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Chapter 1

Introduction

Polycyclic aromatic hydrocarbons (PAHs) form a special family of molecules which
are characterized by their high stability. PAHs consist of fused rings of C atoms and
peripheral H atoms. The PAH family is limited by the single carbon ring benzene
(C6H6) and the ultrathin carbon layer graphene (figure 1.1). The PAHs which are
studied in this thesis all have a planar shape and consist of six-membered carbon
rings.

The characteristic properties of PAHs originate from the concept of aromaticity,
a special form of molecular bonding. The ground state configuration of a C atom
is 2s22p2. This configuration suggests that a C atom can only form two bonds
instead of four. This problem can be overcome by the concept of hybridization.
Hybridization is based on the promotion of a 2s electron to a 2p orbital. For C
atoms this leads to a 2s12p1

x2p1
y2p1

z configuration with four unpaired electrons in
separate orbitals. In this configuration, the C atom is capable of forming four

Figure 1.1: Examples of systems which consist of rings of C-atoms. These rings
form the skeleton of PAHs. Coronene (C24H12) is an often used example of
a PAH (center). The limiting cases consist of one ring, benzene (C6H6, left),
and an infinite number of rings, graphene (right). Note that, strictly speaking,
benzene and graphene are no PAHs themselves (graphene figure adopted from:
www.jameshedberg.com).
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bonds. Note, that promotion is not a physical excitation process occurring before
bond formation, but rather a concept used to understand the orbital energy shift
through bond formation. The description is still incomplete as the three 2p orbitals
would form three identical bonds and the remaining 2s orbital would form another
type of bond. In reality, for instance to form methane (CH4), the 2s orbital and
the three 2p orbitals overlap to form four linear combinations, also known as sp3

hybrids:

h1 = s+ px + py + pz

h2 = s− px − py + pz

h3 = s− px + py − pz
h4 = s+ px − py − pz

(1.1)

The four hybrids can form four σ bonds.
In PAHs every C atom is bonded to only three neighbouring atoms, either three

C atoms or two C atoms and an H atom. Here, the carbon ground state is also
promoted to 2s12p1

x2p1
y2p1

z , however now only two p orbitals are involved in the
hybridization. The resulting hybrids are called sp2 orbitals:

h1 = s+
√

2py

h2 = s+

√
3

2
px −

√
1

2
py

h3 = s−
√

3

2
px −

√
1

2
py

(1.2)

The C atom can now form three in-plane σ bonds with either a hybrid of a neigh-
bouring C atom or a H 1s electron. This determines the regular hexagonal structure
and the planar shape of the molecule.

The remaining unhybridized 2pz orbitals overlap and give rise to delocalized
π orbitals extending around the entire ring. For example, in benzene (C6H6) six
unhybridized electrons would only allow for formation of three double bonds, but
the delocalization leads to an equal bonding between all neighbouring C atoms. The
orbital structure is such that there are three orbitals with a net bonding character.
These accommodate all 2pz electrons in 1π, 2π, and 3π orbitals, which determines
the high stability of the molecule [1].

PAHs are generally considered to be an ubiquitous component of the interstel-
lar medium. They play an important role in many astrophysical and astrochemical
processes [2, 3, 4, 5]. In the scope of this thesis, a tool set of experimental and com-
putational techniques was used to study the stability of regular PAHs and their
multiply hydrogenated counterparts against interactions with energetic ions and
photons in the extreme ultraviolet (UV) to X-ray spectral range. In the following,
a more thorough discussion of PAHs in the astrophysical context will demonstrate
how PAHs in space are identified by the assignment of infrared (IR) emission fea-
tures, and how ion and photon interactions with PAHs are astrophysically relevant.
Furthermore, the mechanism behind (super)hydrogenation and its catalytic role in
H2 formation and PAH stability will be discussed.
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1.1 Identification and characterization of PAHs in
the ISM

Many objects in the Interstellar Medium (ISM) show strong emission features in
the IR region of the electromagnetic spectrum. These IR emission features are
generally attributed to fluorescence emission of large UV-pumped PAHs containing
50-100 C atoms [2, 3, 4, 5]. These features dominate the IR spectra of, for instance,
HII regions, young stellar objects, reflection nebulae, post-asymptotic giant branch
objects, nuclei of galaxies and ultraluminous infrared galaxies and dark clouds [3].

Figure 1.2 shows IR emission spectra of the Orion Bar and the planetary nebula
NGC 7027, in which the emission features are correlated to different vibrational
modes of PAHs. The 3.3 µm feature is assigned to CH stretching modes, the region
between 6.1 and 6.5 µm to pure CC stretch, the region 6.5-8.5 µm to combinations
of CC stretching and CH in-plane bending modes and the region 8.3-8.9 µm to CH
in-plane wagging modes. CH out-of-plane bending modes contribute in the 11-15
µm range.

The assignment of the IR features to PAHs rather than to carbon bulk material,
such as small grains, is based on three main arguments [6]. (i) In order to emit in
the infrared a species should be substantially heated (this is e.g. not the case for
grains, whose temperature increase upon UV absorption is much lower) without
breaking apart. Analysis of the energetics involved in an UV-absorption process and
of the heat capacity of the species points towards molecules with 50-100 C atoms
as possible candidates for the observed IR features. (ii) Many IR features show
clear traces characteristic for anharmonicity. This suggests that the IR emitting
species are highly vibrationally excited. PAHs are known to be stable upon such
a high vibrational excitation [6, 7]. (iii) The ratio between the features and the
continuum is much higher than one would expect from carbonic bulk materials.
The shapes of the continuum are mainly assigned to clusters of PAHs and very
small grains [6, 8, 9].

The PAH abundance in a given astrophysical environment is estimated by com-
paring the intensity of particular features to the total UV flux. By realizing that
the total IR emission should be equal to the total UV absorption and implementing
the measured cross sections for UV absorption, one can estimate the relative abun-
dances. Compared to the H atom abundance the relative abundance of C atoms
locked up in PAHs or in clusters of PAHs is 14 ppm and 8 ppm, respectively, for
typical environments [3].

Interstellar PAHs are generally thought to be formed as a byproduct of soot
formation in cool C-rich stellar outflows [10]. The variety of PAHs produced by
these stellar sources is expected to be much wider than what is present in the ISM,
because the interaction with UV photons and ion processing by supernova shock
waves will rapidly destroy less stable species [11, 12, 13]. The stable PAHs are
thought to be left in high vibrational states, where they are prone to dehydro-
genation. The fact that the PAHs are partly dehydrogenated favors the formation
of fullerenes, rings and cages. PAHs [14, 15, 16], fullerenes [17] and hydrocarbon
chains [18, 19] are the most prominent candidates to carry the Diffuse Interstellar
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Figure 1.2: Typical infrared emission spectra of the Orion Bar and the planetary
nebula NGC 7027. The figure is adopted from reference [3]. The CC stretch,
CH stretch, CH in-plane bending, and the CH out-of-plane bending modes are
indicated. The broad continuum below the features is mainly attributed to PAH
clusters and very small grains.

Bands (DIBs) [3, 20].

The presence of PAHs has major consequences: PAHs determine the tempera-
ture of photodissociation regions (PDRs) [21], influence the ionization balance of
dense clouds [22] and contribute to the evolution of star systems [23]. In PDRs,
photoionization of PAHs causes substantial heating by emission of photo-electrons.
The ejected energetic electrons collide with other electrons and, eventually, the
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electrons thermalize with hydrogen. The heating depends on the ionization cross
section, the UV field, and the repartition coefficient, which is the ratio between
the kinetic energy of ejected electrons and the excitation energy transfered to the
molecule [21].

In dense clouds, PAH anions are formed by radiative electron attachment,
PAH + e− −→ PAH− + hν, which makes PAHs dominant over electrons as nega-
tive charge carriers [3]. Therefore, PAHs determine the ionization balance through
neutralization reactions with atomic and molecular cations. The two main recombi-
nation channels are atomic or molecular neutralization, PAH− + X+ −→ PAH + X,
and dissociative molecular neutralization, PAH− + X+ −→ PAH + (X−H) +H.
This has large implications for the formation of gas-phase molecules and the ion-
molecule chemistry [22]. Moreover, it influences the magnetic fields that protect
molecular clouds from gravitational collapse [23].

PAH related IR emission features are also observed in regions in which stars
and planets are formed. Variations between observed spectra within star forming
regions indicate that chemical processing plays an important role in these regions
[23]. In particular stages of star formation PAHs serve as potential markers for the
chemistry.

1.2 Ion processing of PAHs

Due to their high stability, large (50-100 C atoms) PAHs are expected to survive
for very long timescales in the far-UV radiation field of the ISM, until they are
either destroyed by supernova shockwaves or by entering a planet forming disk
region. However, recent Spitzer data has revealed the presence of PAHs in very
harsh environments such as fast stellar [24] and galactic winds [25]. In stellar winds
the gas reaches speeds from 20 to 2000 km/s and in galactic winds the speed is
between 300 and 3000 km/s. A velocity of 3000 km/s is equivalent to ≈50 keV
protons and 200 keV α particles. In such environments PAHs are expected to be
destroyed by the hot ionized gas, and therefore their observation is highly remark-
able. The interaction energies in interstellar shocks are markedly lower, varying
from 50 eV/nucleon in interstellar shocks to 1 keV/nucleon in supernova remnants.
Another source of energetic ions are Cosmic Rays, which are very energetic, with
energies up from around 1 MeV.

When an energetic ion interacts with a gas of atoms or molecules, it slows
down due to elastic collisions between the ion and the constituting atoms of the
target and due to inelastic scattering of target electrons from the screened Coulomb
potential of the ion. The inelastic part can be described as a friction process. The
quantity describing the energy loss is commonly called the stopping power. In the
astrophysical relevant energy regimes both nuclear and electronic stopping may
play a role. In figure 1.3 the two types of stopping are plotted for collisions of
protons on benzene, based on a calculation in the binary collision approximation
(SRIM [26]). Note that, the projectile energy loss is a direct measure for the
energy deposition into the target. It is obvious that both stopping mechanisms
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Figure 1.3: SRIM simulation of the energy loss of protons on a target of benzene
[26]. The relevant energy ranges are indicated in the figure. The figure ’Stellar &
Galactic Winds’ was adopted from www.scitechdaily.com and the figure ’Supernova
Remnants’ was adopted from www.caltech.edu.

play a role in the supernova shockwave regions. However, in regions of stellar
and galactic winds as well as for cosmic rays, electronic stopping dominates. The
experimental energy range that is available to the experiments in the scope of this
thesis ranges from 1 keV to 30 keV. In that energy regime electronic stopping
dominates and the energy deposition by stopping is high. Note, that the electronic
stopping experienced by Cosmic Rays is comparable to similar interactions in our
experimental energy range.

In a previous and pioneering study, the small PAH anthracene was subjected
to H+, He+, and He2+ ions in the energy range from 5 keV to 30 keV [27]. The in-
teraction products were analyzed with a high resolution mass spectrometer, which
could easily resolve different hydrogenation states of the fragments. In figure 1.4
a typical mass spectrum is displayed. It is obvious that the fragmentation is very
extensive. This mass spectrometric study gave first qualitative insight into the
fragmentation spectra. However, it left one of the prime research questions unan-
swered: how much energy is deposited into the molecules and how does energy
deposition link to specific fragmentation channels.
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anthracene

Figure 1.4: A mass spectrum of ionization products of anthracene (C14H10) after
30 keV He2+ impact. The figure was adopted from reference [27].

1.2.1 Excitation energy

The excitation energies that are necessary to open up specific fragmentation chan-
nels (appearance energies) have been determined previously by means of UV pho-
toabsorption [28, 29]. The most relevant fragmentation channels are H, H2, and
C2H2 emission upon UV absorption. However, from the mass spectrum in figure
1.4 it is obvious that many more channels are involved when ions instead of UV
photons are used. This suggests that the amount of energy deposited by ions is
much higher. Moreover, removal of multiple electrons by capture or direct ioniza-
tion leaves the PAH in a higher charge state. This striking difference triggers the
following question:

How does the PAH fragmentation depend on the amount of excitation
energy deposited by ions?

Chapter 2 describes a combined experimental and theoretical approach to tackle
this question for the example of proton collisions with anthracene.

The experiments in chapter 2 are based on the Collision Induced Dissociation
under Energy Control (CIDEC) method, which has been developed at the Uni-
versity of Lyon [30]. In the current configuration, the experiment is based on
the following reaction, in which a proton captures two electrons from the parent
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molecule M:

H+ + M
doublecapture−→ H− + M∗2+ (1.3)

Using this specific type of interactions, the key to the determination of the deposited
energy is the fact that H− has no stable excited states. If the first two ionization
energies of the molecule IM1 and IM2, the ionization energy of hydrogen IH and the
electron affinity EAH of hydrogen are known, the energy loss ∆E of the projectile
is a direct observable for the deposited energy Eexc:

Eexc = ∆E − [IM1 + IM2 − IH − EAH ], (1.4)

The kinetic energy of the produced H− projectiles, is analyzed by an Electrostatic
Analyzer (ESA). The mass of the collision products, i.e. M∗2+ and its fragments,
is analyzed in coincidence with a time-of-flight (TOF) mass analyzer. The energy
resolution E

∆E is 750 [31], though acquiring sufficient statistics leads to an uncer-
tainty of 0.5 eV in the mean excitation energies. All single capture events in which
the projectile is neutralized are not detected. Moreover, the ESA is designed in
such a way that events with large momentum transfer are also excluded. There-
fore, the experiment may not give access to all fragmentation pathways occurring
in proton-molecule collisions. However, it does provide indispensable quantitative
information about the correlation between ion-induced molecular excitation and
subsequent fragmentation channels for dications.

1.2.2 Dissociation dynamics

The richness of the PAH fragmentation spectrum suggests that the destruction
of small PAHs provides a feedstock of small hydrocarbonic species which could
contribute to formation of molecules and growth of larger PAHs and which could
influence the temperature of the ISM. The kinetic energy of the fragments is a
crucial quantity to all these processes. The following question must be asked:

How much kinetic energy is set free when a PAH dissociates?

Addressing this question with maximum precision requires recoil ion momentum
spectrometry (RIMS) in which the dynamics of ion induced molecular fragmenta-
tion processes can be studied [32]. One of the main goals of this thesis was the
development of a RIMS-type spectrometer. The kinetic energy release of the de-
tected charged fragments is measured precisely and the kinetic energy of neutral
fragments can be reconstructed. The new experimental setup (see figure 6.1) is
used for the first time to study collisions between He2+ ions and naphthalene. The
results are presented and discussed in chapter 3.

To achieve maximum momentum resolution, the interaction between the ions
and the molecules has to occur in a well defined region in both space and time.
Therefore, a beam of molecules is produced with a small diameter, a narrow velocity
distribution and a low divergence. This molecular beam is crossed with a well-
focused, pulsed ion beam. The collisions take place in the center of the reaction
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Figure 1.5: The oven installed in the expansion chamber. The atomic gas enters
the oven (1) in which the sample is evaporated (2). The mixed gas expands through
a nozzle (4) into the vacuum in front of a skimmer (3).

microscope, which basically consists of a set of extraction lenses and a position
sensitive detector.

The molecular beam used here is of the type of a seeded atomic jet (figure 1.5).
This atomic jet is produced by expanding a high pressure noble gas (1-3 bar Ar or
Ne) through a 100 µm nozzle. In the expansion potential energy is almost entirely
transferred to kinetic energy which leads to a beam of atoms with a very narrow
velocity distribution. The atoms expand freely, without collisions, up to the first
shock wave they encounter. This collisionless zone is called the zone of silence and
its dimensions depend on the background pressure. A 1 mm skimmer is placed
inside the zone of silence to cut out a freely expanding laminar atomic beam. The
production of such atomic jets is a standard technique in atomic physics [33]. In
order to seed the atomic jet with molecules, an oven has been incorporated in the
stagnation chamber. The molecules are evaporated from the oven and mix with
the atomic gas. In this way, the molecules co-expand with the atomic jet.

The ion beam is produced by a 14 GHz Electron Cyclotron Resonance Ion
Source (ECRIS). The energy can be varied between 1 keV/q and 30 keV/q. The
ion current is measured by means of a Faraday Cup with a 1 mm diaphragm in
front. The focusing of the ion beam can be optimized by measuring the current
in the Faraday Cup and on the diaphragm simultaneously and tuning the settings
of the ion-optics elements in the beamline, i.e. 2 quadrupole triplet magnets, 1
dipole magnet, 3 small correction magnets, and an Einzel lens. The Faraday Cup
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Figure 1.6: The position sensitive detector. The detector is equipped with a delay
line anode which consists of two copper wire windings (2,3). In order to achieve
optimal resolution the detector is equipped with a 140 µm open cell mesh (1).

is mounted on a 2D manipulator, which allows us to obtain information on the
beam profile. The length of the ion beam pulses determines the TOF resolution of
the spectrometer.

The ion beam and the molecular beam intersect in the center of the recoil ion
momentum spectrometer. Electrons are extracted to a channeltron and cationic in-
teraction products are extracted in the opposite direction towards a micro-channel-
plate (MCP) detector which is equipped with a delay line anode (figure 1.6). The
delay line signals provide information about the position where the cations hit the
detector. The TOF of the fragment is obtained from the arrival time on the anode
with respect to the start signal. The start signal can be generated in two different
ways, allowing for data acquisition in two different modes. In the inclusive mode,
the start signal is synchronized with the ion beam pulses. In other words, all events
in which cations are produced are counted.

The alternative operation mode is the dication selective mode. This operation
mode is ideal if one would for instance focus on double electron capture processes
in He2+:

He2+ + M
doublecapture−→ He∗∗ + M2+ Auger−→ He+ + e− + M2+ (1.5)

Two electrons are captured into a doubly excited state of helium, leaving an inner-
shell vacancy. The vacancy is filled by an Auger decay and the associated electron
is detected by the channeltron. The channeltron signal is used as a start signal for
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Figure 1.7: The interior of the interaction chamber. The coronene cations are mass
selected by a quadrupole mass filter (1) and trapped in a Paul trap (2). The atomic
hydrogen enters via a teflon nozzle (3). The trap content is extracted by a set of
extraction lenses (4) and analyzed by performing TOF mass spectrometry.

the TOF measurement, which provides selection of events in which dications are
produced.

1.3 Hydrogenation of PAHs

The sticking of atomic hydrogen to surfaces in the ISM has received considerable
attention because this mechanism is thought to catalyze the formation of H2, the
most abundant molecule in space [34, 35, 36]. A large part (50 %) of the surface
area which is available for this process is locked up in PAHs and very small grains.
Therefore the processes of sticking of atomic hydrogen onto PAHs attracted much
interest in both theoretical [34] and experimental studies [35, 37]. During the past
few years, we designed an experimental procedure for controlled atomic hydrogen
attachment to PAH cations. With this technique, the first direct determination of
H atom sticking barriers on gas-phase PAH cations became feasible [38].

Briefly, electrospray ionization (ESI) is employed to produce gas-phase coronene
cations [39, 40]. The coronene molecules are ionized in a solution which is squeezed
through a thin needle. As an electric field is applied between the needle and the
capillary, a spray of charged droplets containing coronene cations is produced. Due
to evaporation of the solvent the droplets shrink to isolated coronene cations. The
coronene cations are collected in a 3D quadrupole ion trap. Once the target density
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Figure 1.8: A mass spectrum of coronene cations (mq = 300) after 4.75 s irradiation
with hydrogen atoms. Clearly, the parent peak has disappeared since the first
hydrogenation is barrierless. The peaks at m

q = 301 and 303 are due to Cor + H

and Cor + 3H. The figure was adopted from reference [38]

in the trap is sufficiently high, the trap content is exposed to an atomic hydrogen
beam. The hydrogen atoms are produced by means of a Slevin type hydrogen
discharge source. The dissociation fraction of the hydrogen source is ≈0.3 [38].
The trap content is then extracted by a set of extraction lenses and analyzed by a
TOF spectrometer. Figure 1.7 displays a photograph of the main chamber. Figure
1.8 shows a typical mass spectrum for coronene cations after 4.5 s of irradiation
with hydrogen and figure 1.9 displays a schematic overview of the entire setup.

The exposure time of the coronene sample to atomic hydrogen is varied, typi-
cally from a mere 200 ms to 80 s. From the mass spectra, the ratios between the
peak areas are obtained by Gaussian fits. From the peak ratios as a function of
the atomic hydrogen exposure time, the barriers for hydrogenation are determined.
The first hydrogenation is barrierless. The second hydrogenation has a barrier of
72 ± 6 meV. The third hydrogenation is again barrierless and the fourth one has a
barrier of 43 ± 8 meV. Those hydrogenation results are published in reference [38].

With an experimental technique for controlled hydrogenation at hand, it be-
comes feasible to pursue further going questions. For instance:
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Figure 1.9: A schematic view of the experimental setup. The coronene cations are
produced by means of an ESI source. The ions are then phase-space compressed
in an ion funnel, further guided by a RF quadrupole and mass selected by a mass
filter. The ions are trapped in a Paul trap, in which they can be exposed to either
beams of ions, photons, or atomic hydrogen. The trap content is analyzed by a
TOF mass analyzer.

Could atomic hydrogen attachment to PAHs act as a buffer, protect-
ing PAH molecules against fragmentation upon strong excitation?

In chapter 4 we subjected coronene targets in specific hydrogenation states to core
electron excitation, which is followed by an Auger decay. This method was chosen
as the associated energy deposition is controllable and sufficiently high to allow for
investigation of different fragmentation channels. The experiments performed with
our equipment installed at the BESSY II synchrotron, revealed not only the protec-
tive nature of superhydrogenation but yielded also the exact working mechanism
behind the proposed scenario.

1.4 X-ray absorption of PAHs

In the soft X-ray region (0.1 - 10 keV) the sky is highly illuminated, indicating that
there are several galactic and extragalactic sources, causing a diffuse background.
Soft X-rays are thermally produced by objects in the range between 106 − 108

K. Non-thermal soft X-rays are produced by 50-500 GeV electrons in the form of
synchrotron radiation in galactic magnetic fields, by 5-50 MeV electrons through
inverse Compton scattering, or by 300-3000 MeV electrons through inverse Comp-
ton scattering on microwave background photons [41]. Stars are sources of intense
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Figure 1.10: The experimental setup mounted at the U49/2 PGM1 beamline at
BESSY II in Berlin.

X-rays during almost every stage of their life cycle. In particular in the first 300
Myr of stellar lifetime the X-ray flux is much higher than the VUV flux, causing
heating and ionization of their surroundings [42].

The observed soft X-ray background below 0.25 keV contains a component of
106 K objects in the interstellar gas of our galaxy. As the photons in this region
are mainly subject to photoelectric absorption and the cross section increases at
lower energies, these photons are expected to be produced no more than a few
100 parsecs (1 parsec ≈ 3.26 light years) away from the sun. If we translate this
information to the context of interstellar PAHs, it is clear that particularly PAHs
which are close to 106 K sources suffer interactions with soft X-rays.

The presence of PAHs in different X-ray regions triggers the following question:

How do PAHs respond to absorption of X-rays i.e. near K edge pho-
toabsorption?

In chapter 5 PAHs were irradiated with photons in the 280-300 eV energy range.
In this energy range a C 1s electron is excited (below threshold) or ionized (above
threshold). In both cases the C 1s vacancy is filled by an Auger decay. It should
be realized that the results obtained above the ionization threshold are represen-
tative for all higher energetic photons as for higher photon energies core ionization
remains the main process.
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1.5 Quantum chemical calculations

To interpret experimental data, quantum chemical calculations can serve as a help-
ful tool. Quantum chemical calculations are used to geometrically optimize a molec-
ular structure, to compute the energy of a structure, or to calculate the vibrational
frequencies of a molecule. In general, there are two broad areas within computa-
tional chemistry devoted to molecules and their properties: molecular dynamics
and electronic structure theory. [43]

In molecular dynamics (MD) methods the dynamics of a system is tracked in
time by numerically solving the classical equations of motion for all constituents in
the system. The input for a MD method is a so called force field which is obtained
by a representation of the potential energy surface U(x1, x2, .., xn):

F (x1, x2, .., xn) = −∇U(x1, x2, .., xn) (1.6)

MD methods do not explicitly treat electrons in a molecular system. Therefore,
problems in which electronic effects predominate cannot be treated in standard
MD approaches [43, 44].

Electronic structure methods use the laws of quantum mechanics as a basis for
the calculations. Quantum mechanics states that the energy of a molecule may be
obtained by solving the Schrödinger equation:

ĤΨi = EiΨi (1.7)

Ĥ = Te + Tn + Ven + Vee + Vnn (1.8)

The first two terms of the Hamiltonian are the kinetic energy of the electrons and
the nuclei. The last three terms describe the electrostatic interaction between the
electrons and the nuclei, between the electrons, and between the nuclei, respectively.
In the Born-Oppenheimer approximation, the electrons are considered as moving
in the field of fixed nuclei. This reduces the electronic Hamiltonian to:

Ĥe = Te + Ven + Vee (1.9)

For large systems, an exact solution of the Schrödinger equation is not feasible. In
general, one can distinguish two classes of methods applied to solve the Schrödinger
equation for the Hamiltonian given in equation 1.9: semi-empirical and ab initio
methods. Semi-empirical methods use parameters which are derived from experi-
mental data. Ab initio methods use no experimental parameters in their compu-
tations.

A widely used class of electronic structure methods is formed by methods based
on Density Functional Theory (DFT) [45, 46]. The DFT approach is based on a
strategy of modeling electron correlation via general functionals of the electron
density. The central quantity in DFT is the electron density, which is defined as
the probability of finding any of the N electrons in a volume d~r. In order to justify
the choice of the electron density as central quantity it should uniquely determine
the Hamiltonian and therefore all the properties of the system. For that reason,
the Hohenberg-Kohn theorems are crucial.
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The first Hohenberg-Kohn theorem states the following: the external poten-
tial Vn(~r) is within a constant a unique functional of the electron density ρ(~r).
Therefore, the full many-particle ground state is a unique functional of ρ(~r). As
ρ(~r) determines all properties of the ground state, one can rewrite equation 1.9 as
follows:

E [ρ] = Een [ρ] + T [ρ] + Eee [ρ] =

∫
ρ(~r)Ven(~r)d~r + FHK [ρ] (1.10)

FHK [ρ] = T [ρ] + Eee [ρ] (1.11)

The second Hohenberg-Kohn theorem states that FHK [ρ], the functional that gives
the ground state energy of the system gives the lowest energy if and only if the input
density is the ground state density. In other words, any trial density represents an
upper bound for the true ground state energy E0. The explicit form of FHK [ρ] is
the ultimate challenge in DFT.

1.5.1 Interpretation of the experiments

Application of DFT is in principle restricted to the systems in their electronic
ground state. In our experiments the energy is mainly deposited into the system
via electronic excitations. Nevertheless, DFT is a very useful tool to interpret our
experimental results as the electronic excitation is rapidly dissipated to vibrational
degrees of freedom via internal conversion. Thus, the system can be assumed to be
in its electronic ground state prior to dissociation.

On several instances in this thesis, DFT calculations were performed to answer
the following questions:

How do the experimentally obtained activation energies and kinetic en-
ergy releases compare to the associated potential energy surface? What
is the role of isomerization in fragmentation pathways?

These quantities depend on the structure of the potential energy surface, which
can be explored by calculating minima and transition states.

To calculate a potential energy minimum, a molecular structure is entered in
GAUSSIAN09 [47] and optimized to a minimum potential energy geometry. A
structure is a minimum on the potential energy surface if all vibrational frequen-
cies are real. A transition state can be calculated by using different strategies. The
most straightforward strategy is to optimize first two neigbouring minima on the
potential energy surface. The two minima are then given as input into GAUS-
SIAN09 which optimizes an intermediate structure. A transition state corresponds
to a point on the potential energy surface which is a maximum in one direction and
a minimum in all other directions (a saddlepoint). Therefore, a true transition state
obeys the requirement that it has one imaginary frequency, while the remaining
frequencies are real. After optimization of a transition state, its frequencies and
its force constants need to be calculated. The force constants are used to perform
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a so-called IRC calculation, in which the reaction path from the transition state is
followed in order to check if the initial minima are reproduced.

The adiabatic dissociation energy is the difference between the sum of total en-
ergies of the separated fragments and the total energy of the parent. However, most
of the fragmentation channels are only feasible if the parent molecule isomerizes
to an intermediate structure. This isomerization is associated with isomerization
barriers (transition state energies). The fragmentation barrier is defined as the
highest barrier on an isomerization pathway leading to fragmentation. The reverse
barrier directly relates to the kinetic energy which is released to the fragments.
The reverse barrier is defined as the difference between the sum of total energies
of the separated fragments and the highest isomerization barrier on the associated
pathway.

1.6 Summary of the contents of this thesis

• Chapter 2 reports on experiments which were performed in collaboration
with researchers from the University of Lyon. The experiments reveal the ac-
tivation energies of anthracene fragmentation channels upon collisions with
protons. The experimental data are interpreted with the help of DFT calcu-
lations.

• In chapter 3, a new recoil ion momentum spectrometer is used to obtain
kinetic energy releases of particular fragmentation channels of naphthalene.
The fragment kinetic energies are interpreted with the help of reverse barriers
obtained by DFT calculations.

• In chapter 4, the stability of superhydrogenated coronene is investigated and
compared to the results of an Arrhenius-type cascade model. In chapter
5 the stability of coronene upon absorption around the carbon K edge is
investigated.

• One of the main focuses of the Quantum Interactions and Structural Dy-
namics (QISD) group is investigation of the stability of peptides, nucleotides,
and protëıns. I contributed significantly to many experimental expeditions
in BESSY II, MAX III, and FLASH II. Chapter 6 describes a pump-probe
laser study of a protonated peptide, which was performed at the MPI in
Heidelberg.

• In the appendix all (co-authored) publications are listed.
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