated.
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Figure 7.6: Zoom into the low mass region of fig. 7.5 with mass given in amu. To our knowledge,
the peaks aroundm/q = 83 have not been observed in gas phase studies before and are assigned to
[ura-HCO]+ (or [ura-NH2CH]+). For comparison, the data for isolated molecules is added in grey.

observed. In the regionn≤ 1 however, molecular fragmentation channels specific to uracil
within the cluster are evident. The respective zoom into this part of the spectrum, can be
found in fig. 7.6.

Again fragmentation differs strongly for clusters and isolated molecules. The large frag-
ments at aroundm/q≈ 95 andm/q≈ 83, due to loss of OH and HCO (or NH2CH) respec-
tively, are not observed at all for ion induced fragmentation of isolated uracil molecules. The
fragment atm/q≈ 96has been observed as a weak channel in photoionization, andm/q≈ 83
has neither been observed in photoionization studies [101] nor in electron impact ionization,
where the biggest cation fragment observed for uracil was atm/q≈ 69 [145].

7.1.3. Cytosine

A mass spectrum obtained for collisions of 50 keV O5+ ions with isolated cytosine
molecules is displayed in fig. 7.7. Our peak assignment follows very recent electron collision
studies by Shafranyoshet al. [146]. It has to be mentioned that cytosine gas phase molecules
have not been studied as extensively as thymine and uracil; therefore the peak assignment is
less certain. As for other nucleobases, the most prominent peak is due to surviving cytosine
parent molecules cyt+ (m/q = 111). The lack of isotopic labelled studies leaves the assign-
ment ofm/q = 69, m/q = 42 andm/q = 28 fragments tentative. The various possibilities
are given in the figure. The cytosine nucleobase is the only pyrimidine that has an external
NH2 group. It can be seen in fig. 7.7 that exocyclic and endocyclic bond breaks are allowed.
The fragmentation pathways involving groups outside the 6-membered ring (loss of oxygen
or NH2) are very weak.
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Figure 7.7: Typical mass spectrum for collisions of 50 keV O5+ with isolated cytosine molecules. The
tentative assignment of the peaks follows a recent work of Shafranyoshet al. [146] cyt indicates the
parent cytosine molecule.
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Figure 7.8: Wide scale mass spectrum for collisions of 50 keV O5+ with neutral cytosine clusters. The
masses are given in multiples of the cytosine mass. Peak series due to singly, doubly and triply charged
clusters are indicated. The marked peak atn < 1 is an experimental artifact.
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Figure 7.9: Zoom into the low mass region of fig. 7.8 with mass given in amu. For comparison, the
data for isolated molecules is added in grey.

A wide range spectrum of the fragment cluster-ion distribution (cytq+
n ) measured after

collisions of 50 keV O5+ with neutral cytosine clusters is shown in fig. 7.8. The characteris-
tics of the spectrum are similar to the ones for thymine and uracil. In fig. 7.8, the series for
q = 1, 2 and 3 are indicated. Hints of quadruply charged clusters are observed. As for the
thymine and uracil cases, some indication of magic numbers atn = 7 and10 is observed for
q = 1 clusters.

As for the previous nucleobases discussed, there is no evidence for polymerization: for
n≥ 1 almost exclusively peaks due to cytq+

n can be observed. However, molecular fragmen-
tation of a single cytosine moleculewithin the cluster can be studied. A zoom into the region
n≤ 1 of the spectrum can be found in fig. 7.9. In this case the fragmentation patterns differ
less between clusters and isolated molecules as compared to the previous cases. Although the
large fragments atm/q≈ 95 andm/q≈ 83 were also observed for isolated molecules in the
gas phase, the relative intensities change very strongly. An extraordinary decrease in inten-
sity for the fragments marked as [cyt-CO]+ or [cyt-CNH2]+ is observed when going from the
isolated molecule to the moleculewithin the cluster. On the other hand, the pathway related
to exocyclic fragmentation is stronger for the cluster case than for the isolated molecules.
Variations in relative intensities are also observed for other groups of fragments.

7.1.4. Adenine

A mass spectrum resulting from collisions of 65 keV C5+ ions with isolated adenine
molecules can be found in fig. 7.10. The peak assignment used in the figure follows the
photoionization studies of Jochimset al. [101]. As in photoionization and in electron impact
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Figure 7.10: Typical mass spectrum for collisions of 65 keV C5+ with isolated adenine molecules. The
photoionization work of Jochimset al. [101] is followed for the assignment of the peaks.ade indicates
the parent adenine molecule.

ionization [95], the prominent peaks are the parent ade+ (m/q = 135), the peaks correspond-
ing to HCN loss: [ade-HCN]+ (m/q= 108) and [ade-2HCN]+ (m/q= 81) and the fragments
C3H2N+

2 (m/q = 66), C2HN+
2 (m/q = 53), and HCNH+ (m/q = 28). The strong peak at

C2N+ (m/q = 38) is only observed as a minor contribution in photoionization studies and
the doubly charged parent ade2+ (m/q = 67.5) is not produced at all by photoionization or
electron impact. An extensive discussion on adenine fragmentation can be found in chapter 5.

The results for 50 keV O5+ induced fragmentation of adenine clusters are displayed in
fig. 7.11. Pronounced differences to the results for the pyrimidines thymine, uracil and cyto-
sine are obvious. The cluster intensities drop continuously with cluster sizen. No obvious
magic numbers are observed. In fig. 7.11, the series forq = 1 and2 are clearly seen. The
series of triply charged cluster peaks is barely visible. Even though for isolated adenine
molecules, formation of the doubly charged parent cation is clearly observed, adenine cluster
dications have a larger appearance size (napp = 15) than those of thymine (napp = 11), uracil
and cytosine (napp = 13). Before discussing the stability of the different clusters in more
detail, also for adenine the following question emerges: How does molecular fragmentation
change when moving from the isolated molecule to the cluster case? The differences between
the two spectra displayed in fig. 7.12 are smaller than in the cases of thymine and uracil, but
comparable to the differences in cytosine. In line with the previous results for thymine and
uracil a strong group of fragment ion peaks due to the loss of a NHn group (main peak at
m/q = 118 [ade-NH3]+) is only observed in the cluster case and here also the peak around
m/q= 92(C4H2N+

3 ) is much stronger. Note, that peaks atm/q= 118and119also appear as
weak channels in photoionization studies of isolated adenine [101].
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Figure 7.11: Wide scale mass spectrum for collisions of 50 keV O5+ with neutral adenine clusters.
The masses are given in multiples of the adenine mass. Peak series due to singly and doubly charged
clusters are indicated.
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Figure 7.12: Zoom into the low mass region of fig. 7.11 with mass given in amu. For comparison, the
data for isolated molecules is added in grey.
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Figure 7.13: Cluster cation yields taken from figs. 7.2, 7.5, 7.8 and 7.11. The data has been normalized
to the monomer yield.

7.2. Cluster stability

The mass spectra for clusters from the nucleobases under study were shown in figs. 7.2,
7.5, 7.8 and 7.11. Whereas the pyrimidine cluster spectra exhibit magic numbers (7, 10 and
13), in the adenine cluster spectrum a monotonic decrease of cluster yields with the cluster
size is observed. The yields vary only weakly aftern= 4. Fig. 7.13 shows a direct comparison
of the cluster yields for four different nucleobases. Obviously, for adenine clusters, the yields
for smalln (< 5) drop fastest withn whereas for thymine, the slowest decrease is observed.
For cytosine clusters, on the other hand, the yields aftern = 4 drop very fast, giving very
small yields for largern.

The stability of the clusters is also reflected in the appearance sizes for dications. Small
appearance sizes usually correspond to greater stability. The smallest doubly charged systems
are found to be thy2+

11 , ura2+
13 , cyt2+

13 and ade2+
15 . The thymine, uracil and adenine dications

appearance size is in line with the cation yield distributions depicted in fig. 7.13. This is not
the case for the cytosine clusters which according to appearance size should be similar to
uracil but the experimental results show a very fast decrease in intensity with increasingn.

Formation of cluster cations is a complex process that strongly depends on binding ener-
gies and ionization potentials. A number of recentab initio studies focused on the stability
of neutral nucleobase dimers. Generally, two different types of dimers (and larger clusters)
can be distinguished: i) planar systems based on hydrogen bonds with deep minima in the
potential energy surface (PES), leading to well defined geometries and ii) stacked systems
stabilized by the dispersion energy with very shallow minima in the PES [147]. The hydro-
gen bonded systems generally have higher binding energies as calculated for all stable cluster
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geometries by Kellyet al. [148–150]: The most stable dimers are respectively bound by 0.99
eV (cytosine), 0.86 eV (adenine), 0.82 eV (thymine) and 0.71 eV (uracil). This ordering
does not reflect the relatively low yields and large appearance sizes observed for adenine and
cytosine, as compared to thymine and uracil (fig. 7.13). The ionization potentials of isolated
adenine, thymine and uracil are 8.2 eV, 8.82 eV and 9.15 eV, respectively [101] and around
8.8 eV for cytosine [132]. For adenine and thymine, upon dimerization the monomer IPs
have been found to drop by 0.5 eV, respectively [133], indicating that for small clusters the
relative ordering of the monomer IPs is retained. This implies that the IP ordering is also not
reflected directly in our experimental findings.

7.3. Coincidence data

In this section, a more detailed look into the fragmentation of thymine clusters will be
presented. Thymine clusters were chosen because for them a comparison to the condensed
phase data from Denget al. [26, 29] is possible. The crucial question in this context is from
which cluster size on mass spectral features that are similar to the condensed phase ones
appear. In other words: At which cluster size does the transition from the isolated molecule
to the molecule embedded in a chemical environment take place?

The cluster aggregation source used in our experiments produces neutral clusters with a
rather broad size distribution. Only the average cluster-size can be influenced by parame-
ters such as oven temperature and pressure of the He-atmosphere. The determination of the
cluster-size is thus donea posteriorifrom the experimental data.

For multiple ionization of small clusters and coincident detection of the fragment ions,
the cluster size determination is possible under the following assumptions: i) the majority of
the fragmentation products are (positively) charged, and ii) transmission and detection effi-
ciency of the spectrometer are close to 100%. The linear Wiley-McLaren TOF spectrometer
used for the cluster studies meets the second requirement. To fulfil the first requirement, this
study is limited to double ionization events,i.e. correlated detection of exactly two singly
charged fragments, after collisions with 50 keV O5+ ions. From studies on collisions of mul-
tiply charged ions with C60, it is known that close collisions lead to multiple ionization of
the target. Single and double ionization, on the other hand, take place purely by means of
electron capture at large impact parameters. For thymine clusters, this implies that 50 keV
O5+ induced double ionization is also mainly due to gentle electron removal processes. Co-
incident detection of two fragment cations formed after a rather gentle ionization implies that
the fragments stem from the subsequent charge separation. Neutral fragments are possible as
well but they are expected to be of comparable size as the ionic ones. The sum of the masses
of the fragment cations is then equal to or smaller than the mass of the respective parent clus-
ter - in any case the order of magnitude of the original cluster size can be determined from
the coincidence data.

Fig. 7.14 shows spectra for double ionization and fragmentation into one cation with a
mass in the rangem/q = 30− 120 and a thy+n (n = 1− 7) entity (the lower resolution as
compared to fig. 7.3 is due to larger bins required by the poorer statistics in the coincidence
plots). All spectra have been scaled to an equal intensity of them/q≈ 109peak. Even though
the poor statistics does not allow a detailed analysis of the spectra, a number of important
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Figure 7.14: Coincidence data for 50 keV O5+ induced double ionization of neutral thymine clusters.
Each spectrum represents the correlation with a certain thy+

n cluster, fromn= 1 (bottom) ton= 7 (top).

conclusions can be drawn: i) them/q≈ 109peak is prominent even for the smallest cluster
(n= 1, i.e. the parent is a dimer); ii) the overall shape of the spectra is largely independent on
n, and iii) for certain channels, variations with the cluster size can be observed: for instance
the m/q≈ 97 peak (marked in grey) is weak atn = 1, increases to a relative maximum at
n = 4,5 and then decreases again.

A more quantitative representation of the coincidence data can be found in fig. 7.15. Plot-
ted are the integrals of thy+

n -cluster ions observed in coincidence with different fragments:
[thy-OH]+, [thy-NH2CH]+, [thy-OCNH2]+ and HNC3H+

4 . The latter two (full symbols) are
also present for isolated thymine, whereas the two others (open symbols) are cluster-specific.
From fig. 7.15 it is obvious that the yield for cluster ions observed in coincidence with cluster-
specific fragments systematically exceeds the yields for cluster ions observed in coincidence
with the non-specific fragments. Since the data is normalized this implies that cluster-specific
fragments, particularly [thy-NH2CH]+, are becoming relatively more important at largern.

From the coincidence data therefore two conclusions can be drawn: i) “characteristic”
fragmentation channels, forbidden for the isolated molecule, already open up for the smallest
possible clusters i.e. dimers and trimers, and ii) the relative importance of these channels
slightly increases with cluster size. Fragmentation channels considered to be typical for the
condensed phase thus occur already in very small clusters, however, their relative strengths
increase with the size of the cluster system.

This implies that for example the mechanism underlying [thy-OH]+ formation is already
active in very small clusters. We can thus try to link this mechanism to the calculated struc-
tures of thy2 dimers. Kelly and Kantorovich [150] have shown that the most stable dimers
are bound by two hydrogen-bonds between an H donor and an O acceptor. The most stable
dimer structure is shown in fig. 7.16.
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Figure 7.15: Coincidence data for 50 keV O5+ induced double ionization of neutral thymine clusters.
Yields of thy+n cluster ions observed in coincidence with fragments corresponding to the 4 peaks con-
taining [thy-OH]+, [thy-NH2CH]+, [thy-OCNH2]+ and HNC3H+

4 , respectively. The data has been
normalized to the thymine monomer cation peak. (Forn=8, the [thy-OCNH2]+ could not be distin-
guished from the background.)

Figure 7.16: Geometry of the most stable thy2 dimer [150]. Hydrogen-bonds are indicated by non-
continuous lines.
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The chemical interaction between the two thymine units is to a large extent limited to
the two hydrogen-bond regions,i.e. in these regions the electronic structure of the involved
molecules is strongly altered. For any O or H atom subject to hydrogen bonding, the presence
of an additional intermolecular OH bond will always weaken the intramolecular bonding.
It is thus only straightforward that during molecular fragmentation of one thymine within
the dimer, particularly these O and H atoms will be affected by the presence of the second
thymine. This suggests that the characteristic peak observed in the cluster data (m/q = 109)
is probably due to loss of oxygen and hydrogen atoms involved in the hydrogen bonds. This
is also supported by the results of fig. 7.15: the intensity of the peak due to OH (or O+H) loss
is considerable and independent of the cluster size. With increasing cluster size, the fraction
of thymine molecules that contain O-atoms that are involved in hydrogen bonds is increasing.
Those O-atoms are then subject to an stronger weakening of the intramolecular C=O bond
and the probability of forming the fragment [thy-OH]+ should increase, but according to the
experimental results, it keeps on average constant with cluster size.

The hydrogen-bond line of argumentation can also be used from another angle: Obser-
vation of OH or O+H loss indicates hydrogen-bonding between cluster constituents (planar
clusters) rather than dispersive force driven bonding (stacked clusters). To confirm this, we
performed quantum-chemical calculations with the Gaussian 03 package [49]. Thymine clus-
ters with up to 5 constituents were geometry-optimized on the B3PW91/6-31G(d) level for a
variety of different starting geometries. The stabilization energy, e.g. the total energy of the
optimized combined clusters minus the total energy of its optimized components [150], has
then been computed on the B3PW91/6-311+G(2df,2p) level. Figure 7.17 shows the geome-
tries of the most strongly bound neutral thymine trimers, tetramers and pentamers found in
the calculations. Similar to the observations for dimers, the geometry optimization for these
small clusters almost always leads to geometries of planar nature. Stacked geometries have
not been found. However, with increasing cluster size, the geometries deviate more from the
perfect planarity of the dimer. In any case the calculations show that not only dimers but also
the larger systems are based on hydrogen bonds between O and H atoms. Because of the
dominant role hydrogen bonding also plays in condensed phase thymine, it is therefore pos-
sible to conclude in a straightforward manner that the characteristic fragmentation channels
in the cluster and in the condensed phase are fingerprints of these hydrogen bonds.

7.4. Mixed clusters

The question whether DNA base pairs found in cellular DNA are also formed preferen-
tially in clustering processes in the gas phase was addressed by Deyet al. in 1994 [134]. They
showed that in a supersonic beam expansion base pairs of complementary molecules, namely
adenine-thymine and cytosine-guanine are energetically favored as compared to homo–pairs
and non-complementary pairs.

Extensive theoretical investigations on the different possibilities for nucleobase pairing
have been performed by Hobza and co-workers [151] and very recently the results have been
summarized by Kelly and Kantorovich [152]. Pair formation in the gas phase for different
tautomers of complementary DNA bases was studied by means of double resonance laser
spectroscopy and complemented with theoretical calculations [142, 153]. It seems that the
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Figure 7.17: Relaxed thymine cluster geometries of high stability for cluster sizesn = 3,4,5. The
dotted lines indicate hydrogen bonds.
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Figure 7.18: Mass spectra of mixed clusters of thymine and adenine, after collisions with O5+ 50 keV.
thy represents the thymine molecule andaderepresents the adenine molecule.

Watson-Crick pair conformation of the cytosine-guanine dimer is formed as the most stable
configuration in the gas phase but this is not the case for the adenine-thymine pair where two
other isomers were found to fit best the IR spectra. The stability order for hetero– and homo–
pairs of DNA nucleobases as given by the experimental results from Deyet al. [134] and
complemented with theoretical calculations for stabilization energies in eV given by Kelly
et al. is as follows: Cyt–Gua(−1.21) [152] > Cyt–Cyt(−0.99) [148] > Gua–Gua(−1.12)
[148]> Ade–Thy(−0.82) [152]> Ade–Ade(−0.79) [149]≈ Thy-Thy(−0.82) [150]≈ Ade–
Gua(−0.87) [152] ≈ Ade–Cyt(−0.89) ≈ Cyt-Thy(−0.93) ≈ Gua–Thy(−0.94) [152]. The
energetic ordering is in good agreement with experiment with exception of the Gua–Gua
value. Other theoretical approaches have found lower values (−0.96) [154] for this configu-
ration. Formation of the last three hetero–pairs was not observed experimentally.

A fragmentation pattern of clusters formed after collisions of O5+ projectiles with mixed
neutral clusters of adenine and thymine molecules is shown in fig. 7.18. The spectrum is
normalized to the total yield of the thymine monomomer. Each group of peaks belongs to
a nucleobase numberntotal = mthy+(n−m)ade. In the first group the adenine and thymine
monomers can be clearly distinguished. In the second group, thy2, thy1ade1 and ade2 are
visible. In the third group, the ade3 is barely visible whereas thy3 and thy2ade1 are the
dominant peaks. From the fourth group on the clusters containing several thymine molecules
and one adenine: thynade1 are dominant. In group 4 and 5, clusters containing only adenine
molecules are not visible and the peaks corresponding to several adenine molecules and one
thymine: thy1adem are barely visible. The intensity distribution of the fragments is clearly
non-statistical. A statistical distribution should resemble Pascal’s triangle. An explanation for
this phenomenon would be that a strongly bound thy1ade1 pair is present in the core of the
cluster. The pair stabilizes the clusters and favors the growth by adding H-bonded thymine
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Figure 7.19: Mass spectra of mixed clusters of cytosine and adenine, after collisions with O5+ 50 keV.
cyt represents the cytosine molecule andaderepresents the adenine molecule.

molecules. In contrast to the experiments with homo–nucleobases clusters, it seems that for
hetero–nucleobases clusters polymerization is possiblei.e. clusters containing fragments of
molecules are visible to the left of the thyn with n = 2−5.

In order to get a better understanding of the cluster formation, and to explore the question
whether nucleobases which form Watson-Crick pairs within the DNA helix will form pref-
erentially pairs in the gas phase, experiments with molecular mixtures of nucleobases which
do not form Watson-Crick pairs on DNA were performed. Fig. 7.19 shows a mass spec-
trum of clusters containing adenine and cytosine after O5+ ion impact. The groups represent
nucleobase numbers:ntotal = mcyt +(n−m)ade. It can be seen that all cluster intensities de-
crease withn, hinting at an statistical distribution of intensities. Intensity distribution follows
the Pascal’s triangle. A possible explanation for this different behavior in comparison to the
Ade-Thy clusters, is that for cytosine and adenine the molecules are joined together by van
der Waals forces instead of H-bonding. Then stabilization of a selected pair does not occur.

Although preliminary, several conclusions can be drawn from the mixed clusters data:

preferential formation of clusters containingm thymine molecules and one adenine
molecule is evident.
the intensities of clusters containing cytosine and adenine molecules follow a statistical
distribution pattern.
polymerization is possible for mixed clusters: small peaks in between clusters of entire
molecules.

Following the discussion for homo–clusters of nucleobases, the clusters formed involving
thymine molecules in our experimental conditions seem to be held together by hydrogen
bonds. For cytosine-adenine clusters, the formation mechanism seems to involve only weak
van der Waals forces.
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7.5. Conclusions

Biomolecular radiation damage studies on clusters can be seen as a step towards molecules
embeddede.g. in aqueous solution. Using the cluster approach it is feasible to surround ra-
diobiologically relevant molecules such as DNA building blocks by a realistic environment
and still be able to investigate the dynamics of a single biomolecule.

As a first step in this direction, a comparison between fragmentation patterns of isolated
uracil, thymine, cytosine and adenine molecules with the corresponding data obtained for
clusters of these molecules has been presented in this chapter. For all systems, except cytosine
it was found that characteristic additional fragmentation channels are observed in the cluster
case. The strongest of these channels are loss of O and H (thymine and uracil) or loss of N and
H (adenine). For thymine, the fragmentation was studied by means of coincidence techniques
and it was compared to existing data on condensed phase thymine, where the respective
characteristic channels observed in the cluster case are observed as well. The characteristic
channels already open up for the smallest clusters but become relatively more important with
increasing cluster size. These channels are probably due to the hydrogen bonding between
O and H atoms in thymine,i.e. the clusters apparently favor planar geometries over stacked
ones.

Regarding the stability of nucleobase clusters, the strongest decrease of cluster yield with
cluster sizen was observed for adenine. There, also the appearance size for cluster dica-
tions is largest and no magic numbers are observed in the spectrum. For thymine and uracil,
cluster yields drop much slower withn. Appearance sizes for cluster dications are generally
smaller and the cluster exhibits clear magic numbersn = 7,10,13. These results are neither
in line with the expectations from dimer binding energies nor with ionization potentials of
nucleobase dimers and trimers.

Preliminary studies on ion induced dissociation of Watson-Crick pairs in the gas phase
have been performed. Preferential formation of clusters containingm thymine molecules
was observed. When substituting the thymine molecules for cytosine molecules, the distri-
bution was found to be statistical. According to spectroscopic and theoretical studies, several
nucleobases tautomers can be present in the gas phase; therefore it is of importance to spec-
troscopically investigate the clusters formed with our technique to clearly identify the present
tautomers.



CHAPTER 8

Summary

In this thesis the fragmentation of molecules of biological interest and their clusters after
collisions with keV ions and neutral particles has been studied in detail by means of high
resolution coincidence TOF spectrometry. In the context of radiation damage to biological
systems these studies are of relevance because they provide an insight into the very first steps
of heavy ion damage in biological media.

The experiments presented in this thesis are not limited to the experimental setup at KVI
in Groningen but they are also the fruit of collaborations with two different groups in France:
the experiments with clusters were performed at GANIL/CIRIL in Caen and the experiments
on energy loss of the projectile ion were performed at LASIM in Lyon. During this thesis
period, also a neutralization chamber was added to the existing CHEOPS setup at KVI and
pioneering experiments with neutral projectiles were carried out.

The first experiments during this research period were performed with water: the most
common molecule in biological environments. In chapter 4 fragmentation channels for water
molecules upon interaction with protons, He+ and He2+ projectiles in the energy range of
4-24 keV are treated. The corresponding KER distributions for a variety of dissociation
channels are shown and the underlying fragmentation processes identified. In particular, a
new dissociation channel for the water molecule which was predicted in the year 2000 was
observed experimentally for the first time and is reported in this chapter. It was also found
that when a water molecule dissociates, its fragments can have energies higher than 10 eV.

The interaction of ions with different nucleobases has been an emerging topic of study
in the last years. Very significant dependence of the fragmentation patterns on the projectile
electronic structure has been found. Also a relatively strong dependence of the fragment pro-
duction on the different target molecules is found when comparing the pyrimidines thymine
and uracil with the purine adenine. In this thesis, pioneering experiments with neutral projec-
tiles and the nucleobase adenine were carried out. In chapter 5 new results on the fragmenta-
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tion processes for the nucleobase adenine after collisions with neutral and charged projectiles
are shown. The experiments were performed for different projectiles: H+ and H0, He+ and
He0, and C+ and C0. The largest charge-state effect is observed for the C0 projectiles in com-
parison with C+. Delayed fragmentation of adenine fragments onµs timescales is observed
for fragments usually assigned to the loss of the HCN group. This effect is particularly pro-
nounced for neutral He projectiles but is also observed on a smaller scale for the other neutral
projectiles.

For nucleobases in general the spectrum is very structured with well defined groups of
peaks and in particular a strong surviving parent ion. These features indicate characteristic
break-up processes for these molecules. The damage induced to nucleobases can be quanti-
fied according to the relative fragmentation cross sections: the number of fragments formed
as compared to the number of surviving molecules. However, for deoxyribose molecules
studied in chapter 6 virtually complete disintegration of the molecule is observed. The de-
oxyribose parent molecule has a very low intensity. The fragment distribution is found to
follow a power law: a fingerprint of statistical fragmentation. These results might indicate
that within the DNA, the deoxyribose molecule is more fragile than the nucleobases. The
characteristic exponent of the power law fit is obtained for each different projectile as a func-
tion of velocity. For H+ and He2+, low exponents are observed which linearly increase with
projectilev. For He+, the characteristic exponent is larger and decreases withv. These find-
ings can be explained in the framework of charge exchange and electronic stopping. It is
shown that the characteristic exponent is a suitable parameter for quantitative studies of de-
oxyribose fragmentation. Also, it is shown that this exponent can be related to the energy
deposited in the molecular target.

All the above mentioned studies deal only with isolated molecules. In real biological en-
vironments, molecules are surrounded by many other molecules. The first step towards more
realistic biological systems are studies of radiation damage on clusters. In this thesis for the
first time the cluster approach is used to surround radiobiologically relevant molecules such
as DNA building blocks by a realistic chemical environment and still be able to investigate
the dynamics of a single biomolecule, the results are presented in chapter 7. A comparison
between fragmentation patterns of isolated uracil, thymine, cytosine and adenine molecules
with the corresponding data obtained for clusters of these molecules is made. For all systems
except cytosine, characteristic additional fragmentation channels are observed in the cluster
case. The strongest of these channels are loss of O and H (thymine and uracil) or of N and H
(adenine). For thymine, the fragmentation was studied by means of coincidence techniques
and it is compared to existing data on condensed phase thymine, where the respective charac-
teristic channels observed in the cluster case are observed as well. The characteristic channels
already open up for the smallest clusters but become relatively more important with increas-
ing cluster size. These channels are probably due to the hydrogen bonding between O and H
atoms in thymine,i.e. the clusters apparently favor planar geometries over stacked ones.

Preliminary studies on ion induced dissociation of Watson-Crick pairs in the gas phase
have been performed. Preferential formation of clusters containingm thymine molecules is
observed. When substituting thymine molecules for cytosine, the distribution is found to be
statistical. According to spectroscopic and theoretical studies, several nucleobases tautomers
can be present in the gas phase; therefore it is of importance to spectroscopically investigate
the clusters formed with our technique to clearly identify the present tautomers.
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In the context of biological radiation damage, the results presented in this thesis have the
following implications:

Surprisingly high intermediate charge states of the water molecule leading to fragment
proton energies which often exceed 10 eV are observed. This is particularly interesting
since these energetic protons have the potential to induce further damage in a cellular
environment.

The assumption that all physical processes take place on femtosecond time scales after
the interaction might be wrong in view of the fact that delayed fragmentation processes
taking placeµs after the collision have been observed.

The energy deposition by a particle on a fragile molecule can be estimated from the
basic concept of statistical fragmentation. The measurement of the deposited energy
has given an idea of the range of energies needed to inflict damage on the molecular
level, which is usually well below the ionization potential of the molecules. For track
calculations ionization potentials of the molecules involved are often used as threshold
for damage.

The results with clusters confirm the idea that it is very important to include the effects
of the environment in assessing molecular damage induced by ionizing radiation.





Atomic units and conversion factors

The atomic units (a.u.) originate from the typical dimensions of the hydrogen atom. The
length is the classical Bohr radiusa0 of the ground state electron, the velocityαc is the
classical velocity of the electron in the ground state of hydrogen, and the time is the ratio of
the length and velocity. The charge in atomic units is the charge of the electron, the mass is
the mass of the electron and the energy is the sum of the kinetic and the potential energy of
the hydrogen1selectron,2×13.6 eV. An overview of the most important quantities is given
in the following table 1. The atomic unit system is based on the following definition:

h̄ = me = e= 4πε0 = 1, (1)

whereh̄ is Planck’s constant divided by2π, me and−e are the mass and the charge of the
electron, respectively, andε0 the permittivity of free space.

Throughout this thesis both the projectile velocity in a.u. and its kinetic energy in keV/amu
are used. For non-relativistic collision energies the relation between them is given by:

v (a.u.)= 0.20
√

E(keV/amu) (2)

Some conversion factors of interest are given in table 2 in the backside of this page.

Table 1: Atomic units

length a0 5.292×10−11 m

time a0/αc 2.419×10−17 s

velocity αc 2.188×106 m/s

mass me 9.109×10−31 kg

charge e 1.602×10−19 C

energy me(αc)2 4.359×10−18 J

angular momentum h̄ 1.054×10−34 J s

107



108 Atomic units and conversion factors

Table 2: Conversion factors

1 amu 1.660×10−27 kg

1822.888 me

1 a.u. 27.2116 eV

energy 627.5095 kcal/mol

1 cal 4.184 J



Abbreviations

ade adenine
AE appearance energy
CIRIL Centre Interdisciplinaire de Recherches Ions Lasers
cyt cytosine
DFT Density Functional Theory
DDG Digital Delay Generator
DNA Deoxyribonucleic Acid
dR deoxyribose
DSB Double Strand Break
ECRIS electron cyclotron resonance ion source
gua guanine
HCI highly charged ions
HF-SCF Hartree-Fock Self-Consistent Field
HOMO highest occupied molecular orbital
IP ionization potential
KER Kinetic Energy Release
KVI Kernfysisch Versneller Instituut
LASIM Laboratoire de Spectrometrie Ionique et Moleculaire
MBPT Many Body Perturbation Theory
MCP multichannel plate
MO molecular orbital
MP2 Møller-Plesset perturbation theory
PES Potential Energy Surface
RF radio frequency
RNA Ribonucleic Acid
SSB Single Strand Break
TDC time-to-digital convertor
thy thymine
TOF time-of-flight
ura uracil
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Samenvatting

Gedurende ons leven worden we voortdurend blootgesteld aan ioniserende straling uit het
heelal of uit onze directe leefomgeving. Onze atmosfeer beschermd ons voor een deel tegen
de ioniserende straling uit het heelal, en deze straling is in de ruimte dan ook veel gevaarlijker,
bijvoorbeeld voor ruimtemissies. Hier op aarde wordt ioniserende straling vooral veroorzaakt
door een aantal stralingsbronnen. Voorbeelden zijnα-straling door verval van radon, dat in
gasvorm in woningen voorkomt. Het verval van elementen als bijvoorbeeld kalium, een ele-
ment dat voorkomt in voedingsmiddelen zorgt voor ca. 60% van de jaarlijkse stralingsdosis
van een mens. Dergelijke blootstelling is onontkoombaar, en de mogelijke effecten ervan zijn
nog niet goed bekend. Behalve deze natuurlijke staling wordt ioniserende straling ook veel
gebruikt in ziekenhuizen voor bijvoorbeeld bestraling van kwaadaardige tumoren (radiothe-
rapie) en voor het maken van Röntgenfoto’s. Voor dergelijke medische toepassingen wordt al
enkele tientallen jaren vooral bestraling met fotonen gebruikt. De nieuwste ontwikkeling op
het gebied van radiotherapie is het bestralen van tumoren met protonen of koolstof.

Verschillende soorten straling gedragen zich anders bij interactie met materie zoals bij-
voorbeeld menselijke cellen. Een van de belangrijkste verschillen is hoe de energieafgifte
verdeeld wordt over de baan die het deeltje door de cel aflegt. In figuur 1 zijn een aantal van
deze dosisafgiftes weergegeven voor fotonen met verschillende energieën en koolstofionen.
Het grote verschil tussen fotonen en atomaire deeltjes zoals koolstofionen blijkt onmiddelijk:
in tegenstelling tot de fotonen piekt de dosisafgifte aan het eind van de baan en eindigt daar
abrupt. In dit zogenaamde Bragg-piek gebied, waar de ionen energieën hebben tussen 0 en
enkele MeV’s, is niet alleen de afgegeven dosis groter, maar blijkt ook het biologische effect
veel groter. Omdat bij bestraling met ionen bijna alle energie in een beperkt gebied in de cel
terecht komt is ionentherapie een veelbelovende behandelingsmethode tegen kanker.

In het Bragg-piekgebied is de schade die door de straling aan een cel toegepast wordt
groter. Het belangrijkste doelwit voor de ioniserende straling is het DNA-molecuul. In fi-
guur 2 wordt schematisch weergegeven waar het DNA zich in de cel bevindt en waaruit het
bestaat. DNA-beschadiging kan direct en indirect plaatsvinden. Directe beschadiging kan
plaatsvinden door de straling zelf of door de secundaire deeltjes die bij bestraling in de cel
ontstaan, zoals secundaire electronen en protonen. Indirecte beschadiging vindt plaats door
chemische processen die opgang gebracht worden door bestraling, zoals het ontstaan van ra-
dicalen die door chemische reacties het DNA kunnen beschadigen. Bij indirecte beschadiging
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Figuur 1: Vergelijking van de dosisafgifte als functie van de afgelegde weg in materie van fotonen en
koolstofionen. In het geval van fotonen neemt de afgegeven dosis exponentieel af als functie van de
afgelegde afstand in het materiaal. Voor koolstof is dit omgekeerd en neemt deze dosis toe als functie
van de afstand. Het verloop van de dosisafgifte als functie van de afstand kan veranderd worden door
de energie van de koolstofionen te veranderen.
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Figuur 2: Van de celkern tot aan de DNA bestanddelen: de fosfaatgroep, de desoxyribose en de nu-
cleobasen.
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lijke vormen van DNA beschadiging en de mogelijke uiteindelijke biologische gevolgen hiervan.

speelt water een belangrijke rol, omdat het samen met bijvoorbeeld proteı̈nen veel in de cel
voorkomt en het DNA omringt.

De beschadiging van DNA kan ingedeeld worden in drie categorieën (zie figuur 3): enkel-
strengbreuken (in het Engels afgekort tot SSB: single strand break), dubbele strengbreuken
(DSB) en clusters van breuken. In een levende cel bestaan veel reparatiemechanismen die
uiteindelijk zullen bepalen wat het gevolg zal zijn van stralingsschade. SSB’s hebben grote
kans om gerepareerd te kunnen worden zonder verdere gevolgen voor de cel, maar een SSB
kan ook blijven bestaan of onjuist gerepareerd worden. Beide gevallen kunnen leiden tot
mutaties van het DNA en zelfs de dood van de cel. DSB’s zijn moeilijker te repareren en ook
hier kan onjuist of geen herstel plaatsvinden, hetgeen wederom tot mutaties of celdood kan
leiden. Als door bestraling van de cel ionisatie op nabijgelegen plekken in het DNA plaat-
vindt, kunnen clusters van breuken ontstaan, die nog moeilijker hersteld kunnen worden en
een nog grotere kans tot celdood opleveren. De verschillende categorieën beschadigingen en
hun uiteindelijke gevolgen zijn weergegeven in figuur 3.

Wanneer ioniserende straling door cellen heengaat, kan ionisatie van biologisch relevan-
te moleculen zoals water en DNA-bestanddelen plaatvinden. Deze ionisatieprocessen vor-
men de eerste stap naar biologische stralingsschade. De moleculaire processen die hierachter
schuilgaan zijn nauwelijks bekend en zijn het thema van het onderzoek beschreven in dit
proefschrift. Interacties tussen energetische deeltjes met biologisch-relevante moleculen en
hun clusters zijn onderzocht. Baanbrekende experimenten zijn uitgevoerd, waarin de im-
pact van verschillende projectielen, namelijk heliumionen (He+), α-deeltjes (He2+), proto-
nen (H+) en koolstofionen (Cq+) en ook de bijbehorende neutrale atomen He, H en C, is
vergeleken. De moleculen die gebruikt werden zijn water, desoxyribose en nucleobasen.

In het experiment werden de hierboven genoemde projectielen in botsing gebracht met
de moleculen in gasfase. De ionisatie en fragmentatie van de moleculen werd bestudeerd
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Figuur 4: Massaspectra van adenine (a) en desoxyribose (b) brokstukken na bosting met 5 keV/amu
He+ ionen. In elk spectrum is de chemische structuur van het betreffende molecuul weergegeven.

door gebruik te maken van vluchttijdspectrometrie (in het Engels afgekort als TOF: time of
flight spectrometry). Het idee achter deze techniek is dat ionen van gelijke energie maar
verschillende massa bewegen met verschillende snelheden. Uit dit laatste volgt dat de ver-
schillende fragmenten langere of kortere tijd nodig hebben om dezelfde weg af te leggen.
Lichte fragmenten, zoals H+ en C+ komen eerder aan op de detector. In een gemeten spec-
trum (figuur 4) verschijnen de lichtere (en dus snellere) fragmenten links in het spectrum.
Zwaardere fragmenten, zoals het positief geladen en zware moederion komen rechts in het
spectrum terecht omdat ze meer tijd nodig hebben dezelfde weg af te leggen. Uit een TOF
spectrum kan veel informatie verkregen worden over hoe een molecuul uit elkaar valt onder
invloed van ioniserende straling.

In DNA komen de nucleobasen voor in specifieke paren, de zogenaamde Watson-Crick
paren: adenine-thymine en cytosine-guanine. In dit proefschrift is met name de nucleobase
adenine en het DNA-ruggegraatbestanddeel desoxyribose bestudeerd met vluchttijdspecro-
metrie. In figuur 4 worden twee voorbeeldspectra getoond die verkregen zijn uit botsingen
van He+ met adenine (a) en desoxyribose (b). Voor nucleobasen in het algemeen geldt dat
de spectra een duidelijke structuur hebben met duidelijke groepen van pieken en een tame-
lijk grote piek voor het moederion (adenine+, rechts in het spectrum). Deze eigenschappen
van het spectrum zijn kenmerken van karakteristieke fragmentatieprocessen van dit mole-
cuul. De schade die de nucleobase is toegebracht kan gekwantificeerd worden aan de hand
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Figuur 5: Uitvergroting van het lage massa gedeelte van het clusterspectrum.thy geeft het thymine
moedermolecuul aan. In het grijs is de data van een puur thymine target aangegeven en met de zwarte
lijn de data van een thymine cluster. De pieken rondm/q = 109 worden alleen waargenomen in de
clusterexperimenten.

van de relatieve werkzame doorsnedes van de fragmentatie: het aantal gevormde fragmenten
in vergelijking met de moleculen die de botsing overleven. Uit het desoxyribosespectrum
blijkt echter duidelijk dat het oorspronkelijke molekuul vrijwel in z’n geheel uiteen valt. Het
moedermolecuul (desoxyribose+, de piek helemaal rechts in het spectrum) is nauwelijks nog
zichtbaar. De verdeling van fragmenten in het spectrum volgt een machtswet, wat duidt op
statistische fragmentatie. Uit deze resultaten kan afgeleid worden dat desoxyribose onder
invloed van ioniserende straling makkelijker uiteenvalt dan nucleobasen. In dit proefschrift
is de karakteristieke exponent van de machtswetfit verkregen voor ieder projectiel als functie
van de snelheid. Het blijkt dat de karakteristieke exponent een erg geschikte parameter is voor
een kwantitatieve beschrijving van desoxyribosefragmentatie. Bovendien is gebleken dat er
een verband bestaat tussen de karakteristieke exponent en de energie die door het projectiel
aan molecuul is afgegeven.

Verder zijn in dit proefschrift fragmentatiekanalen van watermoleculen in wisselwerking
met 4-24 keV H+, He+ en He2+ projectielen onderderzocht. Een nieuw fragmentatiekanaal
voor het watermolecuul dat in het jaar 2000 was voorspeld werd voor het eerst waargenomen.
Het blijkt bovendien dat de fragmenten van het uiteengevallen watermolecuul energieën kun-
nen hebben van meer dan 10 eV. Dit is belangrijke kennis, omdat fragmenten met dergelijke
energie gemakkelijk verdere schade zouden kunnen aanrichten in een cel.

Bovengenoemde experimenten werden allemaal uitgevoerd aan geı̈soleerde moleculen.
In realistische biologische omgevingen zijn de bestudeerde moleculen omgeven door veel
andere moleculen. Een eerste stap in de richting van het bestuderen van realistische biolo-
gische systemen werd genomen bij het uitvoeren van experimenten aan clusters van molecu-
len. In dit proefschrift werd een vergelijking gemaakt tussen fragmentatie van geı̈soleerde
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uracil-, thymine-, cytosine- en adeninemoleculen en fragmentatie van deze moleculen in
clusters. In figuur 5 zijn de eerste resultaten van deze vergelijking voor thymine weerge-
geven. Het fragmentatiekanaal dat staat aangegeven met [thy-OH]+ is alleen waargenomen
voor thymine in clusters en niet voor geı̈soleerde thyminemoleculen. Het blijkt dat voor al-
le moleculen behalve cytosine in het geval van clusters extra fragmentatiekanalen bestaan.
Dit bevestigt het beeld dat de chemische omgeving van een molecuul belangrijk is voor het
fragmentatieproces.



Resumen

A lo largo de nuestras vidas, estamos expuestos a radiaciones ionizantes provenientes
de diferentes fuentes. Radiación ionizante en forma de rayos cósmicos llega a la tierra con-
tinuamente. Gracias a la atmósfera, estamos generalmente protegidos. Los rayos cósmicos
constituyen un serio peligro para los astronautas en el espacio. La radiación ionizante es tam-
bién emitida por fuentes naturales presentes en el medio ambiente. Por ejemplo partı́culas
alfa son emitidas cuando un gas llamado radón decae radiactivamente. El radón es un gas
que se origina en el suelo y puede acumularse en los sótanos de edificios de concreto. El
decaimiento radioactivo de elementos tales como el potasio (contenido en muchos productos
alimenticios) produce el 60 % de la dosis anual promedio de radiación para una persona. No
se sabe realmente cual es el riesgo de estas bajas dosis de radiación ionizante para los seres
humanos, si es que hay alguno. Lo que si se sabe es que la exposición a la radiacíon es ine-
vitable. La radiacíon ionizante también se usa para diagnósticos y tratamiento ḿedico. Por
ejemplo, en la radioterapia convencional, rayos-X y fotones de alta energı́a han sido usados
por d́ecadas para eliminar las células cancerı́genas. Hoy en d́ıa presenciamos la introducción
de rayos de protones e iones pesados (por ejemplo carbono) como herramientas novedosas
para la radioterapia.

Los diferentes tipos de radiación se comportan de forma diferente cuando interactúan
con la materia, por ejemplo con células humanas. Una de las mayores diferencias entre los
diferentes tipos de radiación es como la energı́a de las partı́culas se deposita a lo largo de
sus trayectorias. En la figura 1 se puede ver como varı́an las diferentes distribuciones de la
dosis dependiendo de la profundidad en el agua, para fotones de diferentes energı́as e iones
de carbono. En comparación con otras clases de radiación ionizante como los fotones de altas
enerǵıas (rayos gamma del Co-60 y rayos-X), las partı́culas at́omicas tales como los iones
de 12C tienen fundamentalmente una distribución diferente de la dosis depositada. La dosis
tiene su ḿaximo al final de la trayectoria de la partı́cula y despúes cae a cero rápidamente.
En este pico, llamado el pico de Bragg, donde los iones tienen energı́as entre cero y unos
cuantos MeV, no solamente la dosis que se deposita es máxima sino que también la eficacia
biológica relativa tiene su ḿaximo. La selectividad del volumen irradiado, en otras palabras
irradiar con mayor intensidad a las células cancerı́genas y proteger el tejido sano, es lo que
hace a la terapia con protones e iones pesados una técnica prometedora para el tratamiento
del ćancer.
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Figura 1: Comparacíon entre las distribuciones de dosis con profundidad de fotones e iones de carbono.
En el caso de los fotones, la dosis decrece exponencialmente cuando la profundidad aumenta. Los iones
de carbono poseen un perfil inverso de dosis, i.e. la dosis crece cuando la profundidad aumenta. Este
perfil puede ser desplazado si se varı́a la enerǵıa de los iones.
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Figura 2: Desde el ńucleo celular a los componentes básicos del ADN: el grupo fosfato, desoxirribosa
y las bases nitrogenadas.
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Figura 3: Vista esqueḿatica de la doble cadena del ADN. Debajo, los diferentes tipos de rupturas en la
cadena junto con las posibles consecuencias biológicas.

El dãno a la ćelulas es ḿaximo en la regíon del pico de Bragg. La molécula del ADN es
el blanco mas relevante para los estudios de daños inducidos por la radiación a las ćelulas.
En la figura 2 se muestra un esquema de la estructura molecular del ADN tal y como se
encuentra en las células. La moĺecula del ADN puede ser dañada directa o indirectamente.
El dãno directo es causado por las partı́culas incidentes o partı́culas que se forman a lo largo
de la trayectoria de la radiación primaria, es decir, electrones o iones secundarios. El daño
indirecto es provocado usualmente por procesos quı́micos iniciados por la partı́cula incidente,
por ejemplo la formación de radicales. En el contexto de daño indirecto, el agua juega un
importante rol porque rodea el ADN junto con otras moléculas tales como las proteı́nas. Los
radicales formados pueden eventualmente atacar quı́micamente al ADN.

Los dãnos causados al ADN se pueden clasificar como: ruptura de una sola cadena (SSB
por sus siglas en inglés), ruptura de la doble cadena (DSB) o lesiones múltiples. En una
célula viva operan una multitud de mecanismos de reparación, los cuales definen el resultado
biológico final de la interacción inicial. Las rupturas de una sola cadena (SSB) tienen una
mayor probabilidad de ser reparadas sin consecuencias posteriores, conduciendo a una célula
sana. Estas rupturas también pueden ser reparadas erróneamente o pueden permanecer sin
reparar conduciendo a mutaciones o muerte celular. Las rupturas de la doble cadena son
mas dif́ıciles de reparar y su reparación erŕonea puede causar mutaciones e incluso muerte
celular. Aparte de esto, si ocurren eventos ionizantes muy cerca uno del otro a lo largo de
la trayectoria de la partı́cula, se pueden formar lesiones múltiples muy complejas que son
todav́ıa mas dif́ıciles de reparar y para las cuales la probabilidad de muerte celular es mayor.
En la figura 3 se muestra un esquema con los diferentes tipos de rupturas en el ADN y las
posibles consecuencias que estas pueden tener.

Los mecanismos moleculares en los que se basan los daños inducidos por las radiaciones
ionizantes están muy lejos de ser entendidos y requieren posterior atención. En esta tesis, las
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Figura 4: Espectro de masa de los fragmentos de adenina (a) y desoxirribosa (b) después de una co-
lisión con iones He+ a 5 keV/amu. Insertada en cada gráfico aparece la estructura de la molécula
correspondiente.

interacciones de partı́culas enerǵeticas con moĺeculas de relevancia biológica y sus conglo-
merados fueron investigadas. Las partı́culas usadas fueron iones de helio (He+) y part́ıculas
alfa (He2+), protones (H+) e iones de carbono (Cq+), junto con los correspondientesátomos
neutrales: H, He y C. Los blancos moleculares usados en esta tesis fueron agua, desoxirribosa,
bases nitrogenadas y sus conglomerados, todos estos en estado gaseoso.

La ionizacíon y fragmentacíon de los objetos moleculares fueron estudiadas por medio
de espectrometrı́a de masas usando una técnica conocida como espectrometrı́a de tiempo de
vuelo (TDV). La idea b́asica de este tipo de espectrometrı́a es que los iones que tienen dife-
rentes masas y cargas adquieren diferentes velocidades cuando se extraen por medio de un
campo electrostático. Esto implica que necesitan tiempos diferentes para viajar cierta distan-
cia a velocidad constante en el instrumento: los fragmentos mas livianos tales como H+ y C+

llegan antes al detector que los fragmentos más pesados, por ejemplo la molécula completa
ionizada. En un espectro tı́pico, los fragmentos ḿas livianos/ŕapidos aparecen a la izquierda,
mientras que fragmentos como la molécula original son mas lentos y aparecen a la dere-
cha del espectro. De un espectro de TDV se puede obtener mucha información sobre como
sucedío la fragmentacío del objeto molecular.

En el ADN, las bases nitrogenadas se encuentran en pares especı́ficos, conocidos como
pares de Watson-Crick, estos son los pares adenina–timina y citosina–guanina. Estudios an-
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teriores en nuestro grupo se habı́an enfocado en la base nitrogenada timina. En esta tesis se
estudiaron la base complementaria adenina y la molécula desoxirribosa (constituyente del
esqueleto del ADN). Dos espectros tı́picos de las interacciones de iones He+ con adenina (a)
y desoxirribosa (b) se muestran en la figura 4. En el caso de las bases nitrogenadas, en lo
general, el espectro es bien estructurado, con grupos de picos bien definidos y, en particu-
lar, la moĺecula original ionizada puede ser vista claramente (adenina+, el pico a la derecha
del espectro). Estos rasgos indican que los procesos de disociación para la moĺecula adenina
son bien definidos. El daño que los iones inducen en las bases nitrogenadas como la adeni-
na se puede cuantificar de acuerdo a la sección eficaz relativa de fragmentación: el ńumero
de fragmentos formados en relación al ńumero de moĺeculas originales sobrevivientes. Por
otro lado, para la desoxirribosa se observa completa desintegración de la moĺecula original.
El pico correspondiente a la molécula madre tiene muy baja intensidad (desoxirribosa+, el
pico a la derecha del espectro). Se encontró que la distribucíon de los fragmentos satisface
la ley de potencias: una caracterı́stica de la fragmentación estad́ıstica. Estos resultados po-
dŕıan sugerir que en el ADN, la desoxirribosa es más fŕagil que las bases nitrogenadas. En
los estudios presentados en esta tesis, se ajustó la ley de potencias para cada proyectil y se
obtuvo el exponente caracterı́stico en funcíon de la velocidad del proyectil. Se demostró que
el exponente caracterı́stico es un paŕametro adecuado para cuantificar la fragmentación de
la moĺecula desoxirribosa. También, se demostró que este exponente caracterı́stico se puede
relacionar con la cantidad de energı́a depositada en el objeto molecular.

Para la base nitrogenada adenina, se efectuaron experimentos innovadores con proyectiles
neutrales. Los experimentos se llevaron a cabo con diferentes proyectiles: H+ y H0, He+ y
He0, y C+ y C0. El mayor efecto cuando se cambia el estado de carga del proyectil fue obser-
vado para C0 en comparación con C+. Para fragmentos usualmente asignados a la pérdida de
un grupo HCN, se observó fragmentacíon retardada en escalas de tiempo deµs. Este efecto
es particularmente pronunciado para los proyectiles neutrales de helio, pero también se ob-
serv́o en una escala menor para los otros proyectiles neutrales. La observación de fragmentos
de larga vida implica que la suposición de que los procesos fı́sicos ocurren en los primeros
fs (10−15 segundos) después de la interacción inicial podŕıa ser demasiado simple en vista
del hecho de que fragmentación retardada todavı́a ocurreµs (10−6 segundos) después de la
colisión.

En esta tesis también se investigaron los canales de fragmentación para las moléculas de
agua despúes de su interacción con H+, He+ and He2+ con enerǵıas de 4 a 24 keV. Un nuevo
canal de disociación para la moĺecula de agua que fue predicho en el año 2000, fue expe-
rimentalmente observado por primera vez. Se encontró tambíen que cuando la molécula de
agua se disocia, sus fragmentos pueden tener energı́as mayores a los 10 eV. Esto es particu-
larmente interesante puesto que fragmentos con estas energı́as tienen el potencial de inducir
dãno posterior en el entorno celular.

Todos los estudios mencionados anteriormente tratan solo con moléculas aisladas. En en-
tornos bioĺogicos reales, las moléculas est́an rodeadas por muchas otras moléculas. El primer
paso hacia un sistema biológico ḿas realista fueron estudios de los daños inducidos por la
radiacíon en conglomerados o clusters. En esta tesis por primera vez, la aproximación de
conglomerados de moléculas fue usada para rodear moléculas radiobioĺogicamente relevan-
tes tales como los constituyentes del ADN con un ambiente quı́mico más realista, y todavı́a
ser capaz de investigar la dinámica de una sola biomolécula. Se compararon los patrones
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Figura 5: Acercamiento (zoom) en la región de masas pequeñas de un espectro de masas de conglo-
merados. Los picos cerca dem/q = 109no fueron observados para la molécula aislada. Los datos para
moléculas aisladas se muestran en gris.

de fragmentación de las moĺeculas aisladas uracilo, timina, citosina y adenina con los datos
obtenidos para los conglomerados de estas moléculas. Resultados iniciales para la base nitro-
genada timina se muestran en la figura 5. El canal designado como [thy-OH]+ se observ́o solo
para los conglomerados y no para las moleculas de timina aisladas. Para todos los sistemas,
excepto citosina, se encontraron canales adicionales caracterı́sticos de la fragmentación de
la moĺecula dentro de los conglomerados. Esto confirma la idea de que es muy importante
incluir los efectos del medio cuando se quiere evaluar el daño molecular inducido por las
radiaciones ionizantes.
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