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Abstract

Fullerenes and PAHs (polycyclic aromatic hydrocarbons) are two families of carbon based molecules. These are both
present in the interstellar medium, and are there believed to play important roles in various processes, including the
formation of stars in the case of PAHs. This thesis presents studies on the structures and dynamics of fullerenes and PAHs
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processes. These are modelled by means of classical molecular dynamics simulations.

The first study investigates knockout processes where a Cgy molecule is collided with helium atoms at 166 eV in the
centre-of-mass-frame, similar to the velocities in interstellar shocks. Using a combination of experimental measurements
and molecular dynamics simulations we find that highly reactive Cso fragments can be created sufficiently cold to stabilise
and survive indefinitely inisolation.
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molecules. We find that the two molecular species do not mix very well, but that they like to be in compact formations.
For larger pure coronene clusters, we find that the most stable clusters contain two interacting stacks, forming a shape that
looks similar to a “handshake”. These results are consistent with earlier modelling studies. Here, we show that such stacks
also show up as subclusters in large mixed clusters.

Finally, we use the most stable clusters from the second study as targets in collisions with 3 keV argon atoms. We find
that the simulated mass spectra strongly resemble the corresponding experimental ones. These show that many various
forms of new molecular structures, both fragments and large new molecules, are being formed, as a result of the collisions.
Here, the simulations give information on the reaction pathways and on the structures of these new species. There are also
examples of hydrogenated, but otherwise intact, fullerene and coronene molecules being formed.

The mechanisms we have studied mimic inter- and circumstellar conditions where shockwaves and stellar winds drive
particles (atoms and ions) at velocities similar to those studied here. The reactions covered in this work are thus likely to
take place in such environments when carbon-based molecules and grains are energetically processed.
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Abstract

Fullerenes and PAHs (polycyclic aromatic hydrocarbons) are two families of
carbon based molecules. These are both present in the interstellar medium,
and are there believed to play important roles in various processes, including
the formation of stars in the case of PAHs. This thesis presents studies on
the structures and dynamics of fullerenes and PAHs and their weakly bound
clusters, that all have relevance in an astrophysical context. Here, the focus
is on knockout driven reactions in which a single atom is knocked out of
a molecule or a molecular cluster as a result of Rutherford-like scattering
processes. These are modelled by means of classical molecular dynamics
simulations.

The first study investigates knockout processes where a Cgp molecule
is collided with helium atoms at 166 €V in the centre-of-mass-frame (90
km/s), similar to the velocities in interstellar shocks. Using a combination
of experimental measurements and molecular dynamics simulations we find
that highly reactive Csg fragments can be created sufficiently cold to stabilise
and survive indefinitely in isolation.

Following the first study, we model the structures and stabilities of mixed
clusters of Cgp and CgqHys (coronene) molecules. We find that the two
molecular species do not mix very well, but that they like to be in compact
formations. For larger pure coronene clusters, we find that the most stable
clusters contain two interacting stacks, forming a shape that looks similar to
a “handshake”. These results are consistent with earlier modelling studies.
Here, we show that such stacks also show up as subclusters in large mixed
clusters.

Finally, we use the most stable clusters from the second study as targets
in collisions with 3 keV argon atoms. We find that the simulated mass
spectra strongly resemble the corresponding experimental ones. These show
that many various forms of new molecular structures, both fragments and
large new molecules, are being formed, as a result of the collisions. Here, the



simulations give information on the reaction pathways and on the structures
of these new species. There are also examples of hydrogenated, but otherwise
intact, fullerene and coronene molecules being formed.

The mechanisms we have studied mimic inter- and circumstellar condi-
tions where shockwaves and stellar winds drive particles (atoms and ions)
at velocities similar to those studied here. The reactions covered in this
work are thus likely to take place in such environments when carbon-based
molecules and grains are energetically processed.



Sammanfattning

Fullerener och PAH-foéreningar (polycykliska aromatiska kolviten) &r tva
familjer med kolbaserade molekyler. De har bada upptéickts i interstelldra
miljGer, och tros spela viktiga roller i diverse processer, bland annat antas
PAH-molekyler spela nyckelroller d& stjarnor bildas. Den hér avhandlin-
gen presenterar studier av enskilda fullerener och PAH-molekyler och deras
kluster, som alla &r relevanta i en astrofysikalisk kontext. Héar ligger fokus
pé kollisionsprocesser i vilka en ensam atom slas ut fran en molekyl eller ett
molekyldrt kluster som f6ljd av Rutherford-liknande spridningsprocesser. I
dessa studier anvéinds klassiska molekyldynamiksimuleringar.

Den forsta studien underscker processer dér en Cgp-jon kolliderar med
heliumatomer vid typiska hastigheter hos partiklar i interstelldra chockva-
gor. Genom att anvdnda en kombination av experimentella métningar och
molekyldynamiksimuleringar ser vi att hogreaktiva Csg-fragment kan ska-
pas tillrackligt kalla for att stabiliseras och Gverleva i all evighet i isolerat
tillstand.

Som uppfdljning till den foérsta studien modellerar vi blandade kluster av
av fulleren- (Cgp) och PAH- (C34H;2) molekyler. Viser att de tva molekyléra
sorterna inte blandas sérskilt vdl, men att de féredrar att vara i kompakta
formationer. For storre, rena PAH-kluster ser vi att de som &r mest sta-
bila bestar av tva molekyldra staplar som formar vad som paminner om
ett “handslag”. Detta resultat stdmmer vil 6verens med tidigare model-
leringsstudier. Har visar vi att sddana staplar ocksa forekommer i storre
blandade kluster.

Slutligen anvéinder vi de mest stabila klustren fran den andra studien
som maltavlor i kollisioner med 3 keV argonatomer. Vi far masspektra
fran simuleringarna som Overensstdmmer vil med experimentella resultat.
Dessa visar att manga olika sorters nya molekyldra strukturer skapas, bade
fragment och nya stérre molekyler, som f6ljd av kollisionerna. Hér ger simu-
leringarna information om reaktionsvigarna och om strukturerna hos dessa



nya molekyler. Det finns ocksd exempel pa hydrogenerade, men i Ovrigt
intakta, fulleren- och PAH-molekyler som skapas.

Mekanismerna vi har studerat efterliknar inter- och cirkumstelldra forhal-
landen dér chockvigor och stjirnvindar driver partiklar (atomer och joner)
i hastigheter liknande dem vi studerar hdr. Nér kolbaserade molekyler och
stoftpartiklar kolliderar med sddana partiklar dger dérfor de reaktioner som
studeras i det hér arbetet sannolikt rum i sddana miljoer.
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Chapter 1

Introduction and
Background

1.1 Fullerenes, PAHs and the Interstellar Medium

Carbon, the sixth chemical element in the period table, is — based on atomic
weight — the fourth most abundant element in the universe, following hy-
drogen, helium and oxygen. [1] All known life on earth, as we know it, is
carbon-based — about half of all biomass consists of carbon. This is due to
its great ability to form stable bonds with a variety of different elements.

Some chemical elements can exist in multiple pure forms, referred to
as allotropes, with the atoms bound together in different ways. The more
famous of the carbonic allotropes forms are perhaps diamond, graphite and
the single-layered graphene. If the carbon atoms form bonds to form a closed
cage, with twelve pentagons and zero, two or more hexagons, the resulting
molecule belongs to the allotrope called fullerene. The most famous fullerene
is the so called Buckminsterfullerene, Cgg — or buckyball, due to its football-
like shape (see figure 1.1) — named after the architect Buckminster Fuller
(the constructor of geodesic domes which resemble the molecule). Cgg, the
first fullerene ever identified, was discovered in the lab by Kroto et al. [2,3]
Some years later, as predicted by Kroto, the molecules were discovered to
be present in the interstellar medium — in space. [4, 5]

Hydrocarbons are organic compounds built up by carbon and hydrogen
atoms. One specific class of hydrocarbons is called polycyclic aromatic hy-
drocarbons (PAHs). Originally describing the fact that the molecules smell,
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the aromaticity now refers to the property of having cyclic rings of atoms,
with resonance structures having alternating single and double interatomic
bonds. Aromatic molecules are typically planar, consist of hexagons and
are stable. In practice, they are a piece of graphene with hydrogen atoms
around the edges. That the molecules are polycyclic means that they consist
of at least two such aromatic rings. Coronene is an example of a PAH with
the chemical formula Co4H;2 and contains seven aromatic rings (to the right
in figure 1.1). This class of molecules have long been known to exist in na-
ture and have been extensively studied in the laboratory. [6-10] They have
for instance been proposed as carriers of interstellar infrared emission bands
since the early 1980s, [11-17] but only recently were the first individual PAH
species actually discovered in the interstellar medium. [18,19]

In addition to the interstellar picture, in a more down-to-earth scenario,
both fullerenes and PAHs have turned out to be present and of great impact
in combustion processes, like flames and the formation of soot. [20-23] PAHs
are also widespread atmospheric air-pollutants, and make up a large part of
the dangerous substances in tobacco smoke. [24] A larger exposure to such
molecules might lead to e.g. lung cancer. [25-27|

In neither the case of fullerenes nor that of PAHs is it known whether
their presence in the interstellar medium is a result of top-down processes
(processes where the molecules are formed as a result of the disintegration
of larger molecules), bottom-up processes (when the molecules are built
up by smaller components), or both of these two. [28-35] Advancing the
understanding of such processes is the main motivation for the research
presented in this thesis.

1.2 Weakly Bound Clusters of Fullerenes and
PAHs

Molecular clusters of fullerenes and PAHs are model systems for cosmic dust
grains. [16,36-38] Dust grains in astrophysical environments are believed to
play a significant role in the formation of stars and planets, speeding up
the creation of Hs molecules, and are used in some models of star evolu-
tion. [39-41] Such a cluster is weekly bound by van der Waals or dispersion
forces where the intermolecular bonds are typically much weaker than the
intramolecular bonds. This means that if they are heated, the cluster will
start to emit intact molecules rather than molecular fragments. The first ex-
perimental studies on fullerene clusters ((Cgg)n) were carried out by Martin
et al in 1993 (see figure 1.2) [42]. They showed that there are certain what
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Figure 1.1: A fullerene, Cgo (left) and a coronene, Co4Hjo (right) molecule.

they called “magic numbers” for which clusters of the corresponding sizes
N are more stable and less likely to separate into individual molecules than
their neighbouring sizes N + 1 and N — 1. Observations of magic numbers
may then provide information about the packing type of the clusters. [43]
For icosahedral clusters of packed spheres, one would expect to find magic
numbers N = 13, 19 and 55 — which turned out to be exactly the numbers
found in the study, as well as in later studies on the subject. [44-46] This
stands in contrast to experimental studies on PAH clusters, for which no
corresponding magic numbers have hitherto been found — likely due to high
internal cluster excitation energies. [36,47,48]

Following these experimental findings, clusters of fullerene and PAH
molecules have been studied theoretically and modelled, in order to further
understand their formation processes, structures and stabilities. [43,49-52]
Among these many studies, (Cgo)n cluster formation was charted out in
1996 by Doye and Wales, for clusters of sizes up to N = 80 molecules. [53]
They found, for example, that a cluster containing N = 13 molecules, shown
in figure 1.3, is shaped like an icosahedron. This was a purely theoretical
study where the authors used a Girifalco potential to model the intermolec-
ular bonds. The Girifalco potential is specifically developed to be used with
Cgo molecules, and resembles a Lennard-Jones potential, but instead of ex-
plicitly treating the molecules as 60 discrete atoms, it approximates each
molecule as a rotationally isotropic rigid sphere. [54]

3
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Figure 1.2: Mass spectrum for pure fullerene clusters of size n from the
study by Martin et al, showing the magic numbers n = 13 and n = 55,
corresponding to particularly stable clusters. (Note that while that study
uses a lowercase n to denote cluster size, capital N is used for cluster size in
our papers as well as in this thesis, and n the number of coronene molecules
in the cluster). Reprinted figure with permission from T. P. Martin et al.,
Physical Review Letters, Vol 70, p. 3079-3082, 1993. Copyright 1993 by the
American Physical Society.
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In 2005, Rapacioli et al. theoretically investigated the cluster forma-
tion of pure clusters of PAHs — coronene molecules as well as other PAH
species, with cluster sizes ranging from N = 2 to N = 32 molecules [55], us-
ing a combination of density functional theory (DFT) methods and Monte
Carlo methods (basin-hopping and parallel tempering). They found that
the lowest-energy structures, meaning the most stable structures, of PAHs
are stacks — a single stack for clusters of up to N = 8 molecules. Clusters
of N = 9 molecules and above form multiple stacks, that tend to combine
into a so-called “handshake” structure, as shown in figure 1.4 for the case
N = 13 (the figure is a part of the study further explained in paper II).
The name refers to the two bent stacks meeting like two hands closing over
each other. Larger clusters generally contain multiple smaller units (several
small stacks and handshake structures), rather than two large stacks. [56]
While their methods, unlike ours, take atomic and molecular charges into
account, our results, as we shall see, agree very well with theirs.

1.3 Knockout Driven Reactions

1.3.1 Enmnergy Transfer: Nuclear and Electronic Stop-
ping

When colliding single ions with complex molecules and molecular clusters,
a fraction of the kinetic energy of the projectile is in general transferred
to the target. This is a type of process that may happen under controlled
forms in the lab or in simulations, or naturally in, for example, the inter-
stellar medium. [57,58] The transfer process itself can be the result of either
electronic or nuclear stopping. [49,59]

Electronic stopping involves, as the name suggests, excitation of the
electron cloud of the molecular or cluster target. [60,61] This is an inelastic
process similar to friction, and it is the dominating source of energy ab-
sorption in the case of high-velocity collisions (velocities higher than a few
hundred km/s). The electronic stopping power of a molecule can be defined
as [62,63]

§ =95 =) (1.1
where F is the projectile energy, R the distance from the target centre, ~y
the friction coefficient (also called density parameter) and v the projectile
velocity. The friction coefficient — which, in a similar way as for a classical
frictional force, governs the proportionality between velocity and stopping
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_Ceo

Figure 1.3: A (Cgg)n cluster of size N = 13 and a zoom-in of a single Cgg
molecule.

Figure 1.4: A pure coronene cluster of size N = 13, neatly forming the two-
stack handshake structure, seen from two different angles.
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power — depends on the free electron radius ry = (%wno)_% (the electrons
are described as a free electron gas), which in turn depends on the valence
electron density ng. The latter is specific for the target type — for instance,
Puska and Nieminen modelled the valence electron density of a fullerene as
a spherically symmetric jellium shell. [64] One may also use the electron
density from quantum chemical calculations. [65]

Nuclear stopping, in turn, is when the projectile energy is transferred to
the target nuclei in Rutherford-like scattering processes. Its theory was first
developed based on work by Bohr. [66-69]| It is basically an elastic process
similar to hard spheres colliding with each other. This is the dominating
energy transfer mechanism in low-velocity collisions (velocities up to a few
hundred km/s) — that concerns all velocities relevant for the studies of this
thesis. [70]

In its general form, nuclear stopping can be described via a screened
Coulomb potential [70],

2
- r

V(r) f(z) (1.2)

where Z; o are the charges of the target and the projectile, r the distance
between the projectile and the target and f(z) a screening function. The
potential and screening function used in our studies is described in more
detail in the next chapter.

In an elastic collision between a particle of kinetic energy E, mass M,
and atomic number Z; collides with a second particle at rest (Ma, Z3), the
nuclear energy transfer to the second particle is then

Thue = mamSiHQ(g)- (1.3)

where ¢ is the scattering angle in the centre-of-mass system and 7T,,, the
maximum energy transfer,

4 M7 Mo
Thaz=———--FE. 1.4
(My + My)? (14)
The maximal energy transfer corresponds to a head-on collision between the
projectile and the target.
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1.3.2 Fragmentation Processes and Knockout Driven
Reactions

After the energy transfer, an energetically excited molecule can further cool
down and react in different ways, for example through statistical fragmenta-
tion (dominant on timescales up to milliseconds), non-statistical fragmenta-
tion (happens on femtosecond timescales) or photon emission (milliseconds
and longer). Statistical fragmentation of molecules is a process where the
excess energy activates dissociation channels after all the transferred energy
has been spread out over the different molecular degrees of freedom. This
is a process that happens on a timescale of picoseconds and longer. An-
other result of projectile energy absorption is the knockout of single atoms
— a result of nuclear stopping that is unique to atom or ion collisions with
molecules and cannot be the result of bombardment with electron or photon
projectiles. This is a non-statistical fragmentation process since the energy is
localised to the knocked out atom, rather than spread out over the molecule
before the atom is released. There is a lower energy limit needed for the
molecule to be able to release a single atom — the so called threshold dis-
placement energy. This energy depends on the atom type and its bonds to
its neighbouring atoms. Knockout molecular fragments are typically much
more reactive than those produced in statistical fragmentation processes —
this enables effective molecular growth in clusters that are hit by atomic or
ionic projectiles. [49,71]

The first findings of CZy ions as a result of a knockout process were
performed in 1999 by Larsen et al — a study in which 50 keV Cgg ions were
collided with stationary gas targets of various gas types. [72] Many collision
studies with Cgg acting as a target have followed, with various ionic species
used as projectiles. Collision simulations and experiments have also been
performed with clusters as targets, both with pure Cgg clusters, pure PAH
clusters and with mixed clusters of Cgy coronene molecules. [73,74] These
knockout experiments have given results in form of mass spectra of charged
collision fragments. However, they do not give any insight into the detailed
dynamics of the actual collision, or the survival of reaction products on
short or long term timescales, only on the microsecond timescales relevant in
the actual experiment. Here, theory and molecular dynamics simulations —
methods that are further elaborated on in the next chapter — come into play.
The molecular dynamics methods that we use in our simulations have been
benchmarked in recent studies [75] and as we shall see, the mass spectra
from our simulations agree very well with those from the corresponding
experiments.
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Altogether, all of these studies of cluster structures and cluster as well
as single molecule collisions have acted as a background, inspiration and
motivation for the thesis work. Our studies give further insights into the
stability and longevity of knockout fragments of both single Cgy molecules
and molecular clusters of fullerenes and PAHs, presented in the first and
third paper, respectively. To lay ground for the cluster knockout study, we
performed the study on mixed cluster structures, presented in the second

paper.
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Chapter 2

Methods and Modelling

Before focusing on the specific studies of this thesis, this chapter aims to
explain the general methods and models used to perform the simulations
further described in the latter chapters.

2.1 Molecular Dynamics

Molecular dynamics (MD) is a collective name for different methods of calcu-
lating and simulating the behaviour and movement of atoms and molecules.
In its purest form, MD uses Newton’s second law (F' = ma) to derive the tra-
jectories of the particles involved, by numerically integrating said equation
over time. [76]

Some MD methods, referred to as ab initio methods, or first principle
methods, start by using the Born-Oppenheimer appromination, thus sepa-
rating the motion of the electrons from those of the nuclei. One may then
solve the Schrédinger equation for the electrons to get an effective nuclear
potential energy, which is used to calculate the nuclear forces at that spe-
cific time step. This force calculation is then repeated for each timestep, and
these forces are then used to derive the particle trajectories using Newton’s
equation of motion. In contrast to these ab initio methods, one can also use
so called force field methods. In these, the potential function may or may
not be derived from quantum mechanical first principles, but it is always an
approximated model in which the potential surface has been parametrised.
(A force field is the conventional name chemists and chemical physicists
generally use for what other physicists would just refer to as the potential
function). Classical molecular dynamics is a classical method based purely

11
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on the integration of Newton’s laws of motion. The software that we use in
our simulations, LAMMPS (see section 2.2), uses classical force field meth-
ods to calculate the particle trajectories.

Ideally, one would intuitively choose ab initio models to perform all MD
simulations since such methods start from an exact theory formulation. The
main reason to why force field modelling is necessary is because ab initio
computations quickly become too heavy for any computer to perform in
a reasonable time. Nevertheless, given a well-constructed potential, the
results from force field methods may very well be just as accurate as those
from an ab initio dito. Force field MD methods have been successfully
benchmarked and used in previous studies on fullerenes, PAHs and knockout
processes. [71,75,77]

2.2 LAMMPS

LAMMPS - Large-scale Atomic/Molecular Massively Parallel Simulator —
is an open-source classical molecular dynamics (MD) simulator, written in
C++. [78,79] It was used to perform all simulations in this thesis. LAMMPS
can be used entirely on its own but we used the LAMMPS Python interface
in form of an imported Python module. This is key as it enabled the use of
“regular” Python programming to prepare input and analyse output data,
for example.

In LAMMPS, molecular simulations take place in a box of chosen size,
whose edges can be set to be fixed, periodic or grow whenever a particle ap-
proaches its edges. Molecules are defined as a list of atomic ID:s, identifying
the species of each atom, with three-dimensional coordinates for each atom.
The bonds between the atoms are not defined per se, but the molecules
are held together through classical force fields that are defined with chosen
strengths and ranges. The systems are neutral, not modelling any electronic
degrees of freedom. This is not a problem for the systems we are studying
since both PAHs and fullerenes have a large number of electrons, making
the bond strength practically unaltered by the removal or addition of an
electron — previous similar studies have shown a good agreement between
theory and experiment. [80] For the projectile velocities in our studies, nu-
clear stopping will be the dominant stopping force, hence making electronic
stopping negligible. [49]



2.2. LAMMPS

2.2.1 REBO

The REBO (Reactive Empirical Bond Order) potential, ER®BO | first pro-
posed by Tersoff [81] and further developed into its present form by Bren-
ner [82], is a short-ranged potential describing atomic and intramolecular
interactions. Reactive means that the potential allows for bonds to break
and for new bonds to form. It consists of a combination of a repulsive and
an attractive term,

ERFBO = VR(ri) + by Vi (rij), (2.1)

working pairwise on atoms ¢ and j, distanced by ;. b;; is a bond order
between atoms ¢ and j. Written out, the bond order actually contains a
manybody-term, taking other neighbouring atoms into account. This al-
lows for the bonds to dynamically change depending on the interaction be-
tween the atoms and their neighbours. REBO is defined solely with carbon
and hydrogen atoms. It has been successfully used in previous studies of
fullerenes [49], and was therefore our natural choice of molecular potential
when studying single Cgg molecules.

2.2.2 AIREBO

To model clusters of Cgg and Co4H1o, we used an extension of the REBO po-
tential called AIREBO (Adaptive Intermolecular Reactive Empirical Bond
Order). Like REBO, it is defined to be used with carbon and hydrogen
atoms. [82,83] AIREBO is modelled as follows:

ZZ REBO EiLJ-i- Z Z E;;Fz?zRSION (2.2)

i jFAL k#i,5 1#1,5,k

summing over all pairwise interactions (i), as well as taking interactions
from the other atoms (k, 1) into account. Here, E™’ is a Lennard-Jones po-
tential term which takes long-range interactions into account and ETORSION
is (as the name suggests) a torsional term. While the REBO term, as stated
earlier, governs the atomic, intramolecular interactions, the LJ term mod-
els the intermolecular behaviour. It is the LJ term that is responsible for
holding the clusters together. While REBO was a sufficient choice for our
single-molecule collisions, we needed AIREBO and its LJ term for our cluster
studies. AIREBO has previously been shown to well describe pure clusters
of PAHs [71] and fullerenes [84] when bombarded with keV-atoms.
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2.2.3 ZBL

For the atomic projectiles interacting with molecules and clusters, however,
we needed a different kind of potential, both due to the different nature of the
bond between two atoms in a molecule and that between a molecule and an
external projectile, and because our chosen projectiles were neither carbonic
nor hydrogenic. We chose the so-called ZBL (Ziegler-Biersack-Littmark)
potential, which has been designed to describe high-energy atomic impact
on solid targets. [85,86] It is defined as:

1 Z,L'Zje2
471'60 Tij

ZBL __
EZPE =

P(riz/a) + S(riz), (2.3)

where a = 0.46850/(Z** 4+ Z-**) and ¢(x) is a sum of decreasing exponen-
tials,

¢(x) = 0.18175¢~ > 199507 4 0.50986¢ 94229
+ 0.28022¢0-40290% | () 02817¢0-201622 (2 4)
Here, € is the electrical permittivity of vacuum, Z; ; the nuclear charges of
the atoms, e the elementary charge and r;; the distance between the atoms

i and j. S(r) is a so called switching function, which decreases the potential
value between an inner (1) and an outer (r.) cutoff:

S(r)=C, r<r (2.5)
S(r):?(T—r1)3+§(7’—r1)4+0, < T < T, (2.6)
A= (=3EZBL(r)) + (re —r)EZBL (1)) [ (re —11)? (2.7)

B = (2BZBY(r,) — (ro — 1) EZPY (1)) /(1o — 11 )? (2.8)

C _ —EZBL(T'C) 4 %(TC o Tl)EZBL,(TC) 1 (TC o 7"1)2EZBLN(7’C) (29)

12
where S'(r1) = S"(r1) = 0, S(r.) = —E?BL(r,), S'(r.) = —E#BL'(r,)
and S”(r.) = —E#BL"(r.). Here, the single and double primes mean first

and second derivatives with respect to r. For small values of r;;, the ZBL
potential is simply an ordinary Coulomb potential. The so called screen-
ing function, ¢(x), is an experimentally fitted function that determines the
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behaviour of the potential at large distances. It simulates the screening ef-
fect of the electron cloud, which cuts off interactions between the atoms at
larger interatomic distances. The total effect of this potential is the nuclear
contribution to the stopping of the ionic projectiles when hitting its target
atom or molecule, as well as the electronic screening. The latter is a purely
static effect, dependent on the distance between the particles. In theory,
there is also an electronic contribution to the stopping, as mentioned in the
introduction. However, given the speed of the projectiles we are studying,
the electronic contribution is negligible.

2.3 Setup

In all projectile-target simulations performed, it was necessary to ensure
that the projectile hits from all possible directions, since the targets are not
spherically symmetric. This could in principle be done by keeping the target
positions fixed while completely randomising the projectile position. How-
ever, we found it simpler to equivalently limiting the projectile velocity to
the z direction, and its initial position fixed and randomised in the zy-plane.
When the target was a single Cgp molecule, the target had a fixed centre of
mass position and its initial coordinates were rotated by randomised angles.
In the case of cluster targets, each molecule was randomly rotated around
its own axis. Each molecule was randomly placed with its centre of mass at
a set of pre-chosen coordinates that are fixed relative to each other but ran-
domly rotated together as a cluster (more about the choice of coordinates
in chapter 4).

To exclude projectile-target simulations where the projectile passes the
target without transferring a non-negligible amount of energy — an exclusion
mainly performed for time-economic purposes — we calculated the shortest
projectile-target distance for which a negligible energy is transferred from
the projectile to the target. This was done by isolating a single target atom
of a specific kind, colliding it with the projectile of interest and manually
fine-tuning the projectile starting position. In the actual simulations, the
“unnecessary” simulations were then defined as those where the projectile-
target distance just after optimisation were larger than said limit. The
distance is easily calculated by projection of all atoms on the zy-plane (i.e.
the plane orthogonal to the direction of the projectile). All simulations with
distances larger than 3 A (the energy transfer limit 2.78 A, plus a small
margin) were interrupted.

15
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15 A

Figure 2.1: The simulation setup, with a helium atom acting as a projectile
on a stationary Cgg molecule.



2.4. COLLISION OUTPUT ANALYSIS

2.4 Collision Output Analysis

The output data after a collisions is a set of atoms. Like the input data, each
atom has an ID number and zyz-coordinates, as well as a velocity (vg, vy,
v,). Like the input file and all LAMMPS files, however, no interatomic bonds
are defined. It is therefore not clear how to interpret the collision output,
in terms of identifying the resulting atoms and molecules. We choose the
interatomic distance 2 A, long enough to cover both C-H (~1 A) and C-C
(~14 A) bonds but shorter than van der Waals (~3 A) bonds, as the upper
limit of what defines a molecular bond. A molecule is then defined as a set
of atoms, all which are at such a distance or shorter to at least one other
atom in the set.

For each collision, in the case of carbon atom knockout in single Cgg
collisions, the internal energy E; of the Cs9 product was calculated,

EI = EP,pre - EP,post - EC - EB - ET (210)

where Ep pre, Eppost are the projectile energies pre and post collision, F¢ is
the energy of the single knocked out carbon atom and Eg the binding energy.
E7r is the translational energy of the Cs9 product. The binding energy was
calculated as the potential energy difference of single isolated Cgp and Csg
molecules. The internal energy of the Csg fragments were calculated in a
similar fashion.
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Chapter 3

Survival of Fullerene
Knockout Fragments

The first study of this thesis, more thoroughly explained in paper I, in-
vestigates the occurrence of single atom knockout processes as a result of
colliding atoms with Cgg molecules. As we shall see, the presence of such
knockouts were significant. The experiments in combination with the simu-
lations showed that Csg anions are formed through knockout processes and
they can remain stable on timescales of seconds and longer. Anions that
have survived that long will no longer decay by emission of fragments but
may cool radiatively — therefore they will survive indefinitely in isolation.

3.1 DESIREE Experiments

The collision and storage experiments were performed at the national re-
search infrastructure DESIREE (Double ElectroStatic Ton Ring ExpEri-
ment) at Stockholm University. [87] DESIREE is a cryogenic (13 K) ion-
beam storage device, consisting of two large (8.7 m circumference) rings in
which charged atoms and molecules can be stored. In our study of Cggq
fragments, stationary helium ions were bombarded with 30 keV Cg, ions.
This stands in contrast to our MD simulations, in which we, for practical
reasons (it is easier to write the code for a stationary Cgg and a single-atom
projectile than the reverse situation), switched reference frames to that of
the molecule and chose to bombard a stationary Cgg molecules with a 167
eV He atom. Additionally, our simulations are, as previously mentioned, not
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Figure 3.1: The DESIREE storage rings (see text).
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taking any atomic or molecular charges into account, again in contrast to
the charged real-life DESIREE experiments. Since DESIREE is only able to
store charged particles, the collision output data will therefore only show the
fraction of fragments that are charged. The MD simulations, in contrast,
will show all neutral fragments, which is important to keep in mind when
comparing the results from experiments and simulations, as we will show
below.

The output that one can extract from such an experiment is measured
in mass per charge, and the many collisions lead to a mass-per-charge spec-
trum with a more or less broad distribution of masses. Theoretically, the
results are therefore not unambiguous, and in an experiment, one can never
completely rule out the possibility of impurities. Nevertheless, the likelihood
that helium atoms colliding with a Cgy molecules or an impurity of the same
mass yield something unexpected that shares the mass per charge of a Csg
atom is negligible.

After yielding a mass spectrum, the fragments — C59 anions — are selected
and stored in the storage rings for a longer period of time (up to 100 s),
allowing for any spontaneous fragmentation to happen. The remaining Csg
anions can then be counted, leading to an understanding of their survival
on longer timescales. Two different types of measurements are made — the
first one is spontaneous decay on short timescales up to milliseconds, where
neutral particles are detected as a function of ion beam storage time. On
longer timescales, no spontaneous decay is measured — there can however be
remaining ions in the ring, that have cooled down enough to no longer decay.
The remaining ions are therefore counted at different times by dumping them
onto a detector, this way collecting data that can be turned into a decay
curve for longer timescales. In total, it is observed that there are remaining
ions after timescales of more than one minute, that are cold enough to not
decay and that would remain intact indefinitely in isolation.

The more common Csg molecules that this experiment produces, how-
ever, can be produced either through a knockout process, or through sta-
tistical fragmentation (a dissociation process where a Cy molecule is spon-
taneously emitted by a warm Cgy molecule). The knockout can either be
an immediate knockout of a C; molecule or two separate C atoms, or a
two-step process, where a single carbon atoms is knocked out followed by
emission of a second carbon atom (it takes about 4.5 €V for the Csg anion
to lose a carbon atom). The dissociation process for statistical Co emis-
sion is far less frequent than knockouts, since the dissociation energy (about
10 eV) is much larger than the electron affinity of Cgo (2.68 €V), making
electron emission more likely than fragmentation. The large amount of Csg
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molecules produced in the experiment are therefore expected to mainly be
a result of knockout processes. C, dissociation, albeit unlikely, happens on
the microsecond timescales involved in the DESIREE experiments. Here,
our MD simulations are helpful. The simulations are performed on picosec-
ond timescale processes, which allow us to extract the portion of the Csg
production that is the result of a knockout, rather than of statistical frag-
mentation.

The long timescales on which the Csg fragments survive are illustrated in
paper I, figure 5, where the number of surviving ions are plotted against time.
This is the main result of this study — since a large fraction (15 %) of Csg
ions survive on second timescales, timescales on which the ions do no longer
decay, the general conclusion is that they survive indefinitely. But how
can we understand that such a large amount survives knockout processes?
Intuitively, head-on collisions with a single carbon knockout would lead to a
large energy transfer, which in turn would make the Csg cage either fragment
or emit an electron. Here, we are again helped by the MD simulations to
understand what actually happens in the knockout processes on ultrashort
timescales and to determine the internal energies of the knockout fragments.

3.2 MD Simulation Results

For the simulations corresponding to the DESIREE experiment, we used
a cubic box with a side of 40 A and shrink-wrapped, non-periodic edges.
Shrink-wrapping refers to the property that a boundary expands if an atom
approaches it, in order to keep all atoms contained within the box. As
described in the previous chapter, a 167 eV helium projectile, launched in
the z direction from a random zy-position on a 15 A square, hit a stationary,
randomly rotated Cgy molecule.

The resulting internal energy distribution for the different species Cg,
Cs9 and Csg are shown in paper I. As mentioned in the previous section,
the reason for the large Csg peak is the combination of immediate Cq/2C
knockout and single carbon knockout followed by emission of a second carbon
atom. The corresponding MD peak only includes the former (knockout)
processes. The energies are shown in the laboratory reference frame.

The internal energies of the respective molecular fragments are shown in
paper I, figure 4. The higher amount of energy transferred to the fullerene
“cage”, the less likely is it to survive on long timescales. We see that Csg
fragments in general are hotter, and therefore more likely to spontaneously
decay further than Csg fragments. Such decay products are no longer pos-
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sible to store in the ion rings.

The internal energy distribution also plays a crucial role when it comes
to understanding the survival probability of the Cs9 anions. As mentioned
earlier, 15 % of these anions produced in the experiments were shown to
survive after a timescale of one minute. Although this is a large portion,
it is significantly lower than the corresponding amount (80 %) of coronene
fragments surviving a single carbon knockout. [77] A statistical analysis,
however, explains this nicely. Using the Arrhenius rate equation, we cal-
culated the maximal internal energy that a Cgy can have to survive on the
experimental timescales (for more details, see paper I). The MD internal
energy analysis shows that only 20 % of the C;y fragments have internal
energies below this threshold of 15 eV, which is consistent with the experi-
mental results..

3.3 Discussion

An earlier knockout study, mentioned in the previous section and performed
in DESIREE, investigated the knockout fragments of the PAH molecule
coronene (CaqHyz). [77] These were also shown to survive indefinitely in the
gas phase. There, it was discussed how interstellar shock waves affect PAH
molecules — work previously done by Micelotta et al. [88] They showed that
helium and hydrogen atoms collide with PAHs in shock waves of < 75 km/s
— such reactions correspond to the velocities of the projectiles used in the
DESIREE study.

Coronene molecules are in general smaller than the typical PAHs found
in space — however, secondary fragmentation will reduce with molecular size
because of the increased number of degrees of freedom on which excess en-
ergy can be stored. Hence, the likelihood that interstellar PAHs will survive
a knockout process increases with molecular size. It was thus motivated
that similar results will be expected for large molecules such as fullerenes —
something that the study of paper I confirmed.

Another interesting feature of the fragmentation are the new bonds that
break and form in the defect molecules. Fullerenes and PAH molecules both
consist of aromatic rings. However, while planar PAHs consist of six-atom
rings, the fullerene is a combination of hexagons and pentagons. Knockout
processes, however, can turn the hexagons of PAHs into pentagons, thus
opening up for the possibility of bottom-up creation of fullerenes as a result
of knockout. In the study of paper III, we will see that both fullerenes and
PAHs also form heptagons and larger carbon rings as a result of knockout.
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In a reverse process, we might therefore expect PAHs to be created as a top-
down process from large hydrocarbon structures of the types formed in the
experiments. The reactivity of a damaged PAH is also increased compared
to an intact molecule — for instance the binding energy between an external
H atom and a PAH molecule is increased by a factor of four after loss of a
C atom, increasing the likelihood that new large molecules will be formed
as a result of knockout. [70]

Similarly, Cs9 are also highly reactive molecules, and there are earlier
studies showing how C;rg and C;’g ions react with Cgy molecules, forming
large “dumbbell” dimers. [89] However, this has previously only been shown
to happen on short timescales. In space, the typical timescales between
which atoms and molecules meet and are able to interact are long. Now
that we know that Csg ions survive on long timescales on their own with-
out decaying, we also know that the likelihood that they will meet other
molecules to react with has increased significantly compared to if it only
would have survived a short time after knockout. We learn more about
what such reactions may look like in detail in paper III, which will be de-
scribed further in chapter 4.



Chapter 4

Mixed Clusters of Fullerenes
and PAHs: Structures and
Knockout Reactions

The second part of this thesis, highlighting the results presented in papers
IT and III, concerns the stability of mixed clusters of fullerene and coronene
molecules, and how these clusters behave when bombarded with single keV-
ions. The MD results I present are compared to experimental results from
the ARIBE facility in Caen that are first briefly described.

4.1 ARIBE/GANIL Experiments

ARIBE (Accélérateur pour la Recherche avec des Ions de Basse Energie,
“accelerator for research with low energy ions”) is a facility for low energy
ion beam experiments located at the GANIL laboratory in Caen, France.
Like our molecular dynamics simulations but in contrast to our previous Csg
experiment in DESIREE, these specific experiments performed in ARIBE
had stationary targets (fullerene/coronene clusters) with single ions used
as projectiles in collision experiments. The projectiles were 22.5 keV He?*
and 3 keV Ar™ ions, respectively, in separate measurements. For 22.5 keV
helium, the main stopping force is electronic stopping, while for 3 keV argon,
nuclear stopping dominates.

The mixing ratio between the two molecular species could be adjusted in
the experiments — mixing ratio in this case refers to the proportion between
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Figure 4.1: Mass spectra from a study of collisions between 3 keV Ar™
and mixed clusters of coronene and fullerene molecules [74], with the dif-
ferent panels showing different mixing ratios (R) of coronene and fullerene
molecules. The asterisks indicate impurities in the targets. Used with per-
mission of Royal Society of Chemistry, from Ion collision-induced chemistry
in pure and mixed loosely bound clusters of coronene and Cgg molecules.,
A. Domaracka et al, vol. 20, issue 22, 2018; permission conveyed through
Copyright Clearance Center, Inc.
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the amount of coronene and Cgg in the cluster aggregation source and hence
reflect the typical mixing of these two species in the clusters. The ratios in
the experiment were R = ¢+ /ICJO ~ 82, 2.8 and 0.15, where I+ and

Iy denote the intensities of coronene (Co4HY,) and Cf cations respec-
tively, meaning that one cluster distribution was dominated by coronene,
one by Cgp and one was a more equal mix of both species. The experiment
yielded mass-per-charge (m/z) spectra, reflecting charge and energy transfer
processes in the collisions. In contrast to the DESIREE experiments, how-
ever, these are so-called single-pass experiments, where the products ions are
recorded on a microsecond timescale after the collision, without the ability
of extracting any information on long-time decay dependencies.

Figure 4.1 shows the results of such an experiment for 3 keV Ar* impact
performed by Domaracka et al [74], where nuclear stopping is dominant.
The three mass—per-charge spectra show how the masses of the molecular
fragments are distributed after collsions with clusters having three different
mixing ratios (R), with markings for the masses of integer numbers of intact
molecules, along with combinations of the two species. The upper panel cor-
responds to an almost pure coronene cluster. It shows that, apart from the
peaks corresponding to masses of multiple coronene molecules, there are also
peaks at the masses of various numbers of coronene molecules with a single
Cgo molecule attached. In the middle panel, with a larger fraction of Cgg
molecules than the first, shows peaks at various masses of mixed molecular
products. Finally, in the third panel, whose target cluster consists mostly of
Cgo molecules, the main peaks correspond to the masses of integer numbers
of intact Cgp molecules. In between these large peaks are the smaller peaks
of different reaction products, which are the most interesting part of the
study, since they likely correspond to products of knockout processes, in-
cluding e.g. hydrogenated and dehydrogenated molecules. These results do
neither provide any information about the cluster structures nor the details
of the collisions and how the molecules break and form new bonds. For this,
we are, again, helped by MD simulations.

4.2 Cluster stabilities

Our initial reason to model mixed molecular clusters was to simulate cluster
collisions, in the footsteps of Domaracka et al. [74] As a first step towards the
collision simulations, we studied the stabilities of mixed clusters of various
sizes and mixing ratios in order to gain more insight into their shapes, and
to be able to choose the most stable structures as targets for the collisions.
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This has previously been done by others for pure clusters of fullerenes and
PAHs [53,55], but never before for mixed clusters.

For clusters of N molecules with n coronenes and N — n fullerenes, we
chose the sizes N = 5 and N = 13. These numbers were chosen to be able
to follow the mixing ratios in the experiments (see fig 4.1.), and also because
N = 13 is a magic number in the case of pure Cgg clusters. Here, magic
number refers to the fact that the cluster forms a closed icosahedral shell
for this specific number, as mentioned in the introduction and illustrated in
figure 1.3. In addition, the relatively small cluster sizes gave us a reasonable
time frame for the simulations — the experimental cluster distributions, in
contrast, are likely also including larger ones. The reason for running two
different sizes was to see if the results had a clear size dependence. For each
cluster size N, we optimised the structures for all values of n ranging from
n =0ton = N — that is, we found energy minima on the potential surface,
with the goal of finding the global minimum for each cluster (N,n). The
simulations were run 10,000 times for each combination of N and n.

421 N=5

For the smaller clusters, (Co4H12),(Cso)5—n, we found that the lowest en-
ergy structures are those containing stacked coronene molecules. There was
a variation in cluster potential energy for the different values of n — the dis-
tributions are divided into peaks, with the number of peaks and the width of
the distributions both increasing with increasing n, that is, with an increas-
ing number of coronene molecules (see the full plot in paper II, figure 2).
The peaks correspond to distinctive structure “families”. Figure 4.2 shows
typical structures from the different “families” for the case n = 4, below
their corresponding potential energy spectrum. The lowest energy form is
when all four coronene molecules are stacked in one stack with the fullerene
at one end of the stack (family a). The next family in line is when the
fullerene is placed next to the coronene stack, which then bends slightly to
align with the curvature of the fullerene (family b). The two following fam-
ilies are quite similar, with a stack of three coronene molecules placed with
the planar surface facing the fullerene (family c¢) or with the edges towards
the fullerene (family d), both with the fourth coronene perpendicular to the
stack. Next, the stack is reduced to two coronene molecules and the other
two are bound to the fullerene from opposite sides, again perpendicular to
the coronene stack (family e). The last family consists of a fullerene placed
in the middle of four coronene molecules forming a square (family ). The
maximal energy cluster of the same size and mixing ratio is also shown in
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the figure.
4.2.2 N=13

Compared to the case when N = 5, it is harder to define a general pattern
when it comes to clusters of size N = 13, that is, (C24H12)n(Ce0)13—n-
In contrast to when N = 5, the clusters do not form distinct structure
families, except perhaps in the case when n = 13 (pure coronene cluster).
One can also see that, unlike the case when N = 5, the structure n = 0
has lower energy than the one where n = 13. This can be explained by
the fact that the pairwise binding energy for the two molecular types are
different, and it is easier for a fullerene to maximise the number of nearest
neighbour interactions than it is for a coronene molecule. As Rapacioli et al
showed [55], optimised pure PAH clusters start to form two separate stacks
— the handshake structure — rather than a single one when n = 8 and larger,
which we also see in our simulations. That our model gave that same shape
for pure coronene clusters of size N = 13 (see figure 1.4) strongly supports
our choice of model. For the mixed clusters, we see that the molecules tend
to divide into “subclusters” consisting of one or multiple small coronene
stacks and a separate number of fullerene molecules, when the number of
coronene molecules is large enough (around n = 6). For a smaller number
of coronene molecules, they tend to align with the surface of a centered
fullerene subcluster. In general, the two molecular species do not mix very
well.

4.3 Cluster collisions

With optimised cluster structures, we were now ready to perform the col-
lision simulations briefly mentioned earlier in this chapter. Using a similar
approach as in the study of He + Cg collisions, we bombarded four different
cluster structures with 3 keV argon atoms. The clusters used as targets were
the lowest energy structures for N =5, n=1andn=3,and N =13, n =2
and n = 9, that is, (C24H12)1(Cs0)4, (C24Hi2)3(Ceo0)2, (C2aH12)2(Ce0)11
and (Co4H12)9(Cep)s. We chose those specific clusters to approximately
mimic the coronene/fullerene ratios Ico.+/Ic,,, = n/(N —n) = 2.8 and
0.15 of the experimental study by Domaracka et al. [74]

In the present study, we focused on comparing the results of our colli-
sions with those of the experimental study. Figure 4.3 shows mass spectra
for clusters of sizes N = 13 and N = 5, as well as the corresponding exper-
imental results previously shown in figure 4.1. The size limit of the smaller
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Figure 4.2: The upper panel shows the potential energy distribution for
(C24H15)4Cgp-clusters. The peaks labelled from a to f correspond to cluster
“families” that have similar energies and hence structures. The energy of the
most weakly bound cluster structure has the largest potential energy and
is labelled “max”. The lower panel shows representative clusters from the
corresponding families.
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Figure 4.3: Mass spectra from collisions of 3 keV argon atoms with mixed
clusters of fullerene and coronene molecules. Shown are the MD simula-
tion results of cluster sizes N = 13 (top row) and N = 5 (middle row).
The spectra in the left row are for clusters containing more coronene than
fullerene molecules, while those in the right row are for clusters that predom-
inantly contain fullerene molecules. The corresponding experimental results
are shown in the lower row [74], for two different mixing ratios, R = 2.8 (left

column) and R = 0.15 (right column).
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clusters naturally leaves out the peaks for large masses for those clusters.
However, for the smaller masses up to around m = 1740 u (which is the
mass of one fullerene and two coronene molecules together), the results for
the large and small clusters are strikingly similar, with only the intensities of
different peaks varying with the number of available precursor molecules. In
paper III, we therefore chose to only show the results for the larger clusters.

There, we also zoomed in on some specific fragment masses, correspond-
ing to addition and subtraction of a carbon or a hydrogen atom from a
fullerene-hydrogen dimer or a single molecule of either species (m = 1008
u, 1020 u and 1032 u), as well as some exotic cases. We found that most of
such cases are a fullerene and a coronene bound together. This is not obvi-
ous since it takes more than 50 €V to push two intact, non-defect fullerenes
together to form a covalently bound fullerene dimer [90] — this means they
will only react with each other as a result of a knockout damage. However,
since the mass is preserved, any knocked out atoms must have been picked
up somewhere along the process. Another possible scenario is that the col-
lision damaged at least one of the molecules without actually knocking out
any atoms. We also found cases of pure carbonic molecules with the same
mass as an intact mixed fullerene-coronene dimer (Cgs), and with an addi-
tional (Cgg) or a lost carbon atom (Cgy). Furthermore, we found that it was
common for hydrogen atoms to be bound to both coronene and fullerene
molecules in other places than the regular coronene bonds, as a result of
those hydrogen atoms being knocked out and absorbed by a neighbouring
molecule — in such way creating new hydrogenated molecules. Such hydro-
genated PAHs, for example, are believed to be an important contributor to
H, formation in space. [91-93]

Here, I focus on masses around m = 600 u (two coronene) and m = 1740
u (one fullerene and two coronene). In figure 4.4, we see that it is indeed not
only those molecular combinations yielding those masses. The figure shows
some representative, interesting and varied cases of said masses. In both
cases, fragmented fullerenes form more and less compactly bound purely
carbonic molecules (a, g-i and 1). There are also cases where one carbon
atom is added to one of the coronene rings, forming a seven-atom-ring (f;
m = 612 u), and we see that for masses around 1740 u, there are both cases
where a coronene and a fullerene are both bound to a second fullerene (j, k,
m), and where a coronene is sandwiched between two fullerenes (n). Some of
the molecules are bound together through a single bond between two carbon
atoms (b, e, j), while others form rings of three or more carbon atoms as
the link between the molecules (c, k). There are also multiple examples
of pure carbon molecules — most likely fragmented fullerenes — that have
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formed both more compact structures (h, 1) and structures with what looks
like long carbonic tails (a, g, i). We additionally also here see examples
of hydrogen atoms showing up in unexpected places, both on fullerenes,
coronenes and mixes of the two species (k, n).

Most fragments of masses 600 u and 1740 u contain at least one coronene
fragment. However, surprisingly many cases where said masses were found
turned out to be purely carbonic molecules. In chapter 3, it was discussed
how Cs9 knockout fragments might react with nearby molecules and form
larger molecules. Here, we clearly see the result of such bottom-up reactions,
that, as previously stated, are likely to happen in the interstellar medium
due to the large survival probability of Csg9 shown in paper I. We also see
examples of both increased and reduced numbers of carbon atoms in the
carbon rings of both fullerene and coronene molecules, which speaks for the
possibility of creation of one species from the other as a result of a top-down
or bottom-up process respectively.

The molecular growth products shown in figure 4.4, however, are typ-
ically less stable compared to intact fullerenes and PAHs, and not formed
in their ro-vibrational ground states.. They are hence likely to be further
reduced by spontaneous decay on longer timescales than probed in the sim-
ulations, by energetic photons or electrons or by further knockout collisions
with ions in stellar winds, that way creating somewhat smaller but more
stable molecules. In such a way, the creation of new large molecules will be
a combination of bottom-up and top-down processes simultaneously.
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Figure 4.4: Examples of molecular growth products produced in collisions
between 3 keV argon atoms and mixed clusters containing 9 coronene and
4 fullerene molecules. The growth products are all around the masses
m = 1740 (corresponding to the mass of one coronene and two fullerene
molecules) and m = 600 (corresponding to the mass of two coronene

molecules).



Chapter 5

Conclusion and Outlook

The combination of direct, astronomical observations, of laboratory exper-
iments and of MD simulation gives a deeper, richer understanding of the
importance and role of molecular behaviour in the interstellar medium.
Through studies of collisions with single Cgg molecules as well as clusters
of Cgp and coronene molecules, we have come to a greater understanding
of the structures of such clusters, of how the collision targets break and of
how the fragments survive. These studies have advanced the understanding
of knockout driven reactions, and pave the way for future studies in both
molecular cluster physics and collision dito.

Earlier in this thesis, the understanding of top-down and bottom-up
processes in context of the formation of molecules was presented as a key
motivation for our work. We have seen examples of both such processes as
a means of creation of new molecular species. In the first work on fullerene
knockouts presented in this thesis, we showed that a significant portion of the
Cs9 knockout fragments stabilise on millisecond timescales and thus survive
indefinitely. Such fragments may thus exist in the interstellar environment,
since similar knockout processes are there believed to occur in collisions
between fullerenes and shock wave particles of the same velocities as our
projectiles.

We next studied mixed clusters of fullerenes and coronenes, where we
learned about the general structures that these form. This was important
groundwork for our next study on cluster collisions, and since both fullerenes
and coronene molecules are abundant in the interstellar environment, this
study continues the work on interstellar molecules and how they interact and
are processed there. We saw that the mixed clusters generally favoured being
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separated into two pure subclusters. Concluding that study, we speculated
that reaction products from the forthcoming collisions would also mainly
being mixes of molecules of the same species. This turned out not to be the
case.

Our third study on collisions between argon atoms and the clusters of
our previous study showed that energetic atom impact leads to the build-up
of new molecular species, dimers as well as larger structures, in accordance
with the corresponding experimental study. [74] Like in the Cs9 knockout
study, the argon projectiles may be used to mimic energetic particles in
shock waves close to old stars, and the results are therefore believed to
be relevant in better understanding interstellar environments. While argon
has a low abundance in astrophysical processes, the fundamental processes
studied here will be similar for any projectile atom. A similar study on that
topic was done by Bernal et al [94], who collided 150 keV xenon atoms with
a surface made of silicone carbide. This resulted in the creation of fullerenes,
supporting the hypothesis that fullerenes may be created in space as a result
of shock wave processing.

The study by Bernal and coworkers [94] paves the way for further work
in the field. Given more time, we would have simulated such surface colli-
sions to see if we would see any build-up of fullerenes, or if we would observe
something completely different and unexpected. In general, the molecular
dynamics simulation method is a very powerful tool that enables the under-
standing of molecular behaviour and processes on very short timescales, as
well as the visualisation of atomic and molecular interactions — things that
are often difficult to observe experimentally, as illustrated in this thesis.
The good agreement between experiment and theory in cases where both
are applicable support our choice of approach, and the simulations thereby
provide us with valuable information that we might not have been able to
find elsewhere.
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