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1. Introduction

Since the first identification of molecules from astronomical spectra in the late
1930s [1–4], nearly 200 molecular species have been uniquely identified in var-
ious regions of space [5]. These include a wide range of systems from simple
diatomic molecules to complex organic compounds consisting of several tens
of atoms [5]. Many interstellar and circumstellar regions of space have rich
chemistries where molecules are processed by energetic photons or particles.
Because of this a significant amount of work has been put into understand-
ing the various processes responsible for driving the processes that take place
in such harsh astronomical environments [5]. Of all of the molecules found
in these regions, the two largest classes are the fullerenes and polycyclic aro-
matic hydrocarbons. Due to their ubiquity and high abundance in space they
have attracted a significant amount of attention since the 1980s [6]. In this
thesis I will discuss how such molecules—isolated or as parts of clusters—are
processed in collisions with ions or atoms. I will show that such interactions
can lead to reactions that are very different to those initiated by photodissoci-
ation.

1.1 Fullerenes and PAHs

Fullerenes consist of carbon atoms arranged in fused rings that together form
three dimensional cages (see Figure 1.1). Together with graphite and diamond,
fullerene is a pure form (an allotrope) of carbon—one that was not identified
until 1985 by a team led by Harold W. Kroto, Robert F. Curl Jr., and Richard
E. Smalley [7]. Attempting to study the formation of long linear carbon chains
believed to be abundant in space, this team used lasers to vaporize graphite
in order to study molecules formed in these processes. In their experiments,
Kroto et al. noticed that molecules consisting of 60 carbon atoms were consid-
erably more stable than molecules of neighboring sizes and that only carbon
molecules with even numbers of atoms were efficiently formed. C60 had been
previously detected (and overlooked!) in mass spectra [8] and is abundant in
soot [9]. Yet, it was not until the 1980s that Kroto et al. proposed that C60
represented a new form of carbon that had a spherically symmetric structure
with its atoms organized into 12 pentagons and 20 hexagons—the same pat-
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tern as the stitching on a classic Adidas Telstar soccer ball. This prediction was
proven to be correct a few years later [10] and was rewarded with the Nobel
Prize in chemistry (for Kroto, Curl, and Smalley) in 1996.

PAHs

C60

Fullerene

C24H12

Coronene

C14H10

Anthracene
C16H10

Pyrene
[C16H10]36

Pyrene cluster

C16H26

Hexadecahydropyrene

[C60]13

Fullerene Cluster

Figure 1.1: Some of the molecular systems and clusters studied in this work.
The different systems are not to the same scale. Figure adapted from Paper I.

Polycyclic Aromatic Hydrocarbons (PAHs) have many structural similar-
ities with fullerenes. All PAHs consist of carbon atoms arranged in a fused
network of aromatic rings that are truncated by hydrogen atoms at their edges
(see Figure 1.1 for a few different examples). Because of this PAH molecules
are essentially small pieces of graphene sheets with hydrogen atoms around
the rim. Like fullerenes, PAHs are produced in abundance from the combus-
tion of hydrocarbon fuels [11–13]. The widespread use of fossil fuels means
that PAH molecules are a common atmospheric pollutant [14]. This is a health
concern since some PAH species have been shown to be carcinogenic [15, 16].
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Exposure to the PAH molecule benzo[a]pyrene in particular is known to cause
cancer and other health issues [16–19] and this molecule is one of the main
toxins in tobacco smoke [16–19].

1.1.1 PAHs and Fullerenes in Space

PAH molecules were identified in the 1980s as a possible source of rich emis-
sion features in the mid-infrared (IR) spectrum of the interstellar medium
[5, 6, 20–24]. This rich spectrum results from aromatic molecules that have
been electronically excited by energetic, mainly ultraviolet (UV), photons from
young stars. This energy is converted to vibrational energy through internal
conversion [22, 23]. The characteristic C-C and C-H stretching and bending
modes of benzene-like aromatic rings are what gives the strong emission fea-
tures at 3.3, 6.2, 7.7, 8.6, 11.3, 12.8, and 16.4 µm [6, 25]. However, since
most PAH molecules have similar structures they also have very similar mid-
IR emission spectra, and so far no individual PAH species have been uniquely
identified in astrophysical environments [6]. Figure 1.2 shows a composite im-
age of the Cigar Galaxy (Messier 82) where red represents IR emission rich in
features from aromatic molecules. These molecules are excited by shocks in
the strong outflow of gas from the galaxy, which also results in X-ray emission
(blue in Figure 1.2).

In addition to PAHs, fullerenes (C60 and C70) have also been identified
from their vibrational spectra in planetary nebulæ [26–29]. More recently,
cationic C60 has been shown to be the carrier of four of the so-called diffuse
interstellar bands [30, 31], a series of several hundred absorption bands ob-
served from the interstellar medium at UV, visible, and IR wavelengths [32].
While not yet confirmed, PAH molecules have been proposed as carriers of
several of these unidentified spectral features [33, 34].

PAH molecules in the interstellar medium have been suggested to be an
important source of molecular hydrogen [36–38]. Molecules like H2 are essen-
tial for the collapse of molecular clouds in the early stages of stellar formation
[39]. This is because molecules can cool through vibrational degrees of free-
dom that are not available in atoms [39]. However, for energetic reasons this
molecule does not form efficiently in gas phase reactions and is therefore ex-
pected to mainly form on the surfaces of grains [39]. Alternatively, H2 could
be formed directly from internally hot PAHs [40, 41] or from hydrogenated
PAHs [38, 42]—PAHs that have captured additional H atoms. However, it
has recently been suggested that single photons alone, with energies below the
Lyman limit (the ionization potential of atomic hydrogen, 13.6 eV or 91.2 nm
wavelength), would not deposit enough energy in native PAH molecules for H2
to form efficiently [43]. Yet, sufficient internal PAH excitation energies can be
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Figure 1.2: Composite visual (green and yellow), X-ray (blue), and infrared (red)
image of galaxy M82. The IR emission includes rich emission features attributed
to vibrational modes of aromatic molecules excited by the outflow of gas from
the galaxy away from the galactic plane [35]. Courtesy NASA/JPL-Caltech.

reached through interactions with energetic ions [43].
Both PAHs and fullerenes readily form loosely bound clusters that are held

together by dispersion forces [44–46], examples of such clusters are shown in
Figure 1.1. The dissociation energies of these systems are about 0.3 eV per
molecule for C60 clusters [47] and between about 0.3 eV and 1 eV per molecule
for the sizes of PAH molecules that we have studied [45, 48, 49]. Such clusters
are expected to form the basic building blocks of carbonaceous grains [50] that
are responsible for broad emission features in the IR background continuum
from the interstellar medium [6].

In spite of the fact that fullerenes, PAHs, and related molecules are esti-
mated to contain between 5 and 20 percent of the cosmic carbon [51, 52] and
have been the focus of active research for decades, many key questions remain
unanswered: How do they form and evolve in space? How do they survive in
harsh environments where they are exposed to energetic photons and particles?
What roles do clusters play in the evolution and growth of these molecules? Is
it possible that fullerenes are formed through the processing of large PAHs?
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1.2 Statistical and Non-statistical Fragmentation

When a fullerene, PAH, or any other molecule is excited, either by absorbing
photons or in collisions with electrons, atoms, ions, or other particles, it will
begin to cool by emitting the excess energy. This can be manifested in many
different ways, such as, through the emission of photons or electrons with the
molecule remaining intact (possibly as a different isomer). However, if the in-
ternal excitation energy is high enough the molecule might fragment instead.
This leads to a reduction of the internal energy for the system as a whole be-
cause potential energy that is stored in chemical bonds is released as these are
broken.

Often when a molecule is excited, the excess energy will be redistributed
across the available vibrational degrees of freedom in the system before it frag-
ments. This is generally the case also when the excitation energy is initially
localized, like when a collision between an atom and a molecule leads to a
local vibrational excitation. When the excitation energy is evenly distributed
throughout the molecule, then the most probable fragmentation channels are
those with the lowest dissociation energies (and with the lowest intermediate
barriers). These processes are referred to as statistical (also thermally driven
or ergodic) fragmentation processes. Because statistical fragmentation occurs
after the excitation energy has been redistributed, on typical timescales of pi-
coseconds or longer, the dissociation steps will be largely independent of the
initial method of excitation (although higher internal energies can drive the
fragmentation through several steps and open additional fragmentation chan-
nels).

Fragmentation mechanisms that do not follow the above description of
statistical processes are referred to as non-statistical (or nonergodic). Non-
statistical fragmentation processes are essentially any form of fragmentation
that occurs before the excitation energy of a system has been evenly distrib-
uted. This kind of fragmentation takes place when localized excitation energy
leads to a rapid dissociation of the system, usually at the site of excitation.
Because of this, the form of non-statistical fragmentation that takes place will
depend on the excitation method and point of interaction. Fragmentation path-
ways that are weak or even absent in thermally driven processes may become
important and sometimes even dominant in non-statistical processes. Exam-
ples of processes leading to non-statistical fragmentation of molecules are the
rapid fragmentation of biomolecules following site-localized ionization [53]
and collisions between atoms/ions and molecules where the localized interac-
tion leads to prompt fragmentation processes [54–57].

When studying non-statistical fragmentation processes it is essential that
these can be experimentally separated from the statistical ones. Fullerenes and
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PAHs have proven to be excellent test-systems for studying such processes in
collisions with atom or ions. Understanding the fragmentation of these mole-
cules is also important as is may have implications for the chemistry involving
them in regions of space where photon and particle fluxes are high.

1.2.1 Stabilities of PAHs and Fullerenes

The stabilities and other inherent properties of PAHs and fullerenes have been
studied extensively over the last few decades. Examples of such theoretical and
experimental studies can be found in references [7, 9, 11–13, 30, 31, 38, 41–
50, 54–110].

The lowest energy dissociation channels are the same for all of the PAH
species studied in this work and are displayed in Figure 1.3. These are H-loss
(∼ 5 eV dissociation energy), H2-loss (∼ 5 eV) and C2H2-loss (5–7 eV, de-
pending on species) [43, 94, 106]. The latter two pathways are also associated
with intermediate reaction barriers that may slow these reactions compared to
the loss of individual H atoms [43, 94]. For C60 the lowest dissociation en-
ergy channel is the loss of a C2 unit (Figure 1.3), with a dissociation energy
of about 10 eV [62, 71, 72]. The high stabilities and dissociation energies
of both PAHs and fullerenes are the result of the delocalized π orbitals that
give their conjugated (aromatic) bond structures. Because of the large number
of delocalized electrons available, the removal of a single electron from any
of these systems has only a small effect on their stabilities, and the dissocia-
tion energies for neutral and cationic PAH and C60 molecules are very similar
[43, 62, 71, 72, 94, 106]. Being the lowest energy dissociation channels these
are typically the first steps in the thermally driven fragmentation of PAHs and
fullerenes [69, 90, 98].

It is important to note that the loss of a single C atom (or CHx from PAHs)
is not a preferred dissociation channel for any of these molecules. The loss
of single C requires a dissociation energy of about 15 eV (Papers IX and XII),
much higher than the previously mentioned mechanisms. For this reason the
loss of single C atoms is rarely detected in thermally driven fragmentation of
PAHs and fullerenes [58, 62, 90, 96]. There are, however, circumstances where
the loss of a single C atom can be induced by collisions with energetic atoms or
ions as a non-statistical fragmentation process. Because of the high stabilities
of these molecules, these products (that are missing a C atom) could potentially
survive long enough to cool radiatively without fragmenting further. This dis-
tinct separation between statistical and non-statistical fragmentation channels
means that PAHs and fullerenes are ideal systems for studying non-statistical
fragmentation.

20



PAHs Fullerenes

H-loss

~5 eV
H2-loss

~5 eV
C2H2-loss

5–7 eV
C2-loss

~10 eV

Figure 1.3: The lowest energy dissociation pathways for PAH and fullerene mol-
ecules and cations. These are the dominant first fragmentation steps when vibra-
tionally excited molecules dissociate.

1.3 Energy Transfer in Collisions

When an atom or ion collides with a molecule it will transfer some of its kinetic
energy to this molecule via two different mechanisms. The first is through in-
elastic electronic scattering (also known as electronic stopping) where kinetic
energy from the projectile is transferred to the electrons in the target. This
form of excitation is very similar to what happens when a molecule is excited
by energetic photons: the excited electrons will decay to a lower electronic
state by emission of photons or through internal conversion processes where
electronic excitation energy is converted to vibrational excitations on the elec-
tronic ground state. The latter leads to distribution of energy over the whole
system and to statistical fragmentation provided that the excitation energy is
high enough.

The second way in which energy is deposited in a collision is through
nuclear, Rutherford-type scattering of the projectile with individual atoms in
the target (also known as nuclear stopping). This elastic scattering is the result
of the nuclear charges of the projectile and atoms in the target repelling each
other in close collisions. In this way kinetic energy can be transferred directly
to a localized point (e.g. a single atom) in the target. The excitation energy can
then directly induce (vibrational) motion to the atoms in the molecule that may
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lead to statistical fragmentation after some time or, if enough kinetic energy is
transferred, to the prompt knockout of one or more atoms.

The energy transferred though nuclear and electronic stopping processes
depends strongly on the collision energy. Electronic stopping dominates at
high particle velocities, but with decreasing projectile energy, the nuclear stop-
ping begins to take over as the main energy transfer mechanism. Figure 1.4
shows the electronic and nuclear stopping powers of He and Ar atoms travers-
ing a C16H10-solid (essentially an infinitely large pyrene cluster) as functions
of the collision energy calculated with the SRIM (Stopping Range In Matter)
software [111, 112].

[C16H10]k

Figure 1.4: Nuclear and electronic stopping powers (the energy transferred from
the projectile to the target per unit distance the projectile passes through the tar-
get) of He and Ar atoms colliding with a solid C16H10 target calculated with the
SRIM software [111, 112].

The Ar atom (dashed lines in Figure 1.4), with its greater nuclear charge,
mass, and number of electrons, has at any given collision energy a greater stop-
ping power in the solid than the smaller He atom (solid lines). Furthermore the
ratios between electronic and nuclear stopping power change with the kinetic
energy both for Ar and He projectiles. Because of this it is impossible to make
a general statement that nuclear stopping dominates in a given energy range
for all atomic projectiles. With He, the nuclear stopping dominates at energies
up to 1 keV, and for Ar this extends up to nearly 100 keV. Due to the differ-
ent energy behaviors of electronic and nuclear stopping it is possible to study
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different aspects of collision dynamics by changing the collision partners and
their velocities. Fast, light projectiles interact with the target mostly through
electronic scattering and slower, heavier projectiles interact more through nu-
clear scattering.

Nuclear scattering processes that lead to the knockout of atoms from fuller-
ene molecules were first predicted by theoretical studies of particle radiation
damage to C60 in the 1990s [54, 55]. These studies showed that the knockout
of a single C atom could lead to the formation of C59, a fragment that is not
formed from C60 in thermally driven processes [58, 67]. The first experimental
evidence of knockout driven, non-statistical fragmentation of fullerenes came
a few years later from experiments performed in Aarhus, Denmark [56, 57]. In
these experiments C60 anions collided with an atomic target of noble gas atoms
at velocities in the regime where nuclear stopping dominates (equivalent to
280 eV He colliding with stationary C−60, cf. Figure 1.4). There, the authors of
Ref. [56, 57] observed a clear, but weak, signal from C+

59 fragments that were
formed by the knockout of a C atom. Still the mass spectrum was dominated
by statistical fragmentation products (even numbered C+

n fragments) [56, 57].
For these experiments [51,60], it was important to use C−60 rather than the

corresponding cations [56, 57]. With positively charged C60 at the same col-
lision energies as the ones used for C−60, no C59 ions were detected [56, 57].
The difference was attributed to the negatively charged ions having lower in-
ternal energies than the positive ions prior to the collision with the atomic
target. This was explained by the different ionization mechanisms. The result
was that the fragments from anions also had lower internal energies after the
knockout of a C atom than those from cations. The C+

59 fragments produced
from C60 cations would always fragment further in secondary, thermally dri-
ven processes before they could be detected, while some of those produced
from anions had low enough internal energies to avoid additional fragmenta-
tion [56, 57]. High internal energies is also the reason for why knockout was
not observed in experiments where atomic ions collided with neutral C60 at
higher collision energies [58, 67]. In this regime, where electronic stopping
is the main mechanism for energy transfer, close impact collisions will always
lead to strong heating [67].

These pioneering experiments performed in Aarhus showed that collision
induced non-statistical fragmentation could lead to the formation of exotic
molecular species, such as odd-numbered fullerenes. The group at Aarhus
University also highlight the difficulties of studying such processes—mainly
the competition between non-statistical and thermal processes—even with ex-
traordinary stable molecules like fullerenes. The work covered in this thesis
focuses on such impulse driven knockout processes and the unique reactions
that these can trigger.
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1.4 Thesis Outline

The next four chapters give an overview of what we have learned in our studies
of collisions that lead to non-statistical fragmentation of PAHs, fullerenes, and
clusters of these molecules. Chapter 2 contains a description of the experimen-
tal setups in France and Sweden that have been used for studies of collisions
over a broad energy range (from about 10 eV up to 200 keV). A description
of the theoretical methods are given in Chapter 31. These include models for
calculating how energy is transferred in collisions as well as molecular dynam-
ics simulations of collisions and reactions that take place as a result of these
collisions. The main results and conclusions of the twelve papers included in
this thesis are summarized in Chapter 4. There different aspects are covered:
the energy dependence of different types of fragmentation processes, the role
of hydrogenation and cluster environments, and impulse driven reactivity. Fi-
nally, a short summary and outlook on future prospects is given in Chapter 5.

Additional detailed results are left for the reader to find in the papers that
make up the second half of this thesis. References to these papers are given
throughout the overview.

1Parts of the text in Chapter 3 are based on my Licentiate thesis from 2014 [113].
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2. Experimental Techniques

The experimental work in this thesis was performed at two different experi-
mental setups. The first is part of the ARIBE beam line at the Ganil facility in
Caen, France [114]. This apparatus was used to perform experiments where
atomic ions collided with neutral molecules or clusters at keV energies for the
work in Papers V, VII, VIII, X, XI, and XII. The other device that is covered
is the single-pass collision beam line known as EISLAB (Electrospray Ioniza-
tion Source LABoratory) that is part of the DESIREE (Double ElectroStatic
Ion Ring ExpEriment) facility at Stockholm University [115, 116]. Here, mol-
ecular ions are used as projectiles in collisions with atomic noble gas targets
at keV energies. Experiments performed with this apparatus are covered in
Papers II, III, IV, VI, VIII, IX, and X.

The most important difference between these two experimental setups is in
the energy ranges that can be probed. Both involve keV ions that collide with
static targets, but the differences in mass of the projectile ions used means that
the velocities will be markedly different. That is, for a given kinetic energy, a
heavier projectile will have a lower velocity than a lighter one.

A useful quantity for comparing results from these two different types of
experiments is the collision (kinetic) energy in the reference frame of the com-
bined center-of-mass of the projectile and the target. This is frequently referred
to as the center-of-mass energy ECM, which for a projectile kinetic energy in
the lab reference frame of Elab is

ECM =
mtarget

mtarget +mpro jectile
×Elab. (2.1)

From this expression we see that the energy in the lab frame will be very close
to the center-of-mass energy (Elab ≈ ECM) when the projectile is much lighter
than the target (mpro jectile� mtarget). This is the case in the experiments per-
formed in Caen. In the experiments performed in Stockholm, the mass of
the projectile is generally much larger than the target’s (mpro jectile � mtarget)
and there the center-of-mass energy will be significantly lower than the ki-
netic energy measured in the laboratory frame of reference (ECM� Elab). The
center-of-mass energy is useful because it represents the energy available to
be transferred in the collision for a combined system that does not have any
external forces acting upon it. For the experiments in Caen, the center-of-mass
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energies are usually in the 10–200 keV range, while those is Stockholm are
much lower, from about 10 eV up to a few keV depending on the collision
system.

2.1 Atomic Ions Colliding with Molecular Targets

An overview showing part of the ARIBE beam line in Caen is shown in Fig-
ure 2.1. In the experiments performed there, the projectile beam of atomic ions
is produced in an Electron Cyclotron Resonance (ECR) ion source. In an ECR
ion source electrons are confined by an external magnetic field. A tunable ra-
dio frequency (RF) electric field is applied that accelerates the electrons until
their motion is in phase with this field. The atoms that are to be ionized are
fed continuously as a gas into the ion source and are ionized through multiple
electron impacts. The plasma of ions that is formed is partially confined at the
center of the source by the space charge of the oscillating electrons. In this
region the produced ion charge state distribution can be tuned by varying the
electron energy and the time the ions spend in the source. The ions formed
in this way continuously leak out at the extraction end of the source and are
selected by a bending magnet based on their mass-to-charge ratio. While the
ECR ion source used here was designed for producing highly charged ions, it
can also be used to produce ions with low charge states such as H+ and He+.

ECR
Ion Source

Beam
Chopper

Monomer
Source

Cluster
Source

Time-of-Flight
Spectrometer

Bending Magnets

Acceleration

Figure 2.1: Overview of the sections of the ARIBE beam line at Ganil in Caen
used in this work. The time-of-flight mass spectrometer extends upwards out of
the page.
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The ions produced in the ECR source are accelerated by a potential of
about 10 kV and chopped into pulses approximately 500 ns in length with a
repetition rate of a few kHz. The ion pulse train is guided by a series of mag-
netic beam guides and lenses to the interaction region of a Wiley-McLaren
time-of-flight (ToF) mass spectrometer [117]. Here, the ions interact with a
neutral target of, depending on the experiment, isolated molecules or molecu-
lar clusters. A schematic of the mass spectrometer and cluster source is shown
in Figure 2.2.

Figure 2.2: The time-of-flight mass spectrometer and cluster aggregation source
used at the ARIBE beam line. In this schematic two ovens are used in the cluster
source for producing mixed clusters. Figure adapted from Paper VII.

The neutral targets are produced by heating a few grams of the solid ma-
terial (PAH or fullerene powder) in a resistively heated oven. The temperature
of the oven can be controlled and will dictate the density of the gas phase mol-
ecules. For small PAH molecules like anthracene, the oven is heated to about
60 ◦C, while temperatures of up to 500 ◦C are required for fullerenes in the
cluster source. When producing monomer targets, the gas phase molecules
are fed directly through a nozzle into the interaction region of the experiment
(not shown in Figure 2.2). When producing clusters of molecules the oven is
enclosed in an aggregation source as shown in Figure 2.2. This source con-
tains a He buffer gas and is cooled with liquid N2 at 77 K. The gas phase
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molecules will cool through interactions with the cold He and condense into
weakly bound clusters held together by dispersion forces. When producing
mixed clusters of different molecular species, two individually heated ovens
are operated together in the aggregation source. The intensity distribution of
the clusters formed in this source follow a broad log-normal size distribution
similar to the one in Figure 2.3. The extent of this distribution can be shifted
by varying the density of gas phase molecules in the cluster source, which is
done by changing the temperature of the oven(s). With the current setup it
is not possible to select a single cluster size, so shifting the size distribution
range between relatively small (a few tens of molecules on average) and large
clusters (up to several hundred molecules) is what we are limited to, but this
can still be used for qualitative studies of cluster size dependences.
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Figure 2.3: A size distribution of charged anthracene clusters ([C14H10]q+
k ) mea-

sured at the ARIBE beam line. The clusters are charged by an electric discharge
in the aggregation source. Charged clusters have somewhat higher binding ener-
gies than neutral ones [48] and can more easily form larger sizes, but the shape of
the distribution is expected to be the same in both cases. The spike near 10 k/q
(labeled with an asterisk) and the bump at lower masses are due to electronic
noise caused by the switching of the extraction voltage in the time-of-flight spec-
trometer. Figure is courtesy of Elie Lattouf of CIMAP, Caen, France (unpub-
lished).

The projectile ions collide with the neutral targets in the mass spectrom-
eter’s interaction region (Figure 2.2). About 1 µs (10−6 s) after the ion-beam
pulse has left this region a voltage is applied to the surrounding electrodes (ex-
traction electrodes) at the bottom of the 1 meter long time-of-flight tube and
any positively charged products will be accelerated. This type of time-of-flight
mass spectrometer, originally developed by Wiley and McLaren [117], consists
of three main regions that are labeled in Figure 2.2: the extraction, accelera-
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tion, and field free regions. The extraction and acceleration regions are used to
transport the charged fragments into the field free region. There the ions drift
with constant velocities until they impact the metal conversion plate that has
a negative voltage applied to it. When the ions impact this plate a shower of
secondary electrons is emitted which are guided by a weak magnetic field to
a Micro Channel Plate (MCP) detector placed perpendicular to the axis of the
time-of-flight tube. The conversion plate and the high kinetic energies of the
ions ensure a high detection efficiency even for ions with large mass-to-charge
ratios.

The mass-to-charge ratio (m/q) of the charged products are identified by
their time-of-flight (tToF ), the time it takes from when the extraction voltage is
switched on until they are detected, with the relation

m
q

∝ t2
ToF . (2.2)

For a each extraction pulse, the time-of-flights of all charged products are
recorded with nanosecond resolution and from Eq. (2.2) the mass-to-charge
ratios can be calculated. If the collision rate is low enough, that is, if for every
extraction pulse there is only expected to have been a single projectile ion col-
liding with one target molecule or cluster, then all of the detected products
must have come from that specific collision event. By recording all charged
products from each single collision event it is possible to detect correlations be-
tween different fragments formed when the molecular system or cluster breaks
up.

The notion of having separate extraction and acceleration regions in the
mass spectrometer might at first seem arbitrary. However, the different gra-
dients of the electric potentials in these regions result in the time-of-flight
measurements being time-focused. This means that charged products with the
same mass-to-charge ratio that are formed at different locations in the interac-
tion region will have the same time-of-flight and this is crucial for optimizing
the resolution in the experiment. The main limitation of the resolution in our
time-of-flight mass spectra is due to the kinetic energies that the ions acquire
in the collision/fragmentation process. However, this broadening effect can
be used to determine the kinetic energy released when clusters or molecules
fragment.

The raw time-of-flight spectrum is calibrated into a mass-to-charge spec-
trum by the identification of the positions of known peaks in the spectrum.
These are generally from residual gas ions (e.g. H2O+, N+

2 , or CO+
2 ) from a

background measurement and intact ions from the molecular target (for exam-
ple C+

60, C2+
60 , and C3+

60 ). Using the known positions of these peaks, the mass
spectrum can be calibrated with an uncertainty of less than 1 amu/e (atomic
mass unit per elementary charge).
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2.2 Molecular Ions Colliding with Atomic Targets

The experiments performed in Stockholm start with the production of a beam
of mass-selected PAH or fullerene ions in the device depicted in Figure 2.4.
There ions are produced by means of electrospray ionization [118, 119]. Briefly,
the molecules to be studied are dissolved in a suitable solvent (usually methanol,
ethanol, dichloromethane, or a mix of any of these). This solution is fed
through a needle that has a high voltage applied to it producing a charged
aerosol of small droplets that enter the experiment through a heated capillary
(see Figure 2.4). The droplets begin to evaporate from the energy gained in
collisions with residual gas molecules in the capillary and ion funnel. When
the droplets are small enough, the repulsive Coulomb forces from the ions
within will overcome the surface tension and further speed up the dissociation
of the individual droplets. This technique produces isolated ions, both ionized
solvent molecules and the molecular ions that are to be studied. The method
is relatively gentle—the ions will have low internal energies—and is there-
fore suitable for ionizing fragile molecular systems such as bio-molecules or
hydrogenated PAHs where dissociation energies may be as low as 1–2 eV.

When producing PAH- or fullerene ions, various additives can be used
in the solution to improve the ionization yield. We often add silver nitrate
(AgNO3) when ion beams of these types of molecules are prepared because the
Ag+ ion will capture an electron from a PAH or fullerene molecule, which is
favorable for the production of cations [120]. Similarly, protonated molecules
can be formed by adding a proton donor, like acetic acid (CH3COOH), to the
solution.

The ions from the ElectroSpray Ionization (ESI) source and heated cap-
illary are then collected by the ion funnel and guided into the octupole ac-
cumulation (pre-)trap. This trap can be used to bunch the ions, but in these
experiments it is only used as an ion-beam guide. Following a second octu-
pole guide the ions are mass-selected in a quadrupole mass filter, which selects
ions with the desired mass-to-charge ratio. The mass-selected ions can then ei-
ther pass straight through to the acceleration stage for collision experiments
or be diverted upwards or downwards using a quadrupole deflector. An open
electron multiplier detector located below the deflectors allows for ion beam
diagnostics and optimization. Above the deflectors there is a cryogenically
cooled ring-electrode ion trap, to be operated with a radio-frequency trapping
field. This trap, working in tandem with the octupole pre-trap, is designed for
producing short and intense pulses of cold ions for injection into the DESIREE
storage rings, but is not used in the experiments covered here.

The mass-selected ion beam is accelerated by a potential that defines the
kinetic energy of the ion beam in the laboratory frame of reference. This po-
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Figure 2.4: Cutaway drawing of the electrospray ion source at the DESIREE
facility in Stockholm. Figure adapted from the Ph.D. thesis of Nicole Haag from
2011 [121].

tential can be varied freely up to about 10 kV. The keV molecular ions then
collide with a noble gas target in a 4 cm long gas cell. The pressure in this cell
is measured by a capacitance manometer and can be regulated with a manually
operated needle valve. By using different noble gases—He, Ne, Ar, and Xe—
we gain further flexibility in the center-of-mass collision energy and thereby
the collision dynamics that can be studied.

Intact molecular ions and positively charged fragments produced in the
collisions are analyzed using pairs of electrostatic deflector plates and a posi-
tion sensitive MCP detector at the end of the apparatus. The voltage of these
plates is scanned to deflect ions with different kinetic energies onto the detec-
tor. An energy spectrum is then produced by recording the deflection voltages
and the measured positions on the detector. Prior to the collisions all of the
ions have the same kinetic energy (determined by the acceleration voltage).
In a collision energy is deposited to the molecular projectile, but most of this
energy will be in the form of internal energy and only a small part of it will
affect the translational motion of the ion. Therefore, after a collision the ions
and fragments that are produced will have nearly the same velocity as before,
but the fragments will have lower masses and thus less kinetic energy. So,
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the mass-to-charge ratio of the fragments will be nearly proportional to their
kinetic energy in the laboratory frame and from this the fragment mass distri-
bution can be deduced. These measurements give a greater uncertainty in the
measured mass-to-charge ratios than in the experiments performed in Caen.
This is mainly due to the large angular acceptance of the deflectors after the
gas cell (allowing fragments of the same mass but due to collision processes
with different inelasticities to be detected) and the relatively large spread of
energies in the incoming ion beam. While this means that we cannot fully
separate masses that differ by only 1 amu, we can separate fragments with
different numbers of heavy atoms (C or N), which is the main purpose of the
measurement presented in this work. The resolution can be increased by us-
ing an analyzer with a smaller angular acceptance, but this has limited use for
detecting fragments with large energy spreads that could fall outside of the ac-
ceptance. An overview of the entire experimental setup is shown in Figure 2.5.
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Figure 2.5: Overview of the experimental setup of the single pass collision setup
at Stockholm University. The section of the experiment to the left of the acceler-
ation stage is shown in greater detail in Figure 2.4. Figure from Paper III.

The design of this beam line allows for measurements of absolute destruc-
tion cross sections of the molecular projectiles using the beam attenuation
method. When the ion beam passes through the gas cell, a fraction of the
molecules will collide with a target atom and fragment. The fraction of mol-
ecules that fragment in the gas cell depends on the gas density therein and
by measuring the intensity of intact molecules after the gas cell as a function
of the gas pressure we can determine the absolute cross section for molecular
fragmentation. The intensity of intact molecules after the gas cell is given by

I = I0e−σNL, (2.3)

where I0 is the intensity of the unperturbed ion beam when there is no gas in
the cell, σ is the destruction cross section, N is the density of atoms in the
gas cell, and L = 4 cm is the length of the gas cell. Attenuation measurements
with native and two hydrogenated species of pyrene (C16H+

x , where x = 10,
16, and 26) are shown in Figure 2.6. Here all three molecules have the same
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velocity when they collide with the He target (and thus the same center-of-
mass energy). We see that as the pressure is increased in the cell the measured
intensity of intact molecules decreases. When plotted with a logarithmic scale,
the function in Eq. (2.3) is linear (see Figure 2.6) and by performing a least
square fit of the data to this function we obtain the absolute destruction cross
sections. The main systematic uncertainties in these measurements are due to
variations in the incoming ion beam intensity during a series of measurements
at different cell pressures. Here, we are able to control these effects to a certain
extent by going back and forth between measurements of the primary ion-
beam intensity for a finite pressure in the cell and zero pressure. In addition,
we sample the primary beam intensity with short time intervals during the
measurements by switching the primary beam to the open multiplier detector
mounted below the quadrupole deflector (see Figure 2.4). The small scatter
of measured data points around the fitted lines in Figure 2.6 strongly indicates
that this procedure reduces this type of systematical errors strongly. The error
bars in the figure are one standard deviation.
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Figure 2.6: Beam attenuation measurements for native and hydrogenated pyrene
(C16H+

x , where x = 10, 16, and 26) colliding with He at different gas pressures.
The straight lines are least square fits of Eq. (2.3) to the experimental data. The
negative slopes of the fitted lines are proportional to the destruction cross sections
of each molecule at these collision energies.
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3. Theoretical Methods

The work presented in this thesis results from a close connection between nu-
merous experiments and theoretical modeling. In several cases the theoretical
models have played a crucial part in our understanding of the mechanisms ob-
served in the experiments. When choosing a model there are certain tradeoffs
that have to be made. A fully quantum dynamic description of a collision
would offer the greatest accuracy, but for most molecular systems this is too
computationally demanding to be practical. At the opposite end of the spec-
trum, classical models are fast and resource-cheap, and can still produce accu-
rate results under the right conditions. Here I present a brief description of the
theoretical tools used in this work.

3.1 Some Quantum Mechanics

Quantum mechanics is required to properly describe the electronic structures
of atoms and molecules. As with classical mechanics, it is only possible to
analytically calculate the equations of motion for a system of two interacting
bodies. A common textbook problem in classical mechanics is calculating the
motion of a planet around a star where gravitational attraction is the only acting
force. The quantum mechanical equivalent to this problem is the hydrogen
atom, where a single electron interacts with a single nucleus (typically just a
proton). To obtain the time-independent solution to this problem with quantum
mechanics one must solve the Schrödinger equation

EΨ = ĤΨ (3.1)

where Ψ is the wave function the describes an atom or molecule. The Hamil-
tonian operator, Ĥ, is the sum of the kinetic (T̂ ) and potential (V̂ ) energy oper-
ators:

Ĥ = T̂ +V̂ =
−h̄2

2µ
∇

2 +V̂ (r) (3.2)

where µ is the reduced mass of the system, ∇ is the nabla operator, and h̄ is
the reduced Planck constant. The potential energy operator V̂ (r) in Eq. (3.2) is
the potential describing the attraction between the electron and nucleus due to
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the Coulomb interaction. Solving the Schödinger equation (Eq. (3.1)) involves
finding both the wave function Ψ, as well as the corresponding (real) energy
of the system E. For a two-body system like the H atom, this is a straight-
forward procedure, but general analytical solutions for a systems with three
or more non-constrained interacting particles (e.g. electrons or protons) do not
exist. Instead there are a number of numerical methods that can be used for
calculating the wave function of an arbitrary many-body system and its energy.

The first approximation that is usually made when solving quantum many-
body problems is the Born-Oppenheimer approximation [122]. There one as-
sumes that the motions of electrons and nuclei are decoupled, i.e. that the elec-
trons instantaneously adapt to any movement of the nuclei, and that the nu-
clei are therefore considered to be stationary when calculating electronic wave
functions. This simplification generally only introduces a small error to the
calculation of ground-state structures because the mass of a proton is about
1836 times greater than that of an electron, and it is therefore used in all of the
methods covered in this text.

A well known method for numerically calculating the wave function of
atoms and molecules is the Hartree-Fock (HF) method. In the Hartree-Fock
model, explicit pairwise interactions between the electrons are neglected. In-
stead, each electron moves in the mean field of the other electrons in the
system. By only considering such mean-field effects, the HF method lacks
a description for most types of explicit correlations between the motion of the
electrons. Despite of these limitations, HF can in many cases still produce
reasonably accurate results and, perhaps more importantly, act as a spring-
board to more advanced models. Because the effective Hamiltonian (the Fock
operator) for an electron in the HF method depends on the averaged coordi-
nates of the other electrons, the calculations are performed iteratively. Using
a trial wave function, the HF equations are solved which result in a new wave
function. The Fock operator is regenerated with this new function and the
processes is repeated until the wave function and Fock operator converge in a
self-consistent way. Because of this process the HF method is often referred
to as the self-consistent field (SCF) method. Building upon the foundation of
the HF method are a number of more advanced models, known as post-HF
methods. In one way or another these do away with the biggest limitation of
HF: the mean field approximation. While increasing the computational cost,
in some cases significantly, these methods improve upon the accuracy of the
results from HF through the inclusion of electron correlation.

An alternative to HF and post-HF methods is Density Functional Theory
(DFT) [123]. In DFT, one uses the electron density to determine the energy of
a system, in contrast to the wave-functions based HF method. This is possible
due to the Hohenberg-Kohn theorem [124] which states that there is a direct
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one-to-one correspondence between any observable quantity of a stationary
many-electron system and the ground state electron density (n0(r)) of a sys-
tem. This means that the problem of solving the n-body Schödinger equation
with 3n degrees of freedom is reduced to solving a problem only dependent
on the three spatial coordinates (r = (x,y,z)). Up to this point DFT is an exact
theory, but there is a catch to this scheme. While many of the components
of the DFT method are well-defined, the exact functional of the density func-
tion that describes the exchange-correlation energy is unknown. The approach
(functional) used to describe exchange-correlation energy is what sets different
DFT methods apart. A plethora of different DFT functionals exist, from purely
theoretical models, to empirically fitted forms, and combinations of these in
semi-empirical models. One of the functionals used throughout the work in
this thesis is B3LYP (Becke, three-parameter, Lee-Yang-Parr) [125], a widely
used DFT functional for different isolated molecular systems. For clusters and
other large systems where long range dispersion forces are important, we often
use the ωB97 [126] and M06 [127] families of functionals, as the lack of such
interactions is a shortcoming of most other DFT methods [128].

For the systems studied in this work, DFT offers a useful method for in-
cluding electron correlation in quantum chemical calculations at a computa-
tional cost similar to that of the HF method. Yet, the computational resources
required can still be significant for large systems with many tens or hundreds
of electrons. This expense mostly limits our use of accurate DFT calculations
to molecular structure and energy calculations, which nonetheless are impor-
tant for studying, among other things, electron densities (Papers VIII and XII)
and dissociation energies (Papers III, VIII, IX, and XII). All of the DFT calcu-
lations in this work have been done using the Gaussian 09 software [129].

3.2 Collision Models

In order to quantify the energy transferred in collisions between atom/ions and
molecules we utilize models for describing the nuclear and electronic scatter-
ing processes. The total energy transfer is then the sum of the electronic and
nuclear stopping energies. The methods that we use to calculate these compo-
nents are described in the following two sections.

3.2.1 Modeling Electronic Stopping

We model electronic stopping based on theory originally outlined in Ref. [67]
for modeling the energy transferred in collisions between keV ions and C60
molecules in the regime where electronic stopping dominates. At these ener-
gies the stopping power, dTe/dR (kinetic energy T lost per distance R), of an
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atom or ion penetrating an electron gas is approximately proportional to the
projectile velocity v [130] and can be written as

dTe

dR
= γ(rs)v. (3.3)

Here, γ(rs) is a friction coefficient that is a function of the so called one-
electron radius

rs =

(
3

4πn0

) 1
3

, (3.4)

where n0 is the local electron density of a free electron gas. The friction coef-
ficients for atoms embedded in a homogeneous electron gas at a few specific
rs values have been calculated by Puska and Niemenen [131]. Schlathölter
et al. [67] used these values together with a spherical jellium model for de-
scribing the electron density of C60 [132] and a local density approximation
(LDA). They then connected the local valence electron density at any point
in the C60 molecule to the density in a free electron gas to calculate the elec-
tronic stopping energy along straight trajectories through molecules with static
structures.

This method was refined by Postma et al. [90] and further in Paper VIII
for studying collisions between atoms/ions and PAHs. In both of these works,
the valence electron density distributions of target molecules were calculated
with DFT calculations. In this way stopping calculations can be performed
for arbitrary molecular systems. Values of the friction coefficient γ(rs) for
arbitrary values of rs are then obtained by performing fits to the values from
Ref. [131]. By calculating the electronic stopping along randomly distributed
atom trajectories through a static molecule we are able to estimate distributions
of the energy transferred under the present (and other) experimental conditions.
Similar models have also been developed by others [104, 133, 134].

A key difference between a free electron gas, which is used to calculate the
friction coefficients, and the electrons bound to a molecule is that the energies
of the latter take discrete values. Free electrons (continuum electrons) can
absorb any amount of energy, but bound electrons can only absorb energy if
they can be excited to a vacant quantum state. This is not included in the above
model, but has to be considered when analyzing the results as low excitation
energies might not be enough to electronically excite a molecule, and in those
cases scattering on the electron gas will not lead to electronic excitations of the
molecule.

3.2.2 Modeling Nuclear Stopping

Nuclear stopping is the transfer of energy in short range interactions between
the atomic nuclei of the projectile and target. The interaction between the
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nuclei at very short ranges can be seen as the Coulomb interaction between two
point charges. When the distance between the nuclei increases, the screening
by the electrons decreases the effective strength of the scattering potential.
Based on this a general form of the potential (in atomic units) between two
colliding atoms can be described by

V (r) =
Z1Z2

r
f (x) (3.5)

where Z1 and Z2 are the atomic numbers (nuclear charges) of the colliding atom
pair and f (x) is a screening function that models the mutual shielding by the
pair’s surrounding electrons. A number of different screening functions exist
in the literature. In Paper VIII we used two different screening functions—the
Lindhard screening function [135], and the ZBL (Ziegler-Biersack-Littmark)
screening function [112]—both of which have been derived for a range of col-
lision partners.

The screening function by Lindhard et al. [135] is defined as a power-law
of the form

fLindhard(x) =
ks

s
x1−s (3.6)

where ks is a constant that depends on the integer value of s and

x =
r

aLindhard
=

r
√

Z2/3
1 +Z2/3

2

0.8853a0
(3.7)

where aLindhard is the screening length, and a0 is the Bohr radius (a0 = 0.529 Å
= 1 atomic unit a.u.).

The ZBL screening function on the other hand is a series of exponential
functions defined as

fZBL(x)= 0.1818e−3.2x+0.5099e−0.9423x+0.2802e−0.4029x+0.02817e−0.2016x

(3.8)
where

x =
r

aZBL
=

r(Z0.23
1 +Z0.23

2 )

0.8853a0
(3.9)

and aZBL is the screening length (a0 is again the Bohr radius).
A comparison of the Coulomb potential between bare C (Z = 6) and He

(Z = 2) nuclei and the potentials between the same atoms using the Lindhard
(with s = 2 and k2 = 0.831) and ZBL screening functions is shown in Fig-
ure 3.1. At separations greater than 0.1 Å the screening becomes important
and the two screened functions give potential energies that are much lower
than a pure Coulomb potential. The simpler Lindhard model diverges as the
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internuclear separation goes towards zero, but the contribution from this is rel-
atively small at the rather low collision energies studied here as the repulsive
force will push the nuclei apart before they get close enough for this to be a
problem.

CHe

Figure 3.1: Comparison of different potentials for describing the interaction be-
tween He and C nuclei as a function of their separation. The black curve shows
the Coulomb potential of two bare nuclei repelling each other. The other two
curves are models used to describe the interactions of nuclei that are screened by
the surrounding electrons. Note the log-log scales of the figure.

Combined electronic and nuclear stopping (with the ZBL potential) ener-
gies are calculated in Papers VIII, IX, XI, and XII. The stopping energies are
calculated along randomly chosen straight line trajectories through the mole-
cules with their structures kept static. For every trajectory we calculate both
the electronic and nuclear stopping energy such that we get the total energy
transfer for each individual trajectory. An example of such electronic and nu-
clear stopping calculations is shown in Figure 3.2. Here the electronic, nuclear,
and total stopping energies are shown for He atoms colliding with coronene
(C24H12) along different face-on trajectories (trajectories that cross the mole-
cular plane at right angles) at energies of 11 keV (top row) and 110 eV (bot-
tom row). From Figure 3.2 it is clear that electronic stopping dominates at the
higher energy, with the opposite being true at the lower energy. This difference
is one of the reasons why we are able to observe direct evidence of knockout
(the prompt removal individual atoms in a collision) at low collision energies;
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the intense heating at high collision energies causes the knockout products to
fragment further before they are detected as discussed in detail in Section 4.1.

Figure 3.2: Electronic and nuclear stopping energies calculated for face-on col-
lisions (trajectories at right angles through the molecular plane) between He and
coronene at 11 keV and 110 eV center-of-mass energies. The total energy is the
sum of the electronic and nuclear contributions. Figure adapted from Paper VIII.

3.3 Molecular Dynamics

Collisions are inherently dynamic processes. When an atom collides with a
molecule it may be deflected and any atoms that are displaced may themselves
become secondary projectiles. While the stopping calculations covered in the
previous section are useful for comparing the relative contributions of elec-
tronic and nuclear stopping under different conditions, they are constrained to
the use of static molecular structures and static electron densities. The elec-
tronic stopping energy along a trajectory depends on the electronic structure of
the target molecule, which changes as the molecule is deformed, and perform-
ing a complete DFT calculation at every time-step in a calculation would gen-
erally be too expensive to be viable. There are, however, methods for including
inelastic electronic scattering also in dynamic simulations [70, 136], but in the
simulations covered in this work the energy transferred from electronic stop-
ping is either negligibly small, or may be included by adding internal energy
to the system at the beginning of a simulation.

In molecular dynamics (MD) simulations, the trajectories of atoms are fol-
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lowed over a pre-set length of time. Regardless of whether the simulations
use classical force fields to describe interactions between atoms or quantum
chemical calculations, the main steps of the MD simulations are:

1. The structure of the molecule(s) being studied is defined, that is, the
position of every simulated atom is defined by coordinates in space.

2. Potential energy functions describing the interactions between atoms are
defined. These interactions can be described using parameterized clas-
sical potentials or be calculated at each step using quantum chemical
models. Multiple potentials and methods can be used simultaneously to
describe different types of interactions.

3. Calculate the net force vector acting on each atom in the system using
the methods defined in step 2.

4. Solve the equations of motion for each atom and follow the trajectories
for a small time step. There are a number of different methods for calcu-
lating this, such as Euler integration or Velocity Verlet integration [137].
The latter is used in many simulation packages and in all simulations in
this thesis.

5. Repeat steps 3 and 4 as long as desired.

Classical MD simulations are used throughout this work to model colli-
sions and non-statistical fragmentation of PAHs in Papers I, II, III, IV, and
VI, while they are used to study the reactivity of fragments in clusters in Pa-
pers V, VII, and XII. Furthermore, in Papers III and V we performed quantum
chemical MD simulations to study bond-forming reactions and statistical frag-
mentation.

3.3.1 Classical Force Fields

In classical MD simulations, parameterized force fields (also known as poten-
tials) are used to describe the interactions between atoms. Simple two-body
force field models include harmonic and Morse potentials for describing cova-
lent bonds, but these do not allow for dynamic descriptions of bond-formation
and cleavage in larger systems. In this work we instead use two other types of
potentials, the ZBL potential for describing interactions between a projectile
atom and a target atom, and reactive force fields for describing bonds within
molecules. The ZBL potential (see Section 3.2.2) is well suited for classical
MD simulations since its magnitude, for a given pair of atom types, only de-
pends the separation between the atoms.
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Reactive force fields are models which allow covalent bonds to form and
break dynamically during a simulation. They are parameterized for specific
atom species in a range of chemical environments. Within this framework
the bond strengths will vary depending on the number of bonding neighbors
an atom has, which allows for the description of different bond types in a
realistic way. Three reactive force fields have been used in this work: the
Tersoff potential [138, 139], the REactive Bond Order (REBO) potential [140–
142], and the Adaptive Intermolecular REBO (AIREBO) potential [143]. All
three of these potentials are developed for modeling carbonaceous systems,
such as hydrocarbons.

Following the notation used by Tersoff [138], the total potential energy of
a system E described by the Tersoff force field is defined as the sum of the
interaction energies for each atom Ei. This equivalently equal to the sum over
the energy stored in each bond (of length ri j) between two atoms Vi j .

E = ∑
i

Ei =
1
2 ∑

i6= j
Vi j (3.10)

Vi j = fC(ri j)[ fR(ri j)+bi j fA(ri j)] (3.11)

The potential energy of each bond contains two exponential components, fR

that models the repulsive component of the bond and fA that describes the
attractive part of the potential. The choice of two exponential profiles gives an
overall Morse type potential, a potential that is often used to describe diatomic
bonds.

fR(ri j) = Ai j exp(−λi jri j) (3.12)

fA(ri j) =−Bi j exp(−µi jri j) (3.13)

The potential in Eq. (3.11) is cut off in an interval Ri j < ri j < Si j using a
smooth and continuous function fC. This reduces the overall computational
load by only including interactions between neighboring atoms (atoms within
the sphere where ri j = Si j).

fC =


1, ri j < Ri j
1
2 +

1
2 cos[π(ri j−Ri j)/(Si j−Ri j)], Ri j < ri j < Si j

0, ri j > Si j

(3.14)

The Tersoff potential contains an essential so-called bond order term bi j (see
Eq. (3.11)). This term ensures that binding energies weaken with increased
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coordination (number of bonding neighbors) in a realistic fashion.

bi j = χi j(1+β
ni
i ζ

ni
i j )
−1/2ni (3.15)

ζi j = ∑
k 6=i, j

fC(rik)ωikg(θi jk) (3.16)

g(θi jk) = 1+ c2
i /d2

i − c2
i /[d

2
i +(hi− cosθi jk)

2] (3.17)

The term ζi j in the expression for bi j (Eq. (3.15)) can be seen as a sum over
neighboring atoms (ones where ri j ≤ Si j) and includes the parameter g(θi jk)
which contains the angular dependence of the bond order of a given atom type
(Eq. (3.16)). Two mixing terms, χi j and ωik are used to fine tune the interplay
of potential parameters in heteronuclear systems.

The two-body coefficients used in Eqs. (3.10) to (3.17) are defined as

Ai j = (AiA j)
1/2 (3.18)

Bi j = (BiB j)
1/2 (3.19)

λi j = (λi +λ j)/2 (3.20)

µi j = (µi +µ j)/2 (3.21)

Ri j = (RiR j)
1/2 (3.22)

Si j = (SiS j)
1/2 (3.23)

where Xi is the parameter X for the species of atom i. Numerical values of the
parameters for different atom types which are used in the potential are obtained
by fitting the model to other data. For our use, we find the appropriate para-
meters in the literature. The parameters used to model C, N, and H atoms are
presented in Table 3.1 and are from Ref. [138], [144], and [145], respectively.
For the mixing term χC−H , a value of 0.89 was chosen as this gave the best fit
to the enthalpy of formation [108] for a number of hydrocarbon molecules of
different sizes.

The REBO potential is defined in a similar way as the Tersoff potential
[140–142]. Compared to the the Tersoff potential, the REBO potential allows
for more flexibility in systems with several atom types and is parameterized
with mixing terms for a wide range of hydrocarbons [140–142]. The AIREBO
potential is an expansion on the REBO potential by adding dihedral forces
as well as a Lennard-Jones potential for describing dispersion forces [143].
Dispersion forces are important in large systems and are what holds clusters of
PAHs and fullerenes together.

3.3.2 Simulating Collisions and Reactions

The MD simulations of knockout driven fragmentation of molecules are per-
formed in the following way: The structure of the studied molecule is built
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Table 3.1: Parameters used in the Tersoff potential for bonds between C, N, and
H atoms.

Parameter (Unit) C N H

A (eV) 1.3936×103 1.1000×104 87.7120
B (eV) 3.467×102 2.1945×102 43.5310
λ (Å−1) 3.4879 5.7708 3.7879
µ (Å−1) 2.2119 2.5115 1.9800
β 1.5724×10−7 0.10562 4.0000
n 0.72751 12.4498 1.00
c 3.8049×104 7.9934×104 0.00
d 4.384 1.2432×102 1.00
h −0.57058 −0.9973 1.00
R (Å) 1.8 2.0 0.80
S (Å) 2.1 2.3 1.00

Mixing term C–H C–N N–H

χi− j 0.89 0.9685 0.78
ωi− j 1.0 0.6381 1.0

and optimized using the desired force field (e.g. Tersoff) and is placed with its
center-of-mass at the origin of a coordinate system. For each simulation the
molecule is randomly oriented by rotating it in three dimensional space around
its center. A projectile atom is placed some distance away along the z-axis with
its x- and y-coordinates randomized within a square box that is large enough
to completely enclose the outline of the molecular target (see Figure 3.3). For
the isolated PAH and C60 molecules that are studied here, a 12 Å by 12 Å box
is sufficient. The projectile is then given a velocity along the z-axis towards
the target and the interactions between the projectile atom and the atoms in
the target are described using the ZBL potential. The velocity of the projectile
is determined by the collision energy that we wish to simulate. Using a time
step of about 10−17 s, the positions and velocities of all atoms are followed for
anywhere from 100 fs up to several tens of ps. The positions and velocities
of the atoms are analyzed to determine whether bonds have been broken and
how much energy has been transferred in the collision. This whole process
is repeated thousands of times with a given collision energy to obtain statis-
tics from random trajectories through randomly oriented molecules. Since we
know the size of the box (144 Å2 in this example) the absolute cross sections
for different fragmentation pathways can be determined by multiplying the
fraction of trajectories that lead to a given process with this area. A schematic
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of the initial conditions for such a simulation is shown in Figure 3.3.

12 Å
12 Å

(x,y)He

C16H10

v

z

x 
y

Figure 3.3: Schematic of the input for a simulation where a He atom collides
with a pyrene target. The initial position of the He atom is randomly generated on
the 12 Å by 12 Å surface defined by the square and the molecule’s orientation is
randomly rotated in three dimensions around its center-of-mass. Figure adapted
from Paper II.

In Paper V this same method is applied using targets consisting of pyr-
ene clusters (with the AIREBO potential used to describe covalent bonds and
dispersion forces). The simulations are run for at least several ps in order to
follow the reactions that take place in the dissociating clusters. At the end of
the simulation the molecules are analyzed for bond-breakage and the forming
of new bonds so that a theoretical mass spectrum can be constructed. Since
these classical MD simulations lack any form of electronic stopping, which
can be strong when ions collide with clusters at energies above 10 keV, the
clusters in these simulations are given a kinetic temperature of 2000 K at the
onset of the collision. This temperature is equivalent to an internal energy of
about 10 eV per molecule, which, based on our electronic stopping calculations
of 12 keV Ar atoms colliding with pyrene, is a reasonable energy for when a
keV ion penetrates the PAH cluster and the energy is redistributed among all
of the molecules. At this temperature the pyrene clusters begin to dissociate
within a few ps (Paper V).
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In some of the earlier works in this thesis (Papers VII and XII) we studied
intracluster reactions without simulating the initial collision. Instead we used
fullerene and coronene molecules that were missing a single C atom and let
them collide with intact molecules at kinetic energies up to a few eV. This
energy is typical for the experimentally measured translational energy of the
molecules in dissociating clusters (Paper XII). The reactivities of the fragments
in these simulations agreed well with the experimental findings (Papers VII
and XII).

All of the classical MD simulations were performed using the LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator) [146, 147] or
the DL_POLY [148] software packages. Some developments had to be made
to these codes in order to perform the simulations described above. These
changes are covered along with more details about the software in Appendix A.

3.3.3 SCC-DFTB Molecular Dynamics

The classical MD simulations in this work all lack a description of charge.
The force fields are parameterized for neutral systems and no explicit charge
is added during the simulations. Charge distributions could be added to the
simulated molecules, but they would remain static during the simulation and
not react to the fragmenting molecules. For the PAHs and fullerene molecules,
this is not a significant problem. These are large molecular systems with many
delocalized electrons. So removing a single electron from a neutral molecule
has little effect on its stability and reactivity [149] (see also Paper VIII).

An alternative method to classical force fields is Self Consistent Charge
Density Functional Tight Binding (SCC-DFTB) [150]. SCC-DFTB is a sim-
plification of DFT that reduces the computational cost to levels close to that
of classical methods. SCC-DFTB simplifies the algorithms from DFT by per-
forming a second order expansion of the exchange-correlation functional with
respect to the electron density [150]. Furthermore, a minimum basis set of
atomic orbitals is used and two-center interactions are calculated from tab-
ulated values from diatomic DFT calculations applied to the overlap of the
atomic orbitals [150]. The partial charge of each atom in the system con-
tributes to the total energy and is calculated self-consistently as the energy of
the system is optimized [150].

The SCC-DFTB method itself is comparable to semi-empirical methods
such as AM1 (Austin Model 1) [151] and PM3 (Parameterized Model number
3) [152, 153], but is entirely based on DFT and does not use any explicitly
empirical values for its parameterization [150]. Comparisons have shown that
SCC-DFTB can produce results with accuracies comparable to full DFT calcu-
lations for the types of systems studied in this thesis [84, 154], and can describe
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details, such as how fast damaged fullerene cages close, that are not described
accurately when using classical force fields [84].

We have used SCC-DFTB to perform quantum chemical MD simulations
using the DFTB+ software [155] in Papers III and V. The relatively low com-
putational cost means that simulations of molecules can be performed over
long simulations times, while at the same time including the effects of dynamic
charge distributions. In Paper III we studied the statistical fragmentation of
pyrene and hydrogenated pyrene (C16H+

x , where x = 10,16,26) by heating the
molecules and following them while they fragment on nanosecond timescales.
In Paper V we used SCC-DFTB to benchmark the classical MD simulations
with the AIREBO potential and showed that the two methods produced results
in agreement with each other.
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4. Collisions, Knockout, and
New Bonds

4.1 Statistical vs. Non-Statistical Fragmentation

Non-statistical fragmentation of PAH molecules, in the form of C atom knock-
out like that illustrated in Figure 4.1, can occur when swift ions/atoms collide
with the molecules and transfer enough kinetic energy to an atom in the sys-
tem. But even with the high stability of PAHs and fullerenes, there will be
competition between non-statistical and statistical fragmentation, and the lat-
ter can often sweep away any evidence of knockout.

He

C

Figure 4.1: A He atom colliding with a pyrene molecule and promptly knocking
out one of the C atoms.

4.1.1 PAHs

Figure 4.2 shows two experimental mass spectra from collisions between He
cations/atoms and isolated coronene molecules/cations. The top panel shows
results from relatively slow collisions (at a center-of-mass energy of 110 eV)
and the bottom panel shows the results from collisions at a much higher veloc-
ity (11 keV). These two types of collisions may both lead to reactions of the
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type:
He(+/0)+C24H12

(0/+) −→ C24−nH+
12−x +nC+ xH+He (4.1)

(the location of the single positive charge in the first step in not important for
the final result).
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Figure 4.2: Experimental mass spectra of positively charged products from col-
lisions between He and coronene (Cor, C24H12, see reactions in Eq. (4.1)) at
center-of-mass energies of 110 eV and 11 keV. At the lower collision energy
there are clear signs of non-statistical fragmentation in the form of the loss of
single carbon atoms, while at the higher energy this signal is absent and more
significant fragmentation has occurred due to much stronger heating of the mole-
cules through electronic excitations. Mass spectra from classical MD simulations
of the same collisions are shown in Figure 4.3 for comparison. Figure adapted
from Paper VIII.

The mass spectrum in the bottom panel (measured with the device de-
scribed in Section 2.1) is typical of thermally driven fragmentation that is
found when energetic photons [86], electrons [156], and fast ions (at veloc-
ities where electronic stopping dominates) [90, 157] excite PAH molecules.
There we see a clear signal from moderately heated molecules that have lost
a small number of H atoms (the narrow features on the left shoulder of the
main peak) or a C2Hx group. At lower masses there is a high abundance of
smaller fragments, due to collisions which strongly heat the coronene mole-
cules (see Figure 3.2 for simple stopping power calculations with straight-line
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trajectories and Paper VIII).
The mass spectrum from 110 eV collisions (top panel of Figure 4.2, mea-

sured using the apparatus in Section 2.2) has a very different appearance. The
dominant feature in this spectrum is from CHx-loss, the result of non-statistical
fragmentation. In addition to this strong feature there are a number of weaker
peaks in the mass spectrum from molecules that were either heated in glanc-
ing collisions and underwent statistical fragmentation, or were heated enough
during the knockout processes to undergo secondary fragmentation on the mi-
crosecond timescale of the experiment.
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Figure 4.3: Mass spectra from classical MD simulations of the same conditions
as for the experimental results shown in Figure 4.2. These mass spectra are ex-
tracted from the simulations at a time 100 fs after the collision and show the
initial fragment distribution caused by nuclear scattering processes and before
the molecules have had time to fragment further in thermally driven processes
(picosecond timescales or longer). The data has been convolved with gaussian
functions representing the experimental resolutions for the setups in Stockholm
(ECM = 110 eV) and in Caen (ECM = 11 keV).

The role that thermally driven fragmentation has on the differences be-
tween the two experimental mass spectra becomes even more clear when com-
paring these results to those in Figure 4.3. The mass spectra in Figure 4.3
are from classical MD simulations of the same collisions (with the ZBL and
Tersoff potentials). They show only the single heaviest fragment after any indi-
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vidual collision and are extracted 100 fs after the collision with He. This means
that these spectra represent the initial fragmentation patterns immediately fol-
lowing the collision, and do not show how the fragmentation will continue
over time in secondary and multi-step processes. The mass spectrum from
simulated collisions at 110 eV looks very similar to the experimental mass
spectrum in the top panel of Figure 4.2, showing that the molecules are only
weakly heated and there is little additional fragmentation at times later than
100 fs after the collision in the experiment. Also noteworthy is that the peak
from the simulation resulting from the loss of two C atoms is from double
knockout (the second largest fragment peak in the upper panel of Figure 4.3),
where both atoms are promptly knocked out in a single collision, and not from
statistical channels. These fragments result from relatively violent collisions
and will likely fragment further and thus only give a small contribution to this
peak in the experiments.

The simulated mass spectrum from collisions at 11 keV (bottom panel of
Figure 4.3) is markedly different compared to the experimental results in the
lower panel of Figure 4.2. In the simulations the only fragmentation chan-
nels resulting in the loss of carbon are those from single and double knockout.
However, the electronic heating in the 11 keV collisions is substantial, typi-
cally around 40 eV [43], but is not included in these simulations. Any colli-
sion trajectory leading to knockout at this energy is highly likely to also lead
to additional statistical fragmentation. Such secondary fragmentation would
quickly remove any signatures of knockout (as seen in the lower panel of Fig-
ure 4.2).

By comparing the experimental mass spectra in Figure 4.2 with those shown
in Figure 4.3 from the simulations it is clear that at 110 eV most of the frag-
ments that have lost a single C atom from knockout will remain intact long
enough to be detected in the experiment. The probabilities for such fragments
to survive depend on the heat capacities of the molecule itself and its primary
fragments due to knockout (non-statistical fragmentation). In experiments with
different PAH sizes we observe a clear trend that the ratio between products
of non-statistical and statistical fragmentation is higher for larger molecules at
a given center-of-mass collision energy (Papers VIII, IX, and X). An impor-
tant aspect here is that the structures and dissociation energies are very similar
regardless of the size of the PAH. Then, when an atom or ion collides with a
PAH, in particular at low collision energies, the interaction is localized and the
energy transferred will therefore be nearly the same for different PAH sizes.
Hence the cross sections for knocking out a single C atom from a PAH mol-
ecule scales with the number of atoms in the molecule. Yet at the same time,
the rate of statistical fragmentation will decrease with the number of internal
degrees of freedom, 3N−6 (where N is the number of atoms in the molecule),
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and only depend weakly on the the detailed molecular structure [93, 158]. For
this reason it is expected that non-statistical fragmentation will become an in-
creasingly important destruction mechanism for heavier PAHs (Papers VIII,
IX, and X). This is particularly interesting for the large PAHs, perhaps con-
sisting of over 100 C atoms [50], that are believed to be present in regions of
space where processing by energetic particles is important [159, 160].

4.1.2 Fullerenes

Compared to the PAHs—where coronene, C24H12, is the largest molecule that
we have studied—C60 has many more internal degrees of freedom. Given the
structural similarities with PAHs, it is somewhat surprising that signs of non-
statistical fragmentation of C60, i.e. C59, is difficult to observe (Paper X). The
main reason for this is the three dimensional structure of the C60 fullerene. Tra-
jectories that lead to knockout of atoms are always penetrating directly through
the C60 molecule (as knockout requires close interaction with at least one of
the individual carbon atoms). With a PAH target, the projectile may simply
interact with only one atom, but with C60, practically all trajectories that may
lead to knockout pass two layers of the molecule. Even though the projectile
might only strike a single atom on its way through the fullerene molecule, it
will still deposit energy through electronic scattering processes. Furthermore,
a displaced C atom may itself act as a secondary projectile, causing more dam-
age to the rest of the molecule (Paper X).

The closed three dimensional structure of C60 also allows the molecule
to capture the atomic collision partner or even a knocked out carbon atom
that enters the C60 producing a [C@C59]+ product. The result of He capture
can be observed in Figure 4.4 where the shoulder to the left of the intact C+

60
peak, in collisions with He at a center-of-mass energy of 50 eV, is partially due
to endohedral [He@C60]

+ [161]. When the projectile/target atom is captured
by the fullerene molecule, all of the center-of-mass energy is converted into
internal energy of the combined system, and this excitation energy often leads
to statistical fragmentation (C2-loss). Colliding instead C60 with Ne at the
same velocity (ECM = 240 eV, red curve in Figure 4.4) we see a small signal
from C+

59. This feature is much weaker than observed with PAH molecules
(Figure 4.2) and is small in comparison to the sequence of peaks from multiple
steps of C2-loss (Paper X).
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Figure 4.4: Mass spectra from experiments where C+
60 collided with He (black)

and Ne (red) targets at center-of-mass energies of 50 and 240 eV, respectively. At
theses energies Ne can displace a C atom from the C60 fullerene yielding a C+

59
peak. We also observe capture of the He atom, most likely inside the C60 cage
(the shoulder to the left of the C+

60 primary peak). Note the much longer series
of sequential C2-evaporation in the case of the Ne collisions which is due to the
larger transfer of energy to C+

60 in comparison to the collisions with He. Figure
from Paper X.

4.2 Threshold Energy for Knockout

Knocking an atom out of a molecule requires breaking all of the bonds between
that atom and its neighbors. If the atom is displaced quickly enough, the rest
of the molecule will not have time to respond and the structure can momen-
tarily be considered rigid. From our experience (based on MD simulations),
this is mainly the case at collision energies above 100 eV (with He). In this
case the energy required to remove the atom is known as the vacancy energy
[139]. This energy depends somewhat on the location of an atom in the PAH
molecules, but we have calculated it with DFT (B3LYP/6-311++G(2d,p)) to be
about 17 eV for internal C atoms (bound to three other C atoms) and 11 eV for
peripheral atoms (those bound to only two other C atoms) that are also bound
to an H atom (Paper IX).

As the collision energy decreases the molecules will respond more strongly
to the displacement of individual atoms. When an atom is given a velocity in
any direction, the rest of the molecule will bend and stretch trying to maintain
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the bonds. Below a certain collision energy, insufficient energy will be trans-
ferred to any atom to knock it out of the molecule. The minimum transferred
kinetic energy required to permanently displace or remove an atom from a sys-
tem is known as the displacement energy, Tdisp. Because of the flexibility of
the molecules, this displacement energy is well above the vacancy energy of
a rigid structure. Another quantity that is related to the displacement energy
is what we in Papers I, II, and IV refer to as the threshold energy, Eth, which
is the minimum center-of-mass energy required to detect knockout. The col-
lisions we study are nearly elastic, so the atom colliding with the PAH will
always have some kinetic energy after the scattering, and thus Eth > Tdisp.

The concept of displacement energies and their values (e.g. for graphene)
are intensively discussed in solid state physics. There are a number of studies
of the displacement energies for removing C atoms from graphene [162–164].
We performed, to our knowledge, the first experimental measurements of the
displacement energies from isolated molecules, in this case PAHs. In Fig-
ure 4.5 we show a series of mass spectra from collisions between anthracene
and He at center-of-mass energies ranging from 100 eV and down to 18 eV.
The mass region in these spectra (Figure 4.5) include the lower mass tail of
the intact molecular peak (at or just outside the right edge of each panel) and
the peaks from the loss of one or two C atoms, respectively. Going down from
100 eV, the peak from C knockout decreases in intensity until it is completely
gone below 30 eV. The C2Hx-loss peak stems from statistical fragmentation,
a channel that only requires about 10 eV to be detected on the microsecond
timescale of our experiment [98]. The C2Hx-loss peak is clearly visible at
all energies. From these measurements we determined in Paper IV that the
threshold energy, Eth, is 32.5± 0.4 eV when averaged over a few different
PAH species.

For comparison, we also used the MD-simulations to calculate knockout
cross sections as functions of collision energy showing good agreements with
the corresponding experimental results, but with an energy shift. By using the
experimental measurements to calibrate the theoretical values, we arrived at a
semi-empirical value for the displacement energy of 23.3± 0.3 eV for C-loss
from isolated PAH molecules (Paper IV), in good agreement with the values
from graphene (Tdisp = 23.6 eV with electron impact) [162–164].

This measured displacement energy is for randomly oriented molecules,
which is the case in our experiments. There is, however, a strong angular
dependence on the energy required to displace an atom (Paper I). Simulations
where atoms are displaced systematically at different angles show that the low-
est energies are typically required for knocking an atom out perpendicular to
the plane of the PAH molecule. In this case only about 25 eV is required (de-
pending on the model). Angles that cause the displaced atom to collide with
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Figure 4.5: Detail of mass spectra from collisions between He and anthracene
at center-of-mass energies from 18 eV up to 100 eV (data shown as dots). The
solid red and gray curves show least square fits of gaussian profile to the CHx-
loss peak and neighboring peaks, respectively. The dashed blue curve is the sum
of the fitted curves. The CHx-loss peak decreases in intensity with decreasing
collision energy and is not visible below 30 eV. The C2Hx-loss peak (large peak
near or left of center of each panel) is a result of statistical fragmentation and
is visible at all energies. Note the shift in the positions of the peaks due to the
relative increase of translational energy lost by the molecules in the collisions
as the collision energy decreases. Figure from supplementary information of
Paper IV.
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a neighboring atom in the system are associated with displacement energies in
excess of 100 eV (see Paper I). The exception to this is the case of the periph-
eral C atoms. These atoms are most easily removed when displaced parallel to
and away from the molecular plane, requiring less than 20 eV for this to occur
(Paper I).

Figure 4.6: Energetics of fragments for a single collision trajectory between He
and anthracene (C14H10) as a function of collision energy. These are calculated
with classical MD (black) and MD using DFT (B3LYP/3-21G) describing the
forces. The threshold energies for C knockout (along the collision trajectory
with zero impact parameter shown in the inset) are indicated by the dashed lines.
The upper panel shows the energy carried away by the knocked out atom, Ekin,
and the lower panel the energy remaining in the larger fragment, Eint . At high
collision energies, Eint asymptotically approaches the vacancy energy for the C
atom.

Knockout processes can be difficult to detect near the energy threshold
for a few different reasons. First of all, in low energy collisions there is a
large likelihood of the collision partner (e.g. He) bouncing off of the PAH or
fullerene molecule, especially when there is insufficient energy transferred to
cause knockout. When this happens a large fraction of the translational veloc-
ity of the projectile will be lost. This loss of translational energy, in addition
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to that resulting from when the projectile fragments, is what leads to the shifts
seen in the positions of the peaks in Figure 4.5. Secondly, near the threshold
the molecules quickly react to the displacement of an atom and a proportion-
ally large amount of internal energy will be left in the large fragment. This can
be clearly seen in the lower panel of Figure 4.6 where the internal energy of an
anthracene fragment is shown as a function of collision energy with a He pro-
jectile, calculated along a single face-on trajectory from MD simulations that
used either the classical Tersoff potential or DFT to model the interactions. The
upper panel of this figure shows the kinetic energy carried away by the knocked
out C atom in the same collisions. We see that the highest internal energies are
reached just below the threshold energy for knockout (dashed lines). The two
models give different results, but the trend is the same. Internal energies well
in excess of 20 eV can be reached in these collisions that will rapidly lead to
statistical fragmentation of the molecules. Above the threshold energy the en-
ergy transferred to the molecule (along this specific trajectory) decreases until
it asymptotically approaches the vacancy energy, at which point the molecule
reacts very slowly compared to the speed of a collision that leads to knockout.

4.3 The Effects of Adding Atoms

4.3.1 PANHs

The structures of PAH molecules can be altered by adding atoms or by replac-
ing atoms in the systems. A family of molecules known as Polycyclic Aro-
matic Nitrogen Heterocycles (PANHs) are essentially PAH molecules where a
CH-group has been replaced by a N atom. Such systems have also been sug-
gested to be abundant in space and may be responsible for observed shifts in
emission lines observed in the interstellar medium [165].

Anthracene
C14H10

Acridine
C13H9N

Phenazine
C12H8N2

Figure 4.7: Structures of anthracene and the two nitrogen-substituted molecules
acridine and phenazine (N atoms in blue).
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By adding nitrogen to PAHs, the structure is weakened and statistical frag-
mentation pathways becomes increasingly important for a given excitation en-
ergy (Paper VI). Figure 4.7 shows anthracene and two related molecules where
N atoms have replaced CH-groups. The addition of one or two N atom to the
system has only a small effect on the number of available degrees of freedom,
but the overall stability of the molecule is greatly reduced. We have observed
knockout of C and N (when applicable) from all three molecules (Paper VI).
The fragmentation mass spectra from collisions between He and anthracene
(C14H10) or acridine (C13H9N) have similar behaviors, likely because the re-
moval of N from the latter results in the same fragment structure. Phenazine
(C12H8N2) on the other hand is far less likely to survive the knockout of one
of the heavy atoms and frequently undergoes secondary statistical fragmenta-
tion steps (Paper VI). The main statistical fragmentation channel in this case is
expected to be the loss of HCN [166].

4.3.2 Hydrogenated PAHs

Hydrogenated (or superhydrogenated) PAHs are formed when additional H
atoms are covalently bound to PAH molecules. These extra atoms saturate the
delocalized bonds, and when a PAH is fully hydrogenated there are only sp3-
type single bonds remaining, which are weaker than the sp2 bonds in native
PAHs. The introduction of sp3 bonds also gives the molecules a distorted three
dimensional structure (see Figure 1.1). Hydrogenated PAH molecules have
been suggested to be present in the interstellar medium [38, 167, 168] with
the additional hydrogen atoms protecting the carbon backbone structures from
fragmentation after absorption of photons or collisions with charged particles.

In experiments where hydrogenated coronene molecules (C24H12+m, m =
0 . . .7) were irradiated with soft X-rays, it was reported that the additional
hydrogen atoms protected the native H atoms and C backbone from fragmen-
tation [42, 169]. The basis for this conclusion was that the additional H atoms
were more weakly bound than the native ones and were easily lost when the
molecules were excited through carbon K-shell ionization [42, 169]. By losing
these atoms the molecules could cool more efficiently than their native coun-
terparts, efficiently preserving the carbon structure of the molecules. However,
it should be noted that in these measurements there are no absolute cross sec-
tions reported, so this protective effect could not be quantified [42, 169].

Contrary to this finding, hydrogenation does not protect PAH molecules
from fragmentation in collisions with atoms/ions (Papers II and III). In colli-
sions between native and hydrogenated pyrene (C16H+

10+m where m = 0,6,16)
and He we measured absolute destruction cross sections for the different mol-
ecules. These measurements clearly showed that the destruction cross section

59



increases with the degree of hydrogenation. The reason for this is not an in-
creased probability for knockout, instead the weakening of the structure by
the added H atoms increases the yield for statistical fragmentation channels as
new low-energy dissociation channels appear when the PAHs are hydrogenated
(Paper III).

[C16H16 – CH3]
+

CH3

Figure 4.8: CH3-loss as a statistical channel from a SCC-DFTB MD simulation
of C16H+

16 with an internal energy of 18 eV. Our DFT calculations (B3LYP/6-
31G(d)) show that this is the dissociation channel with the lowest activation en-
ergy for C16H+

16 at 2.26 eV (Paper III).

The loss of CHx from a native PAH molecule is not an energetically favor-
able fragmentation channel. However, when pyrene is hydrogenated the loss of
CH3 becomes one of the lowest energy dissociation channels (Paper III). DFT
structure calculation show that hydrogenation lowers the dissociation energies
for C backbone fragmentation more than for the loss of H atoms (Paper III). We
see this also in SCC-DFTB MD simulations where we have simply heated na-
tive and hydrogenated PAH molecules and followed them as they fragment on
nanosecond timescales (Paper III). For native pyrene, the main fragmentation
channels observed in the simulations are C2H2-loss and H-loss. For the hy-
drogenated molecule CH3-loss (Figure 4.8) and C2H4-loss channels dominate
(Paper III). Knockout is still a processes that accounts for about 20 percent of
the destruction cross section of the hydrogenated molecules, but these weaker
molecules are more likely to undergo secondary fragmentation than the native
pyrene and most of the detected CHx-loss from hydrogenated pyrene is instead
the result of statistical fragmentation of molecules heated by the collisions
(Paper III). And indeed, we still experimentally detect substantial amounts of
CHx-loss from hydrogenated pyrene at energies well below the threshold en-
ergy for C-knockout (Paper II). Recent action spectroscopy measurements of
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native and hydrogenated pyrene at the ELISA storage ring [170, 171] also
show that dissociation energies are lower for the hydrogenated species (man-
uscript in preparation). All of this leads us to conclude that hydrogenation is
generally not likely to protect PAHs from backbone fragmentation in astro-
physical environments. However, additional studies are needed concerning the
effects of different PAH sizes, degrees of hydrogenation, and the dependence
on excitation agent.

4.4 Knockout Driven Reactivity

PAHs and fullerenes are stable molecular systems and in general relatively
unreactive. The same is true for the fragments of these molecules that result
from thermally driven (statistical) processes such as C2H2-loss (C2-loss from
fullerenes), which tend to favor the lowest energy, and thus the most stable
fragment structures. The same cannot be said about fragments produced by
knockout processes. When an atom is promptly removed from a molecule,
dangling bonds from the neighbors are left behind. These can close and form
relatively stable structures within a few tens of femtoseconds [84], but even
then highly reactive sites may remain in the molecular structure [84].

1
2

1
2

C54H18– C → C53H18 C53H18 + C2H → C55H19(1) C53H18 + C2H → C55H19(2)

Figure 4.9: Optimized (M06L/6-31G(d) level of theory) structures of defective
circumcoronene (C53H18) and the same molecule after having reacted with a C2H
radical at two different sites. The bonded C2H protrudes at an angle out of the
molecular plane, locally distorting the larger molecule.

DFT structure calculations of the reactivity of intact circumcoronene (C54H18)
and a fragment missing a single C atom (C53H18) show that the binding ener-
gies of various radicals are significantly higher for the latter (Paper VIII). A
few structures from these calculations are shown in Figure 4.9. The removal
of a C atom from the inner ring of circumcoronene results in a void that will
remain open even when the structure is relaxed after knockout. The C2H radi-
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cal is one of the identified molecular species in the interstellar medium [5] and
it is able to bind to an intact circumcoronene molecule with a binding energy
of about 2 eV. If C2H instead forms bonds with a C53H18 radical the binding
energy is increased to about 10 eV. However, this increased reactivity is only
sustained if the PAH fragment remains intact long enough to find a reaction
partner, which depends on the size of the system, the excitation energy, and
how rapidly it can cool by photon emission. Protective environments, such as
a surrounding cluster, can also increase the survivability of reactive fragments.

4.4.1 Reactions in PAH Clusters

When molecules in a cluster are fragmented by impacting ions, the newly
formed radicals may form covalent bonds with neighboring molecules. We
observed such growth processes in experiments (with the setup described in
Section 2.1 and shown in Figures 2.1 and 2.2) where keV ions collided with
neutral clusters of pyrene ([C16H10]k) (Paper V). There a wide range of new
molecules consisting of between 17 and at least up to 37 C atom were detected
when using 12 keV Ar+ projectiles (top left panel of Figure 4.10). These new
features in the mass spectrum decreased in intensity with faster and lighter
projectile ions, and were almost entirely absent with 11 keV He+ projectiles
(lower left panel of Figure 4.10). By using different projectile ions we ob-
served that the intensities of the newly formed molecules scaled with the nu-
clear stopping, and not with electronic stopping, even though the latter still
dominated the total energy transfer in most cases (Paper V).

Classical MD simulations of the same collisions produced results in excel-
lent agreement with the experimental findings (right panels of Figure 4.10) (Pa-
per V). These simulations were performed with the AIREBO and ZBL poten-
tials and thus did not include any description of electronic stopping processes.
Instead this energy was included by giving the clusters a temperature of 2000 K
at the beginning of the simulation. Despite this they reproduced the features
of the experimental mass spectra as shown in Figure 4.10 and were impor-
tant for our understanding of the reaction mechanisms (Paper V). When the
projectile atom/ion impacts the cluster, radical fragments are formed and any
atoms knocked out in the initial collisions can themselves also become sec-
ondary projectiles that induce further fragmentation. These radical fragments
can easily form bonds with neighboring molecules in the clusters. This mol-
ecular growth takes places within only about 100 fs after the initial collision,
and before the weakly bound cluster (∼ 0.5 eV per molecule) dissociates on
timescales of picoseconds or longer (Paper V). The dependence on nuclear
stopping in the first fragmentation step is the reason why very little growth is
seen with the He projectiles (Figure 4.10).

62



101

102

103

104

105 Ar2+

12 keV 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 17 18 19 20 21

C16+mHx
+, m

Experiments

10−6
10−5
10−4
10−3
10−2
10−1

Ar
12 keV

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 2021

C16+mHx, m

Simulations

150 200 250 300 350 400 450
Mass-per-charge (amu/e)

101

102

103

104

105 He+

11 keV

C16H10
+

[C16H10]2
+

150 200 250 300 350 400 450
Mass (amu)

10−6
10−5
10−4
10−3
10−2
10−1

He
11 keV

In
te

n
si

ty
(a

rb
.

u
n

it
s)

N
or

m
al

iz
ed

In
te

n
si

ty

Figure 4.10: Mass spectra from collisions between keV ions/atoms and clusters
of pyrene ([C16H10]k). The left panels are from experiments with 12 keV Ar+

and 11 keV He+ ions and the right panels are from classical MD simulations of
the same collisions. Growth products with 17–37 C atoms are observed in the
mass spectra with Ar, but are mostly absent with He. The [C16H10]+2 peak in the
experimental spectra is mainly from loosely bound dimers of intact molecules,
which are excluded in the simulated spectra. Figure adapted from Paper V.

In addition to classical MD simulations, SCC-DFTB MD simulations were
used to better describe interactions between pyrene fragments and neighboring
molecules after the collisions. Together with the classical simulations these
show that most of the growth in the clusters takes place between a single frag-
ment and a single intact molecule, not between two fragments (Figure 4.11).
This is mainly the result of there being more intact molecules than fragments
in a cluster after a collision where the damage is primarily localized to a few
molecules along the path of the projectile (Paper V).

The cluster environment is crucial for these types of growth processes (Pa-
per V). Besides supplying the radical fragments with reaction partners, the
clusters also protect the newly formed molecules, of which many are heavier
than the pyrene monomer. Even though the reactions observed in the pyrene
clusters are driven by nuclear scattering processes, electronic stopping is still
the main form of energy transfer at these collision energies (tens of keV). With
PAH monomer targets we saw no direct evidence of knockout at these energies
since the strong heating meant that the fragments quickly fragmented further
(Figures 4.2 and 4.3). When a cluster is heated, all of the excitation energy
is redistributed throughout the cluster and the internal energy of any individ-
ual molecule within will be relatively low [79, 80]. This leaves the molecules
within the cluster relatively cool when the weakly bound cluster dissociates
into isolated molecules and this is why the simulated mass spectra look so
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t = 0 fs ~10 fs ~100 fs ~1 ps

Xq+

[C16H10]9

Figure 4.11: Reactions observed in SCC-DFTB MD simulations of pyrene frag-
ments interacting with intact neighbors within a cluster. Based on a figure from
Paper V.

much like the experimental results, even given the very different timescales
(picoseconds for the MD simulations and microseconds for the experiments).

The protective effect that clusters have on the molecules within them is
seen in Figure 4.12 from mass spectra obtained with different initial cluster size
distributions. With the largest clusters (oven temperature of 104 ◦C, red curve)
we see growth products up to the mass of the molecular trimer (606 amu) and
relatively few fragmented molecules (masses below 202 amu). The growth
products decrease in quantity as the cluster sizes (oven temperatures) are de-
creased and at the same time the number of small fragments increases. Re-
action products formed in the smaller clusters are more likely to have a high
internal energy and fragment before being detected than those formed in the
larger clusters.

4.4.2 Reactions Between Fullerenes

Similar to the bond-forming reactions detected in pyrene clusters, molecu-
lar growth has also been observed in fullerene clusters (Papers XI and XII).
The reactions in pyrene clusters resulted in a wide range of molecular sizes,
spanning from 17 to at least 37 C atoms in the case of pyrene clusters. The
main reaction product that we observed in C60 clusters was the formation of
dumbbell-shaped C+

118, C+
119, and possibly also C+

120 in a much narrower distri-
bution (Papers XI and XII).
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Figure 4.12: Mass spectra from collisions between 24 keV N3+ and pyrene clus-
ters with different initial cluster size distributions. These distributions are shifted
towards larger and smaller sized by changing the temperature of the oven in the
cluster source. Higher temperatures give on average larger cluster sizes. Tails can
be seen to the right of the monomer, dimer, and trimer peaks that result from the
ongoing dissociation of larger clusters during the extraction of ions in the mass
spectrometer.

C119 and C118 are formed when one or two atoms are knocked out from a
C60 molecule within the cluster by the projectile ion. Again, this process leads
to highly reactive fragments, in the form of C59 and C58 (this C58 is much more
reactive than C58 formed by the thermally driven fragmentation of C60 [84]),
which form bonds with intact neighboring molecules (see Figure 4.13). This
reduces the kinetic barrier for formation of dumbbell fullerenes from the 60 eV
required to fuse two intact C60 molecules down to less than 1 eV (Paper XII
and Ref. [84]). As with reactions in PAH clusters, the protective cluster envi-
ronment is crucial for the survival of these newly formed species (Papers XI
and XII).

In these experiments we also detect ions with a mass equivalent to 120 C
atoms with a higher intensity than is expected if only loosely bound C60 dimers
([C60]+2 ) contributed. Such loosely bound dimers are the result of distant col-
lisions that ionized the clusters while only gently heating them, or by larger
clusters that have not dissociated entirely into isolated molecules. A likely ex-
planation for the strong C+

120 peak in the mass spectrum is that when an ion
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Figure 4.13: Two frames from classical MD simulations of C119 forming in a
cluster of 13 C60 molecules after a single C atom is knocked out from the center
molecule (Paper XII). The red C atoms in the right panel indicate those atoms
with unpaired bonds after one atom is removed.

collides with the C60 cluster it displaces an atom without entirely knocking it
out. That is, a C atom is knocked out of its original position but is recaptured
by (but somewhere else in) the same fullerene molecule, forming an excited
structure. This would result in a reactive site similar to that for C59, which
would vastly reduce the reaction barrier between two C60 molecules compared
to when both molecules are in their ground state structures.

4.4.3 Mixed PAH and Fullerene Clusters

As we have seen, bond-forming reactions have been detected when ions collide
with pure PAH clusters and pure fullerene clusters, but we have also observed
reactions in mixed clusters containing both PAH and fullerene molecules (Pa-
per VII). In experiments where ions collided with mixed clusters of coronene
and C60 we saw that the fullerene molecules had a stabilizing effect on the
coronene clusters (Paper VII). By adding a single C60 molecule to a cluster
otherwise only consisting of coronene molecules, we saw that these clusters
were more likely to remain intact than pure coronene clusters in the same ex-
periments (Paper VII). This was likely due to the large heat capacities (many
internal degrees-of-freedom) of the fullerene molecules.

In these experiments we once again detected the formation of covalently
bound, dumbbell-shaped C+

118 and C+
119 (and possibly C+

120) when using He
projectile ions (Paper VII). However, we did not detect any evidence of bond-
forming reactions involving coronene, neither between two coronene mole-
cules nor between a coronene and a C60 molecule. Classical MD simulations
(with the Tersoff potential) of reactions between C60, coronene, and fragments
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of these molecules missing a single C atom showed that the C59 + C60 reactions
had a much higher yield than any of the other reactions pairs. This is due to
the stability of the coronene molecules and the fragments resulting from single
C knockout (Paper VII). A hypothetical reaction product between a coronene
fragment (C23H12) and an intact C60 molecule that was observed in the MD
simulations (and not in the experiments) is shown in Figure 4.14 (Paper VII).
It is possible that an increased reactivity would be observed with heavier and
slower projectile ions, such as Ar ions, as was seen with pyrene clusters (Pa-
per V). Further experimental work is needed to investigate whether or not this
is the case.

Figure 4.14: A reaction product between C23H12 (coronene missing one carbon
atom) and C60 observed in classical MD simulations of bond-forming reaction
in mixed coronene and C60 clusters. This type of mixed growth product was not
observed in the experiments presented in Paper VII.
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5. Summary and Outlook

Brief Summary

As discussed in this thesis, non-statistical fragmentation of molecules, in the
form of nuclear scattering driven knockout, can produce fragments that are
unique to collisions with ions. These fragments are often highly reactive and
will form new covalent bonds with other molecules if they are cool enough to
not fragment further in thermally driven (statistical) fragmentation processes.
Cluster environments play an important role in this case as they both provide
the molecular growth with “fuel” for reactions and protect the newly formed
structures. PAH (Polycyclic Aromatic Hydrocarbon) and fullerene molecules
are excellent test cases for studying the competition between these different
mechanisms. Furthermore, these results may be important for understanding
the formation and evolution of large molecules in astrophysical environments
with high particle fluxes, such as in supernova shock waves [159, 160].

Experimental Developments

The knockout process is not unique to PAHs and fullerenes, but will occur
whenever energetic atoms or ions collide with matter. An important case is the
interactions between energetic particles and molecules in biological systems.
However, many biomolecules are fragile and have rich networks of low-energy
statistical fragmentation pathways [172], meaning that it would be difficult to
differentiate statistical from non-statistical fragmentation in gas phase exper-
iments. Instead it might be possible to identify non-statistical fragmentation
of fragile molecules in protective cluster environments such as water droplets
[173] or droplets of superfluid helium [174, 175]. In both cases the cluster
environments would protect and cool the fragments formed in a collision and
help mimic the role of the solvated environments in biological systems.

All of the experiments covered in this thesis follow fragmentation processes
up to microsecond timescales. Compared to the femtosecond and picosecond
timescales of the knockout and some fast statistical fragmentation processes
this may seem sufficient. We do however often observe ongoing thermally
driven dissociation of clusters and molecules on the timescales of the experi-
ments. Examples of this are the tails from ongoing fragmentation during ex-
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traction on microsecond timescales seen in Figure 4.12. Such fragmentation
has a non-zero probability of occurring as long as the internal energy of a sys-
tems is higher than the lowest dissociation energy. Competing with the frag-
mentation of excited PAHs and fullerenes on longer timescales is the emission
of photons, which often takes place on millisecond timescales or longer for the
decay of vibrational levels [5]. Such long timescales are inaccessible in single
pass experiments such as those used here and require the use of ion storage
devices. In Stockholm, the now operational DESIREE cryogenic storage rings
allow us to store and study ion beams of complex molecules over timescales
potentially up to several hours [115, 116, 176–178]. Furthermore, a second
generation of the compact electrostatic ion beam trap, ConeTrap [179], is in
development and will be available for studying lifetimes of intact molecules
and fragments [180].

Theoretical Developments

The simulations presented here can be placed in one of two categories: mod-
els for calculating nuclear and electronic stopping energies of atoms traversing
static molecular targets, or molecular dynamics simulation of nuclear scatter-
ing and of bond-forming reactions. Both of these types of models have been
important for our understanding of the experimental results, but also come with
limitations. The first class of models lack any form of dynamics and the lat-
ter entirely exclude electronic excitations and charge distributions (in classical
MD simulations). A natural progression will be to develop models that include
such properties in a dynamic simulation, which at the same time can be done
in a reasonable amount of computational time. Two promising approaches
for doing this are the “electron force field” (eFF) method by Su and Goddard
[181] and the non-adiabatic quantum molecular dynamics (NA-QMD) model
by Saalman and Schmidt [136], which would allow us to further improve our
understanding of impulse driven fragmentation processes in complex molecu-
lar systems.
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A. Code Snippets

A.1 LAMMPS

The LAMMPS package [146, 147] comes with the Tersoff [138, 139], REBO
[140–142], AIREBO [143], and ZBL [112] potentials (among many others)
included. However, the stock ZBL potential in LAMMPS was not designed
to allow interactions with a limited subset of atom types in a simulation. This
becomes a problem when setting up simulations of, for instance, collisions be-
tween He and a PAH molecule where only the He-C and He-H interactions are
modeled with the ZBL potential. In this case the default behavior of LAMMPS
is—rather surprisingly—to completely ignore any interactions between these
atom types. The root to this problem is in the way LAMMPS internally sets the
parameters at the beginning of a simulation. LAMMPS will assign the parame-
ter Z for each atom type once, and only for homonuclear pairwise interactions,
e.g. it will assign a non-zero Z-value for C iff C–C interactions with the ZBL
potential are explicitly defined. In the simulations presented in Papers III, IV,
and V the C–C interactions (as well as C–H and H–H interactions) are mod-
eled using another potential (Tersoff, REBO, or AIREBO), so the Z-value for
C is set to zero and thus also the contribution from the ZBL potential.

This problem has been fixed in the code below by forcing LAMMPS to
read the parameter Z also from heteronuclear interactions. This C++ code is
the complete modified PairZBL::coeff function in the pair_zbl.cpp file. No
other changes were made to that file.

void PairZBL ::coeff(int narg , char **arg)
{

if (narg != 3)
error ->all(FLERR ,"Incorrect args for pair

coefficients");
if (! allocated) allocate ();

int ilo ,ihi;
force ->bounds(arg[0],atom ->ntypes ,ilo ,ihi);

int jlo ,jhi;
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force ->bounds(arg[1],atom ->ntypes ,jlo ,jhi);

double z_one = force ->numeric(FLERR ,arg [2]);

// set flag for each i-j pair

int count = 0;
for (int i = ilo; i <= ihi; i++) {

for (int j = MAX(jlo ,i); j <= jhi; j++) {
z[i] = z_one;

setflag[i][j] = 1;
count ++;

}
}

if (count == 0) error ->all(FLERR ,"Incorrect args
for pair coefficients");

}

A.2 DL_POLY

A.2.1 ZBL Potential

The DL_POLY [148] package comes with a more limited number of force
fields than LAMMPS does out of the box. For the simulations presented in
Paper VI, the ZBL potential [112] was implemented as a pair-potential in
DL_POLY. Internally DL_POLY uses two variables to define a force field,
named ω (omega) and γ (gamma). These variables are defined in the follow-
ing as

ω =U(r) (A.1)

γ =
1
r
× ∂U(r)

∂ r
(A.2)

where U(r) is the expression for the potential energy for two atoms separated
by a distance r. The specific FORTRAN 90 code for defining the ZBL potential
in DL_POLY is shown below. This code is part of the bonds_module.f file. A
number of other small changes were made to this file, such as defining the new
variables used. All of these modifications should be clear when reading the file
as a whole.
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! zbl potential
au = (0.8853*0.529) /( prmbnd(kk ,1) **0.23+

prmbnd(kk ,2) **0.23)
xab = rab/au

a1 = 0.1818
a2 = 0.599
a3 = 0.2802
a4 = 0.02813
b1 = -3.2
b2 = -0.9423
b3 = -0.4029
b4 = -0.2016

zbl = a1*exp(b1*xab)+a2*exp(b2*xab)+
x a3*exp(b3*xab)+a4*exp(b4*xab)

omega=prmbnd(kk ,1)*prmbnd(kk ,2)*rrab*
r4pie0/epsq*zbl

gamma=(-omega*rrab+prmbnd(kk ,1)*prmbnd(
kk ,2)*rrab*r4pie0/epsq*

x (a1*b1*exp(b1*xab)+a2*b2*exp(b2*xab)+
x a3*b3*exp(b3*xab)+a4*b4*exp(b4*xab))/

au)*rrab

A.2.2 Screened Lindhard Potential

In Paper VIII the screened Lindhard potential [135] was defined as an alterna-
tive to the ZBL potential for describing Rutherford-type scattering. The behav-
ior of the screened Lindhard potential is very similar to the ZBL potential and
it was never used in any the present publications involving MD simulations.
Nonetheless I have defined this potential for use in the DL_POLY package
with the following FORTRAN 90 code added to the bonds_module.f file.

! screened Lindhard potential
a = 0.8853 * 0.529 * (( prmbnd(kk ,1)

**(2.0/3.0)+
x prmbnd(kk ,2) **(2.0/3.0))**(1.5))

**( -1.0/3.0)
au = (0.831/2.0) *(a*rrab)
omega=prmbnd(kk ,1)*prmbnd(kk ,2)*rrab*

r4pie0/epsq*au
gamma=-2*omega*rrab*rrab
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Sammanfattning

När en molekyl absorberar fotoner eller kolliderar med elektroner, joner el-
ler atomer påbörjas en process där molekylen försöker göra sig av med den
överskottsenergi som tas upp. Detta sker genom att molekylen avger fotoner,
elektroner eller, om energin är tillräckligt hög, sönderfaller i mindre bestånds-
delar. Sådana processer är ofta termiska då de sker efter att excitationsenergin
har spridit ut sig jämnt över de olika frihetsgraderna i molekylen. När energin
har fördelats är det generellt de sönderfallsprocesser som har lägst aktiverings-
energi som dominerar.

Utöver termiska sönderfallsprocesser kan kollisioner med joner eller ato-
mer också leda till att molekyler snabbt fragmenterar innan den överförda ener-
gin har fördelats jämnt. Detta orsakas av att enskilda atomer i en molekyl
snabbt slås ut ur systemet av den inkommande projektilen i nukleära sprid-
ningsprocesser. När en sådan process sker på några femtosekunder anses den
vara ickestatistisk såtillvida att sönderfallsmekanismer med hög aktiveringse-
nergi och som inte aktiveras av termiska processer blir vanliga.

I den här avhandlingen presenteras studier av kollisioner mellan atomer
eller joner och isolerade PAH-molekyler (polycykliska aromatiska kolväten),
isolerade fullerenmolekyler och kluster bestående av sådana molekyler. Dessa
molekylers höga stabilitet gör att de lämpar sig bra för studier av ickestatistiska
sönderfallsprocesser och de reaktioner som dessa kan leda till. Detta visas med
hjälp av såväl experimentella som teoretiska studier av jon-molekylkollisioner
vid olika energier. Tolkningen av de experimentella resultaten sker med hjälp
av molekyldynamik-simuleringar och kvantkemiska beräkningar av de olika
processerna. Denna avhandling utgör en omfattande studie av kollisionspro-
cesser, de unika reaktioner som drivs av kollisioner och tävlandet mellan ter-
miskt och ickestatistiskt sönderfall.

Kollisioner mellan atomer/joner och molekyler visas leda till att reaktiva
fragment skapas som inte normalt bildas i termiska processer. När detta sker
i molekylära kluster kan fragmenten snabbt och effektivt reagera med intak-
ta molekyler och bilda större molekylära system. Miljön i ett kluster är viktig
för de här reaktionerna då den skyddar de nybildade molekylerna när klust-
rets excitationsenergi snabbt omfördelas över dess molekyler. Genom sådana
processer kan PAH-molekyler och fullerener bildas och växa i astrofysikaliska
miljöer där de är vanligt förekommande.
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