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Electron attachment processes in isolated molecules in the gas phase, in clusters and in molecules con-
densed on surfaces are reviewed, and a special section is dedicated to electron attachment to biologically
relevant molecules. For isolated molecules in the gas phase the emphasis is on the comparison between
direct dissociation from strongly repulsive �* states and the more indirect predissociation processes asso-
ciated with the initial occupation of a �* MO. These processes are discussed with regard to the temperature
dependence of the dissociative electron attachment processes and with regard to its high bond selectivity.
Specific examples of high bond and site selectivity at particular electron incident energies are discussed in
terms of thermo-chemically controlled and state controlled selectivity of the dissociative electron attach-
ment process. Different processes that are specific for electron attachment to molecules in clusters or
issociative electron attachment
lectron stimulated desorption
luster anions
NA nucleobases
emperature dependency

condensed on surfaces are discussed for prototypical cases. These include suppression and enhancement
of DEA channels, negative ion formation through “electron/exciton-complexes”, scavenging processes,
and low energy electron induced synthesis in thin molecular films and in clusters. Finally we discuss gas
phase electron attachment to the DNA and RNA building blocks, i.e., the nucleobases, the sugar unit and
the phosphate group. The relevance of these gas phase experiments to actual DNA damage such as single
strand breaks is discussed and first gas phase electron attachment experiments on larger DNA units are
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discussed.

. Introduction

It is a great honor and a pleasure for us to have the opportunity
ithin the frame of this celebration issue of the IJMS to bring our

est whishes to Prof. Eugen Illenberger on the occasion of his 65th
irthday. And what could be more adequate than expressing these
hishes in the form of a short tribute to his work in the field of
egative ion chemistry. A field, in which Eugen is one of the leading
apacities, a field he helped shaping with his contributions and a
eld where his input has had great influence on our knowledge and

nderstanding. Moreover, besides being a very fruitful and disci-
lined scientist Eugen is also a great mentor, a friend to his students
nd supportive far beyond the duration of their studies. As his stu-
ents we all have experienced these qualities and benefited from

∗ Corresponding author. Tel.: +354 525 4313; fax: +354 552 8911.
E-mail address: odduring@hi.is (O. Ingólfsson).
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hem greatly. For this we would also like to express our gratitude
o Eugen on this special occasion.

In the year 1989 Eugen took a position as a Professor of Physical
hemistry at the Free University in Berlin where he has established
ne of the most active laboratories in the field of gas phase negative
on chemistry. Moreover, he has not limited his studies to negative
ons in the gas phase but extended them from isolated molecules
hrough clusters and condensates to the building blocks of life. In this
hort review we will attempt to offer the reader an impression of
his journey and hopefully some insight into the multiplicity of
ugens work in the field of negative ion chemistry.

The formation and decay of negative ions is a field that has
ngaged great interest of physicists and physical chemists for sev-

ral decades and considerable theoretical and experimental work
as been dedicated to the subject (see, for example, refs. [1–3] and
eferences therein). The first step in this process can be understood
s the formation of a transient negative ion (TNI) through a vertical
ransition from the electronic ground state of the neutral molecule

http://www.sciencedirect.com/science/journal/13873806
mailto:odduring@hi.is
dx.doi.org/10.1016/j.ijms.2008.06.013
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o the potential energy surface of the anion (Franck–Condon tran-
ition);

− + ABCD → ABCD−#. (1)

ere “#” signifies the anionic transient state, i.e., the excited molec-
lar anion. This can be an electronically or a vibrationally excited
NI, however in the proceeding text we use “−#” to indicate a
ibrationally excited TNI but “*−” for an electronically excited TNI.

In principle the only prerequisite for the existence of a bound
tate for the electron is that the ground state of the anion is ener-
etically lower than the associated neutral precursor state, i.e., the
olecule must possess a positive (adiabatic) electron affinity. How-

ver, as the TNI is formed through a vertical transition it must
ecessarily be in an excited state if the molecule in question pos-
esses a positive electron affinity. The excitation energy; E, of the
NI, thus comprises the incident energy of the attached electron
nd the electron affinity of the molecule. At large distances, the
nteraction of the incoming electron with the target molecule is
ominated by the attractive charge-induced dipole potential (V�)
ut at short distances the repulsive centrifugal potential (Vl), orig-

nating from the angular momentum of the electron, becomes
ore important. The resulting interaction potential is the sum of

he charge-induced dipole potential and the centrifugal potential;
Eff = V� + Vl. Fig. 1 shows schematically the interaction potential

or different angular momentum quantum numbers l = 0, 1 and
. For l /= 0 a centrifugal barrier is formed and the electron can
e temporarily trapped within the effective potential. Referring
o the shape of this interaction potential the TNI formed by this

echanism is termed shape resonance [4,5]. In the picture of molec-
lar orbitals (MOs) the extra electron occupies a previously empty
O and if the electron configuration of the molecule is otherwise

nchanged, i.e., no electronic excitation takes place, these reso-
ances are also referred to as single particle shape resonances. Fig. 2
hows a schematic potential energy diagram for the total energy
f a neutral molecule ABCD and two �* single particle shape res-

nances accessible through a vertical transition from the ground
tate of the neutral molecule. In this example the first resonance
s associated with the lowest lying molecular orbital (LUMO) of
he neutral with a highly localized �*(A–BCD) character the sec-
nd is associated with a higher lying virtual �* MO located at the

ig. 1. Effective interaction potential for an electron approaching a neutral molecule.
he effective potential is the sum of the charge-induced dipole potential and the
entrifugal potential. When the angular momentum quantum number l is different
rom zero, a centrifugal barrier is formed and the electron can be temporarily trapped
ithin the effective potential.
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ig. 2. Schematic potential energy diagram for the total energy of a neutral molecule
BCD and two �* shape resonances accessible through a vertical transition from the
round state of the neutral molecule.

B–CD bond. The vertical electron attachment energy (VAE), which
orresponds to the appearance energy of the resonance, the ver-
ical detachment energy (VDE), which corresponds to the energy
eeded to re-eject the electron from the ground state of the nega-
ive ion and the adiabatic electron affinity; EA are signified in Fig. 2.
ingle particle shape resonances usually occur at electron ener-
ies <4 eV and typically have lifetimes in the range from 10−15 to
0−10 s [4,5]. Exceptionally long lifetimes, however, can be observed
n highly symmetric polyatomic molecules where the Jahn–Teller
istortion of the anion provides for efficient coupling between the
ifferent vibrational degrees of freedom and between the electronic
nd vibrational states involved [6,7]. This leads to a fast dissipation
f the excess energy within the molecule, removing it from the
oordinates relevant for the re-ejection of the electron or for disso-
iation of the molecule. Hence the lifetime of the molecular anion
ecomes extended through internal energy distribution. Examples
f such stabilization effects through intramolecular vibrational redis-
ribution (IVR) are the long lived (>10−5 s) low energy resonances
n sulfur hexafluoride (SF6) and hexafluoro benzene (C6F6) that
re observed close to 0 eV electron energy (see, for example, refs.
1,3,8–10] and references cited therein).

If the energy of the incoming electron is large enough to induce
n electron excitation in the neutral molecule, a resonance can form
n which two electrons occupy a normally empty MO or MOs. A
NI formed in this way is called a core excited or a two particle one
ole (2p–1h) resonance. If this TNI is energetically above the cor-
esponding electronically excited neutral molecule the electron is
ound by a centrifugal barrier like in the case of the shape reso-
ances. The lifetime of this TNI is short and the resonance is referred
o as a core excited shape or core excited open channel resonance. If
n the other hand the TNI is energetically below the correspond-
ng electronically excited state of the neutral molecule it cannot
elax to that state by the simple ejection of the excess electron. In

his case the TNI can only relax to a lower lying excited state or the
round state of the molecule through a two electron transition. This
equires a considerable rearrangement of the electronic structure,
hich in turn extends the lifetime of the resonance with regard
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Fig. 3. Schematic potential energy diagram displaying the formation of a core
excited open channel (shape) and a core excited closed channel (Feshbach) reso-
nances within the same molecule. The resonances are depicted along the AB–CD
dissoviative asymptote with AB being the fragment with the higher electron affin-
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two-dimensional potential energy diagram. The autodetachment-
lifetime �AD is related to the energy width � of the transient
negative ion state according to the Heisenberg uncertainty prin-
ciple. The dissociation lifetime can be calculated from the radial
ty. In this example both resonances are associated with the same excited state of
he neutral and in the closed channel resonance both the excited electron and the
xcess electron are in the same MO, whereas in the open channel resonance these
re depicted in different MOs.

o re-ejection of the electron. These resonances are referred to as
ore excited Feshbach or core excited closed channel resonances. Fig. 3
hows schematic potential energy curves illustrating the formation
f the two different types of core excited resonances.

Feshbach resonances can also be formed at low energies if the
ibrational levels of the TNI are below the corresponding states of
he neutral [11,12]. These are called vibrational Feshbach resonances
VFR), a term which strictly refers to resonances that lie only a small
mount of energy below the parent vibrational state (generally
uch that lowering the vibrational state by one quantum suffices
o release the electron like in the case of HF [11,13]). However, here
e also refer to VFRs for such resonances as the long-lived parent

nions SF6
−# and C6F6

−# (see above) where effective intramolecu-
ar energy distribution delays the re-ejection of the electron. VFRs
re also observed from so-called dipole-bound states (DB) [14–16].
he prerequisite for the existence of a DB state is a high polarizabil-
ty and a large dipole moment (>2.5 D). In this case the electron
s bound by attractive long-range charge–dipole interaction and
esides in a diffuse Rydberg-type orbital as observed, for example,
n N2O [17], ethylene carbonate [18] and uracil [19].

Irrespective of the mechanism leading to the formation of a TNI,
nder single collision conditions it can only relax by either eject-

ng the electron again; autodetachment (AD), through dissociation;
issociative electron attachment (DEA) or by energy release through

ight emission; radiative relaxation. Radiative relaxation is a process

hich proceeds on a much longer timescale compared to the relax-
tion through dissociation or re-ejection of the electron and will
ot be considered here. Autodetachment and dissociative electron
ttachment on the other hand are often operative on comparable
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imescales and the branching ratio between the two channels will
ainly depend on which of the both processes is the faster one.
At very low electron energies the Wigner threshold law [20]

escribes the energy dependence of the “likelihood” of a two par-
icle capture process in terms of the attachment cross section (�0)
s:

0(E, l) ∼ El−1/2 (E → 0) (2)

or l = 0 (s-wave attachment) one would therefore expect an E−1/2

ependence for the electron attachment cross section close to
hreshold. For p-wave attachment, on the other hand, where l = 1,
he energy dependence is predicted to be E1/2. Hence, due to the
rerequisite of constructive interference for electron capture, the
nergy dependence of the cross section close to threshold is highly
ependent on the symmetry of the anionic state [21]. In most cases
he s-wave component governs the threshold behavior in electron
ttachment, even in cases such as C60 where s-wave attachment
o the ground state is not expected to be operative [22,23]. P-wave
ttachment has been demonstrated in the case of Cl2 [24] and very
ecently also for F2 [25].

The electron attachment cross section is closely related to the
ttachment rate, i.e., the rate constant (k) for reaction (1). This can
e fairly well described as the product of the mean electron veloc-

ty (v̄) and the attachment cross section averaged over the relevant
ncident electron energies (�̄); k = �̄v̄ [26,27]. Correspondingly the
EA cross section; �DEA, is the product of the attachment cross

ection; �0, and the dissociation probability Pdiss.

DEA = �0Pdiss. (3)

ere Pdiss expresses the probability of the TNI to reach the crossing
oint of the potential energy curves (marked RC in Figs. 2 and 4)
efore the electron is re-ejected. Thus, this probability can be cal-
ulated from the autodetachment lifetime; �AD and the time it takes
he TNI to dissociate �DEA:

DEA = �0 e−�DEA/�AD . (4)

his is visualized in Fig. 4 in the simplified picture of a
ig. 4. Simplified two-dimensional potential energy diagram illustrating the forma-
ion of a transient negative ion. Autodetachment of the extra electron is possible until
he crossing point RC of the anionic and the neutral potential energy curve is reached.
he ion yield shown on the right hand side reflects the initial Franck–Condon tran-
ition.
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Fig. 5. Stabilization of the neutral molecule and the TNI in a condensed medium
compared to the isolated molecule in the gas phase. The TNI is better stabilized than
the neutral precursor due to the stronger polarization of the environment in the
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elocity v(R′) between the forming fragments according to:

DEA =
∫ Rc

R

dR′

v(R′)
. (5)

ere R is the bond distance from where the electronic transition
akes place and RC is the crossing point. In Fig. 4 the TNI is formed
hrough a vertical transition within the Frank–Condon region and
hen relaxes to reach its geometrical equilibrium R−

eq. However, until
he crossing point RC is reached, autodetachment is still possible.
n Fig. 4 the autodetachment lifetime is signified through the width
f the resonance, which decreases at lower transition energies.
hen the bond relevant to the DEA process is elongated beyond RC,

utodetachment is not longer possible and the molecule is bound to
issociate. In a first approximation the ion yield curve reflects the
ransition probability within the Frank–Condon region; however,
he position and the shape of the ion yield can also be strongly influ-
nced by the autodetachment lifetime. Furthermore, if the anionic
urve has a minimum, the parent ion ABCD− may be observed, given
hat the excess energy can be efficiently redistributed within the
ibrational degrees of freedom of the molecule. However, in a sim-
lified picture, the ion yield can be seen as a reflection of the initial
rank–Condon transition. This so called reflection principle [2,28,29]
s shown on the right side of Fig. 4.

If a molecule is comparatively simple and the incident energy
f the electron is low, DEA can often be fairly accurately described
ithin the framework of a diatomic dissociation along the disso-

iative asymptote of a repulsive state leading to the formation of a
egatively charged fragment and its radical counterpart;

BCD−# → AB + CD−. (6)

In more complex polyatomic molecules the excess energy can
e distributed among a large number of vibrational degrees of free-
om and the lifetime of the TNI is extended. As a consequence
he DEA process can be complex and even involve considerable
earrangement within the molecule;

BCD−# → AC + BD−. (7)

Furthermore, the initial dissociation process can leave the frag-
ents with appreciable amount of internal energy, which in turn

an lead to further dissociation on a metastable (>10−6 s) time scale

BCD−# → AB(#) + CD−(#) (8)

D−(#) → C + D−. (9)

In a molecular aggregate (cluster), as compared to isolated
olecules in the gas phase, the situation changes considerably

3,30–32]. For one thing the formation of a TNI does not neces-
arily involve only one molecule within the cluster as the de Broglie
avelength (�D) of the electrons in the energy range under con-

ideration is on the order of the intermolecular distance within the
luster (e.g., �D for a 1 eV electron is 1.2 nm). In addition, in larger
lusters, bulk liquids and also in adsorbates of polar molecules such
s water or ammonia, electrons may be trapped by the collective
eld of the oriented dipoles [33–36].

However, even if we consider the electron attachment process
n a cluster as the interaction of the incoming electron with a single

olecule within the cluster, the surrounding molecules still have a
ignificant influence on the formation and the decay of the TNI. In
he formation process the most important effects are (i) the polar-

zation interaction of the neutral precursor and the TNI with the
urrounding molecules and (ii) the energy loss of the incoming elec-
rons through inelastic scattering from other molecules within the
luster prior to attachment. The former effect is depicted in Fig. 5 for
et stabilization of both the molecular precursor and the TNI. The

o
m
n
a
f

resence of a negative charge. On the right hand side the cross section for the X
ormation in the gas phase; �g, and for the condensed phase; �solv, is shown. For
larity the shift of the neutral potential energy curve is neglected in the ion yield
urves. In addition the shift of the desorption cross section; �des is shown.

chematic potential energy curves are shown for the isolated neu-
ral molecule and the corresponding negative ion in the gas phase
ompared to the potential energy curves in a cluster or condensates
signified by the subscript “solv”). The attractive polarization inter-
ction can be considered as to be composed of two components;
he fast electron polarization that takes place on the same time
cale as the attachment process itself and the stabilization through
he reorientation of the surrounding molecules which occurs on a

uch slower timescale (10−12 to 10−10 s). Due to the stronger polar-
zation of the environment in the presence of a negative charge the
esult is a net stabilization of the TNI relative to the neutral pre-
ursor. This applies for the anion in its electronic ground state and
ue to the higher polarizability of the electronic excited states this
tabilization effect is usually stronger in the case of core excited res-
nances. Largely, the same picture applies for molecules condensed
n molecular films or at surfaces as will be discussed here below.

The effect of inelastic scattering processes on the formation of
he TNI as it appears in the ion yield curves from molecular clus-
ers is often not less important. The initial step in this process can
e understood as the formation of a short-lived core excited open
hannel resonance. The resonance then decays through autode-
achment, but leaves the neutral molecule in an excited state. Hence
he electron loses most of its energy in an inelastic scattering event
ithin the cluster. The electron is typically slowed down to around
eV after the scattering event and can thus be captured by another
olecule through a low lying single particle resonance. This reso-

ance is detectable by conventional mass spectrometric methods
f it has sufficient lifetime with respect to autodetachment to be
ither stabilized through energy dissipation or to dissociate to form
stable negative ion fragment. In both cases this low lying sin-

le particle resonance appears in the ion yield curves “blue shifted”
y the excitation energy left in the neutral molecule through the
nitial inelastic scattering process. If the initial scattering center
nd the scavenger are the same kind of molecules the process is
eferred to as self-scavenging. If the molecules are of different kind,
he process is referred to as auto-scavenging (an explicit example

f auto-scavenging processes (C6F5Cl/N2) is given in supplementary
aterial to this article). The electron can also slow down through

on-resonant inelastic processes within the cluster, however these
re much less efficient processes and do not appear as resonant
eatures.
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of this QMS-ToF measurement technique are given in the references
[3,31,50]. The experimental setup to study isolated molecules in
the gas phase is shown in Fig. 6. In this setup gas phase samples
are entered into the reaction zone through an effusive inlet, liq-
I. Bald et al. / International Journal

Beside the influences on the formation of the TNI, the cluster
nvironment can also strongly influence its decay probability. In a
luster the intermolecular collision rate is on the same timescale
s the vibrational frequencies, hence the immediate geometri-
al relaxation of the TNI upon formation is directly coupled to a
ast and effective relaxation mechanism leading to dissipation of
he vibrational fraction of its excess energy E# within the cluster.
his results in stabilization of the TNI with respect to dissocia-
ion as well as autodetachment and the excess energy is carried
way through evaporation of a part or the entire cluster. The
rocess is therefore often referred to as evaporative attachment
3,31,37].

In general the same processes that are operative in clus-
ers can also play a significant role in adsorbed or condensed

olecules [3,32,38–40]. However, the ion yield curves from elec-
ron stimulated desorption (ESD) from surfaces only show the ionic
ragments that are desorbed. Therefore, many processes that result
rom electron attachment to condensed molecules are not directly
bservable by means of conventional mass spectrometric analysis.

If we consider electron attachment to molecules in the con-
ensed phase, the fate of the TNI formed at or near a surface or in a
olecular film can principally be described through the following

eactions (the subscript (ad) denotes the particle at the surface);

The branching ratio between the channels (11)–(13) depends
n the orientation of the molecules at the surface, since a frag-
ent facing in the direction of the surface has the least escape

robability and a fragment pointing away from the surface has the
ighest escape probability. More important for our discussion here

s the fact that in reactions (12) and (13) the desorbing fragment
as to overcome the polarization barrier to leave the surface. This

s depicted on the right hand side of Fig. 5 where the ion yield
urves as they would result from the reflection principle for an
solated molecule (�g) and a molecule solvated in a condensate
r adsorbed at the surface (�solv) are compared to the fraction
f the fragment ions that have sufficient energy to overcome the
olarization force and escape the surface (�des). This makes the
ranching ratios highly dependent on the energetics of the under-

ying DEA process, i.e., the kinetic energy release to the fragments
nd the strength of their polarization interaction with the surface
nd/or surrounding molecules. The DEA channels listed above are
herefore energetically less favourable in order of their appear-
nce (11)–(13), making the only channel that is observable with
onventional mass spectrometry the energetically least favourable
reaction (13)).

In addition to the DEA processes the TNI may also relax through
nergy transfer to the surface or energy dissipation within the con-
ensate (reaction (10)). Comparable to evaporative attachment in
lusters this may result in the formation of the thermodynami-
ally stable molecular ion Mad

−, but now trapped at the surface
r within the condensate. This process and the DEA reactions (11)
nd (12) will contribute to charging of the film, which again influ-

nces the energy dependence of low energy electron transmission
hrough the film. Thus the resonant formation of molecular anions
s well as fragment ions that do not escape the attractive polariza-
ion force can be probed by means of electron transmission [41–43].
n addition to ESD and electron transmission spectroscopy also

F
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nfrared-reflection-absorption-spectroscopy (IRAS) was applied in
ugen’s group to study electron induced reactions in thin molecular
lms [44].

In this review we present examples of the different types of
esonances and selected case studies on their energy and temper-
ture dependence. We present general considerations on the high
electivity of DEA processes with regard to bond cleavage and how
his may be used to control chemical reactions. In this context we
resent selected case studies on the influence of the environment

n clusters and in condensates. Finally we dedicate a part of this
eview to Eugen’s work in the field of low energy electron interac-
ion with biological relevant molecules, a field in which Eugen has
een very active in recent years.

. Experimental considerations

.1. Isolated molecules, clusters and condensates

For detailed description of the apparatuses from Eugen’s group
hat were used for the studies described in this review we refer
he reader to the references [2,45,46] for the gas phase studies
n isolated molecules, to the references [2,3,47] for studies on
olecules in clusters and to the references [3,43,44,48] for stud-

es on molecules condensed on surfaces. Also a more detailed
escription of the Berlin experimental setups can be found in the
upplementary material to this review.

In brief, the gas phase experiments described here are all crossed
eam studies where an effusive or a cluster beam is crossed with a
eam of monochromatic low energy electrons generated by a tro-
hoidal electron monochromator (TEM) [49]. The anionic products
re extracted by a weak draw out field (<1 V cm−1) and ana-
yzed by a quadrupole mass spectrometer (QMS). Time-of-flight
ToF) measurements can be used to determine the kinetic energy
elease in the dissociation processes of isolated molecules. Details
ig. 6. Scheme of the experimental setup to study dissociative electron attachment
o gas phase molecules.
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ids are carried into the chamber in a saturated inert gas stream
nd solid samples are sublimed through a capillary from a heated
essel. The effusive gas inlet also passes through the vessel and
an thus be heated up to 850 K, allowing for temperature depen-
ent studies. The experimental setup to study clusters is essentially
he same except that the cluster beam is generated from a contin-
ous supersonic expansion and enters the reaction zone through
skimmer that separates the expansion chamber from the reac-

ion chamber. The ion yield is typically recorded as a function
f the electron energy in the range from 0 to 15 eV. The maxi-
um formation probability of SF6

− at 0 eV is used to establish
he zero point of the energy scale and the full width at half

aximum (FWHM) of the same resonance is used to determine
he energy resolution which is typically in the range from 80 to
50 meV.

To study electron attachment to molecules at surfaces or within
ondensates the target molecules are condensed on a cryogeni-
ally cooled (≈30 K) monocrystalline gold (or platinum) substrate
y exposing it to a volumetrically calibrated gas quantity. The
etal substrate is mounted on a manipulator and can thus be

otated at any desirable angle relative to the TEM and the QMS
hich are arranged perpendicular to each other. The condensed
olecules are exposed to the electron beam which is typically

canned from about 0–15 eV and ion desorption yields are mea-
ured. Also electron transmission spectra can be recorded with
his setup by monitoring the current at the metal substrate.
he electron energy is calibrated by the onset of the electron
ransmission to the substrate (0 eV, vacuum level) and the res-
lution of the electron beam is determined from the steepness
f the onset and is typically around 0.2 eV at currents of about
0 nA (for a more detailed description see ref. [3]). In order to
tudy electron induced reactions in thin molecular films this
xperimental setup was also extended to measure adsorbate vibra-
ions by means of infrared-reflection-absorption-spectroscopy
44].

.2. Laser induced acoustic desorption

The main drawback of the setup for studying isolated molecules
n the gas phase is when it comes to the evaporation of large

olecules through sublimation as many of these molecules decom-
ose close to their sublimation temperature. This is especially
rue for larger biologically relevant molecules and even dipep-
ides, nucleosides and nucleotides cannot be brought into the gas
hase by thermal evaporation without decomposition. Recently
his problem was addressed in Eugen’s group by the introduction
f a new electron attachment spectrometer specifically designed
o study thermally instable involatile molecules in the gas phase
51,52]. The principle of this electron attachment spectrometer is
he same as described above, except that involatile molecules are
ransferred into the gas phase by laser induced acoustic desorption
LIAD) [53,54]. Fig. 7 shows schematically the desorption process in
IAD. The sample is deposited on a thin Ti-foil (12.7 �m) and faces
owards the QMS. A pulsed beam from a Nd–YAG laser at 532 nm
s focused on the back of the foil. The high energy density and the
hort duration of the pulse (3 mJ/pulse, width = 2–6 ns) causes the
urface to heat up very rapidly [53]. The rapid, local heating gener-
tes an acoustic wave that traverses the metal foil and is reflected
rom the opposite metal/vacuum interface (Fig. 7). This results in
distortion of the “dark side” of the surface which in turn causes

esorption of molecules. The energy transferred to the desorbing
olecules is not more than a few kcal mol−1 which is not sufficient

o fragment or ionize the sample molecules [55]. Hence, LIAD offers
n ideal way to study fragile involatile molecules in the gas phase
54,55].

t
a
o
c
o

ig. 7. Scheme of the desorption process in LIAD. A short laser pulse generates a
hock wave that propagates through the metal foil to the opposite side, on which
he sample is deposited. The molecules are desorbed without ionization and frag-

entation (adapted from ref. [158]).

. Results and discussion

.1. Electron attachment to isolated molecules in the gas phase

Electron attachment to molecules in the gas phase, clusters and
ondensed phase has been studied on a multiplicity of molecular
ystems in the last decades. The bulk of these systems are halo-
enated compounds and the studies were originally triggered by
heir dielectric properties and use as gas phase insulators [1,56],
heir role in plasma etching [57] and in the earth’s atmosphere [58].
n the meantime a considerable number of non-halogenated com-
ounds have also been studied and in recent years the attention has
oved towards biologically relevant molecules [59]. Furthermore,

eactions of molecules with low energy electrons, i.e., electrons
ith energy in the range from 0 to 15 eV, are often highly selective

nd very effective. This selectivity can in many cases be accurately
ontrolled by simple variation of the electrons kinetic energy within
ew electron volts. Thus low energy electrons might offer the means
o accurately control chemical reactions at the molecular level with
igh efficiency and relatively simple instrumentation.

In this section we will focus on the selectivity of low energy
lectron attachment processes within isolated molecules in the
as phase. We will first review some prototypical cases of vibra-
ional predissociation and compare those to direct dissociation
long strongly repulsive potential energy surfaces. We will then dis-
uss the influence of the temperature on DEA processes. Finally we
resent examples where high selectivity is observed in dissociative
lectron attachment and we discuss the origin of this selectivity.

.1.1. Vibrational predissociation processes versus direct
issociation

In many cases DEA can be understood in a quasi-diatomic pic-
ure as a direct dissociation along a repulsive �* state. However, it
s probably more common that considerable energy redistribution
nd even rearrangements within the molecules take place prior
o or during the dissociation process. Such processes are referred

o as vibrational predissociation processes and are usually associ-
ted with an initial occupation of a low lying �* MO. The initially
ccupied �* MO couples with a repulsive �* state leading to disso-
iation along the repulsive �* coordinate. A fairly simple example
f such vibrational predissociation processes are observed in pro-
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ig. 8. Schematic potential energy diagram for the neutral and anionic ground stat
s displayed on the right as a reflection of the transition probability in the Franck–C

ionyl chloride (CH3CH2C(O)Cl). Moreover, in this compound the
redissociation process is observed on the same fragment as the
irect dissociation [60]. Fig. 8 shows schematic potential energy
urves for the neutral and anionic ground state of CH3CH2C(O)Cl
long with the energetically higher lying �*(C–Cl) state. The Cl−

ield is displayed on the right as a reflection of the transition prob-
bility in the Franck–Condon region. In the ion yield curve Cl− is
bserved through a narrow contribution at 0 eV and a broader con-
ribution shifted to higher energy. The Cl− yield through the narrow
esonance at 0 eV is interpreted as the result of a predissociation
rocess involving an initial occupation of the �*(C O) LUMO with

nitial vibrational excitation of the C O bond. The broader contri-
ution centred around 0.7 eV on the other hand is interpreted to
e due to direct dissociation along the repulsive �*(C–Cl) state. The
igher energy contribution simply mirrors the transition probabil-

ty but the shape and narrowness of the low energy resonance is
gain probably dominated by the autodetachment lifetime as seen
hrough the corresponding experimental window. Both signals are
omparable in intensity which is attributed to the inverse energy
ependence of the cross section compensating for the higher effi-
iency of the direct dissociation process.

An interesting situation in DEA is also faced when strongly
lectronegative substituents are bound by a �-bond to a more
xtensive, comparatively electronegative �-system. Like in the case
f propionyl chloride the lowest lying resonance in such systems is
ommonly associated with an occupation of a �* LUMO but the
EA products result from a cleavage of the �-bond. The most com-
rehensive systematic study on such systems is probably the study
n the mono-halogenated pentafluorobenzenes C6F6–X (X = F, Cl,
r, I) conducted in Eugen’s lab in the mid 1990s [3,61]. These sys-
ems are particularly well suited to study the thermodynamics of
he dissociation processes as well as the influence of the conjuga-
ion of the substituents with the ring system. First, they all form
NIs close to 0 eV, second, the electron affinity of C6F6X increases
n the order F, Cl, Br and I due to their �-acceptor/�-donor proper-
ies [62] and third, the reaction enthalpy (�H0) for the formation of
− gradually changes from being endothermic by 1.5 eV for X = F to
eing exothermic by 0.2 eV for X = I [3,61]. In all these cases the low
nergy resonance is understood as the formation of a vibrational
eshbach resonance through the occupation of a low lying �* MO

f the aromatic ring. The out-of-plane distortion through the occu-
ation of the �* MO induces strong coupling with the �*(C–X) MO,
hich again leads to an inherent competition between the survival

f the TNI and the dissociation of the C–X bond to form either C6F5
−

r X−. Hence the dissociation must be understood as a vibrational

F

r
t
o

3CH2C(O)Cl along with the energetically higher lying �*(C–Cl) state. The Cl− yield
region (adapted from ref. [60]).

redissociation process. The branching ratios of the M−, X− and
6F5

− formation below 1 eV are approximately 1:0:0, 100:400:1,
:25:5 and 0:1:20 for X = F, Cl, Br and I, respectively. The dissocia-
ion dynamics of these systems and the branching ratios between
he different channels can largely be understood in terms of the
hermodynamic thresholds for the individual processes [3,61]. Very
ecently also the compounds C6F5CN and C6F5NO2 [63], and also
6F5NCO and C6F5CH2CN [64] were studied with respect to their
eactivity towards low energy electron attachment. In contrast to
he pentafluoro halobenzenes, these systems have two strongly
lectronegative �-systems connected via a �-bond. Pentafluoro
henylacetonitrile (C6F5–CH2–CN) is an exception as a CH2 group
erves as a spacer between the two �-systems. Comparable to the
entafluoro halobenzenes one expects resonances in these com-
ounds involving the lowest �* orbitals of the aromatic ring, but
lso the lowest lying �* orbitals of the substituent. In fact the most
ntense signal in all these compounds is from the molecular ion
M−) through a narrow resonance close to 0 eV. An exception is
entafluoronitrobenzene (C6F5-NO2) where no stable parent ion is
bserved. Fig. 9 shows the ion yield curves for the complementary
ons C6F5

− and NO2
− from C6F5NO2 (Fig. 9a and b) and C6F5

− and
N− from C6F5CN (Fig. 9c and d), respectively [63]. For C6F5NO2
Fig. 9a and b) both fragments have virtually identical resonance
rofiles with a low energy resonance peaking at 0.17 eV and a higher
nergy resonance at 3.4 eV. However, the branching ratio between
he fragments formed through the low energy resonance is about
:250 in favour of the larger fragment C6F5

−. At the HF/6-31G*

evel of theory the vertical attachment energy (VAE) of the low-
st lying MO is negative and the LUMO+1 possesses 4 nodes on
he ring system, similar to the e2u MO in the first benzene reso-
ance. The LUMO+2 on the other hand, whose VAE is calculated at
F/6-31G* level of theory to be 0.58 eV is found to have an apprecia-
le �*(C–NO2) character [63]. Correspondingly it is suggested that
he low energy resonance that predominantly leads to cleavage of
he C–NO2 bond in C6F5NO2 is associated with occupation of the
UMO+2. The higher energy resonance at 3.4 eV, however, corre-
ates well with an optical band at 3.72 eV due to an nO → �*(NO2)
ransition [65] and is thus interpreted as a core excited resonance
ith two electrons in a previously empty �*(NO2) orbital and a hole

n an nO orbital. The 3.4 eV resonance also leads to the formation of

−, C5F5

−, C5F4
− and C3F3

− with appreciable intensities.
In C6F5CN the formation of the molecular ion through a nar-

ow resonance at 0 eV is by far the most intense signal, exceeding
he fragmentation reactions shown in Fig. 9c and d by a factor
f 1000. The complementary fragments C6F5

− and CN− shown in
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ig. 9. Ion yield curves for the complementary ions; (a) C6F5
− and (b) NO2

− gen-
rated by DEA to C6F5NO2, and (c) C6F5

− and (d) CN− generated from C6F5CN,
espectively [63].

ig. 9c and d, respectively, appear only with low intensities and no
N− is observed through the low energy resonance close to 0 eV.
n inspection of the lowest lying MOs as calculated at the HF/6-
1G* level shows that the first accessible virtual MO is located on
he aromatic ring and has no obvious �* component [64]. Hence
he single electron occupation of this MO is similar to the low-
st lying (2E2u) resonance in benzene [65]. The lifetime of the TNI
s extended by effective vibrational energy redistribution and the
bserved width is essentially controlled by the autodetachment
ifetime. The very weak C6F5

− signal that peaks close to 0.2 eV is
urprising as the energy threshold for the C6F5

− formation is esti-
ated to be close to 2 eV [63]. Low intensity signals close to 0 eV are

owever relatively often observed for processes with considerably
igher threshold and are often associated with hot band transi-
ions [66,67] or so called trojan horse ionization[68]. The ion C6F5

−

s also formed through a core excited resonance close to 6 eV which

s most likely associated with an excitation within the aromatic
ystem. It is not obvious from the ion yield if this resonance also
eads to CN− formation, but CN− is mainly formed through rela-
ively narrow resonances close to 1.5, 4 and 6.5 eV. The 1.5 and 4 eV
esonances are specific to the CN− fragment and correlate well with

i
p
o
o
e

ig. 10. Ion yields for the Br− and CN− formation from electron attachment to BrCN
nder single collision conditions. Reproduced from Brüning et al. [71] by permission
f the American Chemical Society (Copyright 1996).

he CN*(2�) state at 1.15 eV [69], with the CN*−(2�) at 2.07 eV [70]
nd the CN*(2�) state at 3.2 eV [69], respectively.

At large C6F5NCO and C6F5CH2CN show the same behaviour as
6F5CN. However, C6F5CH2CN shows an additional strong CN− con-
ribution centred around 0.78 eV which is tentatively assigned to an
nitial occupation of a �*(CN) MO [64]. The excess energy which is
nitially located in the CN stretch mode is then transferred to the
elevant CH2–CN coordinate.

The simplest molecules where an electronegative �-system is
onnected directly to a strongly electronegative substituent via a
-bond are the cyanogen halides ClCN, BrCN and ICN. [71]. Fig. 10
hows the ion yields for the CN− and Br− formation from elec-
ron attachment to BrCN under single collision conditions. The
orresponding spectra for ClCN are shown in the next section.
n both cases, though more apparent on BrCN, CN− is formed
hrough a narrow resonance at 0 eV and the complementary halo-
en ion appears through a considerably broader feature slightly
hifted to higher energy. Ab initio calculations [71] predict two
ow lying anionic states for BrCN from which one has a predom-
nating �*(Br–CN) character the other a predominating �*(CN)
haracter. In line with the calculations the narrow resonance at
eV is interpreted as to be associated with the low lying �*(CN)
O leading to the initial formation of BrCN−(2�) with the excess

nergy in the CN stretch vibration. The width as observed in the
on yield partly reflects the narrowness of the underlying transi-
ion but is probably mainly defined by the energy dependence of
he autodetachment lifetime of the ion. The Br− formation on the
ther hand proceeds via a direct dissociation from a single par-
icle shape resonance involving the strongly repulsive �*(Br–CN)
tate, i.e., the initial formation of BrCN−(2�). Hence here we have
case where in the same energy range vibrational predissociation

eads to the formation of one fragment and the direct dissociation to
nother.

.1.2. Temperature dependence in dissociative electron
ttachment

It has been shown in a number of studies in the past that the

on yield resulting from DEA may change considerably with tem-
erature [1,66,72]. This is mainly due to the fact that the formation
f the TNI is coupled to vibrational excitation. Thus, the occupation
f the vibrational states of the neutral molecule can have strong
ffects on their fragmentation. How this influence manifests itself
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Fig. 11. Schematic potential energy curves for the neutral ground state; ABCD, and a
s −

t
r
f

i
d
a
i
t
C
n
A
a
s
t
l
i
a
i
s
t
l
r
t
i
t
d
i
r
R
d
w
a
a
b
d
w
t
d
d
t
o
h
p
d
t
l
t

Fig. 12. Temperature dependence of the Br− and Cl− yield generated by DEA to 1,4-
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lar to CN from ClCN also Cl and Br from 1,4-C H ClBr can be
trongly repulsive anionic state; ABCD . The vertical lines indicate the transition to
he anionic state at threshold for the vibrational levels v = 0–4. On the right side the
esulting DEA cross sections are shown schematically for two different temperatures
or the same vibrational levels.

n the ion yield curves of the individual fragments is complex and
epends largely on the relative disposition of the involved neutral
nd anionic potential energy surfaces. This has, for example, been
nstructively described within a classical approach to the tempera-
ure dependence of the DEA cross section of the Cl− formation from
F3Cl [73]. Fig. 11 shows schematic potential energy curves for the
eutral ground state; ABCD, and a strongly repulsive anionic state;
BCD−. The vertical lines indicate the transition to the anionic state
t threshold for the vibrational levels v = 0–4 and on the right hand
ite the resulting DEA cross sections are shown schematically for
wo temperatures for the same vibrational levels. For vibrational
evels below the crossing point the threshold energy decreases with
ncreasing quantum number and finally the threshold reaches 0 eV
t v = 5. In this quasi-diatomic model the dissociation probability
s unity when the nuclear distance R is larger than RC and the dis-
ociation lifetime is fairly well described through Eq. (5). However,
he further away from RC the transition takes place (i.e., at bond
engths shorter than RC) the shorter is the lifetime of the TNI with
egard to autodetachment and the relaxing ion also needs longer
ime to reach RC. Hence the dissociation probability decreases. Thus,
n general the cross section for DEA increases with increasing vibra-
ional quantum number below the crossing point at RC but then it
ecreases gradually again from vibrational levels above the cross-

ng point. The second effect is also due to the reduced overlap of the
elevant wave functions when transitions occur further away from
C. An additional effect comes to play through the inverse energy
ependence of the electron attachment cross section at threshold
hich strongly amplifies the ion signal from transitions close to or

t the crossing point (see Eq. (2)). The reflected ion yield curves
re shown for two different temperatures in Fig. 11 and the contri-
ution from the individual vibrational levels are indicated by the
otted lines. Fig. 11 visualizes the temperature effect for the case
here the ionic curve crosses the neutral one comparatively far

o the right of the neutral equilibrium distance REq. In this quasi-
iatomic description the actual shape of the ion yield curves and the
egree to which the 0 eV transition will evolve to a separate peak in
he ion yield curves will strongly depend on the relative disposition
f the corresponding potentials. However this picture strictly only
olds for strongly repulsive direct dissociation processes. When
redissociation processes are involved and/or the dissociation coor-

inate in question is strongly coupled to other vibrational modes of
he molecule the temperature dependence of the autodetachment
ifetime of the predissociation state can dominate the evolution of
he DEA cross section.

u
o
a
i

6H4BrCl in the temperature range from room temperature to 550 K [74]. Both ion
ields first increase and have a maximum close to 400 and 460 K, respectively. The
on yield then decreases at higher temperatures due to a depopulation of vibrational
evels from which dissociation is still possible.

Apart from the considerations above, from purely thermo-
hemical considerations one would expect an increase in intensity
nd a shift to lower energy for endothermic reactions and a decrease
n intensity for exothermic reactions with increasing temperature.
his is the case for BrCN where the Br− formation is endothermic by
.35 eV and the CN− formation exothermic by 0.13 eV [71]. The Br−

ield increases by an order of magnitude and the maximum in the
on yield curve is shifted from 0.35 eV at room temperature to about
eV at 800 K. The exothermic CN− formation on the other hand
ecreases by about one order of magnitude in this temperature
ange [71]. However, this concordance with the thermo-chemical
xpectations is rather the exception than the rule and already the
ery similar compound ClCN shows a temperature dependence that
an only be explained by the nature of the resonances involved [71].
oth the Cl− and the CN− formations are endothermic processes,
owever only the Cl− yield increases throughout the temperature
ange from 300 to 800 K. Furthermore, the Cl− ion yield maxi-
um is shifted to lower energy as is expected for an endothermic

eaction and an apparently new narrow contribution appears at
eV. The same observation is made for CN− up to 600 K, how-
ver, above 600 K the CN− signal drops off rapidly [71]. This may
e explained from the fact that the Cl− formation proceeds directly
long a strongly repulsive state (�*(X–CN)) as described above, but
N− is formed through an initial occupation of a low lying �*(CN)
O and a subsequent vibrational energy transfer into the X–CN

oordinate. Hence CN− is formed through a comparatively slow
ibrational predissociation process and the dissociation channel is
hus in stronger competition with autodetachment and the reduced
utodetachment lifetime prevails at higher temperatures.

A similar effect is observed in 1-bromo-4-chlorobenzene were
he Cl− formation is expected to be almost thermo-neutral and the
r− formation slightly exothermic [74]. Fig. 12 shows the maxima
f the Cl− and Br− formation through the low energy peak (0–1 eV)
n the temperature range from 300 to 600 K. Using the peak max-
ma to demonstrate the temperature dependence of the ion yield
s justified for 1-bromo-4-chlorobenzene as no distinct 0 eV peak
s observed in this case. Both the Cl− and Br− ion yields initially
ncrease strongly, go through a maximum at 400 and 460 K for
r− and Cl−, respectively, and then rapidly diminish again. Simi-

− − −

6 4

nderstood as predissociation products associated with an initial
ccupation of a low lying �* MO which couples to the �*(C–X). Thus,
t low temperatures the ion yield reflects the formation probabil-
ty of the ion within the Frank–Condon region and its dissociation
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robability. With increasing temperature higher vibrational lev-
ls become populated and transitions close to RC start playing
n increasing role. Hence the increased dissociation probability in
ccordance to Eqs. (4) and (5) and the inverse energy dependence of
he initial attachment cross section contribute to the increasing ion
ield. With still increasing temperature the population of the rel-
vant vibrational levels goes through a maximum and the density
f transitions that take place at larger distance from RC increases.
hus the time available for autodetachment is extended at the same
ime as the atodetachment lifetime of the initial TNI is decreased.
ence the ion yield diminishes again. However, in this case it is diffi-
ult to distinguish between the role of the shorter autodetachment
ifetime of the predissociation state and the extended dissociation
ifetime in the quasi-diatomic picture as expressed through Eq. (5).
evertheless, in this case we have about 30 vibrational degrees of

reedom and thus the shortened autodetachment lifetime due to
ibrational excitation of the aromatic ring most probably plays the
ore significant role.
The quasi-diatomic description on the other hand holds well

or direct dissociation along a strongly repulsive �* state as has
een discussed in detail, for example, for CF3Cl [66,73,75]. Thus
ne would also expect this to be the case for CH2ClBr, where only
trongly repulsive �* states are involved in the DEA process [76].
ndeed, the Br− yield increases considerably (threefold) when pro-
eeding from room temperature to about 450 K. However, the Cl−

ield decreases to the same extend in this temperature range. Both
he Br− and Cl− formation are exothermic (by 0.41 and 0.18 eV,
espectively) which makes the different behaviour even more puz-
ling. The increase of the Br− signal can readily be explained from a
trongly repulsive anionic �*(C–Br) potential energy curve cross-
ng the neutral potential energy curve at a distance larger than
he equilibrium distance (as described above) but the same expla-
ation does not hold for the decrease of the Cl− yield. However,
he assumption that the anionic �*(C–Cl) potential energy curve
rosses the neutral potential energy curve at shorter distances than
he equilibrium distance (RC < REq) can explain this observation.
n this case the anion is less accessible from vibrationally excited
tates. Hence heating leads to depopulation of states from which
he �*(C–Cl) MO can be reached. The same tendency was observed
or Br− generated from CHCl2Br at 0 eV, whereas the Cl− yield was
ndependent of the temperature [77].

Finally, for exothermic, direct DEA processes like the Br− forma-
ion from CH2ClBr the crossing point RC of the anionic and neutral
otential energy curves can be viewed as the activation barrier for
he reaction and can be determined from an Arrhenius plot of the
emperature dependence. For the Br− formation from CH2ClBr the
ctivation energy is found to be 107 meV [76] which should corre-
pond to the energy difference between the crossing point of the
wo curves at RC and the ground state of the neutral molecule.

.1.3. High selectivity in dissociative electron attachment
In DEA it is well established that low energy electrons are highly

elective with regard to the bond cleavage and that these selective
rocesses are also often very efficient. Moreover, as this selectiv-

ty can often be controlled by simply varying the electron energy
ithin few electron volts DEA may be the optimal tool for the future

f chemical control at the molecular level.
In many cases the high bond selectivity in DEA can simply be

xplained by thermo-chemical constraints, but in other cases the
electivity is exclusively a consequence of the electronic states

nvolved in the initial formation of the TNI. Before discussing the
igh selectivity of DEA processes it is therefore worthwhile to clar-

fy what is meant by the term selectivity in this context.
In general we refer to high selectivity in DEA when only one

pecific product is formed at specific electron energy. This may

s
i
l
W
T
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e simply due to the thermo-chemical thresholds for the differ-
nt products formed, in which case we refer to thermo-chemically
ontrolled selectivity but it may also be due to only specific disso-
iation pathways being accessible from the initial electronic states
escribing the TNI. In that case we refer to state controlled selectivity.

If we, for example, consider a diatomic molecule X–Y in which
is the atom with the higher electron affinity the threshold for the

ormation of Y− is lower than for X−. In DEA to XY one will there-
ore only observe the formation of Y− as long as the total energy
f the TNI is below the thermo-chemical threshold for the forma-
ion of X−. This might occur over the whole width of a low lying
esonance or only the lower energy part of the same, depending
n (i) the position of the resonance, (ii) the difference in electron
ffinity between X and Y and (iii) the bond dissociation energy
(X–Y). Such product selectivity can be observed in direct disso-
iation along strongly repulsive states but also in predissociation
rocesses. State controlled selectivity in DEA on the other hand is
bserved when only one specific relaxation path is accessible from
given electronic structure of the initially formed TNI. In most

ases this leads to the observation of the cleavage of specific bonds
t defined molecular sites within a particular energy range. State
electivity may also appear through selective charge retention as is
he case for the cyano halides where the charge retention is either
n the halogen or the CN group, depending on the initial state.
n this section we will discuss few different examples of thermo-
hemically controlled selectivity, state selective product formation
hrough bond selectivity as well as through selective charge reten-
ion and finally we present an example of state selective formation
f a product that requires multiple bond breaking and rearrange-
ents within the molecule. Remarkable bond and site selectivity

as also been observed from the nucleobases and has been studied
n detail by site specific deuteration and methyl substitution. This

ill be discussed separately in Section 3.3.1.
The probably most cited examples of selectivity in DEA pro-

esses are the halomethanes CF3Cl [3,46] and CF3I [3,48,78,79].
oth molecules have purely dissociative �*(CF3–X) resonances at

ow energies. For CF3I this resonance is located at 0 eV and for
F3Cl the low energy resonance peaks at 1.4 eV. In both cases the
esonance is associated with high kinetic energy release, and in
oth cases only the heavy halogen ion is observed. This can readily
e explained from the energetic thresholds for the individual pro-
esses. The I− formation is exothermic but the CF3

− formation from
F3I is endothermic by about 0.7 eV, and while the Cl− formation
rom CF3Cl is close to being thermo-neutral the formation of CF3

−

rom this compound requires about 2 eV. Hence, these compounds
re excellent examples of thermo-chemically controlled selectivity
n direct dissociation processes.

Sulfurhexafluoride (SF6) is the most extensively studied system
ith regard to electron attachment (see, for example, refs. [1,80–84]

nd references therein). At room temperature the molecular ion
F6

− is observed with exceptionally high cross section at 0 eV
≈10−14 cm2 at 0.01 eV) [83]. The ion is understood as a vibrational
eshbach resonance, the lifetime of which is extended with respect
o autodetachment and dissociation through intramolecular redis-
ribution of the excess energy. The thermo-chemical threshold for
he lowest lying dissociation channel; the SF5

− formation, is close
o 0.12 eV and the thermo-chemical threshold for the next avail-
ble dissociation channel; the F− formation is 0.6 eV [2,82]. At
oom temperature the maximum formation probability of SF5

−

s close to 0.45 eV. At about 300 K and low electron energies the

urvival probability of the vibrationally excited molecular anion
s large and the SF5

− formation is only observed with relatively
ow intensities through the higher energy flank of the resonance.

ith increasing gas temperature the total internal energy of the
NI increases, the maximum formation probability of SF5

− shifts
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Fig. 13. Schematic potential energy diagram illustrating dissociative electron
attachment to BrCN [71]. Transition to the negative ion state 2� leads to direct dis-
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ociation into Br− and CN. Transition into the 2� surface initially causes vibrational
xcitation of the CN stretch mode, but CN− is generated after energy transfer from
he C–N coordinate into the Br–CN coordinate (vibrational predissociation).

o lower energies and the intensity of the SF5
− signal increases.

inally at sufficient high temperatures (800 K) the SF5
− signal is

hifted to 0 eV and exceeds the SF6
− signal. For the detailed discus-

ion of this behaviour we refer to reference [82], but essentially we
ave an endothermic, barrierless dissociation process leading to the
leavage of the SF5–F bond and due to the lower thermo-chemical
hreshold only SF5

− is formed through the low lying resonance
eaking at 0 eV. The F− ion on the other hand is first observed
hrough a purely dissociative resonance centred round 3 eV. From
his resonance the SF5

− ion is also formed with comparable inten-
ities.

A similar situation is observed for the C–Cl bond cleavage in DEA
o C6F5Cl. The transient negative ion is observed through a narrow
eak at 0 eV, the shape and position of which is essentially deter-
ined by the lifetime of the vibrationally excited TNI C6F5Cl−#. The

hermo-chemical thresholds for the formation of the complemen-
ary ions are 0.4 eV for Cl− and between 1.25 and 0.6 eV for C6F5

− [3],
espectively. The former ion; Cl−, is formed throughout the whole
esonance, peaking at about 0.7 eV. The C6F5

− fragment on the other
and is only observed with very low intensities through the very
igh energy flank of the resonance. At 0.7 eV virtually only Cl− is

ormed and the branching ratios where the formation probability
s at maximum for both fragments are close to 1:100 in favour of
he Cl− formation [3,61].

A clear and simple example of selectivity which is solely con-
rolled by the initial electronic state of the TNI formed is found in
EA to BrCN described above [71]. Here two different low lying
nionic states can be formed; a 2� state located at the CN group
nd a 2� state that is formed by a single electron occupation of the
trongly repulsive �*(Br–CN) MO. Fig. 13 shows a schematic poten-
ial energy diagram of the neutral ground state of the molecule and
he two negative ion states 2� and 2�. The 2� state leads to a fast
irect dissociation. The shape and energy position in the ion yield
urve reflects the whole width of the transition. The vibrational
xcitation of the CN group in the 2� state must on the other hand
nd its way into the relevant Br–CN stretch vibration leading to the
issociation of the molecule. In any case, at room temperature the

� resonance leads explicitly to the formation of CN− through a
arrow contribution at 0 eV, but the 2� resonance to the formation
f Br− through a broader contribution centred close to 0.3 eV. In
his case both channels are thermodynamically accessible and the

i
g
c
c

ig. 14. Ion yields for all fragments observed in DEA to hexafluoroacetoneazine
HFAA) in the energy range from 0 to 12 eV. In the range from 1 to 2 eV only CN− is
ormed [85].

igh selectivity is solely controlled by the initial electronic state of
he TNI.

A remarkable selectivity which is clearly controlled by the elec-
ronic state of the TNI is observed by the energy selective excision of
N− from hexafluoroacetoneazine (HFAA); (CF3)2C N–N C(CF3)2
85]. Fig. 14 shows the ion yield for all fragments observed from this
ompound in the energy range from 0 to 12 eV. The terminal frag-
ents (CF3)2CN−, (CF3)2C−, CF3

− and F− are all observed through
igher energy resonances in the range between 2 and 7 eV. In addi-
ion the symmetric cleavage leading to the (CF3)2CN− formation is
lso observed through a double peak with maxima at 0.1 and 0.4 eV,
espectively. The CN− ion is not observed through any of these res-
nances, but only through one particular TNI state that is centered
round 1.35 eV and is not observed on any of the other fragments.
oreover, the CN− formation is comparable in intensity to the other

issociation reactions and a cross section of about 10−22 m2 is esti-
ated for the process [85]. A closer inspection shows that this very

elective excision of CN− from the center of the molecule requires
t least the rupture of two C–C and one N–N bond and the threshold
or the reaction as calculated at the MP2/cc-pVTZ level of theory is
ound to be about 5 eV above the observed threshold [85]. Hence
he reaction cannot proceed without new bonds being formed. The

ost reasonable reaction is the synchronous recombination of the
wo CF3 groups to form hexafluoroethane, which would bring the
hreshold in the vicinity of where it is observed. However, at this
oint this is still a speculation as is the geometry of the transition
tate involved and the actual electronic structure of the TNI that
xplicitly leads to this complex reaction.

.2. Formation and evolution of negative ion resonances in a
ondensed environment

Electron-induced reactions in condensed phases or at interfaces
lay a key role in many fields of pure and applied science. This

ncludes surface photochemistry, which is often driven by hot elec-
ron transfer to the reactant molecules [86,87], radiation damage
f biological material [59,88], reactions stimulated by electrons

n scanning tunneling microscopy [89–91], photo-initiated hetero-
eneous chemistry at surfaces of particles in polar stratospheric
louds [58], and any kind of plasma used in industrial plasma pro-
essing [57].
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The formation and evolution of negative ion resonances in clus-
ers and on the surface of solids or thin molecular films have been
tudied on a multiplicity of systems throughout the last decades. In
his section we will review some case studies that are prototypical
or the evolution of negative ion resonances within molecules in
lusters and adsorbed or condensed on surfaces.

Specifically we will discuss (i) suppression and enhancement
f DEA channels in ESD of anions and in clusters in compar-
son to isolated molecules, (ii) negative ion formation through
electron/exciton-complexes” in sub-monolayer adsorbates on
ultilayer noble gas films and scavenging features in electron

ttachment to molecular clusters, (iii) narrow low energy ESD fea-
ures that are absent in DEA to isolated molecules and (iv) low
nergy electron induced synthesis of new species in thin molecular
lms and in clusters.

.2.1. Suppression of DEA channels in ESD
Electron stimulated desorption from various halogenated com-

ounds condensed on surfaces has been studied in Eugens group.
hese include C6F5Cl [3,30], CF3I [48,79], CHF2Cl [92–94], CHFCl2
40], and ClCN and BrCN [95]. In the gas phase under single col-
ision conditions all these compounds show very effective DEA
eactions within narrow resonant features below 1 eV. In contrast,
esorption of fragment ions from these compounds is observed
redominantly from resonant structures located above 4 eV and
o desorption is observed below 1 eV. Suppression of ion desorp-
ion from low energy resonances is in fact typical when proceeding
rom DEA to isolated molecules to ESD of anions and may read-
ly be explained by the fast relaxation processes operative in
ondensates and the energy constraints for ion desorption from
urfaces.

Fig. 15 compares the ion yields from DEA to ClCN in the gas
hase (Fig. 15a) and ESD of anions from a 7 monolayer (ML) ClCN
lm condensed on a gold surface (Fig. 15b). In the gas phase the
ost abundant signals are from the CN− and Cl− formation close

o 0 eV. Less intense signals are also observed with maxima close
o 2 and 6 eV for the CN− formation and close to 3 and 7 eV for the
l− formation, respectively [71]. In the ion desorption spectra the
ominating products appear within resonances peaking at 4.3 and
.8 eV, respectively, and some Cl− desorption is also observed at
bout 2.0 eV. The intense low energy resonances on the other hand
re completely absent in the ESD spectra (Fig. 15b) [95].

If we approximate the decomposition of the TNI at the surface
s unimolecular decay and assume the same polarization energy
V�) for the TNI (ClCN−#) and the fragment ions (Cl− and CN−), the
nergy threshold for desorption (εd) can be expressed as

d = mi

m
V� + �H0. (14)

ere mi and m represent the mass of the ionic and neutral fragment,
espectively. �H0 is the thermodynamic limit for the corresponding
as phase DEA process; 0.58 eV for the Cl− formation and 0.38 eV
or the CN− formation, respectively [71]. If we estimate V� to be
lose to 1 eV [96] we calculate the desorption thresholds to be
d(Cl−) ≈ 1.8 eV and εd(CN−) ≈ 1.1 eV, respectively. Gas phase ToF
xperiments [71] indicate a non-thermal formation of both ionic
ragments, however, the average kinetic energy release is only
.25 eV for Cl− and 0.35 eV for CN−, respectively. Thus, from the

ow energy resonance, both fragments are formed with insufficient
inetic energy to overcome the polarization force and can therefore

ot be observed in the ESD spectra. This does not necessarily imply
hat electron attachment is no longer operative at the surface. In
act, charging of films of these molecules at low energies (<2 eV)
s observed, which indicates that electron attachment is operative,
ut does not reveal if the attachment process leads to fragmentation

n

o
g
a

ig. 15. Comparison between; (a) gas phase DEA yielding Cl and CN and (b) Cl
nd CN− desorption from 7 ML ClCN film in the energy range 0–15 eV. Reproduced
rom Brüning et al. [71] and Tegeder and Illenberger [95] by permission of the Amer-
can Chemical Society (Copyright 1996) and Elsevier (Copyright 2005), respectively.

r relaxation of the TNI to its thermodynamically stable vibrational
round state.

.2.2. Stabilization of TNIs and suppression of DEA channels in
lusters

In molecular clusters in the gas phase dissociation and autode-
achment from low energy resonances may also be efficiently
uenched. However, different from ESD where only the ions that
an desorb from the surface can be monitored by mass spec-
rometry, all product ions can be directly monitored in clusters.
ence, in clusters the effect of the reduced escape probability ver-

us the stabilization of the molecular ion can be disentangled.
mong the molecules where DEA or autodetachment is efficiently
uenched in clusters is the diatomic molecule O2 [3,31,97–99],
he halomethanes CF3Cl [3,31,47,100] and CF3I [3,31,48], the
aloethanes 1,2-C2Cl2F4 [101] and C2F5I [102] and the perfluori-
ated halobenzenes C F X (X = Cl, Br, I) [3,61].
6 5

In electron attachment to the isolated diatomic molecule O2
nly the dissociation product O− is observed at relatively high ener-
ies (6.0 and 7.5 eV, respectively) and no low energy resonances are
pparent in the ion yield curves. In clusters on the other hand also



1 of Mass Spectrometry 277 (2008) 4–25

t
o
o
c
v
a
e

i
m
w
1
e
t
c
a
i
t
1
t
d
a
t
o
I
o
t
p
c
S
n
m
[

t
s
t
f
C
w
t
s

3

F
i
a
s
n
b
p
t
e
o

t
i
p
r
w
a
r
g
H

Fig. 16. Schematic representation of the conversion of a short-lived open channel
resonance into a Feshbach resonance under solvation. The width of the open-channel
resonance is due to Franck–Condon broadening and lifetime broadening. The ver-
tical arrows indicate effective autodetachment (one electron transitions) into the
associated electronically excited neutral molecule. The white line indicates the TNI;
C
n
(

w
f
p
c
t
m
t
e
l
fi
t
e
b
a
s
c
t
i
(

u
a
e
e
c
a
C
a
t
6
d
C
t
r
c
r
[

6 I. Bald et al. / International Journal

he molecular ion is observed at low energies. The electron affinity
f O2 is well established to be 0.45 eV [103] and autodetachment is
nly possible from the anion in vibrational states above v = 3. Con-
ordantly the stabilisation of O2

− in clusters is attributed to the fast
ibrational energy dissipation within the clusters leading to relax-
tion of the transient negative ion below v = 4 and a partial or total
vaporation of the clusters [3,104,105].

In the haloethanes and the halomethanes listed above only DEA
s observed in the gas phase under single collision conditions and no

olecular ions are detected. This process is observed for CF3I at 0 eV
ith high efficiency and considerable kinetic energy release and at

.4 eV with comparatively less intensity from CF3Cl. In both cases
lectron attachment to clusters leads to appreciable formation of
he stabilized molecular ion at low energies but the dissociative
hannels are still operative through the same resonances. This is
lso true for the haloethanes though the low energy resonance lead-
ng to the I− formation from C2F5I is much less efficiently quenched
han the corresponding channel leading to the Cl− formation from
,2-C2F4Cl2. For the halobenzenes on the other hand all dissocia-
ion channels through the low lying resonances are quenched. The
ifferent behaviour of the aliphatic compounds compared to the
romatic halobenzenes can be attributed to the different nature of
he underlying resonances. In the first case the TNI is formed by an
ccupation of a �* C–X repulsive state, leading to a fast dissociation.
n the second case the electron initially occupies a low lying �* MO
f the aromatic ring and the excess energy must be transferred into
he relevant C–X coordinate. This predissociation is a much slower
rocess which leaves more time for energy dissipation within the
luster before dissociation. Comparable effects are observed for
F6 and C6F6, however, in the latter case no dissociation chan-
els are accessible through the low energy resonance and the
olecular ion C6F6

− is stabilized with regard to autodetachment
8,38].

In the context of the influence of the initial state of the TNI on
he efficiency of the quenching process it would be interesting to
tudy clusters of ClCN and BrCN. Here one would expect quantita-
ive suppression of the predissociation channel leading to the CN−

ormation but much less influence on the halogenide formation.
omparable effect should also be expected for propionyl chloride
here the Cl− formation through the �*(C O) is likely to be quan-

itatively quenched but the direct dissociation from the �*(C–Cl)
tate should be much less influenced.

.2.3. Medium enhanced dissociative electron attachment
A closer inspection of the Cl− and CN− spectra from ClCN in

ig. 15 shows that no dissociative attachment products are formed
n the gas phase at 4.5 eV and only a weak shoulder is observable
round 9 eV in the Cl− ion yield. This is surprising since the ESD
pectra show intense and comparatively sharp desorption reso-
ances at these energies. Due to a variety of different effects such as
roadening of transition energies due to inhomogeneous coupling,
olarization energy constraints for desorption and energy dissipa-
ion within the condensate one would rather expect the opposite
ffect, i.e., further smearing out of ESD structures compared to those
bserved in gas phase DEA.

However, coupling of a molecule to an environment can change
he character of a resonance in a way that negative ion formation
s enhanced (in spite of the many possibilities of energy dissi-
ation). This is particularly the case, when electronically excited
esonances are involved. The two prominent desorption features

hich peak near 4.5 and 8.8 eV in ESD, but are absent in electron

ttachment to ClCN in the gas phase are most likely core excited
esonances. Though no dissociation products are observed in the
as phase at these energies the resonances may still be formed.
owever, in the gas phase these are open channel resonances

c
n
w
n
i

lCN*− and the black line indicates the corresponding electronic excited state of the
eutral. Reproduced from Tegeder and Illenberger [95] by permission of Elsevier
Copyright 2005).

ith autodetachment lifetimes that are typically too short to allow
or mass spectrometric observation. In the condensed phase the
olarization interaction between the TNI and its environment is
onsiderably stronger than the polarization interaction between
he corresponding electronically excited neutral and its environ-

ent. If the net polarization interaction is positive this can lead
o a stabilization of the TNI relative to the neutral precursor to an
xtent where the energy of the TNI is lowered below the energy
evel of the neutral precursor. This is shown in Fig. 16 in a simpli-
ed energy-level diagram for the isolated molecule compared to
he same molecule in a polarizable environment. In Fig. 16 the total
nergy of the core excited TNI in the condensed phase is lowered
elow the corresponding electronically excited neutral molecule
nd the resonance can therefore only decay to the neutral ground
tate through a two electron process. Hence a core excited open
hannel resonance has turned into a closed channel (Feshbach-
ype) resonance. The lifetime with respect to autodetachment
s thus extended which in turn enhances the DEA cross section
see Section 1).

This effect is also observed in clusters, in which case the prod-
ct ion is either observed after liberation from the cluster or as
part of a larger aggregate of the form MnX−. In clusters, how-

ver, it can be difficult to unambiguously identify such medium
nhanced dissociation, as self-scavenging processes can produce
omparable features. This is however only true if DEA is still oper-
tive at low energy. In the case of the pentafluoro halobenzenes
6F5X the conversion of a core excited open channel resonance to
closed channel resonance is observed in all four compounds. In

hese cases the halogen ion X− is formed in aggregates at about
.5 eV whereas electron attachment to isolated C6F5X molecules
oes not lead to any appreciable ion formation at this energy. In
6F5X the low energy dissociation channels are close to being quan-
itatively quenched [3,61]. Hence the new feature at 6.5 eV cannot
esult from self-scavenging within the cluster. The conversion of
ore excited open channel resonances to closed channel (Feshbach)
esonances is also observed in clusters and condensates of CF3I
3,48,79]. In this particular case I− is still produced at low energy in

lusters which makes it difficult to exclude self-scavenging from the
ew I− feature appearing close to 6 eV in clusters. However, CF3

−

hich is not produced below 1 eV (neither in isolated molecules
or in clusters) is also produced in clusters at 6 eV with appreciable

ntensities.
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Fig. 17. Desorption of Cl− from a 6 ML CF Cl film condensed directly on a gold
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Fig. 18. Comparison between gas phase F− yield from DEA to NF3 (upper panel) and
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tion/desorption. The kinetic energy analysis of F ions from gas
2 2

urface (upper panel) and from a 0.2 ML condensed on a 10 mL Kr film. Reproduced
rom Langer et al. [108] by permission of the American Institute of Physics (Copyright
000).

.2.4. Negative ion formation through noble gas
electron/exciton-complexes”

In addition to the medium enhanced dissociative electron
ttachment features described above ion desorption may also
e enhanced when molecules are adsorbed in sub-monolayer
mounts on Xe or Kr substrates. These features are typically much
arrower than the usual ESD features and appear always at the
ame energy for a given noble gas substrate. Such resonances have,
or instance, been observed for H− and D− desorption from D2O,

2O, C2D6, and C6D6 [106,107], Cl− from CFCl3 [43], F− from SF6
38,42] and Cl− from CF2Cl2 [108]. Fig. 17 displays exemplary Cl−

esorption from 6 ML CF2Cl2 directly condensed on the gold surface
ompared to the Cl− desorption from 0.5 ML CF2Cl2 adsorbed on
0 ML Kr. In addition to the desorption features normally observed
rom multilayers of CF2Cl2, strong resonant enhancements in the
SD yield of Cl− appears at 9.82 eV [108]. In the case of Xe this
arrow feature appears at 7.95 eV. The corresponding negative ion
tates are well known for the isolated rare gas atoms (e.g., Kr*−

4p25s2) at 9.52 eV). In both cases these resonances are located
pproximately 0.5 eV below the lowest excited state of the neu-
ral atom. This enhancement is therefore explained by the initial
ormation of an “electron/exciton complex” in the rare gas film, viz.
n extra electron bound to an exciton in the noble gas solid (the
nalogue to an anionic Feshbach resonance in single atoms). The
lectron/exciton complex transfers its electron and energy in the
ase of CF2Cl2 to form a dissociative state of CF2Cl2*− which relaxes
o form Cl−.

.2.5. Auto- and self-scavenging features from clusters
Negative ion formation mediated through noble gas

electron/exciton-complexes” have also been observed in mixed

2/Ne and O2/Ar clusters [99]. However, within clusters, processes
here the incoming electron looses its energy in an inelastic scat-

ering event and is subsequently captured by another molecule are
ore commonly observed. A prerequisite for this process to take

p
w
o
b

he desorption of F from a 5 ML NF3 film (lower panel). Both spectra are recorded
rom 0 to 5 eV. The dashed line in the gas phase spectrum indicates the overlap-
ing two resonances (see text). Reproduced from Tegeder and Illenberger [109] by
ermission of RSC Publishing (Copyright 1999).

lace is that the cluster is at least partly composed of molecules
hat have comparatively high cross section for electron attachment
lose to 0 eV. Self-scavenging processes in CF3I and the pentafluoro
alobenzenes C6F5X (X = Cl, Br, I) as well as auto-scavenging
rocesses in mixed O2/N2 and SF6/N2 clusters have been discussed

n detail in the reviews [3,31] and references therein. We therefore
efrain from detailed discussion here. However, a fairly detailed
iscussion of auto-scavenging within C6F5Cl/N2 clusters in com-
arison with SF6/N2 may be found in the supplementary material
o this review.

.2.6. Narrow resonances in low energy desorption
As mentioned above, suppression of low energy resonances is

n fact typical when proceeding from DEA to isolated molecules to
SD of anions from adsorbed or condensed molecules. An exception
s NF3 where electron attachment to multilayer NF3 films leads to a
emarkably intense desorption of F− ions at low electron energies
109]. Fig. 18 compares the F− yield from DEA to NF3 in the gas phase
upper panel) to ESD of F− from a 5 ML NF3 film condensed on a gold
ubstrate (lower panel). The dominant low energy (0–4 eV) des-
rption features show two energetically separated comparatively
arrow resonances. The first has a maximum at 1.2 eV and the sec-
nd close to 3.5 eV. The gas phase F− spectrum on the other hand
xhibits only one broad and unresolved resonance in this energy
ange [110]. This is a rather surprising observation as from most of
he previous studies the opposite effect was observed, i.e., quench-
ng of low energy DEA fragments and a smearing out of structures

hen going from DEA to isolated gas phase molecules to ESD from
ondensates.

A closer look reveals that this behaviour can be explained by
he particular energy constrains for ion desorption in relation
o the energetics of the DEA reaction leading to the F− forma-

−

hase NF3 [22] showed that in the energy range up to ≈2 eV F− ions
ith appreciable kinetic energy are generated. Above that energy,

n the other hand, a low kinetic energy component appears and
ecomes more dominant towards higher electron energy. This was
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nterpreted by the existence of two different, energetically over-
apping TNI states. One being related to the electronic ground state
f the anion and the other to an electronically excited state, i.e., a
ore excited resonance. The precursor ion associated with the elec-
ronic ground state decomposes via direct dissociation for which
he associated kinetic energy distribution was shown to be quasi-
iscrete and when the primary electron energy is increased from
.2 to 2 eV the mean kinetic energy of the F− ions from this res-
nance increased from 0.7 to 1.5 eV. In contrast, the electronically
xcited precursor decomposes into F− with a quasi-thermal energy
the mean kinetic energy of F− is below 0.3 eV), indicating a less
irect decomposition mechanism.

This explains the difference between the gas phase DEA spectra
nd the desorption yield in the ESD experiments. The low energy
recursor state ejects F− ions with appreciable kinetic energy
ence they contribute significantly to the desorption yield. The
issociation of the core excited TNI on the other hand, yields a
uasi-thermal kinetic energy distribution and only a small fraction
ithin the high energy tale of the translational energy distribution
as sufficient energy to overcome the polarization barrier and thus

eave the surface. This results in a comparatively low desorption
ield from the second resonance but also an appreciable shift of its
aximum in the ESD yield with respect to that of the gas phase

nalogue by more than 1 eV.

.2.7. Electron induced synthesis within molecules condensed on
urfaces

So far we have only considered unimolecular decay reactions
f TNIs formed in clusters or within molecules adsorbed or con-
ensed on surfaces. However, low energy electrons can also induce
eactions that result in the generation of new neutral molecules
111–114]. These must be monitored by different means than
SD of ions. One approach is to probe such reactions by surface
ibrational spectroscopy [44], but also changes in the desorption
ehavior resulting from the formation of new products at the sur-
ace [115–118] can be used to monitor reactions. One example of
eactions induced in molecular films by low energy electrons is
he transformation of NF3 to NF2 and N2F2 through exposure to

ow energy electrons. The (relative) degradation cross section of
F3 is extracted by IRAS by monitoring the intensity loss of the
symmetric stretch vibration of NF3 as a function of electron dose
t variable electron energies. Fig. 19 displays the electron energy
ependence of the (relative) degradation cross section of a 10 ML

n
[
a
e
r

ig. 19. The left panel shows the relative degradation cross section of the asymmetric s
lectron energy at given electron dose. The right panel compares the F− formation from is
sed for the IRAS studies. Reproduced from Tegeder and Illenberger [44] by permission o
ss Spectrometry 277 (2008) 4–25

F3 film (left panel) compared to the F− yield from DEA to isolated
F3 molecules in the gas phase [110] and to ESD of F− from a multi-

ayer NF3 film condensed on the metal surface [109] (right panel).
he cross section for the intensity loss peaks at low energy near
eV and increases again at energies above 6 eV. This behavior can
irectly be related to the electron capture properties of the target
olecule as can be seen by comparing the both panels in Fig. 19.

rom the energy dependence we conclude that the degradation
ross section at low electron energies is directly related to resonant
lectron capture as the initial process. This is in fact the only pro-
ess which can initiate chemical changes in that energy domain.
t higher energies, however, inelastic scattering and subsequent
apture of the slowed down electron (self-scavenging) may play
significant role, but also non-resonant processes such as dipolar
issociation and ionization may contribute. An extended IR analy-
is of the NF3 film after electron irradiation showed that irradiation
t 1.5 eV creates NF2 radicals and N2F4 molecules. The latter may
e formed by the exothermic association of two adjacent NF2 rad-

cals. In contrast, exposure to 8 eV electrons gives evidence for NF
nd NF2 but not N2F4 formation. This may indicate that N2F4 which
s possibly formed at 8 eV is degraded by subsequent electron col-
isions and that N2F4 degradation is not (or less) operative at low
lectron energies.

Another example of electron induced reactions at surfaces is
he transformation of 1,2-C2F4Cl2 molecules into Cl2 and possi-
ly perfluorinated polymers after irradiation with 9 eV electrons
32,115,116]. In fact Cl2− resulting from low energy electron induced
nimolecular decay is observed directly from isolated molecules
nd molecular clusters of 1,2-C2F4Cl2 [101], and such formation of
ihalogen ions is also observed from other halogenated compounds
46].

However, also considerably more complex reactions have been
bserved in clusters. One of these is the nucleophilic substitu-
ion reaction in which the nucleophile is generated through a DEA
rocess in a binary cluster. The nucleophile then attacks the tar-
et molecule and the leaving group or the ion molecule complex
s detected. These reactions have been studied on the systems
− + CH3X where the leaving group is either Cl−, Br− or I− and the

ucleophile; F− is generated either by electron attachment to C2F6
119,120] or NF3 [121]. The nucleophilic substitution reaction could
lso be observed in the system Cl− + CH3Br, in which Cl− was gen-
rated at 0 eV from CCl4 [120]. Fig. 20 shows the ion yield curves
ecorded from homogeneous CH3Cl, CH3Br and CH3I clusters gener-

tretch vibration of NF3 recorded with IRAS from a 10 ML film as a function of the
olated NF3 molecules in the gas phase and from the NF3 film at a thickness of 10 ML
f Elsevier (Copyright 1999).
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Fig. 20. Ion yield curves recorded from CH3Cl, CH3Br and CH3I clusters generated
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Fig. 22. Negative ion mass spectrum from an expansion of CF3COOH seeded in argon
(
a
a
L

e
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e
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C

F

y a 1:10 CH3X:Ar expansion. No Br− , Cl− or I− ion yield is observed in the energy
ange between 2 and 6 eV and only weak contributions of I− in the spectrum of
H3I. Reproduced from Lehmann and Illenberger [120] by permission of Elsevier
Copyright 1999).

ted by an 1/10 argon expansion [120]. It is clear from these spectra
hat virtually no Cl−, Br− or I− is produced from CH3Cl, CH3Br and
H3I in the energy range from 2-6 eV. Fig. 21 shows the F− yield from

omogeneous C2F6 clusters and the X-yield from binary C2F6/CH3X
X = Cl, Br, I) clusters generated by co-expansion of CH3X mixed with
rgon [120]. In the binary clusters the same resonance profile as
ppears for the F− formation from C2F6 also appears with consid-

ig. 21. Ion yields from binary C2F6/CH3X (X = Cl, Br, I) clusters generated by co-
xpansion of CH3X and C2F6 mixed with argon. In the binary clusters the resonance
rofile for the F− formation from C2F6 appears in all compounds with consider-
ble intensity on the X− signal. Reproduced from Lehmann and Illenberger [120] by
ermission of Elsevier (Copyright 1999).
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1/30) recorded at an electron energy of 0.3 eV. The dominant peak at 131 amu is
ssigned to the complex H2O·CF3COO− arising from electron capture by a dimer
nd the peak at 210 amu is assigned to the acid anhydride anion. Reproduced from
anger et al. [122] by permission of Elsevier (Copyright 2006).

rable intensity in the ion yield curves for X− from CH3X. This is
xplained by a nucleophilic substitution reaction in which F− gen-
rated in the binary cluster through DEA to C2F6 attacks a CH3X
olecule within the same cluster, i.e.;

2F6 + e− (ε = 2–6 eV) → F− + C2F5 (15)

− + CH3–X → [F–CH3–X]− → F–CH3 + X− (16)

For binary NF3/CH3Cl and CCl4/CH3Br clusters virtually the same
ffect is observed, except that in the latter cases the SN2 reaction
akes place close to 0 eV electron energies.

Recently also the dehydration reaction and the anhydride
ormation in organic acids was shown to occur in clusters of triflu-
roacetic acid (TFAA) upon low energy electron irradiation [122].
he negative ion spectrum of CF3COOH clusters recorded at 0.3 eV
s shown in Fig. 22. The spectrum is dominated by the regression
f Mn

− and Mn−1(M–H)− (not shown here), but three additional
rominent peaks appear in the spectra below 250 amu. These are at
4, 131 and 210 amu, respectively, and are attributed to CF2COO−,
2O·CF3COO− and to the anhydride; (CF3CO)2O−. The latter two

ons are both the result of a bimolecular reaction within the cluster
s was confirmed for the complex ion; H2O·CF3COO*−, by electron
ttachment to the deuterated TFAA. Furthermore, the generation
f these products show extraordinary size selectivity, and as no
olvated products are observed they are most likely exclusively
roduced from the dimer.

.3. Low-energy electron interaction with biomolecules

It has long been known that low energy (<20 eV) electrons are
bundant along the ionization track of high energy radiation, how-
ver, only recently it was shown that such low energy electrons
an in fact induce single and double strand breaks in plasmid DNA
88]. Moreover, the characteristic profile of the yield curves of DNA
trand breaks [88,123] suggest that dissociative electron attach-
ent plays a pivotal role in these processes. These finding triggered
substantial research effort that aims towards a detailed under-

tanding of the underlying mechanisms [59].

Eugen and co-workers have contributed significantly to this

esearch field and were in fact the first who could show that
he gas phase DNA nucleobases thymine and cytosine are sub-
ect to dissociative electron attachment [124]. In the meantime
lectron-induced reactions have been studied in the gas and
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Fig. 24. Anion yield of the [M–H]− fragment anion generated by electron attachment
to thymine methylated at the N1 position (top), and uracil methylated at the N3
position (bottom). The dotted curve shows the non-methylated thymine and uracil,
respectively. It is clear from the spectra that H loss up on DEA occurs from the N1
site at electron energies around 1 eV, whereas the H loss occurs from the N3 site at
a
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ig. 23. Molecular structures of the nucleobases thymine and guanine, the
onosaccharide d-ribose and the amino acid glycine. For thymine and d-ribose the

tom labeling is shown.

ondensed phase with several classes of biomolecules includ-
ng nucleobases [125–133], the monosaccharides ribose [134,135]
nd deoxyribose [136], phosphodiesters [137], and aminoacids
138–147]. Very recently also electron attachment to intact thymi-
ine was successfully demonstrated in the gas phase [51,52]. In
ddition experiments on the interaction of low energy electrons
ith self-assembled monolayers of oligonucleotides approach the

nvestigation of biomolecular systems from another level of com-
lexity [148,149].

In this section we try to give an overview of Eugens work on dif-
erent aspects concerning electron interaction with biomolecules
uch as nucleobases, sugars and amino acids. This includes (i)
ite and energy selective reactions in nucleobases and sugars,
ii) complex rearrangement reactions at very low energies, (iii)

olecular mechanisms of DNA radiation damage, and (iv) new
xperimental techniques to study electron induced reactions in
arger biomolecules.

.3.1. Site selective fragmentation reactions
The most dominant fragmentation reaction observed in DEA to

he nucleobases (NB) is the abstraction of a hydrogen atom from
he TNI at energies between 0.5 and 3 eV [132]:

−(< 3 eV) + NB → NB−# → [NB–H]− + H (17)

n the pyrimidine nucleobase thymine (T) the loss of H can be due to
C–H or N–H bond cleavage (Fig. 23). In deuterium labeled thymine

TD) [125], where only the C sites of the molecule are deuterated
nly the fragment ion [TD–H]− is observed and no ion signal from
TD–D]− was detected. Moreover, the fragment ion [TD–H]− exhib-
ted identical ion yield curves as the non-deuterated thymine. This
hows clearly that the TNI; T−#, formed at low energies decays
xclusively by N–H bond cleavage while no C–H bond cleavage
s operative at these energies. However, in the free pyrimidine
ases the N–H bond rupture can proceed either from the N1 or

he N3 site. Fig. 24 compares the [T–H]− ion yield from thymine
hat is methylated at N1 (m1T) with the yield from non-methylated
hymine (dotted line) and the [U–H]− yield from uracil methy-
ated at N3 (m3U) with the non-methylated uracil (dotted line)
130]. It is evident from Fig. 24 that the low energy signal at 1 eV

q
b
T
b
[

n incident energy of 1.8 eV. Reproduced from Ptasinska et al. [130] by permission
f Wiley-VCH Verlag (Copyright 2005).

anishes when N1 is blocked and the contribution around 1.8 eV
iminishes considerable when N3 is blocked. Hence the low energy
ignal peaking at 1 eV is due to H loss from N1, whereas the second
ignal peaking at 1.8 eV arises from N3–H bond breaking. Conse-

uently the observed hydrogen abstraction reaction is not only
ond selective, but also site selective at particular electron energy.
his can partly be rationalised by energetic considerations [130],
ut also by the specific shape of the involved molecular orbitals
131].



of Ma

b

e

T
a
t
o
c
s
u
m
e

i
i
(
g
p
A
t

e

A
r
7
T
b
H

o
w

3

a
t
t
t
w
3
c
t
[
i
a
r
r
o
m
t
i
t
t
c

F
w
f

I. Bald et al. / International Journal

At higher electron energies (>5 eV) the cleavage of the hydrogen
ond results exclusively in the formation of the hydrogen ion [126]:

−(> 5 eV) + T → T−# → [T–H]• + H− (18)

he H− signal is composed of at least four contributions peaking
t 5.5, 6.8 and 8.3 eV, and a distinct shoulder at 9.3 eV [126]. For
hymine, isotope labeling revealed that the two lower energy res-
nances at 5.5 and 6.8 eV, respectively, arise from an N–H bond
leavage, whereas H− at 8.3 and 9.3 eV is generated from the C–H
ites of thymine [126]. Furthermore, methylation of thymine and
racil at N1 and N3, respectively, shows unambiguously that the
ost pronounced resonance in this region; the 5.5 eV resonance, is

xclusively due to N3–H bond cleavage [130].
Site selective generation of anion fragments was also observed

n the monosaccharide d-ribose [135]. d-Ribose in the gas phase
s a six-membered ring with four C–C bonds and two C–O bonds
Fig. 23). At very low energies close to 0 eV a transient negative ion is
enerated that decomposes into various fragments associated with
roduction of neutral water and formaldehyde molecules (CH2O).
characteristic reaction that is accompanied by a decomposition of

he ring system is the formation of an anionic fragment at 72 amu:

−(≈ 0 eV) + C5H10O5 → C5H10O5
−# → C3H4O2

− + 2CH2O + H2O

(19)

lso the formation of C3H4O2
− at 71 amu is observed with compa-
able intensities. Fig. 25 shows the ion yield for the masses 71 and
2 amu from 5-13C-d-ribose (left) and 1-13C-d-ribose (right) [135].
he 5-13C-d-ribose shows no mass shift for neither of the fragments
ut with the 1-13C-d-ribose the signals are shifted by one mass unit.
ence this reaction exclusively proceeds by the loss of C5. The same

a
a
e
C
a

ig. 25. Anion yields of the 71 and 72 amu fragments generated from 5-13C-d-ribose (lef
hereas both signals shifted to 72 and 73 amu, respectively, in 1-13C-d-ribose. This shows th

rom Bald et al. [135] by permission of Wiley-VCH Verlag (Copyright 2006).
ss Spectrometry 277 (2008) 4–25 21

bservation is made for the masses 101 and 102 amu associated
ith the formation of C4H5O3

− and C4H6O3
−, respectively.

.3.2. Complex rearrangement reactions
Apart from single bond cleavages as described above, electron

ttachment to nucleobases can also lead to a decomposition of
he aromatic ring system. These resonant reactions which typically
ake place between 3 and 10 eV [124,129] result in the forma-
ion of CN− and OCN− among other fragments. These are both
ell-known pseudohalogens with high electron affinities (3.82 and
.61 eV for CN and OCN, respectively). Fig. 26 shows the ion yield
urves for guanine in the range from 0 to 15 eV. In guanine, opposite
o the other bases fragmentation of the ring system dominates and
G–H]− is only observed with low intensities [129]. The dominat-
ng fragments are OCN− and CN− which are already formed with
ppreciable intensities below 3 eV. In the case of CN− this reaction
equires the cleavage of at least three bonds within the aromatic
ing system (Fig. 23). It is therefore clear, that this decomposition
f the TNI involves complex multiple fragmentation reactions and
ay involve new bond formations, however, it should be noted

hat in case of guanine a partial decomposition may take place
n the thermal evaporation process. This is however less likely for
he pyrimidine bases where the decomposition of the ring and
he formation of the pseudo halogenide ions is also observed with
omparatively high intensity [124].

The pseudo-halogenide CN− was also observed in electron

ttachment to several amino acids. Among these, the aliphatic
mino acid glycine has been studied most extensively with regard to
nergy dependence of the CN− formation [139,147,150]. In glycine
N− is generated from a shape resonance located close to 1.2 eV
nd a core excited resonance located at 6 eV and close to 10 eV. For

t) and the 1-13C-d-ribose (right). In the 5-13C-d-ribose the signals are not shifted,
at the neutral unit(s) is exclusively formed by excision of the C5 carbon. Reproduced
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ig. 26. Fragment anions formed by dissociative electron attachment to guanine in
east three bonds must be broken. Reproduced from Abdoul-Carime et al. [129] by p

his reaction five bonds have to be broken and if no new bonds
re formed the threshold for the reaction is above 10 eV. Thus new
onds must be formed for the reaction to be thermodynamically
ossible. According to the reaction

−(1.2 eV) + H2NCH2COOH → CN− + CO2 + 2H2 + H (20)

he thermodynamic threshold would be around 2.6 eV [139]. How-
ver, in context of the CN− formation from valine also the following
lternative reaction scheme has been suggested;

−(1.2 eV) + H2NCH2COOH → CN− + COOH + 2H2, (21)

ere the energetic threshold would be close to 0 eV and the CN− for-
ation would be readily accessible through the low lying resonance

146].
Substantial rearrangement is also required for the generation of

ll fragment ions observed in DEA to d-ribose [135] (see previous
ection). Nevertheless, most of these reactions are observed close to
eV. The simplest reaction observed in d-ribose is the abstraction
f a water molecule:

−(≈ 0 eV) + C H O → C H O −# → C H O − + H O (22)
5 10 5 5 10 5 5 8 4 2

or this reaction at least two bonds must be broken, and even if
he electron affinity of the precursor to the remaining ion C5H8O4

−

s relatively high, new bonds must be formed for this reaction to
roceed close to 0 eV. However, though new bond formation may

t
a
n
r
o

lectron energy range from 0 to 15 eV. For the production of CN− (middle right) at
sion of Springer–Verlag (Copyright 2005).

ccount for the thermodynamic thresholds for these complex frag-
entation reactions, it is still remarkable that they proceed at such

ow energies as this requires the corresponding transition states to
e formed with a very low activation barrier or that the processes
re basically barrierless.

.3.3. The molecular mechanisms of electron-induced DNA strand
reaks

For a complete description of the role of low energy electrons
or DNA damage by ionizing radiation the reader is referred to

ore detailed reviews on the subject [32,59]. Here we will only
iscuss some aspects of electron-induced DNA strand breaks that
re revealed by DEA studies to gas phase DNA components.

To date, contradictory models are proposed on how low energy
lectrons damage DNA. The yields of DNA strand breaks [88,123]
how distinct maxima at 1 eV, between 2 and 3 eV and around 10 eV.
xperiments on single building blocks of DNA indicate that at these
ifferent energies different electron attachment and fragmentation
echanisms contribute to the strand break yield.
As was discussed above, all nucleobases (NB) undergo dissocia-
ive electron attachment within two resonant features at 0–4 eV
nd at higher energies between 6 and 12 eV. The high energy reso-
ances lead to the formation of H−, but also to degradation of the
ing structure. From the low energy contributions an abstraction
f the neutral H atom occurs exclusively from the N-sites thereby
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orming the closed shell [NB–H]− anion. It is thus not obvious that
lectron capture by the nucleobases leads to strand breaks within
he DNA chain. However, if the extra electron initially captured
y the nucleobase causes charge transfer to the backbone it may
ndirectly induce a strand break by bond cleavage, for instance,
etween the sugar and phosphate moiety. This transfer mechanism
as however investigated by theory [151], and was predicted to
ccur with low reaction rates compared to the autodetachment
ifetime. Furthermore DEA studies on the nucleoside thymidine
51,52,152,153] indicate that localization of the extra electron on
he nucleobase does not lead to dissociation reactions within the
ugar moiety. In other words, a charge transfer between nucleobase
nd sugar moiety in thymidine does not take place. The situation
ay, however change if a phosphate group is present. Furthermore,

esides the direct damage caused by DEA, damage can also arise
rom secondary reactions with reactive neutral radicals (e.g., the

radical) generated by DEA to the bases. This may lead to clus-
ered damage that is difficult to repair by enzymes and is thus much

ore severe than a single strand break. However electron attach-
ent to DNA via the nucleobases is not the only mechanism that

an lead to strand breaks. As a strand break finally occurs within
he DNA backbone it is reasonable to consider a direct electron
ttachment by the backbone subunits. Different model systems
or the sugar and the phosphate moiety have been investigated
ith respect to DEA. The sugar unit was mimicked by isolated
onosaccharides [135,154] and sugar esters [155], and for the phos-

hate group phosphate esters [137] were used as surrogates. At
ery low energies close to 0 eV electrons are captured by both the
ugar and the phosphate unit and in both cases the low energy
lectrons induce dissociation reactions that involve considerable
earrangement (see previous section). The dissociation of the sugar
s characterized by a loss of different numbers of neutral water
nd formaldehyde molecules, whereas different phosphate anions
PO3

−, H2PO3
− and PO−, respectively) are excised from phosphodi-

sters [137]. The reactivity of these compounds at very low energy
s consistent with the previously observed single strand breaks
n plasmid DNA, which are generated with basically no threshold
nergy [156]. At higher energies between 1 and 3 eV, where the
econd maximum of the strand break yield was determined [123],
he phosphate group is active towards low energy electrons [137].
n dibutylphosphate (DBP) a cleavage of a C–O bond was observed
t 2–4 eV resulting in the abstraction of a butyl group[137]:

−(2–4 eV) + PO4(C4H9)2 → PO4(C4H9)2
−# → PO4C4H9

− + C4H9

(23)

ompared to the situation in DNA such a reaction would correspond
o a direct strand break. Hence, low energy electron attachment to
he individual DNA components shows that DEA, that eventually

ay lead to strand breaks, can occur at the nucleobases as well as
he sugar unit and the phosphate group. However it is also obvi-
us from these experiments that gas phase experiments on the
arger units, i.e., individual nucleosides and the nucleotides as well
s shorter oligonucleotides would be very valuable in our search
o understand the role of low energy electrons in DNA damage by
igh energy radiation.

.3.4. New experimental approaches to study electron
ttachment to biomolecular systems

To date the intrinsic properties of single DNA building blocks

re well studied. However, it is still an open question, how an
xcess charge evolves that is located at a particular part of the DNA.
urthermore the contributions of different reaction pathways that
re suggested by experiment and theory remain to be evaluated
n larger systems. For this it is necessary to study more complex

A

I
t
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ubunits of DNA, such as nucleosides, nucleotides and oligomers.
owever, the gas phase experiments on DEA of biomolecules that
ave been performed up to now employed thermal evaporation of
he respective molecules. This sets a limit to the size and the nature
f the molecules that can be studied as most of the larger biolog-
cally relevant molecules decompose before thermal sublimation.
herefore new experimental techniques are required that ensure
he transfer of intact and neutral biomolecules into the gas phase.

One approach is now developed in Eugens laboratory, that uti-
izes laser-induced acoustic desorption [157] combined with DEA
see Section 2.2) [51,52]. Preliminary experiments indicate that DEA
o nucleosides, sugar-phosphates and nucleotides can be studied
uccessfully by this method thus enabling a completely new scope
f experiments.

To our knowledge thymidine is the largest building block of the
NA that has been studied by conventional methods with respect

o DEA in the gas phase [152]. The parent ion after loss of hydro-
en [Td–H]− could be detected in these experiments, but the most
bundant fragment ion was [T–H]−, i.e., the closed shell anion of
he dehydrogenated thymine. The ion yield curve of this fragment
hows a structured low energy contribution in the range from about
–3 eV that is identical to the low energy contribution observed in
lectron attachment to the isolated thymine nucleobase. Moreover,
his low energy contribution also shows pronounced temperature
ependence, indicating that the signal is in fact the result of electron
ttachment to the thymine nucleobase rather than the nucleoside
hymidine. Hence the thermal evaporation causes degradation of
hymidine resulting in DEA spectra that are dominated by electron
ttachment to the nucleobase, which represents a thermal decom-
osition product. In addition to the low energy contribution the
T–H]− fragment is also observed in the range from 5.5 to 9 eV [152].
his contribution was not observed before and was thus assigned to
EA to non-decomposed thymidine. The [T–H]− ion yield from DEA

o thymidine evaporated with LIAD, i.e., thymidine that has been
esorbed intact by a non-thermal mechanism, does not show any
ignal at lower energy but exclusively at higher energy between 5.5
nd 9 eV [51,52]. Hence it is clear that ion formation proceeds exclu-
ively through the higher energy resonances between 5.5 and 9 eV
nd that no [T–H]− is formed from thymidine at lower energies. The
omparison also shows the need for softer evaporation methods to
tudy large biomolecules and the potential of LIAD in this field.

The bottom-up approach of gas phase experiments reveals
he intrinsic properties of certain molecular systems, but under-
stimates the relevance of an environment that is closer to a
iological system. To address this question microarray techniques
ave been developed to study electron induced strand breaks in
elf-assembled monolayers of DNA [148,149]. Single DNA strands
re immobilised on a gold surface and irradiated with electrons
f defined energy. The formation of strand breaks upon electron
rradiation is determined by hybridization of the remaining
trands with the complementary strand, which is connected to a
uorescence dye. The decrease of fluorescence intensity compared
o a non-irradiated sample on the same array is a measure of the
oss of genetic information. Experiments on a dT25 DNA strand
uggest that DNA damage occurs already at very low electron
oses, i.e., a strand break occurs after exposure of the DNA strand
o a few hundred electrons. Further experiments are in progress,
n which the role of DNA binding proteins for radiation damage is
nvestigated [142].
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