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Abstract

This work deals with ionization and fragmentation of biomolecules and poly-
cyclic aromatic hydrocarbon (PAH) molecules. They are studied in the gas
phase both as isolated molecules and as weakly bound clusters. The purpose
of the experimental and theoretical investigations are to elucidate charge and
energy transfer and related redistribution processes, as well as fragmentation
behaviors.

The first part of this thesis presents results from studies on biomolecular
ions, in particular nucleotides and peptides, which are primarily examined
in electron capture induced dissociation processes. These investigations are
relevant for the better understanding of radiation damage to DNA and pro-
cesses involved in the sequencing of proteins. It is found that the immediate
environment have a decisive influence on the fragmentation behaviors. Evap-
oration of surrounding molecules protect the biomolecules, but their effect on
the electronic structure may also enhance or suppress different fragmentation
channels.

In the second part of the thesis, results from studies on PAH molecules
are presented. Experimentally, their properties are mainly probed through col-
lisions with atomic ion projectiles having kilo-electronvolt kinetic energies.
As a widespread pollutant on Earth, and as a family of abundant molecules
in space, PAHs are not only relevant from an environmental and health per-
spective, but they are also important for the understanding of the universe.
The present results relate to the stabilities of these molecules, both in isolated
form and in clusters, when heated or multiply ionized. It is found to be easier
to remove several electrons from clusters of PAH molecules than from isolated
PAHs, and fission processes determine their ultimate stabilities. Heated low-
charge state clusters of PAHs undergo long evaporation sequences once these
have started. For isolated and heated PAHs, internal structural rearrangements
are demonstrated to be important in the fragmentation processes.
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Sammanfattning

Denna avhandling handlar om jonisation och fragmentation av biomolekyler
och polycykliska aromatiska kolväten (PAH). Dessa komplexa system stud-
eras i gasfas både som isolerade molekyler och som svagt bundna ansamlingar
av molekyler, s.k. kluster. Syftet med de experimentella och teoretiska under-
sökningarna är att klargöra hur laddning och energi överförs och fördelas,
samt hur fragmenteringen går till.

I den första delen av avhandlingen presenteras resultat från studier av
biomolekylära joner, särskilt nukleotider och peptider, vilka främst utforskas
genom en teknik där dissociation induceras efter elektroninfångning
från en neutral atom. Dessa undersökningar är relevanta för att bättre
förstå strålningsrelaterade skador på DNA, samt de processer som är
inblandade vid sekvensering av proteiner. Det visar sig att den omedelbara
omgivningen har stor påverkan på hur molekylerna fragmenterar. Evaporation
av lösningsmolekyler skyddar biomolekylerna, men effekten på den
elektroniska strukturen kan också både förstärka och undertrycka de olika
fragmentationskanalerna.

Den andra delen av avhandlingen presenterar resultat från studier av
PAH. Deras egenskaper studeras experimentellt genom kollisioner med
jonprojektiler som har kinetiska energier av storleksordningen kiloelektron-
volt. Som ett föroreningsämne på jorden, och som en viktig typmolekyl i
rymden, är PAH inte bara viktiga ur ett miljö- och hälsoperspektiv, utan
också för förståelsen av universum. Resultaten som presenteras här relaterar
till stabiliteten av dessa molekyler, både i isolerad form och i kluster, när de
blir uppvärmda eller multipeljoniserade. Det visar sig att det är lättare att
ta bort flera elektroner från kluster av PAH än från isolerade PAH, och att
fissionsprocesser bestämmer deras ultimata stabilitet. Uppvärmda kluster av
PAH visar sig också genomgå långa evaporationssekvenser när dessa väl har
startat. För isolerade och uppvärmda PAH är interna strukturella förändringar
en viktig del av fragmentationsprocesserna.
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1. Introduction

Complex molecular systems, defined by having many degrees of freedom, are
studied in a wide variety of sciences, ranging from fundamental physics to bio-
physics and interstellar chemistry. These kinds of systems pose an important
bridge between the understanding of small systems, consisting of only a few
atoms, to large polyatomic molecules bound in groups by weak intermolecular
van der Waals or electrostatic forces. The term "complex" may here take on
another meaning as it is also used to describe such weakly bound molecular
groups that consist of two or more molecular species, while the term "clus-
ters" is more general but in this thesis primarily used to denote weakly bound
homomolecular systems.

The study of complex molecular systems pose a wide variety of challenges
both to experimental and theoretical physics and chemistry. Experimentally,
large molecules, especially biomolecules, are often fragile by nature and re-
quire soft ionization techniques [1]. Their many degrees of freedoms may also
allow for a wide range of molecular structures that may affect the outcome of
the experiments, and for these reasons theoretical modeling and calculations
play a very important role in aiding the interpretation of the experimental re-
sults. But theory is also challenged by the complexity of the systems as their
potential energy surfaces are vast with many local and shallow minima de-
manding large computational resources for their explorations. Molecular clus-
ters and complexes add to the experimental challenges in being difficult to pro-
duce in a size selective manner. Neutral clusters and complexes are generally
also short-lived with respect to binary collisions at room temperature [2], and
therefore require special experimental conditions to form. The weak nature
of the intermolecular forces in molecular clusters and complexes, especially
the neutral ones, offer additional challenges for theoretical calculations as the
attractive parts of the forces involved are due to long range effects that are
difficult to describe with economical computational methods [3, 4].

The molecular systems under study in this thesis are biomolecules and poly-
cyclic aromatic hydrocarbon (PAH) molecules. Both are organic molecules
but differ in that, from a terrestrial perspective, biomolecules are primarily
produced by and utilized by living organisms, while PAH molecules are rather
associated with abiological processing of organic matter, such as the forma-
tion of crude oil [5] and the anaerobic combustion of biological material [6].

Biomolecules in living cells may be both ionized and fragmented by ioniz-
ing radiation. Such radiation exists naturally on the Earth in the form of cosmic
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rays, long-lived radioactive nuclides, and high-energy photons. Ionizing radi-
ation may give rise to free electrons and chemically very reactive atomic or
molecular radicals, which have unpaired electrons, within the cell [7]. These
may then attack other parts of the cell and either damage or alter them in
manners destructive for their functions, which give rise to, e.g., mutations and
cancers [8]. Evolution has equipped life with mechanisms to counteract and
repair radiation damage, as long as it is minor. But man-made objects and de-
vices, such as nuclear power plants, nuclear weapons, aeroplanes and manned
spacecrafts (which increase crew and passenger exposures to radiation orig-
inated in space), and various laboratory as well as medical equipments, has
increased human exposure to ionizing radiation and the research into its ef-
fects on living tissues is intense. Although the large scale effects of ionizing
radiation on biology to some extent are well characterized [9], the details on
the atomic level are still poorly understood.

This thesis presents experiments in which the damaging effects on
biomolecules due to electron capture processes has been investigated
using the nucleotide adenosine 5’-monophosphate (AMP) in gas phase
complexes with controlled numbers of water molecules (also referred to
as the AMP molecules being hydrated). Such systems represent more
manageable subsystems of RNA – a sibling molecule to DNA – and provides
a better proxy to in vivo processes than bare gas phase systems. Clusters
and complexes bound primarily by hydrogen bonds are also known to
affect biomolecular conformations [10], reactivities [11], and fragmentation
channels [12]. Studying such systems on the molecular level is therefore
important for understanding their intrinsic properties and how they are
influenced by their immediate surroundings as well as by charge and energy
transfers.

Electron transfer processes are also used as analytical tools for determin-
ing the structures of proteins [13, 14]. Proteins are the molecules responsi-
ble for carrying out biochemical functions within the cell, and they are con-
structed from amino acid subunits. The sequences of amino acids within pro-
teins are very important for defining their large scale structures and functions,
and thus it is of primary interest to determine these sequences. A common ap-
proach for doing so is through the use of mass spectrometry. By fragmenting
chains of amino acids, so-called peptides, via interactions with neutral gas tar-
gets, surfaces, or photons, or by electron capture processes, the sequences of
amino acids may be determined through characteristic bond cleavages along
the backbone of the molecules. Of these different fragmentation techniques,
fragmentation due to electron capture processes show unique properties in
being very selective towards disulfide (S–S) and so-called nitrogen-alpha-
carbon (N–Cα ) bonds [15], but the exact physical mechanisms behind these
bond cleavages have for a long time been a matter of debate (see, e.g., ref-
erences [15–18]). In the present work the physics behind the cleavage of the
N–Cα bonds are probed using a small peptide consisting of only two amino
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acids, i.e. a dipeptide, in complexes with different attached molecular species.
By conducting a systematic study of the fragmentation behavior of the dipep-
tide as a function of what molecular species it is in complex with, it is possi-
ble to influence the electron capture site and thereby the energetics involved
in the fragmentation. In this way it becomes possible to probe the various
mechanisms involved in the N–Cα bond cleavages.

Terrestrial PAH molecules are linked to biomolecules in that their carbon
atoms are all part of the carbon cycle [19], which is the biogeochemical ex-
change of carbon between the atmosphere, hydrosphere, biosphere, and litho-
sphere. Several PAH molecules are known for being toxic to biology and may
also cause cancers and mutations [20]. Others are relatively harmless, and the
degree of toxicity of PAH molecules is greatly influenced by their molecular
structures. On Earth, PAHs may be found in a wide range of environments,
from deep-sea sediments [21] to the Arctic ice [22]. Human activities through
industrialization and urban life are known to greatly influence the concentra-
tion of PAHs in soil samples [6, 23]. In this respect the formation of PAH
molecules is linked to combustion efficiencies, as incomplete combustion fa-
vors the formation of PAHs [6]. Clusters of PAH molecules may also act as
precursors to larger scale soot particles [24].

PAH molecules are not only ubiquitous on Earth, but also in space. This
is known from characteristic emission features at mid-infrared wavelengths
that agree very well with laboratory measurements of known PAH species
as well as with quantum chemical calculations [25]. The emission features
correspond to relaxation by photon emission of different vibrational modes
within PAH molecules that may have been excited by, e.g., ultraviolet (UV)
photons from nearby stars. For example, the emission band at 3.3 µm is as-
sociated with carbon–hydrogen stretching modes, the 6.2 µm band relates
to carbon–carbon stretching modes, and the 11.3 µm band corresponds to
carbon–hydrogen out-of-plane bending modes [25]. (Many PAH molecules,
including the ones studied in this thesis, are flat flakes of carbon, similar to
a cut-out of a graphene sheet, saturated by hydrogen atoms at their edges.)
These emission bands can be found in almost all astrophysical objects, includ-
ing star forming regions [26], planetary nebulae [27], and low density partially
ionized gas clouds [28], so-called HII regions, to name a few. Variations of the
emission bands suggest that PAH molecules are not only present in their neu-
tral forms, but also as ionized [29–31] and protonated species [32], as well as
in PAH-related forms where one or more carbon atoms are substituted by other
atoms, as e.g. nitrogen [33, 34]. There are also strong indications that loosely
bound clusters of PAH molecules are present in regions with less intense UV
light, and that these may form a base for even larger structures, such as car-
bonaceous grains [35, 36]. Interstellar grains are believed to be important for
interstellar chemistry, and are, e.g., believed to be required for the formation
of molecular hydrogen in the present age universe [37], and may well also be
essential for more advanced interstellar chemistry [38]. PAH molecules are
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very likely to be important components of the interstellar medium and con-
tribute significantly to the heating of neutral interstellar gases as well as the
ionization balance therein [25]. It is estimated that a few [39] up to almost 20
percent [40] of all cosmic carbon is locked up in PAH molecules. Evidence
of extraterrestrial PAHs has also been found in closer proximity to the Earth.
They have been detected in meteorites [41, 42], in so-called interplanetary
dust particles [43], as well as in dust particles collected by the Stardust space-
craft from the vicinity of the comet 81P/Wild 2 [44]. UV spectra of the comet
1P/Halley have also been attributed to fluorescence of the PAH molecule an-
thracene [45]. The abundances of PAH molecules in the interstellar medium
and their presence in comets and asteroids strongly suggests that they could
have constituted a significant fraction of the early carbon inventory on Earth.

Many of the experiments on PAHs found in the literature are based on pho-
toexcitation and fragmentation methods (see e.g. references [46–50]), but a
few that, e.g., use electron-impact techniques [51, 52] or collisions with neu-
tral targets [53, 54] can also be found. Studies of atomic ions interacting with
PAH molecules [55, 56, present work] are, however, just emerging. In this
thesis, slow atomic ions are used to probe the properties of PAH molecules
and PAH clusters. Slow atomic ions offer several advantages to other exper-
imental methods. For example, highly charged ions mainly ionize the targets
at rather large distances, and then induce only small amounts of thermal en-
ergies during the collision itself. This then allows charge stability limits to be
studied, i.e. how many electrons may be removed from the target before it is
spontaneously destroyed. The time scales for the collisions are on the order
of femtoseconds, during which the molecular structures of the targets may
be seen as being frozen. Slow highly charged ions may, e.g., also be used to
probe charge mobilities within PAH cluster target systems. When projectile
ions with low charge states are used, the targets will be ionized at much closer
distances in which thermal excitation energy may be induced through pene-
tration of the electron cloud of the targets. Such collisions are used to probe
redistributions of excitation energies within the targets after initial heating in,
e.g., PAH clusters at positions closest to (glancing) ion trajectories

The thesis is organized as follows: Following this introduction I will briefly
introduce quantum chemical calculations using density functional theory
(DFT), as these are used throughout the thesis to aid in the interpretation
of the experimental results. This is followed by Part I, in which I will first
introduce the types of biomolecules that have been studied and provide some
background information for the various experiments. In chapter 4 I will
describe the experimental techniques used, and in chapter 5 I will present
and discuss the results. More in-depth information will also be provided
on a simple evaporation model used to describe the sequential evaporation
of water molecules from hydrated AMP anions, and/or dianions, and how
semi-empirical internal energy distributions are deduced with the aid of this
model. A brief summary of this Part of the thesis is given in chapter 6.
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Part II of the thesis concerns PAH molecules and PAH clusters. It begins
with an introduction to their properties in chapter 7, while chapter 8 describes
the experimental techniques. The results are presented and discussed in chap-
ter 9, which also includes additional information on ionization cross sections,
fission barriers, and a modified version of the evaporation model described
in Part I for hydrated AMP anions, in Part II adapted for the evaporation of
neutral PAH monomers from singly charged PAH clusters. Chapter 10 sum-
marizes Part II, and the thesis is concluded by an outlook on how future the-
oretical and experimental work can build upon, and improve on, the present
results.
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2. Using Density Functional Theory
to Interpret the Present Experimental
Results – a Brief Introduction

This thesis includes molecular structure calculations that provide information
on, e.g., ionization energies, dissociation energies, reaction barriers, electronic
structures (responsible for UV/visible spectra), vibration frequencies (infrared
spectra), etc. These types of calculations are used within the field of quantum
chemistry, but overlap strongly with other areas of science as well. The pur-
pose of the calculations included in the present thesis are to guide the inter-
pretations of the experimental observations and provide a qualitative under-
standing of the various systems under study. For these reasons the computa-
tional methods used were chosen mainly for being computationally efficient
and for having documented reliability for the relevant applications (see e.g.
references [16, 18, 57–60]). No extensive investigations on the robustness of
the results using, e.g., different computational methods have been carried out.

The basic goal of quantum chemistry is to solve the time-independent
Schrödinger equation

H Ψ = E Ψ (2.1)

for, e.g., a molecular system. Here, H is the Hamiltonian operator, Ψ is the
wave function, and E is the energy of the system. The Hamiltonian can be
divided into two parts, such that

H = Hn +He (2.2)

where Hn is the nuclear Hamiltonian and He is the electronic Hamiltonian. It
is common practise to solve the Schrödinger equation for the nuclei and elec-
trons separately by applying the Born-Oppenheimer approximation [61]. It
assumes that the nuclei are infinitely heavier than the electrons – a reasonable
assumption considering that a proton is almost two thousand times heavier
than an electron – and the electronic and nuclear motions can therefore be
treated independently. The problem is thus reduced to solving the electronic
Schrödinger equation to obtain the electronic energy E, which is the expecta-
tion value of the electronic Hamiltonian

E = 〈ψ|He|ψ〉 (2.3)
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where ψ is the electronic wave function and He may be divided into three
operators: One kinetic energy operator Te, one potential energy operator for
the electrons in the field of the nuclei Vne, and one potential energy operator
for the electrons in the field of the other electrons Vee.

The computational method applied in the present work for finding the elec-
tronic energy is called density functional theory (DFT). In the original for-
mulation of DFT, the ground state electronic energy of a system is uniquely
determined by the electron density ρ [62], and there is no need to determine
a wave function. Because the electron density depends on the position r, the
electronic energy is in fact a functional, E[ρ(r)]. It may be written as

E[ρ] = Te[ρ]+Vne[ρ]+Vee[ρ] (2.4)

where Te is the kinetic energy of the electrons, Vne is the attractive energy
between the nuclei and the electrons, and Vee is the electron-electron repulsion
energy. The last term can be divided into two parts: One classical Coulomb
potential term and one nonclassical term. Determining the ground state of a
system thus becomes a problem of finding the ρ that produces the minimum
E. The variational principle has been shown to hold for DFT [62], meaning
that E will always be larger than or equal to the true ground state energy.

By expressing the electronic energy only in terms of the electron density
ρ(r), the number of variables that need to be solved for are significantly re-
duced from 4Ne (three spatial and one spin coordinate) in the wave function
approach, where Ne is the number of electrons, to just 3 (the spatial coor-
dinates). However, there are difficulties in finding an accurate functional Te

(see e.g. reference [63] for a review) and this leads to unacceptably low ac-
curacies. A significant improvement is obtained with the re-introduction of
orbitals, so-called Kohn-Sham (KS) orbitals [64]. Because KS theory uses or-
bitals, the number of variables are increased from 3 to 3Ne, but for the method
as a whole the complexity is still far less than for many-particle wave function
models. In the KS approach, E is divided into two parts: One part that is based
on non-interacting electrons, and therefore can be computed exactly, and one
part which is a correction for the electron interactions. With this it is possible
to rewrite equation 2.4 as

E[ρ] = Ts[ρ]+Vne[ρ]+ J[ρ]+Exc[ρ] (2.5)

where Ts is the kinetic energy of non-interacting electrons in the field of the
nuclei. The electron-electron interaction is given by the last two terms, where
J is the classical Coulomb potential energy, and Exc is the exchange correlation
energy. It is defined as

Exc[ρ] = Te[ρ]−Ts[ρ]+Vee[ρ]− J[ρ]. (2.6)

By defining it this way, Exc becomes the only term that can not be computed
exactly in the expression for E, and the task of KS theory is to find an expres-
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sion for it. There exist hundreds of approaches for this, and the ones which
will be used in this thesis are B3LYP and M06-2X.

B3LYP [65] is based on the Becke 3 parameter hybrid functional for the ex-
change energy [66], and the Lee, Yang and Parr functional for the correlation
energy [67]. The expression for the B3LYP exchange correlation energy is

EB3LYP
xc [ρ] =(1−a0)ELSDA

x [ρ]+a0EHF
x [ρ]+ax∆EB88

x [ρ]

+acELYP
c [ρ]+ (1−ac)EVWN

c [ρ].
(2.7)

In this expression, ELSDA
x is the exchange energy as expressed through the

Local Spin Density Approximation, which treats the electron density locally
as a uniform electron gas with different densities for spin up and spin down
electrons. EHF

x is the exchange energy as given by the wave function based
Hartree-Fock (HF) theory. ∆EB88

x is a gradient correction to the LSDA ex-
change energy and it is included because the electron gas is in reality not
uniform. ELYP

c is a similar gradient corrected functional for the correlation
energy. And EVWN

c is the Vosko-Wilk-Nusair functional for the correlation
energy [68], which are analytical interpolated formulas based on Monte Carlo
simulations of homogeneous electron gas. The coefficients a0, ac and ax are
found through fitting the functionals to experimental data.

One drawback with density functionals, such as B3LYP, is that they are
poor at describing weak interactions dominated by dispersion forces. Such
are important in, e.g., neutral clusters bound together by weak van der Waals
forces, and in the interactions between aromatic (see section 7.1) molecules.
New functionals have however been developed that greatly reduce these draw-
backs, and one such functional is M06-2X [69]. For the present work it was
used only in the calculations on the weakly bound clusters in paper VII. All
other calculations have been made with B3LYP.

As mentioned earlier KS theory calls for the use of (molecular) orbitals.
A molecular orbital (MO) can be represented by a set of known functions, a
so-called basis set. If the basis set is complete it will accurately describe the
MO. However, this would require an infinite number of functions, which is of
course not possible in real numerical calculations. Therefore a finite basis set
must be chosen, and it must be large enough as to give a reliable result, yet
small enough for reasonable computational resources. The ones used in the
present thesis are 6-31G(d), 6-311++G(d,p), and 6-311++G(2d,p) [70–72].
The first one is generally considered a small basis set, while the latter two are
large basis sets with the last one being the largest. They are all based on prim-
itive Gaussian functions. Gaussians, which contain an exponential of the form
e−ζ r2

, are not by themselves able to describe the qualitative features of MOs
that tend to resemble Slater functions, where the exponential is of the form
e−ζ r. The 1s orbital of hydrogen is for instance described by a Slater function.
However, by using linear combinations of several Gaussians it is possible to
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adequately resemble Slater features. This has the unfortunate drawback of re-
quiring more functions for describing the MO, but the computational gain is
in spite of this significant as the Gaussian functions provide more easily eval-
uated integrals.

Another reduction in computational efforts can be obtained if parts of the
linear combination of Gaussian functions are made fixed, which creates a so-
called contracted set of Gaussian functions. This contraction is especially ad-
vantageous to apply for the core electrons, as they do not contribute much to
chemistry of the molecules. The first number of the above basis sets, the "6"
in e.g. 6-31G(d), describes how many contracted Gaussian functions are used
to describe the core orbitals. The numbers following the hyphen, i.e. the "31"
or the "311" in 6-31G(d) or 6-311++G(d,p)/6-311++G(2d,p), concern the va-
lence electrons. These are the ones that participate in chemical bonds, and the
shape of their MOs may therefore deviate from the atomic orbitals (AOs) due
to, e.g., bonding. For this reason they are not described by one function, but
in this case by two or three functions. The first is a contraction of three Gaus-
sians (the first "3"), the second consists of only one Gaussian (the first "1"),
as does the third (the second "1") if it is used. This arrangement where the
functions for the valence electrons are doubled or tripled, but not so for the
core electrons, is referred to as a double split valence basis set or a triple split
valence basis set, respectively.

Finally, the designation for the basis sets can also include plus signs as well
as a description in parenthesis. The plus signs designate diffuse functions,
which are functions with a low exponent that are added to more accurately
describe the behavior at larger distances from the nucleus [72]. Such a de-
scription is known to be important for anions and hydrogen bonded systems.
If only one plus sign is added in the basis set designation it means that dif-
fuse function are only added for atoms heavier than hydrogen and helium.
Two plus signs also includes diffuse functions for the two lighter species. The
final notation within parenthesis refers to the addition of polarization func-
tions [70,71]. These are functions of higher angular quantum number that are
added to better describe contributions from such states, which for instance are
present in hybridized orbitals, and they are thus important for the accurate de-
scription of chemical bonds. The "d" notation means that sets of d-functions
are added for the valence electrons of the second row elements in the periodic
table, i.e. lithium through fluorine, and "p" means that p-functions are added
for hydrogen electrons.

In Part I of this thesis all quantum chemical calculations were carried out
using the GAUSSIAN 03 [73] program package. In Part II the newer version
GAUSSIAN 09 [74] was used. GAUSSIAN has been under development since
the 1970s and is a widely used software within the field of quantum chemistry.
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Part I:
Biomolecules





3. Biomolecules

The experiments discussed in this Part of the thesis concern biomolecules and
relate to papers I-III. There are many different kinds of biomolecules and what
defines them is that they are produced by living organisms. For a long time it
was believed that they were produced exclusively by living organisms, but
this view was altered after Friedrich Wöhler [75] performed the first artificial
synthesis of urea in 1828. Thus was the foundation laid for organic chemistry
– one of the most important branches of chemistry. Today, biomolecules are
synthesized and utilized in a wide range of applications such as medical drugs
or as additives in the food industry. The study of biomolecules is perhaps
most important for the progression of our knowledge regarding processes in
the living cell and how these processes are affected by external influences.

In this chapter I will introduce peptides and nucleotides, which are the
biomolecules of interest in this thesis. I will also describe, as well as moti-
vate, the type of experiments that have been carried out on these molecules in
the present work.

3.1 Peptides
Peptides is the collective term for molecules that are linear polymers of amino
acids. An amino acid is characterized as having both an amino (–NH2) and
a carboxyl (–COOH) functional group. An example with the different amino
acid components highlighted is shown in figure 3.1. Both the amine and the
carboxyl groups are bonded to the so-called α-carbon, to which a functional
side chain is also attached. There exists a wide range of functional groups,
and these are what makes different amino acids unique. Virtually an infinite
variety of amino acids can exist, but only just over 140 are found to naturally
occur in living organisms [76]. Of these only 20 are counted as the "stan-
dard" amino acids because they are encoded for directly in the DNA through
the genetic code. The genetic code is the translation from sets of three nu-
cleotides (see section 3.2) to amino acids. In recent years two additional amino
acids – pyrrolysine and selenocysteine – have been found to be translated di-
rectly from DNA [77], but they are counted as more exotic than the canonical
20. Peptides are formed when the amino groups link together with carboxyl
groups and covalent bonds are formed between the N and C atoms of the re-
spective groups. A water molecule is released as part of the bond formation
process, as is illustrated in figure 3.2. The bond between the amino and the
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Figure 3.1: a) The structure of an amino acid with the functional groups and side chain
encircled. An arrow marks the position of the α-carbon b) An amino acid in the simple
two-dimensional and black-and-white skeletal form, in which C atoms are inferred at
solid line vertices and only non-C and non-H atoms are indicated explicitly. Solid lines
represent bonds in the plane of the paper, solid wedges represent bonds going out from
the paper plane, and dashed lines indicate bonds going into the plane of the paper.

carboxyl groups is referred to as the peptide bond, and the O-C-N-H atoms
associated with it are referred to as an amide or a peptide group.

The peptide bond exhibits partial double bond characteristics due to the
presence of two dominant electron structures in resonance; one with the dou-
ble bond between the C and O atoms, and one where it is between the C and
N atoms (see figure 3.3) [78]. This creates an almost planar distribution of
the peptide group atoms that is resilient to rotation about the C–N bond. The
bonds between the peptide groups and the Cα atoms are, on the other hand,
purely single, and rotation about them is possible. For this reason peptides can
simplistically be seen as linked planar sheets that can rotate freely about the
link axis.

Naming of peptides is done by their order of appearance (see example in
figure 3.2). By convention, the amino end is the beginning of the peptide.
This end is also referred to as the N-terminal of the peptide. The opposite
end, where the carboxyl group is located, is referred to as the C-terminal.
The example in figure 3.2 shows a peptide consisting of two amino acids –
glycine (G) and alanine (A). Using their one-letter abbreviation this peptide
is galled GA. A general term for peptides consisting of two amino acids is
dipeptides. With three amino acids they are called tripeptides. The general
term for single chains of many amino acids is polypeptides. Peptides consist-
ing of several tens of amino acids, and possibly also two or more polypeptides
joined in a non-linear manner, are normally referred to as proteins [79]. Within
a living cell, proteins are the molecules that control most of the functions,
such as transportation of substances across the cellular membrane, catalysa-
tion of chemical reactions, or rotation of the flagella which allows certain
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Figure 3.2: The carboxyl group in glycine reacts with the amino group of alanine and
forms the dipeptide glycine-alanine (GA). A water molecule is released as part of the
bond formation process.

cells/bacteria to swim. The sequence of amino acids within a protein, often
referred to as the protein’s primary structure, is very important for its larger
scale structures. Through interactions with itself, via e.g. hydrogen bonds,
proteins can form secondary structures such as spirals (so-called α helixes)
or pleated sheets (so-called β sheets). The complete three-dimensional struc-
ture of a protein is called its tertiary structure, and it is generally crucial for
the function of the protein. Quaternary structures may also be formed as com-
plexes of two or more proteins.

The primary structure of a protein is the basis for all the higher order struc-
tures, and therefore a very important step in understanding a protein is to
know the sequence of its amino acids. This is often accomplished with the
use of mass spectrometry [80]. With this technique proteins, or mostly rather
polypeptide parts of proteins, are ionized and fragmented, followed by a mass-
to-charge analysis of the fragmentation products. The amino acid sequence
can be determined due to very characteristic bond cleavages along the back-
bone of the polypeptides. But where this bond cleavage occurs depends on the
dissociation method used, and it is important to understand the mechanisms
behind these dissociations.

Figure 3.3: The two resonance structures of the peptide bond.
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Figure 3.4: Nomenclature for peptide fragments for the case of a dipeptide.

3.1.1 Dissociation Methods
Peptide fragments follow an established nomenclature [81]. A schematic view
of the nomenclature is shown in figure 3.4 for the case of a dipeptide. Frag-
ments that contain the N-terminal are called a, b or c fragments depending on
whether they broke off before, in or after the amide group. Fragments that con-
tain the C-terminal, and are thus the complement of the N-terminal fragments,
are termed x, y or z fragments. For peptides that consist of more than two
amino acids, a subscript integer denotes the number of amino acid residues
that the fragment contains.

Fragmentation experiments of peptides are generally carried out on ionized
gas phase molecules. A common ionization method is to use electrospray ion-
ization (see chapter 4), which produces ions by means of attaching n number
of protons, H+, to the peptide molecule M, i.e. [M+ nH]n+. The fragmen-
tation techniques of relevance to this thesis are fragmentation via collisional
activation, so-called collision induced dissociation (CID), and fragmentation
following capture of a bound electron, so-called electron capture induced dis-
sociation (ECID). The latter method is not very widespread as a peptide se-
quencing tool. However, a related method that has gained popularity in the
field is one in which fragmentation is induced by the capture of a free electron
to the peptide. This is called electron capture dissociation (ECD).

Collision Induced Dissociation (CID)
In CID ionized peptides are collided with neutral targets, often inert nobel
gases. The collisions can induce sufficient energies in the peptides to bring
them to a so-called activated state, which then may subsequently lead to dis-
sociations. The process can be seen to take place in two steps:

[M+nH]n++A−→ [M+nH]n+∗+A

[M+nH]n+∗ −→ fragmentation

where A is the neutral target and the asterisk (∗) signifies that the ion is ac-
tivated, i.e. excited, and may undergo fragmentation. The evidences for the
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above two-step process comes from CID spectra that are nearly all consis-
tent with unimolecular dissociation following an earlier collisional activa-
tion/excitation process [82]. CID of peptides typically result in the cleavage
of the amide bond and thus produce b and y fragments [83]. This is the bond
that requires the least amount of energy to break [84], which indicates that
fragmentation occurs after the absorbed energy has been redistributed among
the internal vibrational degrees of freedom in the peptide, i.e. it is statisti-
cal. However, a drawback with this technique is that it may also break other
weaker bonds within the peptides, and thus give rise to richer spectra that are
more difficult to analyze.

Electron Capture Dissociation (ECD)
ECD involves recombining precursor peptide ions with low energy [<0.2 elec-
tronvolts (eV)] free electrons (see e.g. references [13, 14, 84, 85]). In other
fields this process is sometimes referred to as Dissociative Recombination,
DR, which is the capture of a free electron followed by dissociation of the
molecule [86]. The steps involved in ECD are

[M+nH]n++ e− −→ [M+nH](n−1)+∗

[M+nH](n−1)+∗ −→ fragmentation

where e− is a free electron. Instead of the b and y fragment production of CID,
ECD produce c and z fragments [84], which are results from cleavages of N-
Cα bonds of the radicals formed upon electron capture. The process is very
selective towards the N-Cα bonds, and there exists competing dissociation
channels in the loss of hydrogen or ammonia (NH3) [13, 18, 87]. But other
bonds along the peptide backbone, even though they may be weak, tend to be
left unaffected. This makes the method very appealing for studying peptides
and proteins.

Initially, ECD was believed to be a non-ergodic process [84], which means
that fragmentation occurs before the absorbed energy has been redistributed
among the internal vibrational degrees of freedom. Such a process could occur
indirectly [88], whereby an electron is captured by the protonated site in the
peptide and an H atom is released and transferred to, or recaptured by, the oxy-
gen in a nearby amide group. This results in the formation of an aminoketyl
radical group which can be highly excited and rids itself of its excess energy
through cleavage of the N-Cα bond. But the process has also been suggested
to occur directly, through electron capture to a high principle quantum number
Rydberg state followed by cooling to a product valence state at a highly ex-
cited vibrational energy that is well above the threshold for dissociation [17].
It has also been suggested that both indirect and direct processes are involved
in ECD [86].

Others have argued that non-ergodic processes are not required to explain
the N-Cα bond cleavage of ECD. Quantum chemical calculations have shown
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cleavage of the N-Cα bond to be facile in model peptide ketyl radicals [16],
which are formed following electron attachment to the amide oxygen. This
radical is, however, not necessarily formed by direct electron attachment. The
present understanding is that the electron in most cases are captured to a Ry-
dberg orbital located on a positive site in the protonated peptide, but during
the relaxation process the electron can transfer directly to an oxygen in an
amide group where it forms an anti-bonding (π∗) orbital in the amide group
(see e.g. reference [15] for a recent review). The π∗ orbital is stabilized due to
the presence of the protonated site by ∼2.5 eV [15]. The N-Cα bond can then
be cleaved directly [15], or via an exothermal abstraction of a proton from an
ammonium group to the amide oxygen [18].

Important progress has clearly been made towards understanding the mech-
anism, or mechanisms, behind ECD, but more work is still required to test
the proposed scenarios. One such study is presented in paper I of this thesis.
While ECD is often employed together with Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR), which is beneficial because of the
high resolution of the method, other techniques have been developed that re-
semble ECD. The experimental study presented in paper I makes use of the
ECD-like method of ECID. One advantage of ECID is that it allows for frag-
ments due to electron capture to singly charged cations to be studied through
the charge reversal technique (see chapter 4.2.1).

Electron Capture Induced Dissociation (ECID)
In ECID, as it is implemented in the experimental setup used for the present
work (see chapter 4), peptide ions with kilo-electronvolts (keV) kinetic ener-
gies collide with neutral gas phase alkali metal atoms from which they can
capture the loosely bound valence electron. For a cesium target the process
can be described as

[M+nH]n++Cs−→ [M+nH](n−1)+∗+Cs+

[M+nH](n−1)+∗ −→ fragmentation.

Experimental studies of ion yields from peptides have demonstrated that ECID
mimics ECD [89–92]. These similarities indicate that the two processes rely
on similar dissociation mechanisms, which is interesting considering that they
differ in several respects: In ECID the electron is captured from a bound state
in the alkali metal, while in ECD using FT-ICR the electron is captured from
a free state. The timescale from electron capture to detection is also much
shorter in ECID (µs) compared to ECD with FT-ICR (ms to s) [90], as is the
timescale of electron capture (fs vs. µs up to several seconds) [90,93,94]. The
processes themselves also differ in that ECD is an adiabatic process, meaning
that the peptide structure has time to relaxes during the electron capture pro-
cess. In ECID, on the other hand, the process is vertical, which means that the
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Figure 3.5: The structure of the four different molecules used in paper I to form
complexes with [GA+H]+. a) water (H2O), b) methanol (CH3OH), c) acetonitrile
(CH3CN), and d) crown ether (C12H24O6, abbreviated CE).

electron is captured to an unpopulated molecular orbital and that the molecular
structure is "frozen" during the electron capture process.

3.1.2 Probing Peptide Electron Capture Induced Dissociation
Mechanisms by Means of Complexation
The approach used in paper I for studying the mechanisms behind fragmenta-
tion of protonated peptides following electron capture makes use of complexa-
tion to affect the electron capture behavior. One of four different molecules are
used in complexes with the protonated dipeptide GA: Water (H2O), methanol
(CH3OH), acetonitrile (CH3CN), and 18-crown-6-ether (C12H24O6). These
four molecules are shown in figure 3.5. Each of them affect the conditions
for electron capture differently. The most dramatic effect is displayed in com-
plexes with crown ethers (CE), which are well known for their propensity
to encapsulate positive charges and forming stable complexes [95]. In proto-
nated peptides the CE will position itself over the N-terminal, which is where
the proton is located, and thus effectively shield this area so that electron cap-
ture directly to the N-terminal becomes highly unlikely. The results from these
studies will be discussed in section 5.1.

3.2 Nucleotides
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) – the carriers of
genetic information within a cell – are built up of subunits called nucleotides.
These nucleotides in turn consists of three parts: A base, a sugar, and a phos-
phate. The sugars and the phosphates make up the backbone of DNA/RNA
while the sequences of bases are what carries the actual genetic information.
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Figure 3.6: A cut-out of an RNA string showing three nucleotides. The bases from
left to right are C-A-G. The different components of the nucleotide are highlighted
in the center one. Green marks the base (A), blue the sugar (ribose), and yellow the
phosphate. Also marked is the numbering of the C atoms in the sugar. The inset shows
the deoxyribose and the site of the missing O atom compared to ribose is marked by
a red circle. The grey dotted lines marks the sites where the bases hydrogen-bond to
their respective base pairing partner.

Figure 3.6 shows three nucleotides in an RNA strand where the different com-
ponents have been highlighted.

There are five different bases. Two of them – adenine (A) and guanine (G)
– are called purines because they are derivatives of purine (see section 7.2),
which consists of a six-membered heterocyclic aromatic organic ring fused
to a similar but five-membered ring. The other three bases – cytosine (C),
uracil (U), and thymine (T) – are derived from pyrimidine (see section 7.2) and
called pyrimidines. They contain only a six-membered heterocyclic aromatic
organic ring. An important ability of bases is to form hydrogen bonded base-
pairs. In DNA G pairs with C, and A pairs with T. RNA differs only in that U
is used instead of T to pair with A.

When a base links to the five-carbon sugars ribose or deoxyribose it is called
a nucleoside. The names of the different bases in their nucleoside states are
adenosine, guanosine, uridine, cytidine, and thymidine. Deoxyribose bearing
nucleosides are distinguished with the prefix "deoxy" added to the name. The
difference between ribose and deoxyribose (and hence the difference between
RNA and DNA) is that the 2’ carbon atom in deoxyribose does not have an
OH-group linked to it, but instead has only an H atom (see inset in figure 3.6).

One or more phosphate groups can be added to the nucleoside to form a
nucleotide. The full name of a nucleotide specifies how many are added and
where they are added. For example, the nucleotide which is used in the studies
presented in papers II and III, and also in section 5.2, is the adenosine 5’-
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Figure 3.7: One possible structure for a complex consisting of AMP− and four water
molecules [101].

monophosphate. It has one phosphate group added to the 5’ sugar carbon in
adenosine. It is also this molecule that is highlighted in the center of figure
3.6. This molecule will from now on simply be referred to as AMP.

3.2.1 Probing DNA Radiation Damage Due To Secondary
Electrons
It is well known that ionizing radiation (e.g. α-, β -, x-, or γ-rays) represents
a danger to the living cell. A large part of this danger does not arise from di-
rect energy deposition, but rather from the secondary ions and free electrons
produced by the primary radiation [7]. Even electrons with energies below
the ionization threshold of the molecules are sufficient to yield both single-
and double-strand breaks in DNA [96–98]. Single-strand breaks are relatively
common errors that can readily be repaired by the array of proteins in the
cell nucleus dedicated to such tasks. Double-strand breaks are more difficult
to repair and may lead to mutations, unregulated cell divisions, or to a com-
plete breakdown of the in cell’s ability to function. Attachment of very low
energy electrons have also been shown to yield efficient and site specific dam-
age to the nucleobase adenine in the form of hydrogen loss [99]. Similar ECID
experiments on bare nucleotide anions have shown a high propensity for hy-
drogen loss following electron capture [100]. Interestingly, the probability for
hydrogen loss increases with the number of hydrogens bonded to nitrogens in
the base of the nucleotides [100]. This suggests that the hydrogens lost are the
ones involved in the DNA/RNA base-pairing.

In the cell the DNA/RNA is surrounded by on average a few water
molecules per base pair [102]. The work in papers II and III take one step
closer towards the cellular conditions by performing ECID experiments on
hydrated AMP anions. Figure 3.7 shows one possible structure for the AMP−

hydrated by four water molecules [101]. Generally the water molecules like
to cluster around the phosphate group, which is where the negative charge is
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located, and they may also form bridges to the adenine [103, 104]. In section
5.2 the results for ECID experiments on hydrated AMP− will be summarized
and compared to earlier CID results (from reference [105]) on similar
collision systems, where it was found that with 13 or more water molecules
the AMP− is completely protected against damage, i.e. fragmentation.
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4. Experimental Techniques I

The experiments for this Part of the thesis were carried out at the tandem
mass spectrometer setup called Separator 1 (SEP1), located at Aarhus Univer-
sity in Denmark. There, ions were produced using an electrospray ion source,
and then accelerated, mass-to-charge selected with a bending magnet, brought
to collide with target gasses in a collision cell, and finally analyzed together
with fragments formed from the collisions using an electrostatic analyzer. This
chapter provides a general description of this experimental setup, and more
specific information will also be given in relation to the two biomolecular ex-
periments discussed in this thesis. Further details regarding the SEP1 setup
can also be found in references [106] and [107]. I will begin by describing
the process of electrospray ionization, as it plays a central role in making the
present experiments possible.

4.1 Electrospray Ionization (ESI)
The foundation for the electrospray ionization (ESI) technique was laid in the
1960’s, in particular by Malcolm Dole [108], who demonstrated that it is pos-
sible to produce intact gas-phase macromolecules from a solution. However, it
was not until the 1980’s that the technique really started to take off through the
work of John B. Fenn [1,109]. Fenn was awarded the Nobel prize in chemistry
for this work in 2002. The ESI technique is especially useful for generating
gas-phase ions of biomolecules, something which previously had been very
difficult to do due to their fragile nature. ESI is a soft ionization technique,
meaning that it ionizes the parent ions with low fragmentation yields.

Figure 4.1 shows a schematic of the ESI source used for the present ex-
periments. It works as follows: A solution consisting of the analyte molecule
and a solvent are first mixed together. Methanol (CH3OH) is a common sol-
vent for organic molecules but, depending on the type of ion beam desired,
water or other solvents/compounds may be added to the solution. The analyte
ions are typically ionized either by becoming protonated or de-protonated.
Peptides are generally protonated, and for this reason an acid is added to the
solution to act as a proton donor. The protons tends to attach to the sites that
has the highest basicities. For molecules such as peptides, these are often the
N-terminals. A sample from the analyte solution is extracted into a glass sy-
ringe and and infusion pump is used to continuously feed the analyte through
a fused silica capillary to a stainless steel spray needle at a rate of, e.g., 6
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Figure 4.1: A schematic of the electrospray ion source used for the present experi-
ments.

µL/min. The needle is situated 10 mm in front of the entrance to a heated
capillary. By applying a high voltage potential between the needle and the
capillary analyte ions in the solution are pulled towards the capillary. Figure
4.2 shows an illustration of the ESI process. The balance between the elec-
trostatic forces acting on the surface charges and the surface tension, causes
it to take on a quasi-conical shape. When the potential difference is increased
sufficiently, so that the two forces are equally balanced, a Taylor cone [110]
is formed. If the potential difference is further increased, the cone destabi-
lizes and charged droplets are emitted from the cone apex, where the electric
field is the strongest, creating a fine spray towards the capillary. The potential
difference when this occurs is called the onset voltage, and it is typically of
the order of a few kV for the present setup. A small section of the spray is
sampled by the 0.4 mm bore of the capillary, which is heated to temperatures
below 100 ◦C if the purpose is to study complexes, or to around 140 ◦C if bare
analyte ions are desired. Collisional heating causes neutral solvent molecules
to evaporate from the droplets, which decreases their size and increases their
surface charge density. At the Rayleigh charge limit [111] the droplets be-
come unstable. This is due to the electrostatic repulsion becoming equal to
the surface tension force. Below this size the droplets will undergo Coulom-
bic fission and break up into two or more smaller droplets, which do not need
to be of equal size. Subsequent evaporations and Coulombic fissions leads to
even smaller droplets. That such subdivisions actually takes place have been
observed experimentally (see e.g. reference [112]). According to Dole’s [108]
originally proposed mechanism, the so-called charged-residue model (CRM),
the fission down to smaller droplets carries on until just the bare analyte ions
are left (see figure 4.2b). An alternative explanation, dubbed the ion evapo-
ration model (IEM), has been offered by Iribarne and Thomson [113, 114].
Supported by experimental results, they proposed that Coulombic fission due
to Rayleigh instability only occurs down to a droplet sizes on the order of 10
nm. At this limit, the surface charge density becomes high enough for surface
ions to be pushed out from the droplet and thus transferred into the gas phase

40



+ HV -

E=0

+ + +
++ + - - -

-
- -

+ HV -

0<E<Eonset

+
+ +
++

+
-
- -

-
-

-

+ HV -

E>Eonset

++
+ ++++

+

+
++
+

- -- - -
-- --

+

+

++
+

+

+

+ +
+
+

++
+

+
+

+

++

+ +

+++
++ +++

+
++ +

+

+

+
++

+
+

+++

++

+++

Solvent
evaporation

Rayleigh
limit

Coulombic
�ssion

a)

b)

+

+

+

+

+
+

+

+

+

+
++++

Charged-residue model

+

+
++

+

+

+

+

+
+ +

+
+

+
+

+

+

+
++

+

+

+

+

+
+ +

+
+

+
+

+

Ion evaporation model

Figure 4.2: a) Illustration of the formation of a Taylor cone and spray as the electric
field E between the spray needle and the capillary increases. A spray is formed at
Eonset. b) Droplets from the spray decrease in size through solvent evaporations and
Coulombic fissions. The final stage to free ions are can be explained either by the
charged-residue model or the ion evaporation model (see text).

(see figure 4.2b). Whether CRM or IEM is the correct mechanism is still a
matter of debate, but at least a part of the answer lies in the size of the analyte
ions. For smaller ions, such as alkalis and amino acids, experiments tend to
support the IEM [115–117]. Larger ions on the other hand, with a lower mass
limit typically in the order of several thousand atomic mass units (amu), seem
to form through the CRM [118–120], though it is possible that some ions are
able to form through both mechanisms. The heated capillary is situated in the
first differential pumping stage where the pressure is maintained in the lower
mbar-range with the use of a rotary vane pump. This transfer from a high
pressure to a low pressure region through a small nozzle causes the flow to
undergo a supersonic expansion, in which the gas is efficiently cooled. Ions
in the expanding supersonic plume are focused with a tube lens and sampled
by a skimmer placed before the second pumping stage. An octupole radio fre-
quency ion guide is used to guide the ions through the second stage, where a
turbomolecular pump keeps the pressure at 10−3 mbar. In the third stage the
pressure is reduced further to 10−5 mbar, and lenses are used to focus the ions
into the acceleration tube, where they are accelerated by a potential difference
of 50 kV.
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Figure 4.3: Illustration of the SEP1 tandem mass spectrometer setup.

4.2 The Tandem Mass Spectrometer Separator 1
(SEP1) Setup
The experimental setup used for the experiments discussed in this Part is
shown in figure 4.3. Ions are produced with an ESI situated on a high volt-
age platform, from which they are accelerated by a 50 kV potential difference
to ground potential prior to the first of two mass selections in the form of a
1.5 m radius magnet with a 72◦ bend. The magnet is used to select the parent
ions that are to be studied, and these pass through two collision cells. One cell
features an oven for the heating of alkali metals, and the other cell has a gas
inlet system. Both ovens introduce target gases in the beamline with which the
parent ions may interact. For the present experiments only the alkali oven cell
was used, but some comparisons will be made to experiments carried out us-
ing only the second cell with an inert gas. Product ions following interactions
in the collision cells are analyzed using a 180◦ electrostatic analyzer (ESA),
which acts as the second mass selection by scanning the electrostatic field be-
tween its two concentric spherically shaped electrodes. For a given electric
field strength, only ions of a certain kinetic energy will have the right bending
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radius to pass through the exit of the analyzer. Fragments formed from the in-
teractions in the collisions cell will have different masses, but their velocities
along the beamline will be approximately the same, and they will thus have
different kinetic energies. Because of this the kinetic energy analyses from
the ESA can be translated into a mass spectrum. Ions that pass through the
analyzer are detected using a channeltron detector, from which the signals are
processed by analog amplifiers and discriminators before becoming digitized
by a multi-channel scaler and recorded as a function of analyzer voltage on a
computer. Flight time from the collision cells to the detector range from a few
µs up to 10 µs.

4.2.1 Procedure for Experiments on Microsolvated [GA+H]+

Protonated GA, having a mass-to-charge ratio (m/z) of 147 amu, was created
through ESI of a solution of GA mixed in water/methanol (1:1 ratio) with 5
% acetic acid. Small amounts of CH3CN or CE (crown ether, see figure 3.5)
if was also added when required. Following acceleration the bending mag-
net was used to select the parent ions to study: Either bare [GA+H]+ ions or
[GA+H]+ ions in complexes with H2O, CH3OH, CH3CN, or CE (see section
3.1.2 and figure 3.5).

The parent ion beams interacted with Cs vapor in the collision cell featur-
ing the oven. Both ECID and CID mass spectra were recorded with the ESA.
The CID spectra were obtained by running the ESA in a positive mode, i.e. it
recorded positive fragments. For this type of measurement the pressure in the
collision cell was kept low in order to ensure single collision conditions. The
ECID process, on the other hand, produced neutral products which could not
be detected. To circumvent this problem a so-called charge reversal (+CR−)
technique was implemented in which the Cs pressure was increased such that
it become large enough to allow for capture of two electrons in collisions with
two different Cs atoms. The idea is that the [GA+H]+ captures an electron
and produce neutral fragments in a first collision, and in second collisions
electrons are attached to the neutral fragments so that they become negatively
charged and thus possible to analyze with the ESA. More information about
the +CR− technique utilized at SEP1 can be found in reference [91]. Unfortu-
nately, the +CR− experiments are not able to measure the absolute branching
ratios of the fragmentation channels as these depend on factors such as the
electron attachment cross section of the neutrals and the stability of the so
formed anions. However, changes in the fragmentation pattern can be identi-
fied when, e.g., a controlled number of molecules are added to the bare ion.

4.2.2 Procedure for Experiments on Hydrated AMP−

In the AMP experiments, AMP was dissolved in methanol, containing ∼0.1
% of water, in which AMP became deprotonated an thus negatively charged.
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Complexes of AMP− and water molecules may form as part of the electro-
spray ionization process, and ion beams consisting of AMP−·(H2O)m, with
0 ≤ m ≤ 16 (m/z = 346 + m · 18 amu), were mass selected with the bending
magnet before brought to collide with Na vapor in the collision cell. The heat-
ing of the Na was gentle enough so that only a low pressure of Na vapor was
present in the cell, thereby giving small interaction probabilities (single col-
lision conditions) for the AMP−·(H2O)m complexes. The weakly bound Na
valence electron may be capture by the anionic complex in the ECID process
described in section 3.1.1, and products from both ECID and CID processes
were recorded with the ESA.
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5. Results and Discussion I

This chapter presents some of the results from the experiments carried out on
protonated GA dipeptide complexes and hydrated AMP anions. It is based on
material included in papers I-III. The results from these two different molec-
ular systems will be presented in two different sections. First, I will discuss
the GA results in terms of how different attached molecules to GA affect the
process in which the electron is captured and the resulting branching ratios
between typical fragmentation channels. Then I will present the AMP results
as a comparison between collision induced dissociation (CID) and electron
capture induced dissociation (ECID), which display remarkably different be-
haviors in terms of the energetics involved and how the water molecules pro-
tect the AMP molecule from damage. I will also describe a simple evaporation
model and apply it to the hydrated AMP anions for both CID and ECID.

5.1 Probing the Mechanism Behind N–Cα Bond
Cleavage by Means of Complexation
In paper I of this thesis ECID experiments were carried out on the bare
dipeptide GA (see figure 3.2) as well as complexes of GA and one or more
molecules of either H2O, CH3OH, CH3CN, or CE (see section 3.1.2 and
figure 3.5).

Figure 5.1, left panel, shows the positive ion spectrum obtained from col-
lisions between protonated GA, i.e. [GA+H]+, with a mass-to-charge ratio
(m/z) of 147 amu, and a Cs target. Note the presence of b+ and y+ frag-
ments, which are typical for the CID process discussed in section 3.1.1 (cf.
figure 3.4). Other prominent peaks are a+, CO+

2 as well as the loss of COOH
and NH3 from [GA+H]+. Fragments that stem from ECID of singly charged
positive ions create neutral fragments and can thus not be detected directly
in the experiment. This obstacle is to a certain extent circumvented through
the charge reversal (+CR−) technique (see section 4.2.1), in which the neutral
fragments capture an electron in a second collision with another Cs atom and
thus become detectable anions. The +CR− spectrum for [GA+H]+ is shown in
figure 5.1, right panel. It clearly shows the presence of z−, y−, and NH3 loss.
A peak corresponding to the loss of two hydrogens can also be discerned. The
y− peak is believed to originate from y and b+ fragments produced by CID,
followed by electron capture to the neutral y, which is supported by the pres-
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Figure 5.1: Left panel: CID: [GA+H]+ + Cs → charged fragments. Right panel:
ECID: [GA+H]+ + Cs→ neutral fragments + Cs+. Neutral fragments + Cs→ nega-
tively charged fragments + Cs+. Intensity scale in arbitrary (arb.) units.

Figure 5.2: The +CR− spectra of [GA+H]+ with one water (top left panel), one
methanol (top right panel), one acetonitrile (lower left panel), and one crown ether
(lower right panel) attached.
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Figure 5.3: Ratios between the intensities of the ammonia loss peak and the z− frag-
ment (I(-NH3)/I(z−)), following ECID, as a function of the number n of different
attached molecules. The z− fragment is produced when breaking the N-Cα bond.

ence of b+ ions in the positive mode spectrum. The z− and NH3 loss peaks are
thus the two most prominent peaks that can be attributed to ECID processes.
A schematic view over the electron capture process is shown in scheme 2 of
paper I.

Figure 5.2 presents the +CR− spectra for complexes with [GA+H]+ and
one H2O, one CH3OH, one CH3CN, or one CE molecule. For both H2O and
CH3OH the NH3 loss dominates over z−. But for CH3CN the situation is re-
versed, and for CE no significant NH3 loss can be observed. The strongest
peak in the [GA+H]+·CE spectrum is C2H4O−, which is cleavage of the CE
(C12H24O6). A compilation of the ratios between the intensities of the NH3-
loss peak and the z− peak as a function of the number of attached molecules, n,
is shown in figure 5.3 for each of the four different attached molecular species.
These ratios are shown to be larger than the bare ion case for both H2O and
CH3OH, while for CH3CN and CE it is smaller. For CH3CN it also decreases
further when two molecules are added.

The change in branching ratio due to H2O and CH3OH attachment is at-
tributed to cooling of the complex through H2O/CH3OH evaporation. Such a
cooling would favor the fragmentation channel with the lowest dissociation
barrier. Calculations have shown that NH3 loss is typically associated with a
barrier of 0.4 eV [121], but to break the N–Cα bond and to produce the ob-
served z− fragment requires more energy. In an ECD experiment on doubly
protonated tripeptides of KYK (K = lycine, Y = tyrosine) it was found that the
minimum energy to form z+2 fragments was 1.8 eV [122]. A similar result of
1.3 eV was obtained in quantum chemical calculations of the energy required
to break the N-Cα bond in the Nα -glycylglycine amide radical [16]. These
numbers support the evaporation picture as an explanation for the observed
results for H2O and CH3OH. But the experimental results show that same line
of reasoning cannot be applied to CH3CN and CE, even though they are bound

47



0 0.31b) d) f)

0 0.31a) c) e)

Figure 5.4: Left column show the two most stable conformers of [GA+H]+: a) ex-
tended structure, and b) L structure. Middle column display the electrostatic potential
on a surface of constant electron density in the protonated cation, and the right column
show the wave function of the SOMO in the radical neutral [GA+H]• molecule.

by similar energies to [GA+H]+, and should therefore also favor loss of NH3.
An explanation can instead be found by studying the ground-state electronic
wave functions.

The [GA+H]+ structures with the minimum energies are shown in figures
5.4a and b. All calculations performed on these structures, as well as all sub-
sequent structures in this section, have been carried out with the B3LYP func-
tional and the 6-311++G(d,p) basis set. The structures in 5.4a and b are taken
from Kohtani et al. [59], who performed an extensive exploration of the con-
formation space with the use of molecular dynamics followed by high level
quantum chemistry calculations, and found two structures that are almost de-
generate, the energy difference being only 0.05 eV. One of these structures
will be referred to as extended (figure 5.4a) and the other one as the L struc-
ture (figure 5.4b). It is the L conformer which has the slightly lower energy.
Figures 5.4c and d shows the electrostatic potential for [GA+H]+ on a surface
with constant electron density. The most positive potential is at the N-terminal
because that is the location of the proton. The N-terminal therefore seems to
be the most probable location for the electron to be captured to. Indeed, this
is also the area around which the captured electron seems to be located, as
seen in figures 5.4e and f. These figures show the wave function of the singly
occupied molecular orbital (SOMO), i.e. the radical electron, at a constant ab-
solute value of the wave function. Green represents positive values, and red
are negative values. The great similarity between the wave functions of the
two conformers indicate that the structural orientation of the alanine is not
important for the electron capture process. For this reason, and for simplicity,
the following calculations will only show the results based on the extended
conformation.
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Figure 5.5: Left column: The structure of the complexes of [GA+H]+ with a) water,
b) methanol, c) acetonitrile, and d) crown ether. Middle column: The electrostatic po-
tential an a surface of constant electron density shown for each respective protonated
complex. Right column: The radical neutral SOMO wave function.

The left column in figure 5.5 shows the structure of the complexes with
[GA+H]+ and one H2O, CH3OH, CH3CN, or CE molecule. The middle col-
umn displays the electrostatic potentials for the cations, and the right col-
umn the wave functions of the SOMO’s of the neutral radicals. In all cases
the same display settings as in figure 5.4 have been used. For H2O, CH3OH,
and CH3CN the most positive potential is, as for the bare ion case, at the
N-terminal. The SOMO wave function is also located there. But for CE the
picture changes: The N-terminal becomes less positive and and the SOMO
wave function shifts to lie further in along the backbone. This means that the
electron capture is directed towards the N-Cα bond, which supports the ob-
served results that more z fragments are produced with CE than in the other
cases. A similar picture is seen when examining the SOMO wave function
with two CH3CN attached to [GA+H]•, as shown in figure 5.6. In this case
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Figure 5.6: a) The structure of [GA+H]+ with two acetonitrile molecules. b) The
electrostatic potential on a surface of constant electron density for the cation. c) The
wave function of the SOMO in the neutral radical.

b) d)

a) c)

Figure 5.7: The structure and SOMO wave function of [GA+H]+ with two water
molecules (top row) and two methanol molecules (bottom row).

the SOMO wave function is also pushed towards the middle of the backbone.
A possible explanation for this lies in the larger dipole moment of CH3CN
(∼2 times larger than for H2O) which more effectively shields the N-terminal.
The SOMO wave function is not shifted towards the middle of the backbone
when two H2O or CH3OH molecules are attached to [GA+H]•, as is shown in
figure 5.7.

The discussion above provides a simple, yet reasonable, interpretation for
the observed +CR− spectra. But it should be noted that the explanation is not
complete. For a more detailed picture of the dissociation process the evolution
of the electronic wave function after geometrical relaxation must be explored,
as well as transition states and rate constants for the various unimolecular
dissociation channels. Such studies are very complex and time demanding,
and goes beyond the intentions of this thesis.
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AMP– + Ne

AMP– + Na

Figure 5.8: The spectrum of AMP− in collision with Ne (upper panel) and Na (lower
panel). Vertical dashed gray line marks position of [AMP-H]2−.

5.2 Dissociation of Hydrated AMP Anions
The second set of experiments in the first Part of the thesis concerns ECID
experiments on hydrated AMP−. As will be discussed later in this section,
the protective effect of the water molecules is quite different in the ECID
case compared to CID. But first, figure 5.8 shows the fragmentation spec-
tra of bare AMP− following collisions with Ne (upper panel) and Na (lower
panel) atoms. The spectrum with Ne (ionization energy, IE = 21.6 eV) fea-
tures products from CID processes, while the one with Na (IE = 5.1 eV) con-
tains elements from both CID and ECID. It is by the capture of the loosely
bound valence electron of Na that the ECID processes may proceed. The most
prominent spectral feature is the parent AMP− peak (off scale), for which
m/z = 346 amu. Among the largest fragments observed are the negative phos-
phate groups, PO−3 and H2PO−4 , and the adenine anions, A−, as well as their
AMP molecule counterparts, [AMP-AH]−. These fragments are attributed to
CID processes as they are the dominant features in collisions with Ne [105].
The [AMP-O]− peak on the other hand, which represents the loss of an oxy-
gen atom, is attributed to ECID as it is mainly present in the case of the Na
target [105, 123] as can be seen in figure 5.8. The ECID spectrum also fea-
tures the dianion [AMP-H]2−. I will return to the significance of the loss of
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m = 6

m = 10

m = 13

m = 20

Figure 5.9: CID spectra of AMP− in complexes with m = 6, 10, 13, and 20 water
molecules. The rightmost peak in each spectrum is the primary ion complex, followed
by peaks corresponding to the loss of one water molecule down to the bare AMP− ion
at m/z = 346 amu. Note the decrease in fragmentation of AMP− (located to the left
of the bare ion peak) for increasing m.

one hydrogen in the dianion after having reviewed the general CID results on
hydrated AMP−.
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Figure 5.10: Mass spectrum of AMP−·(H2O)6 + Na. The enlarged view shows the
dianion peaks formed through electron capture. Numbers above the peaks indicate the
number of water molecules attached to [AMP-H]2−.

5.2.1 Collision Induced Dissociation Results
When m water molecules are added to the AMP−, creating an AMP−·(H2O)m

complex, the spectrum below the AMP− mass remains fairly similar to the
pure anion case if m≤ 10. For m > 10 the intensity of all fragment peaks de-
crease, and for m > 13 no clear fragmentation can be seen [105]. The spectra
for collisions of AMP−·(H2O)m with Na, for m = 6,10,13, and 20 are shown
in figure 5.9. The decreased intensities of fragments for larger m is due to cool-
ing of the complex through evaporation of H2O molecules – a picture which
is also supported by the fact that no hydrated AMP fragments are observed,
regardless of the value of m. Instead, this evaporation chain is caused by CID
and is always followed by a local maximum for the bare AMP−, as can be seen
in figure 5.9. Clearly, for m > 13 the complex is cooled sufficiently to protect
the AMP− itself from fragmenting within the experimental time frame. This
behavior is, as we will see, changed for the dianion fragmentation following
electron capture.

5.2.2 Electron Capture Induced Dissociation Results
Figure 5.10 shows the spectrum of AMP−·(H2O)6 after collision with Na as
well as an enlarged view of the m/z region between 170 and 230 amu, which
shows the dianion peaks [AMP-H]2−·(H2O)n, where n = 1,2, ...,6 is the num-
ber of attached water molecules at the time of detection. Careful calibration
of the m/z scale show that a single H-atom is always lost after electron cap-
ture (see reference [100] and discussion in paper II), and this is the completely
dominant process for ECID. The difference in m/z between each dianion peak
is precisely 9 amu per charge, corresponding to one water molecule (mass 18
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Figure 5.11: Mass spectra for AMP−· (H2O)m + Na → [AMP-H]2−·(H2O)n + Na+

+ ..., for initial numbers of attached water molecules of m = 6 (upper left panel),
m = 10 (upper right panel), m = 13 (lower left panel), and m = 16 (lower right
panel).

amu), and no doubly charged fragments of the AMP molecule itself are ob-
served.

Electron capture is always followed by a high probability for the loss of a
few water molecules, as can be seen in figure 5.10 for m = 6, as well as in
figure 5.11, which also shows corresponding enlarged views for m = 10,13,
and 16. This behavior is in stark contrast to the CID case where the cross sec-
tions increase with n. In addition, it is found the the cross section for damage
to the AMP molecule itself upon dianion formation increases with increasing
number of water molecules attached to the AMP (see figure 5 in paper III).

5.2.3 An Evaporation Model for Neutral Water Molecule
Emission from AMP−/[AMP-H]2−

The experimental results for both CID and ECID on AMP−·(H2O)m can
be used to gain insight into the energy transfers as well as the evaporation
behaviors involved in the two mechanisms. This is accomplished through
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the development and application of a simple numerical evaporation model.
In the case of CID the evaporation model describes the sequential loss
of water molecules from parent AMP−·(H2O)m complexes and their
daughter AMP−·(H2O) j complexes, where j ranges from m to 0. For
ECID processes the evaporation model describes water evaporations
from [AMP-H]2−·(H2O)m complexes in sequential steps through to the
[AMP-H]2−·(H2O)n daughter ion complexes. After evaporation of all water
molecules the AMP− or [AMP-H]2− is allowed to fragment. In the model,
they are not allowed to fragment before completing the evaporation chain as
no fragments with attached water molecules are observed in the spectra. The
decay rate is given by the Arrhenius expression

Γ = A exp(−Ed/kBT ) (5.1)

where A is the pre-exponential factor that characterizes the frequency for the
dissociation mode (here taken to be 1013 s−1), Ed is the dissociation energy,
kB is the Boltzmann constant, and T is the temperature of the complex. In the
applied model kBT is expressed in terms of the total internal energy, Ei, of
the complex, which is assumed to be evenly distributed amongst the (3N−6)
vibrational degrees of freedom, where N is the total number of atoms in the
complex. Equation 5.1 can thus be rewritten as

Γ j = Ae−
(Ed ) j

Ei/(3N−6) . (5.2)

The notation j = −1 is used to designate fragmentation of the bare anion or
dianion. Evaporation of m water molecules leads to m+2 coupled differential
equations:

dcm

dt
=−Γm−1cm

dcm−1

dt
= Γm−1cm−Γm−2cm−1

...
dc j

dt
= Γ jc j+1−Γ j−1c j

...
dc0

dt
= Γ0c1−Γ−1c0

dc−1

dt
= Γ−1c0

(5.3)

where the derivatives are taken with respect to the time t, and c j is the inte-
grated intensity of the peak with j number of water molecules attached and
c−1 is the integrated intensity of all fragments from the AMP− or [AMP-H]2−
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Figure 5.12: Upper panel: The final distribution of populated [AMP-H]2−·(H2O) j
complex sizes, according to the model described in the text, for 13 water molecules
initially attached to the [AMP-H]2−, after the time of flight to the detector and as a
function of the assumed internal energy. The vertical dashed line at 2.95 eV marks
the cut-off energy, below which less than 0.01 % is lost from the parent ion com-
plex. Lower panel: An approximate picture of a stepwise decrease in j as the internal
energy of the complex is increased. It reflects the dominating complex size for each
energy in the upper panel

molecules themselves. Values for Ed are taken to be 0.45 eV for the first water
molecule attached to AMP−, 0.41 eV for the second water molecule attached
to AMP−, 0.40 eV for the third water molecule attached to AMP−, and 0.37
eV for the forth water molecule attached to the AMP− [103]. For any num-
ber of water molecules above four it is assumed that the dissociation energy
remains constant at 0.37 eV. The same values are applied to [AMP-H]2−. The
dissociation energy for fragmentation of the bare anion and dianion is set to
1.26 eV [124]. The dissociation energies are what characterizes the complexes
in the model. The model is allowed to run for a length of time that corresponds
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Figure 5.13: The approximate internal energy distribution (black squares) and the fit
(blue curve) made with two Gaussian functions to these points for CID (upper panel)
and ECID (lower panel) with 13 water molecules attached.

to the flight time from the interaction region to the energy analyzer, and it is
between 6 and 9 µs depending on the size of the initial complex.

The fit parameter of the model is the distribution of the internal energies,
f (Ei), in the parent complexes. The model assumes this distribution to de-
crease by Ed following the evaporation of a water molecule, which also de-
creases the number of degrees of freedom in the complex by nine, as a water
molecule consists of three atoms. An approximation of the shape of this dis-
tribution may be obtain from a combination of the model itself and the experi-
mental data. Figure 5.12, upper panel, shows the distribution of complex sizes
of the dianion, with thirteen water molecules attached, at the time of detection
as a function of the initial internal energy of the complex. As can be seen in
the figure, one size dominates for a certain internal energy. If this dominance
is assumed to be complete, the picture can be redrawn as a stepwise change
in size from thirteen (in this example) water molecules down to fragmentation
of the AMP− or [AMP-H]2−, j =−1. This behavior is illustrated in the lower

57



Figure 5.14: The fit to the semi-empirical internal energy distributions, obtained in
the same way as in figure 5.13, for CID and ECID with 6, 10 and 13 water molecules.
Solid blue curves are the sum of the two Gaussian curves (black dashed lines).

Figure 5.15: The results of the water evaporation model for CID and ECID with 6, 10
and 13 water molecules attached before the collisions. Black squares are the experi-
mental data and red circles show the model predictions when using 20 000 discrete
values from the continuous energy distributions in figure 5.14.

panel in figure 5.12. From the measured fragmentation spectra it is known
how many complexes there are of each size, i.e. for each value of j. Taking
these amounts and normalizing each of them with the energy range of that
complex size according to the lower panel in figure 5.12, and plotting them as
a function of the internal energy, produces figure 5.13, where the upper panel
shows the results for the CID case and the lower panel shows the results for
the ECID case. A good fit to this approximate energy distribution is obtained
through the sum of two Gaussian functions, which are characterized by their
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Table 5.1: The parameters of the internal energy distribution used in the evaporation
model. The µ values are the centers of the two Gaussian functions and σ designate
the standard deviations. Below the cut-off energy the energy distribution is put to zero.
I(G1)
I(G2)

is the ratio of the integrated intensities of the two Gaussians.

1st Gaussian 2nd Gaussian

G1 = A1e
− (Ei−µ1)

2

2σ2
1 G2 = A2e

− (Ei−µ2)
2

2σ2
2

Mechanism m µ1 σ1 µ2 σ2 cut-off [eV] I(G1)
I(G2)

CID 6 1.60 1.10 2.20 3.00 2.15 6

CID 10 2.30 1.40 3.70 3.20 2.65 10

CID 13 2.90 1.60 5.00 3.30 3.00 13

ECID 6 4.05 0.20 4.50 0.72 2.11 0.64

ECID 10 4.82 0.20 5.50 0.60 2.59 0.40

ECID 13 5.62 0.25 6.40 0.70 2.95 1.06

widths, positions of maxima, and their relative intensities. Furthermore, a cut-
off energy, which truncates the energy distribution, is specified as the energy
at which less than 0.01 % destruction of the parent complex occurs, and it is
marked by a vertical dashed line in figure 5.12, upper panel. Complexes with
energies below this value do not contribute to the observed spectra within the
experimental time frame, and so no information is obtained regarding their
distributions. Figure 5.14 shows the internal energy distributions for both CID
(AMP−) and ECID ([AMP-H]2−) in the case of 6, 10, and 13 water molecules
attached. The results from the model for these six cases are presented in figure
5.15 together with the experimental values. As seen in the figure, the model is
able to reproduce the observed peak intensities reasonably well. A summary
of the model parameters used to obtain these graphs is given in table 5.1.

5.2.4 Discussion of AMP Results
As can be seen in figure 5.14 the evaporation model requires that two dis-
tinctively different internal energy distributions contribute to CID and ECID
in order to describe the observed intensities in the spectra. In both cases two
Gaussian functions are used. For CID, one of the Gaussians has a significantly
higher intensity than the other one, and is interpreted to represent the initial in-
ternal energy as well as contributions from glancing collisions [105]. The less
intense Gaussian, which has its center at a higher energy, is believed to be due
to closer collisions [105]. Without the smaller second Gaussian it is not pos-
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Figure 5.16: The distribution of populated complex sizes for CID (upper panel) and
ECID (lower panel) with 13 water molecules as a function of time.

sible to reproduce the observed experimental behavior when the evaporation
model reaches small j.

The internal energy distributions associated with ECID differ from the CID
ones in being shifted to larger energies, having a distinct peak, and a larger
contribution from the second Gaussian function. Although the exact cause
of this change in energy distribution is not clear, it is thought to be because
of electron transfer into electronically excited states, and a subsequent rapid
distribution of these excitation energies on the internal degrees of freedom
(see also discussions in papers II and III). The shift to higher energies with
the sharp peak in the energy distributions could therefore be explained by the
complex always obtaining a certain minimum internal excitation energy in the
dianion, which always leads to the loss of at least a few water molecules. It
has not been possible to reproduce the loss of a few water molecules without
the sharp, and somewhat abrupt, left side incline in the energy distributions.
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According to the model, the CID and ECID processes also differ in the
rate of change of each complex size. Figure 5.16 shows the distribution of
complex sizes for both cases, with thirteen water molecules attached, as a
function of time. It clearly shows that the size of the ECID complexes are still
undergoing a significant change upon reaching the energy analyzer, while the
CID complexes are nearly at an equilibrium.

As already mentioned in subsection 5.2.2, electron capture to the
AMP−·(H2O)m complex always leads to the loss of a H atom from AMP2−.
The present experiment does not provide any information about what specific
H atom is lost, but another study on bare nucleotides revealed a H loss to
occur for all nucleotides, including AMP−, upon dianion formation [100].
The intensities of these H-loss channels were furthermore found to be
proportional to the number of N–H hydrogens in the nucleobases, which
strongly indicates that the H loss occurred from one of these sites. The
N–H hydrogens are the ones that participate in hydrogen bonding between
nucleobases in the DNA, and thus constitute an important part of the
molecule. That such a H atom is lost is further supported by quantum
chemical calculations performed on model phosphate complexes, which
indicated that hydrogen loss from the phosphate group could result in
a dianion which is electronically unstable, regardless of having a water
molecule attached to it or not [125].
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6. Summary of Part I

Biomolecules is a group of molecules that are produced and utilized by liv-
ing organisms. Some of the most fundamental biomolecules are amino acids,
which are able to polymerize through peptide bonds into long chains called
peptides. These in turn can form proteins – the types of molecules that are
responsible for carrying out most of the functions within the living cell. Col-
lision induced dissociation (CID) and electron capture dissociation (ECD) are
mass spectrometry methods used to determine the sequences of amino acids
in peptides. Both provide characteristic fragmentation patterns, albeit of dif-
ferent kinds. CID typically cleaves the peptide bond, producing characteristic
so-called b and y fragments. But ECD rather cleaves the N-Cα bond, which
results in other characteristic fragments, so-called c and z fragments. In this
latter case, N-Cα bond cleavage takes place in competition with the loss of
ammonia. Electron capture induced dissociation (ECID) is a technique that
mimics ECD by capturing the loosely bound valence electron of an alkali
metal rather than a free electron. ECD and ECID display similar behavior in
terms of what fragments are produced following electron capture.

In this Part of the thesis the protonated dipeptide glycine-alanine
([GA+H]+) was in a series of ECID experiments used as a model peptide to
study the effect of different attached molecular species on the two competing
fragmentation channels. Water and methanol was found to increase the
ratio of ammonia loss to z fragments compared to the bare ion, i.e. NH3
loss became increasingly important in relation to N-Cα bond cleavage.
Acetonitrile gave little change when just one molecule was added, but with
two acetonitriles the ammonia loss channel decreased. With one crown
ether attached, the ammonia loss channel was completely closed. The water
and methanol behavior was attributed to cooling of the complex through
water/methanol evaporation, similar to what has been observed for AMP−.
Such cooling would favor the weakest bond to be broken, which in this case
is the bond between the ammonia group and the rest of the peptide. But the
same explanation could not be applied for acetonitrile and crown ether. In
this case, quantum chemical calculations revealed that the wave function of
the radical electron formed after electron capture to [GA+H]+ was moved
from being located primarily around the ammonia group, as was the case for
the bare ion and the complexes with water and methanol, to rather being
shifted further in on the peptide backbone. This was believed to indicate that
a shift had occurred in the site to which the electron capture was directed,
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thereby producing more z than ammonia loss fragments for complexes with
two acetonitriles or one crown ether.

Other types of biomolecules are the nucleotides, which are subunits of DNA
and RNA. These have been show to be prone to damage by slow moving elec-
trons, that are, e.g., produced as secondary particles in a living cell exposed
to ionizing radiation. The effect of electron capture was studied on the nu-
cleotide anion adenosine 5’-monophosphate (AMP−) using the ECID tech-
nique. This effect was studied for both bare AMP anions, and for AMP anions
in complexes with water molecules. It was found that after electron capture the
AMP2− always dissociates, the primary dissociation channel being the loss of
a hydrogen atom, regardless of how many water molecules were attached to
the AMP−. This result presented a stark contrast to collision induced dissoci-
ation (CID) results, in which more than thirteen water molecules were found
to completely protect the AMP− from fragmentation within the experimental
time frame. A simple evaporation model was developed to provide insight into
these experimental results. The model explained the observed intensities for
different numbers of water molecules attached to the AMP anions as sequen-
tial evaporations of water molecules from the complexes, and it was applied
to both the ECID and CID cases. It was found that two distinctly different
internal energy distributions, which were the sum of two Gaussian functions,
contributed to ECID and CID. The ECID distributions had a sharp peak fea-
ture in the first Gaussian with the lower mean, and a large contribution from
the second Gaussian with the higher mean. The CID distributions had lower
mean values for both Gaussians, no sharp peak and a smaller contribution
of the second Gaussian. For CID, the lower mean Gaussian was believed to
contain the initial internal energy distribution as well as contributions from
glancing collisions, whilst the higher mean Gaussian was believed to be due
to closer collisions. In the ECID case, the change in the internal energy distri-
bution and shift to higher lying Gaussian mean values was discussed to be due
to electron transfer into electronically excited states, with a certain minimum
energy always being absorbed by the complex in the transfer.

64



Part II:
Polycyclic Aromatic Hydrocarbons





7. Polycyclic Aromatic Hydrocarbons

This Part of the thesis focuses on a group of organic molecules called poly-
cyclic aromatic hydrocarbons (PAHs), which are the types of molecules stud-
ied in papers IV-VIII. PAHs consist, as the name implies, only of hydrogen
and carbon atoms. In this chapter I will introduce these compounds, begin-
ning with a discussion of the aromatic concept and how this helps to stabilize
PAH molecules. I will then proceed by describing different types of PAHs,
where the term "polycyclic" will become apparent. Then follows an introduc-
tory discussion of more specific properties of the PAH molecules important
for the work presented in this thesis, including how PAH molecules fragment
and how much energy it takes to remove electrons from them. Finally, I will
introduce PAH clusters and some of their relevant properties. Much focus will
be on the PAH molecules anthracene (C14H10) and coronene (C24H12), which
are investigated in the present work both as isolated molecules and as pure
clusters of either one of them.

7.1 Aromaticity and the Structure of Benzenoid
Aromatic Compounds
Early in the history of the science of organic molecules certain compounds in
this group of chemicals were classified as being aromatic. The term arose from
them having a distinct sweet, and generally pleasant, fragrance. The first aro-
matic molecule to be isolated was benzene – a feat accomplished by Michael
Faraday in 1825 [126]. Nine years later Eilhard Mitscherlich determined the
molecular formula of benzene to be C6H6 [127]. This came as a surprise at
the time because during the development of the structural theory of chemistry
it became established that carbon is tetravalent, i.e. capable of forming four
chemical bonds. That benzene has an equal number of carbon and hydrogen
atoms means that it is highly unsaturated in bonds. In spite of this, chemical
experiments on benzene found it to be remarkably unreactive.

Today it is known that the stability of benzene and other aromatic molecules
is partly due to the delocalization of electrons, which is a consequence of the
electrons forming energetically more favorable molecular orbitals compared
to their atomic equivalents. The ground state electron configuration of carbon
is 1s22s22p2. The two 1s core electrons do not contribute to bonding, and
according to Hund’s rule the two 2p electrons will occupy two different 2p
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Figure 7.1: Illustration of the sp2 hybridization in carbon atoms. In the ground state
two of the four valence electrons are in the 2s orbital and the remaining two in a 2px
and a 2py orbital. In the excited state a 2s electron is raised to the 2pz orbital, after
which a sp2 hybrid state is formed from the remaining 2s electron and the 2px and
2py orbital. Spin-up electrons are drawn as � and spin-down electrons as �.

orbitals, 2px and 2py, of the three that are possible, resulting in a valence
electron configuration of 2s22p1

x2p1
y , i.e. a triplet state. It is possible for the

2s and 2p orbitals to mix and form so-called hybrid atomic orbitals. In planar
aromatic molecules, such as benzene, this can be pictured as illustrated in
figure 7.1. It shows a so-called sp2 hybridized state in which a 2s electron is
excited to 2pz and the remaining 2s electron mix with the orbitals of 2px and
2py. The three new hybrid orbitals can be expressed as

ψ1 = a1φ(2s)+b1φ(2px)+ c1φ(2py)

ψ2 = a2φ(2s)+b2φ(2px)+ c2φ(2py)

ψ3 = a3φ(2s)+b3φ(2px)+ c3φ(2py)

(7.1)

where ψ1, ψ2, and ψ3 are the mixed orbitals of a 2s orbital, φ(2s), and two
2p orbitals, φ(2px) and φ(2py). The nine coefficients ai, bi, and ci, with i =
1, 2, and 3, are determined through the constraints that the orbitals must be
orthonormal

〈ψi|ψ j〉= δi j (7.2)

where δi j is the Kronecker delta. It is common to set ψ1 to lie along the x-
axis, i.e. c1 = 0, and the contributions of φ(2s) must contribute equally to the
three hybrid orbitals, i.e. ai = 1/

√
3. With these constraints it is possible to

determine the remaining coefficients and the three hybrid orbitals are
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Figure 7.2: Left: The molecular structure of benzene. Middle: Electrostatic potential
map of benzene. Right: Energy level diagram for the six delocalized π electrons in
benzene.
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Because the 2s orbital is spherically symmetric, the contributions from the
two 2p orbitals are the ones that determines the direction of the hybridized
orbitals. A comparison finds them to lie in a plane and their directions to be
separated by 120◦. This is the reason for the shape of the benzene ring (see
figure 7.2). It is planar because the sp2 hybridized orbitals lie in a plane, and
the 120◦ angle separation between each bond is perfect for a hexagonal shape,
with one carbon atom placed in each of the vertices. The sp2 hybrid orbitals
form σ bonds – where the electron cloud is cylindrical symmetric along the
bond axis – with sp2 hybrid orbitals of neighboring carbon atoms as well
as to the 1s orbital in the hydrogen atoms. The energy gained by such bond
formations well compensates the energy required to excite the carbon atoms
(from 2s to 2pz) and to form the hybridized orbitals.

One of the four valence electrons is not used in forming the σ bond with
the hybrid orbitals. This is the electron in the 2pz orbital. The interactions
of the six 2pz orbitals – one for each carbon atom in benzene – form a π

electron system, in which bonds are formed through overlaps between the
2pz orbital lobes. It turns out that it is energetically favorable to delocalize
the π electrons in the benzene ring such that their molecular orbitals cover the
whole ring, and this is what causes the stability of benzene and its aromaticity.
This behavior can be depicted with an electrostatic potential map of benzene,
such as the one in the middle of figure 7.2. It shows that the electrostatic
potential is roughly the same for a given radius, as is expected for delocalized
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π electrons. The delocalization phenomena can also be deduced analytically,
and a relatively simple method for doing so is found in the Hückel molecular-
orbital theory. For more in depth calculations and explanations of this theory,
see e.g. references [128–130]. But as the theory provides a nice explanation
for the stability of benzene I will now briefly review the results.

The orbitals of the π electrons may be expressed as a linear combination of
atomic orbitals, just as was done above for the hybrid orbitals, according to

ψπ =
6

∑
i=1

ciφi (7.4)

where φi are the orbitals for each of the six 2pz electrons and ci are normal-
ization constants. Then, by assuming the motions of the π orbitals can be de-
coupled from the σ electrons and that they move in a potential field due to an
effective Hamiltonian from both the σ and the other π electrons as well as the
nuclei, it is possible to express the Schrödinger equation for the π electrons as

H eff
π ψπ = Eπψπ . (7.5)

By applying the variational method and make further assumptions that orbital
overlap is unity in the case of identical orbitals and zero otherwise, that all
bond lengths in benzene are equal, and that the π electrons only interact with
their nearest neighbors, it is possible to express the secular determinant for
equation 7.5 as∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

α−E β 0 0 0 β

β α−E β 0 0 0

0 β α−E β 0 0

0 0 β α−E β 0

0 0 0 β α−E β

β 0 0 0 β α−E

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
= 0 (7.6)

where α are the Coulomb integrals,
∫

φiH eff
π φidτ , and β are the resonance

integrals,
∫

φiH eff
π φ jdτ , i 6= j. Solving the secular equation gives four energy

levels – E1, E2, E3, and E4 – as shown in figure 7.2, where it should be noted
that β has a negative value [131]. Two of the energy levels are degenerate.
Because α is essentially the energy of an isolated π electron, it can be set as
a zero reference for the energy levels. Thus the energy levels correspond to
three bonding orbitals and three anti-bonding orbitals. In the ground state of
benzene, the six π electrons fill the three bonding orbitals. The total energy
of these six delocalized electrons is 6α + 8β . If the π electrons instead had
been assumed to be localized to three double bonds, the total energy would
have been 2β larger. This can be demonstrated if performing the same Hückel
molecular-orbital theory calculations as above for ethylene, C2H4, which con-
tains one localized π bond, multiplying the result by three to obtain the energy
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for three localized π bond, and subtracting the energy for the delocalized ben-
zene π electrons. The 2β energy difference is called the resonance energy, and
it is one reason for why benzene is such a stable molecule, despite being un-
saturated in hydrogen atoms. Other reasons for its stability are its closed shell
electron structure and strong σ bonds due to the hexagonal structure matching
perfectly with the 120◦ separation between the sp2 hybrid orbitals, leaving the
structure relaxed and without strain.

In addition to the sp2 hybridized state it is also possible for carbon to form
sp and sp3 hybridized states, where the former is the mixing of one 2s and one
2p orbital, and the latter is the mixing of one 2s and three 2p orbitals. With sp
hybridization, linear bonds are formed, such as in acetylene (C2H2), while sp3

hybridization, which can be found in methane (CH4), leads to bonds directed
from the center towards the corners of a tetrahedron.

Aromatic compounds based on benzene hexagons are called benzoids.
Although such molecules are often used as examples of typical aromatic
molecules, it is important to note that others exist as well. In the next section
I will discuss different aromatic molecules relevant for this thesis. But first,
let us also note that the original definition of an aromatic compound – its
smell – has since lost its meaning. Today an aromatic molecule is defined as
having a system of delocalized π electrons that stabilizes the molecule.

7.2 Different Types of Aromatic Molecules
Aromatic molecules that consist of two or more benzene-like rings are called
polycyclic aromatic hydrocarbons (PAHs). They can be divided into two cat-
egories based on the manner in which the rings are fused together. In cata-
condensed PAHs no more than two rings share the same carbon atom, while
in pericondensed PAHs three or more rings share common carbon atoms. The
number of possible ways in which benzene-like rings may be combined into
PAHs of various sizes and shapes is enormous. Figure 7.3 shows a few of
them that also are relevant to this thesis. They are acenaphthylene (C12H8),
biphenylene (C12H8), anthracene (C14H10), phenanthrene (C14H10), pyrene
(C16H10), and coronene (C24H12). Of these six the first and the last two are
pericondensed, while the remaining ones are catacondensed. Biphenylene and
acenaphthylene also feature a four and a five membered carbon ring respec-
tively, and such compounds with non-hexagonal carbon rings are sometimes
referred to as non-alternant PAHs.

A group of molecules closely related to PAHs are fullerenes, and they only
contain carbon atoms. The most famous fullerene example is the spherical
C60 molecule (see figure 7.3), which features twenty hexagons and twelve
pentagons.

It is also possible to substitute one or more of the carbon atoms in a PAH
with other atomic species and maintain the aromatic properties in the newly
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Figure 7.3: Examples of aromatic molecules.

formed molecule. This way one may form the two isomers acridine and
phenanthridine (C13H9N), which in the pure hydrocarbon form correspond
to anthracene and phenanthrene, by substituting one carbon atom, as well
as the hydrogen atom bonded to it, with a nitrogen atom. The nitrogen can
also be sp2 hybridized and donate one electron to the π system, while two
sp2 electrons will form σ bonds with the two neighboring carbon atoms. The
remaining two of the nitrogen’s five valence electrons will share the third of
the nitrogen’s sp2 orbitals, making them a lone pair. For this reason both
acridine and phenanthridine have the properties of a base – a property that
was used to obtain protonated species of acridine in the experiment carried
out in paper VI.

When discussing the properties of aromatic molecules it is worthwhile
to note two contradictory properties in regards to their influence on human
health: On the one hand, PAHs display various degree of toxicity, from skin
irritation to carcinogenesis [132], and are thus dangerous to humans. On the
other hand, there are three amino acids – phenylalanine, tryptophan, and
tyrosine – that contain benzene rings and these amino acids are important for
our survival. Both phenylalanine and tryptophan cannot be produced in the
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human body, and are thus classified as essential in our diet. The nucleobases
in our DNA and RNA (discussed in section 3.2) are also based on the two
aromatic compounds purine and pyrimidine (see figure 7.3).

PAHs are the aromatic molecules that carry the greatest relevance to this
thesis, and for this reason the remaining three sections will discuss them in
more detail. I will focus mainly on anthracene and coronene, as these will
have key-roles in the results and discussion in chapter 9.

7.3 Dissociation Pathways for PAHs
Studies of the unimolecular dissociation behavior of PAHs are almost exclu-
sively carried out on monocationic species. The reason for this is mainly a
practical one, as ions can be more readily studied experimentally. However,
one can argue that the general results from studies of PAH monocations can
be applied to neutral species as well. This is because of the delocalized na-
ture of the π electrons. Removing one of them should not change the general
behavior of a PAH molecule as a whole [133]. For clarity, I will however re-
fer to the ionic species where such have been the object of study. And if the
ion is a radical it will also be marked by a superscripted dot. For example,
anthracene•+ is the anthracene radical cation.

The way in which PAH molecules/ions dissociate depends greatly on their
internal energies, and there are typically three dissociation channels that domi-
nate and compete with each other at lower internal energies. These are the loss
of a H atom, a H2 molecule, or a C2H2 (acetylene) molecule (see e.g. refer-
ences [46, 134–139]). Near the appearance energy for PAH fragmentation the
H-loss channel is typically the most prominent one. It is a barrierless dissoci-
ation with an activation energy in the 4.4-4.6 eV range for naphthalene [136],
anthracene [139] and pyrene [137] cations. As the internal excitation energy
is increased the loss of H2 and C2H2 become more important. The branching
ratio between the three channels depend not only on the internal energy but
also on the PAH species. For smaller PAHs C2H2 loss seem to appear at in-
ternal energies only slightly larger than those for H loss [46, 136, 139, 140].
For example, the activation energy for C2H2 loss from anthracene•+ is only
4.5 eV [139]. Larger and catacondensed PAHs, especially symmetrical ones
such as pyrene and coronene [46, 47, 137], seem to be much more resilient to
C2H2 loss. The loss of H2 is important for all PAH species, and the activa-
tion energy is, e.g., 4.6 eV for anthracene•+ [139] and as low as 3.5 eV for
pyrene•+ [137]. There is an inherent experimental uncertainty with the H2-
loss channel in whether it actually represents the loss of a H2 molecule, or if
it is rather two consecutive H losses [46, 141]. Time-resolved photoionization
experiments suggest that there is a preference for the loss of a H2 molecule at
lower internal excitation energies, while the loss of two consecutive H atoms
become more important with increasing internal excitation energy [137–139].

73



The fact that PAHs may loose H2 molecules prove that the hydrogens in the
PAH molecules tend to shift positions prior to dissociation. This is sometimes
referred to as hydrogen scrambling and is a well known phenomena in organic
chemistry (see e.g. references [142–144]). The effects of hydrogen scrambling
is something that needs to be kept in mind when studying the fragmentation
behaviors of PAH molecules.

Another important aspect of PAH dissociation is that of possible changes
in isomeric form taking place in the parent molecule/ion prior to dissociation,
which may lead to different isomers of the dissociation product. The latter
is especially important following the loss of a C2H2 molecule. Isomerization
effects are prominent for PAH molecules due to their ability to store large
amounts of internal energies prior to fragmentation [145]. This is highlighted
by the nearly identical fragmentation patterns obtained by PAH isomers when
studied in keV-energy collision-induced dissociation experiments. [54, 145].
At lower collision energies (tens of eVs) it does however seem possible to dis-
tinguish different PAH isomers [146]. For example, time-resolved photoion-
ization experiments of the two isomers pyrene•+ and fluoranthene•+ have
shown that they do not interconvert prior to dissociation [137]. Anthracene•+

and its isomer phenanthrene•+ is, on the other hand, a case where isomeriza-
tion and dissociation have been suggested to be competing processes [139]. In
the latter context it is interesting to note that the most probable product iso-
mer following the loss of C2H2 from both anthracene•+ and phenanthrene•+

has been proposed to be the same, namely biphenylene•+ [139, 147]. For
phenanthrene•+ there exists an obvious path to biphenylene•+ via the elim-
ination of C2H2 from the central ring, but for anthracene•+ the mechanisms
involved are not as clear.

The question of what mechanisms may be involved in C2H2 loss from
anthracene•+, as well as the importance of isomerization processes in this
context, is the topic of paper VI, and it is also discussed in section 9.1.2.

7.4 Ionization of PAHs
The first ionization energy (IE) is well known for most PAHs (see e.g. the
NIST chemistry WebBook [148]). For anthracene it is 7.4 eV [149,150], while
it is 7.4 eV and 7.2 eV for pyrene [151] and coronene [151–153], respectively.
The second IE is also known for several PAHs. It is 12.1 eV for duterated an-
thracene [152], 12.4 eV for pyrene [152], and 11.3 eV for coronene [52,153].
Beyond these IEs little experimental or theoretical information is available.
However, the removal of several electrons affect the thermodynamical stabili-
ties of PAH molecules, as well as the stabilities of clusters of PAH molecules.
These issues are explored in greater detail in papers IV, V, VII, and VIII, and
are also discussed as one of the main topics in the results and discussion in
chapter 9.
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Figure 7.4: Approximate representations of three possible anthracene dimer structures
(D(1), D(2), and D(3)) calculated by Piuzzi et al. [158] and one tetramer structure
calculated by Bouvier et al. [159].

7.5 Clusters of PAH Molecules
The study of clusters of PAH molecules is important for, e.g., a better un-
derstanding of aromatic (π-π) interactions as well as the interactions of aro-
matic to hydrogen atoms (π-hydrogen bonding) [154]. These types of systems
are highly relevant to biochemistry, where macromolecules often include aro-
matic components that contribute to the non-covalent interactions. PAH clus-
ters have also been suggested to be present in the interstellar medium as so-
called very small carbonaceous grains (VSGs) [35, 36, 155–157]. It is very
challenging to study PAH clusters in the laboratory. Because neutral PAH
clusters are weakly bound systems, they form inefficiently at room temper-
ature. There are generally two ways to circumvent this. The first is to produce
the clusters in a system not in thermodynamic equilibrium, such as in a su-
personic expansion [2]. The second, and more straightforward approach, is to
produce the clusters in cold environments, for example at liquid nitrogen tem-
peratures. This is the method used for the experiments related to the present
thesis, and more details are given in section 8.2.2.

PAH clusters also pose a challenge to theoretical calculations due to
the nature of the forces holding the clusters together. Because many PAH
molecules have a weak, if any, permanent dipole moment the attractive forces
within PAH clusters are mainly governed by dispersion interactions [160].
Long range forces, such as those caused by dispersion, generally require
expensive computational methods that are ill suited for applications where
calculations need to be made on a large number of structures. But that is
often the scenario one is facing when trying to find the lowest energy cluster
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Figure 7.5: Two low energy structures for the coronene dimer as calculated by Zhao
and Truhlar [58].

geometry. This is due to the large numbers of degrees of freedom involved,
shallow potential energy surfaces, and substantial structural rearrangements
required in a search for global energy minima. A common approach to handle
these issues is to use model potentials for the intermolecular interactions.
This way several possible structures for anthracene clusters, ranging from
dimers up to the pentamers, have been calculated [158, 159]. A few of the
possible neutral dimer structures, as well as a neutral tetramer structure, are
shown in figure 7.4. For smaller neutral anthracene cluster sizes there seems
to be a multitude of structures that are close in energy, but as the cluster size
increases the tendency has been suggested to go towards the herringbone-like
pattern found in anthracene crystals [158, 161–163] – a trend also shown
by other PAHs [164, 165]. Experiments have confirmed that at least two
isomers exist for the anthracene dimer in the ground state [166, 167]. The
binding energy for the neutral anthracene dimer is in the range of 0.2 to
0.4 eV [158, 159, 168, 169], and between 0.6 to 0.8 eV for the ionized
dimer [159].

Neutral coronene dimers have been studied using several different computa-
tional methods (see e.g. references [58,60,160,170,171]). A couple of the pos-
sible structures are shown in figure 7.5. It seems as if coronene dimers prefer
stacked structures, for which the binding energies lie in the range from 0.8 to
1.0 eV [58,60,160,170,171]. Single stacks also seem to be the preferred struc-
tures for coronene clusters consisting of up to eight coronene molecules [165].
For larger cluster sizes three dimensional structures become more important,
as is illustrated in figure 7.6 for a cluster of ten coronene molecules [165].

Surprisingly, little theoretical work has been carried out on cluster geome-
tries for ionized PAH clusters. Presently only studies on singly charged an-
thracene [159] and coronene [172] clusters may be found. Both these studies
however show that the charge delocalizes within the clusters, and for sym-
metric structures the charge tend to be somewhat more concentrated towards
the cluster centers. In addition, the delocalized charge makes the ionized clus-
ters more strongly bound compared to their neutral equivalents [159, 172].
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Figure 7.6: Three low-energy structures for the coronene decamer: (a) "Handshake",
(b) single stack, (c) herringbone pattern. 1 kJ/mol ≈ 0.01 eV. Reprinted with permis-
sion from Rapacioli et al. [165]. Copyright 2005 American Chemical Society.

However, due to the charge delocalizing towards the cluster center, the charge
stabilization is weaker for the outer molecules in large clusters.

The stabilities of PAH clusters, as well as how charge and excitation en-
ergies is redistributed within them, are probed using keV-ion projectiles in
papers VII and VIII. These results are also summarized, with certain aspects
presented in more detail, in section 9.2.
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8. Experimental Techniques II

The experiments related to this Part of the thesis have mainly been carried out
at the ARIBE1 installation of the CIMAP2 laboratory, located on the site of
GANIL3 in Caen, France. The principle behind the experiments performed in
Caen is that keV projectile ions collide with neutral PAH monomer or cluster
targets, which are ionized and extracted into a time-of-flight mass spectrome-
ter. In this chapter I will describe the Caen experimental setup with focus on
some key components. More information can also be found in references [173]
and [174]. First, however, I will provide a brief discussion on some of the ad-
vantages in using atomic ion projectiles to study the ionization and fragmen-
tation of PAH monomers and clusters.

8.1 Colliding keV Energy Projectile Ions with Neutral
Targets
There are several reason for colliding ion projectiles with neutral molecular
monomer or cluster targets in order to study their stabilities. The most funda-
mental one is to ionize the targets – something that is essential for obtaining
products that are easily analyzed by mass spectrometric methods. Other mo-
tivations include the possibility to study excitation energy flows within single
molecules and within clusters, but also charge transfer and relaxation pro-
cesses as well as charge stability limits.

When ionizing neutral targets by means of collision with ion projectiles it
is desirable that it is done in a controlled manner. The electron(s) should not
only be released from the target, T , but it/they should also be captured by the
projectile, P, i.e. in a first step the reaction may proceed as

Pz++T → Pz−s +T s+ (8.1)

where the initial positive charge of the projectile is z and s electrons are ini-
tially removed from the target. Of course, electrons initially captured by the
projectile may later be released in autoionization processes. By comparing

1Accélérateurs pour les Recherches Interdisciplinaires avec les Ions de Basse Energie. English
translation: Accelerators for the Interdisciplinary Research with Low Energy Ion Beams.
2Centre de Recherche sur les Ions les Matériaux et la Photonique. English translation: Ions,
Materials and Photonics Research Center.
3Le Grand Accélérateur National d’Ions Lourds. English translation: The Grand National Heavy
Ion Accelerator.

79



the critical distances for electron capture and release it is possible to derive an
expression for the highest velocity, vlim, at which the conditions for electron
release and capture are met for the removal of the first electron [175]

vlim = z1/4√IE1 (8.2)

where atomic units are used and IE1 is the first ionization energy of the target.
For PAH molecules, where the first ionization energy typically lies in the range
from 7 to 8 eV, vlim would be∼1 atomic units (a.u.) for a projectile with z= 20,
and∼0.6 a.u. for a projectile with z= 2. At these velocities the kinetic energies
for 129Xe20+ and 3He2+ projectiles are 3.2 MeV and 26.8 keV respectively.
Thus if up to tens of keV kinetic energy projectile ions are used the dominant
ionization process for a neutral target is electron capture to the projectile. For
high charge state projectile ions electrons are predominantly removed at large
distances with little direct energy transfers to the targets. For low charge state
projectile ions energy is to some extent deposited locally in the targets and
close to the projectile ion trajectories. This makes ion projectiles excellent
tools for studying charge and energy transfer and redistribution processes.

In section 9.1.1, I will discuss the ionization process for PAH molecules in
more detail, especially in terms of the classical over-the-barrier model, which
describes the charge transfer process in a simple manner.

8.2 Ion-Induced Ionization and Fragmentation with
Time-of-Flight Mass Spectrometry
A photograph of the experimental beamline is shown in figure 8.1a, and a sim-
plified top view is shown in figure 8.1b. In the present application the setup
is used to perform crossed beams experiments of ion projectiles and neutral
targets. It works as follows: Ions are produced in an Electron Cyclotron Reso-
nance (ECR) ion source, mass-over-charged selected with a 90◦ bending mag-
net, and guided to the interaction region where it is merged with a beam of
neutrals (either isolated PAH molecules or clusters of PAH molecules) pro-
duced from one of two ovens mounted perpendicular to the ion beam. There
is a beam chopper, which pulses the ion beams before they enter the inter-
action region. In between ion pules, the ionized and/or fragmented products
from the neutral targets are directed into a time-of-flight (TOF) mass spec-
trometer by means of an extraction field pulse. Figure 8.1c illustrates how the
timing is arranged for the beam pulsing and the ion extraction. Typical ion
beam pulse lengths for the present experiments were tion = 1 µs with a rep-
etition frequency of the order of 1.5 kHz. The extraction field was switched
on for durations of text = 30 µs typically at times ∆t = 10 µs after the ion
beam was chopped off. When the flight time for the ion beam to travel from
the beam chopper to the interaction region is taken into account, the ionized
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Figure 8.1: a) Photograph of the experimental hall with highlighted beam line com-
ponents. b) Schematic top view of the beam line. c) Illustration of the ion beam and
extraction teaming scheme.

products were extracted ∼0.1 µs after the ion pulse had left the interaction
region.

8.2.1 Electron Cyclotron Resonance Ion Source
The ECR ion source is of the type SUPERSHYPIE [176]. It operates at 14.5
GHz, and is able to produce atomic ions with charge states, z, ranging from
1 and up to about 30, depending on the ion species. Maximum beam intensi-
ties may range from several µA for heavier elements and up to 1500 µA for
He1+/2+ [176]. The high voltage platform is able to provide acceleration to
energies between 1.5 keV/z and 25 keV/z.

In the ECR ion source, a plasma is confined in a cylindrical chamber both
in the axial direction, along which ions from the plasma are extracted, and in
the radial direction. The axial confinement is provided by magnetic mirrors
and the radial confinement is by a magnetic hexapole. The initial plasma is
generated by 14.5 GHz microwaves, but further ionization is obtained with
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Figure 8.2: a) The PAH monomer source mounted on its flange. b) Detail of the up-
per part of the picture to the left with the top shielding removed to show the outlet
through which the jet effuses. c) A view towards the interaction region as seen from
the monomer source. The PAH monomer jet enters the center aperture, which leads
into the interaction region where the jet is crossed perpendicularly by the ion beam.
The housing of the interaction region is cooled by liquid nitrogen.

the electron cyclotron resonance effect. Resonance conditions occur when the
angular frequency, ωc, of the rotational motion of the electrons in the magnetic
field equals the angular frequency of the microwaves injected into the source.
This may happen at various points in the plasma chamber where the magnetic
field strength B produces a matching cyclotron motion such that ωc = eB/me,
where e and me are the charge and mass of the electron, respectively. The res-
onance effect heat the electrons in the plasma and through repeated collisions
they may ionize the plasma even further.

Some of the advantages of an ECR ion source is that it is able to produce
high currents of high charge states, and it can run for a long time with a stable
beam [177]. Some disadvantages are that the design is expensive and has a
high power consumption [177].

8.2.2 Neutral Target Sources
Two neutral targets sources – mounted perpendicular to the beam line and on
opposite sides of it – are available in the experimental setup. One is for the
production of pure monomer targets, and the other one for the production of
cold cluster targets. The main components of both sources are small ovens,
which typically are loaded with commercially available PAH powders. For
the present work the setup was only used for experiments with PAH molecules
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Figure 8.3: a) The PAH cluster source enclosure and mounting. b) Schematic of the
cluster source oven and enclosure. c) The cluster source oven open. d) View towards
the interaction region, which is behind differential pumping stages (only the entrance
hole to the next pumping stage is seen).

purchased from Sigma-Aldrich or Fluka with purities ranging from 97 to 99
%.

Monomer Source
Photographs of the monomer source are shown in figure 8.2. This source con-
sists of a cylindrically shaped oven, electrically heated by a resistive wire,
with a casing that provides a small exit hole for the evaporated molecules.
Around this oven there is a shielding to prevent the effusive jet from spread-
ing too much inside the vacuum chamber. The oven is mounted directly on a
removable flange for easy access. The exit from the monomer oven is located
close to the entrance to the interaction region.

The temperature of the oven during an experiment depends on the type
of molecule used. A temperature of 60◦C is, e.g., used for both anthracene
and pyrene molecules, while 250◦C is suitable for coronene molecules. The
difference is due to anthracene and pyrene being more volatile compounds
than coronene.

Cluster Source
The cluster source oven (figure 8.3c) is similarly designed as the monomer
oven. It is cylindrically shaped with a casing having a small exit aperture. The
difference lies in that the cluster source oven is mounted inside a container
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Figure 8.4: Example of a distribution of anthracene anionic clusters (see text).
The red curve is the log-normal distribution f (k,µ,σ) = 1/(k

√
2πσ2) exp[−(lnk−

µ)/(2σ2)], with µ = 3.9, σ = 0.45, and k being the number of PAH molecules in
singly charged clusters. The spike at k/z = 10 and the bump at k/z < 10 are experi-
mental artifacts. Mass spectrum courtesy of Elie Lattouf, CIMAP, Caen, France.

(figures 8.3a and 8.3b) filled with helium buffer gas at a pressure of the order
of millibars. Liquid nitrogen is used to cool the helium gas down to temper-
atures slightly below 100 K. The PAH molecules are collisionally cooled by
the He buffer gas, and significant clustering will take place if the molecular
concentration in the jet is high enough. Sufficient concentration is achieved
by adjusting the temperature of the oven to values that are often higher than
what is used in the monomer oven. For example, 120◦C is used to produce
anthracene clusters, and similar temperatures may be used for pyrene clusters,
but for coronene clusters the same temperature of 250◦C as in the monomer
case is sufficient. Differential pumping is used to separate the high pressure
area of the cluster source from the low pressure area of the interaction region.

The cluster source produces a wide range of cluster sizes that follow close
to a log-normal distribution. An example of such a distribution for anthracene
clusters is shown in figure 8.4. This cluster distribution was measured after
adding an electron to anthracene molecules prior to condensation by means
of an electric discharge. This creates negatively charged clusters that can be
extracted into the time-of-flight mass spectrometer.

8.2.3 Time-of-Flight Mass Spectrometer
A schematic of the time-of-flight mass spectrometer used for the present ex-
periments is shown in figure 8.5. It consists of four regions: i) extraction, ii)
acceleration, iii) field-free, and iv) detection. The extraction region is where
the target molecules interact with the ion beam and are thus ionized and/or
fragmented. This region is 110 mm long and situated inside a copper screen
cooled by liquid nitrogen to obtain a low residual gas pressure down to typ-
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Figure 8.5: Left: Photograph of the time-of-flight mass spectrometer. Right:
Schematic of the time-of-flight mass spectrometer with some typical voltage settings.

ically 10−9 mbar. Ions of different masses and with z positive charges are
extracted in a homogeneous electric field between the potentials V1 and V2,
where V1 is the potential at the point where the ions are located when the ex-
traction begins, and V2 is the potential at the end of the extraction region. The
ions are thus given the kinetic energy Ek = z(V1−V2) = mv2/2, where v is the
velocity of the ions after the extraction. The constant acceleration of the ions
in the extraction region is a = z(V1−V2)/(mLext), where Lext is the length that
the ions travel in the extraction region. The time it takes for the ions to pass
the extraction region is thus

text =
v
a
= Lext

√
2

V1−V2

√
m
z
. (8.3)

Following extraction the ions enter a short acceleration region of length Lacc =
30 mm. The purpose of this region is partly to compensate for the initial spa-
tial spread of the ions, and together with the following field-free drift region
it is possible to make ions created at different positions in the extraction re-
gion arrive at the same time to the metal plate at the end of the drift region.
This feature, so-called time focusing, may be obtained through various field
configurations and was first described by Wiley and McLaren [178]. The time
spent in the acceleration region is

tacc =
Lacc
√

2
V2−V3

(√
V1−V3−

√
V1−V2

)√m
z

(8.4)
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where V3 is the potential at the end of this region. After the acceleration region
the ions enter a field-free drift region of length LFFR = 1000 mm. Here the ions
spend the time

tFFR =
LFFR√

2(V1−V3)

√
m
z
. (8.5)

The total time-of-flight from extraction to detection, tTOF = text+ tacc+ tFFR, is
thus proportional to

√
m/z and may be used to obtain a mass spectrum.

The detection region features a Daly-type [179] detector, in which ions
impinge on a metal plate from which secondary electrons are emitted. In
the present setup the conversion plate is made of stainless steel with a layer
of gold. The post-acceleration field increases the ion velocities and thus in-
creases the secondary electron yield from the ions hitting the metal plate.
The weak magnetic field is used to guide the electrons towards a two-stage
microchannel-plate (MCP) detector, which is placed with its active front sur-
face perpendicular to the flight path of the ions. This arrangement has the ad-
vantages that it may give high detection efficiencies across a large mass range
and it may also improve the signal-to-noise ratio compared to setups with di-
rect ion detection, as many secondary electrons are emitted per impinging ion.

The signals from the MCP detector are amplified and discriminated before
being fed to a PC that records the time between extraction and detection for
each hit on the detector. Flight times from extraction to detection vary from a
few µs to some tens of µs.
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9. Results and Discussion II

In this chapter I will present and discuss results obtained from experiments
on keV ions in collisions with PAH monomers and clusters, but also from
theoretical calculations on PAH fission, fragmentation, and ionization. Most
of the material are summaries of the studies presented in papers IV-VIII, but
there are also some additional results and complementary information that are
not included in these papers. The chapter is divided into two parts. In the first
part I focus on results for PAH monomers (single PAH molecules isolated in
vacuum) and in the second part I deal with the PAH clusters. Anthracene and
coronene molecules are used as PAH examples throughout the chapter, with
the former being used for specific case studies.

9.1 Ionization and Fragmentation of Isolated PAH
Molecules
Throughout this chapter focus will be put on two different processes that can
occur within the target when a keV ion projectile collides with a neutral PAH
monomer target. The most essential one is ionization. Ionization happens on
femtosecond timescales, which is the time it takes for the projectile ion to pass
the target molecule. The second process is fragmentation, i.e. the breaking of
chemical bonds and formation of smaller molecular subunits. Two different
fragmentation patterns can be seen in the mass spectra: One that originates
from multifragmentation processes, and one that is due to the loss of neutral
atoms and/or small neutral molecules. Losses occur when the target molecules
become hot, i.e. when they are vibrationally excited, such that structural rear-
rangements may take place and weaker chemical bonds are broken. In other
words, the molecule should become somewhat to moderately hot for losses to
occur. The energy that initially excites the target molecule is transferred in in-
elastic collisions where the projectile ion may loose some of its kinetic energy
to the target’s electronic system by passing through the molecule’s electron
cloud – a so-called electronic stopping process. Multifragmentation can also
take place following inelastic collisions, but in this case multiple bonds are
broken, which reflects much more strongly excited molecules. In this case
the multifragmentation is said to be thermally driven. Charge driven multi-
fragmentation occurs when PAH molecules become so highly ionized that
internal Coulomb forces are sufficiently strong to fragment the ions within the
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Figure 9.1: Mass-per-charge spectrum due to the ionization and fragmentation of an-
thracene molecules following collisions with 11.25 keV kinetic energy (Ekin) 3He+

projectiles (top panel), 22.5 keV 3He2+ projectiles (middle panel), and 360 keV
129Xe20+ projectiles (bottom panel).

timescale of the experiment. Multifragmentations may also happen when pro-
jectile ions remove parts of the target molecules directly by hitting its atoms
head-on in a so-called nuclear stopping process, but the probability for this is
very low for the present experimental conditions, as will be discussed in sec-
tion 9.1.2. Loss processes typically yield larger sized fragments, while multi-
fragmentation processes typically yield smaller fragments.

Figure 9.1 shows examples of mass spectra for 11.25 keV 3He+, 22.5
keV 3He2+, and 360 keV 129Xe20+ ions colliding with anthracene (C14H10)
molecules. It illustrates the relative importance of the three processes and
how they depend on the projectile ion. The intact monomer peak, C14H+

10, is
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the dominant peak and located to the far right in the spectra. To the left of it
there are loss peaks labeled by the molecule lost from C14H+

10, as e.g. for the
"-C2Hx" peak, where x is the number of hydrogen atoms. Even further to the
left there are distributions of smaller sized fragment peaks that mainly are due
to multifragmentation processes. In the top panel spectrum these are labeled
by the number of heavy ions, n, in each CnH+

x fragment group. The top panel
(He+ projectiles) is also the one that features the most prominent products
from losses and multifragmentation processes. The fragmentation probability
here is 83 %, compared to 57 % for He2+ projectiles (middle panel) and
65 % for Xe20+ projectiles (bottom panel). Peaks from multiply ionized
collision products are also visible in all three spectra, but are most prominent
with the Xe20+ projectiles. For He+ projectiles it is somewhat surprising
that intact dications, C14H2+

10 , are produced since double electron capture
processes should be negligible in this case. These dications are therefore
most likely products from thermionic emission processes, which seems likely
as the observed large fragmentation probability strongly indicates that very
hot singly charged monomers are produced with He+. Also observed in the
spectrum is a peak representing the loss of C2H2 from C14H2+

10 . For He2+

projectiles double electron capture processes becomes more likely. For Xe20+

projectiles it becomes possible to capture more than two electrons, and
intact anthracene ions with up to four electrons removed are observed in the
spectrum. An interesting new fragmentation pathway becomes possible for
the higher charged species in that also charged fragments may be released.
The peak at m/z = 76 amu could be a result from both C2H2 loss from
C14H2+

10 ions and C2H+
2 elimination from C14H3+

10 ions. The elimination of
charged fragments are sometimes referred to as Coulombic fission processes.

In the following subsections I will discuss the processes of ionization, loss
of neutral atoms or small neutral molecules, and multifragmentation in more
detail.

9.1.1 Ionization
There are two conditions that need to be fulfilled for an electron to move to
the projectile ion from the target. The first is that the distance between the
two bodies must be sufficiently small for the electron to make the transition
(see section 8.1), and the second is that there must be a resonant energy level
available in the projectile to which the electron may be captured. If the pro-
jectile is highly charged there will be a large number of states available to sat-
isfy the second criterium [180], and the approximation can be made that the
probability for charge transfer only depends on the distance between the pro-
jectile and the target. This is the basis for the classical over-the-barrier (COB)
model [181] used in papers IV and V to obtain ionization cross sections for
PAH molecules.
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Figure 9.2: Illustration of how the first ionization energy, IE1, and barrier b changes
in the classical over-the-barrier model when an electron e− is removed from a target
T towards a projectile ion Pz+. In a) the distance R between Pz+ and T is larger than
the first ionization distance R1 and e− cannot be captured. In b) Pz+ is at distance R1
from T and there is no barrier preventing e− from being transferred to Pz+

Classical Over-the-Barrier Model
Consider a point-sized target T located at the origin and a point-sized projec-
tile ion Pz+ located at a distance R from T . Due to the presence of Pz+ the
first ionization energy, IE1, of T will increase due to the Coulomb attraction
by the projectile on the active target electron such that that the Stark-shifted
ionization energy becomes

IE∗1 = IE1 +
z
R

(9.1)

in atomic units (used consistently throughout this part of the discussion unless
otherwise stated). If an electron e− is removed from T towards Pz+, it will
experience the potential

U(r) =−
(

1
r
+

z
R− r

)
(9.2)

when it is at the distance r from T . The situation for when R is too large
for classically allowed electron transfer is illustrated in figure 9.2a. Here, a
potential energy barrier of height b exists that prevents e− from making the
transition to Pz+. The maximum of this barrier is located at the distance rmax =
R/(1+

√
z), which gives a maximum potential energy of

Umax =−
(1+
√

z)2

R
. (9.3)

If Pz+ is brought closer to T the Stark-shifted ionization energy, IE∗1, will
increase, but at the same time the potential energy barrier will be lowered. At
the first critical distance for ionization of the target, R1, the two will become
equal, such that
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IE1 +
q

R1
=

(1+
√

z)2

R1
(9.4)

which gives

R1 =
2
√

z+1
IE1

. (9.5)

This situation, which allows for e− to move to Pz+, is depicted in figure 9.2b.
Assuming that multiple ionization of T takes place by sequential removal of
electrons it is possible to generalize the reasoning above and obtain the elec-
trostatic potential felt by the ith electron removed from the target as

Ui =
i
r
+

z− i+1
R− r

(9.6)

which gives the critical distance for the transfer of the ith electron as

Ri =
2
√

z− i+1
√

i+ i
IEi

(9.7)

where IEi is the ith ionization energy of T . This way of looking at electron
transfers between a target and a projectile ion is the simplest form of the clas-
sical over-the-barrier (COB) model [181, 182]. Whether or not multiple elec-
tron transfers do occur in sequential order depends on the type of projectile
and its charge state, but is is a reasonable assumption for large z, in which case
the density of capture states will also be large [175].

From the COB model it is possible to obtain the ith ionization cross sections
as

σi = π(R2
i −R2

i+1). (9.8)

In figure 9.3 these cross sections are illustrated for a point-sized target with
ionization energies corresponding to those of coronene (see table II in pa-
per IV), and with projectiles of charge states z = 20 (left panel) and z = 2
(right panel). The coronene molecule is also shown to scale for comparison,
although it is treated as a point-sized object when calculating the critical dis-
tances.

If the coronene spatial extension and orientation with respect to the projec-
tile ion is taken into account, electron transfer (or ionization) cross sections
will change in both form and size due to polarization effects in coronene in
the presence of the charged projectile. Recently, Forsberg [183] applied the
COB concept to such a scenario by assuming that the coronene molecule can
be modeled as an infinitely thin circular and electrically conducting disc. A
similar assumption of modeling the C60 molecule as a conducting sphere has
yielded results that agree well with experimental observations [184]. A value
for the radius of the coronene-like conducting disc can be obtained from a
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Figure 9.3: Left panel: Cross sections, according to the classical over-the-barrier
model, for the capture of up to four electrons, as well as five or more electrons, by
a z = 20 projectile from a point target with ionization energies corresponding to those
of coronene. Right panel: The same but for z = 2. The coronene molecule is shown
to scale in both panels for comparison.

linear fit to the calculated ionization energies in paper IV, which gives the ith

ionization energy as

IEi = 2.7+4.059i eV. (9.9)

In atomic units, the classical electrostatic expression for the ionization energy
of a conducting object is [185]

IEi =W +
i−1/2

C
(9.10)

where W is the work function and C is the capacitance of the object. For a
conducting circular disc of radius a the capacitance is C = 2a/π , which when
inserted into equation 9.10 and set equal to equation 9.9 gives a = 10.53 a0 –
a slightly larger number than the 8.75 a0 radius of the molecular skeleton of
coronene. It should be noted that a would decrease if the thickness of coronene
was taken into account, but the mathematical tools used by Forsberg [183] are
this far only applicable to infinitely thin discs. Without getting in to the mathe-
matical details, the expression obtained by Forsberg [183] for the electrostatic
potential experienced by the ith electron moving from the disc to the projectile
is
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Figure 9.4: a) A slice of the cross sections, according to the classical over-the-barrier
model, for the capture of up to four electrons, as well as five or more electrons, by
a z = 20 projectile from a infinitely thin disc target of radius 10.53 a0 (cf. text). The
coronene molecule is drawn to scale at the position of the disc. b) An illustration of
the slice used in a). c) Perspective view of the surface defined by the first electron
capture distance, with the coronene molecule drawn to scale.
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for the specific case when the projectile with charge z is located on a line from
the disc center perpendicular to the disc plane. The radius of the disc is a,
the distance from the disc to the projectile is R, and r is the distance from
the disc to the electron. The expression is given here solely for the purpose of
conveying the significant increase in complexity compared to the simple case
of a point-sized target (equation 9.6). The first two terms in equation 9.11
represent the electron’s self-induced potential, the next two terms represent
the induced potential due to the projectile of charge z, and the last term is the
potential due to only the projectile.

Figure 9.4a shows some electron capture distances for coronene as obtained
using the disc model and a projectile ion with an initial charge state of z = 20.
For simplicity, the figure only shows the results for the first quadrant of a plane
that goes through the center of the disc with the origin placed at the center of
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the disc, as is illustrated in figure 9.4b. Clearly, the shape of the electron cap-
ture distances differ from the spherical ones obtained using a point target (cf.
figure 9.3). An illustration of the three dimensional surface for the first elec-
tron capture distance is shown in figure 9.4c. In general, the results from the
disc model agree well with results obtained from DFT calculations [183], in
which the electron density distribution is calculated for an "active" electron in
the field of a singly charged coronene molecule and a point-charged projectile.
However, it should be emphasized that the disc model is still under develop-
ment. Nonetheless, the present results highlight the importance of polarization
effects when modeling electron capture processes from PAH molecules, and
this model will certainly aid in obtaining new and more accurate results in
future work.

One important observation that can be made from the over-the-barrier
model is that for highly charged projectile ions, such as z = 20, the distances
for the capture of the first few electrons are, regardless of whether the point
or disc model is used, so far away from the molecule that the density of its
electron cloud there should be very low. This means that little energy should
be induced in the target molecule by electronic stopping processes. But for
low charge state projectiles, such as z = 1 or z = 2, the distances for electron
capture are so close to the target molecule (cf. figure 9.3) that significant
energy transfers in electronic stopping processes are expected.

Stability Limits
Due the ability of highly charged projectile ions, such as Xe20+, to remove
electrons from target molecules at large distances, they induce little or no heat
in the targets in the collisions themselves. The method is thus very suitable
for investigating charge stability limits, i.e. at some point when several elec-
trons are removed from a molecule the Coulomb repulsion forces, facilitated
by the weakening of chemical bonds, will be strong enough to fragment the
molecule.

Figure 9.5 shows a summary of the maximum number of charges that PAH
molecules can hold without fragmenting as a function of the number of car-
bon atoms, n, in the PAH molecules. Values are given both from the present
experiments (papers V and VII), theoretical calculations of thermodynamic
stabilities (papers IV), and fission barriers (paper IV and present work). The
thermodynamic stability is defined as the highest charge state for which the
dissociation energy, i.e. the energy difference between the parent ion and the
sum of the two daughter molecules/ions, is such that the parent ion is the lesser
bound system. The thermodynamic stabilities were obtained from calculated
dissociation energies for H and C2H2 loss under the assumption that the most
stable daughter ion isomer is formed. The experimental values lie one or two
units of charge above the thermodynamic stabilities, which indicates the ex-
istence of fission barriers, i.e. energy barriers that impede the decay such that
the ions may stay intact on the experimental time scale even when they are
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Figure 9.5: Charge stability limits versus the number of carbon atoms in PAH
molecules. Squares are from thermodynamical stabilities (paper IV), circles are from
experiments (papers V and VII) and triangles are from calculations including fission
barriers (paper IV and present work). The fission stability limit for n = 14 applies to
the present experimental conditions (see text).

thermodynamically unstable. Through the removal of additional charges these
barriers may become negligible or negative. The calculated charge stability
when considering the fission barrier for anthracene lies one unit of charge
above the experimental value. There are several possible explanations for this
difference. One possibility is that the theoretical calculations do not include
the pathway with the lowest fission barrier. A second is that higher charge
states do exist in the mass spectra, but are not resolved due to overlap of lower
charge state fragment groups or large background signal. A third explanation
is that the calculated fission barriers accurately represent the real barriers, but
that the highly charged ions formed in the interactions are already at their
formation hot enough to overcome the fission barriers.

A very interesting result from the study of thermodynamical stabilities is
that the fragmentation channel which seems to determine the stability limit
for the higher charge states is the loss of C2H+

2 , and not H+ or neutral H/C2H2
fragments (cf. paper IV).

Case Study I: Fission Barriers for C2H+
2 Loss from Multiply Charged

Anthracene Cations
Figure 9.6 shows two pathways for eliminating C2H+

2 from anthracene
molecules when between six and nine electrons have been removed. The two
pathways represent different C–C bond cleavages in one outer ring and has
two different C12Hz+

8 isomers as end products. The pathways are direct in
the sense that no structural rearrangements take place prior to dissociation,
which appears as reasonable for Xe20+ collisions where electrons are mainly
removed at large distances with little direct induced heating of the anthracene
target. The calculations were carried out at the B3LYP/6-31G(d) level of
theory and the energies given in figure 9.6 are relative to the corresponding
intact ionized anthracene molecule, including zero-point energies scaled with
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Figure 9.6: Two different pathways for direct elimination of C2H+
2 from an outer ring

in anthracenez+, with z = 6, 7, 8, and 9. The molecular structures shown are for z = 6.
Relative energies are given in eV.

0.9806 [186]. As seen in figure 9.6 there are energy barriers for the breaking
of the first C–C bonds, although the barrier heights decrease with increasing
charge state z. At z = 9, the barrier is only a few tenths of an eV high, which
is low enough for the molecular ion to fragment promptly except under very
cold conditions. For z = 10 the calculations show the anthracene ion to
spontaneously fragment regardless of the internal ion temperature, which was
also the case for the structures 389+ and 399+. The second barrier becomes
negative in the left hand reaction pathway for z = 7, while it is close to zero
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Table 9.1: Anthracene relaxation energies from vertically ionized neutral structures
to ground state ionized structures, calculated at the B3LYP/6-31G(d) level of theory,
including zero-point energies scaled with 0.9806 [186]

Charge state Relaxation energy

(z) [eV]

5 1.06

6 2.72

7 5.16

8 8.88

9 13.17

in the right hand pathway. From these calculations a charge stability limit
for multiply charged anthracene in its vibrational ground state may be put
to z = 9. An interesting observation from these calculations is also that the
emitted C2H+

2 unit is not acetylene+ [H–C≡C–H]+, but rather [C=CH2]+.
There are a few more aspects that need to be considered when investigating

charge stability limits valid for the experimental conditions that apply when
keV Xe20+ ions collide with anthracene molecules. The first is that the gas
phase anthracene molecules are produced by evaporation of an anthracene
powder in an oven at 60◦C (cf. section 8.2.2). At this temperature anthracene
already has an internal energy of a few tenths of eV, and it may thus overcome
a small fission barrier. Second, the interaction between the Xe20+ ion and
the anthracene molecular target occurs on timescales of femtoseconds. This
means that the molecule will not have time to relax while the electrons are re-
moved, and the ionization can be viewed as taking place vertically. Following
ionization the anthracene ion will relax down towards its vibrational ground
state, but it will keep an excitation energy roughly equal to the energy dif-
ference between the vertically ionized structure and the relaxed ground state
structure. Table 9.1 lists these relaxation energies for z = 5 and up to z = 9.
A comparison between these excitation energies and the highest barriers in
figure 9.6 shows that z = 9 clearly can not remain stable, and neither should
z= 7 and 8 be stable on long timescales. For z= 6 the lowest direct fission bar-
rier (1.50 eV) is slightly more than half of the relaxation energy (2.72 eV). A
similar relation can be found between the typical internal energies associated
with C2H2 loss from anthracene cations in paper VII (7-8 eV), and the lowest
overall dissociation barrier calculated in paper VI (4.95 eV). Therefore ions
with z = 6 are expected to decay on the experimental µs timescale. For z = 5
the lowest direct fission barrier is 1.95 eV (not shown in figure 9.6), which is
almost double the relaxation energy. Therefore this charge state should have
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Figure 9.7: Pathways for elimination of C2H+
2 from anthracenez+, with z = 5, 6, and 7,

following an initial two-step hydrogen-shift analogous to one of the reaction pathways
in paper VI. The molecular structures shown are for z = 5. Relative energies are given
in eV.

a sufficiently long lifetime against C2H+
2 emission to survive on the present

experimental time scale.
A third aspect to consider in the experimental context is that while the first

few electrons captured to the Xe20+ projectile should come from the outer
molecular orbitals in anthracene, this may not be the case when many elec-
trons are removed. Resonant electron captures of inner shell electrons may
then be possible, giving even larger internal vibrational energies.

Considering that some internal excitation energy is available following the
post-ionization relaxation, it is also of interest to study alternative C2H+

2 elimi-
nation pathways. In paper VI three reaction pathways were identified for elim-
inating C2H2 from the singly charged anthracene ion. The most direct path-
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way of these is elimination of C2H2 from an outer ring following an internal
two-step hydrogen-shift. Figure 9.7 shows the same reaction pathway but for
C2H+

2 elimination from multiply charged anthracene with z = 5, 6, and 7. For
all charge states barriers exist for the hydrogen shifts. For z= 7 the barriers for
C–C bond cleavage are negative and the barriers for the hydrogens shifts are
only a couple of tenths of eV high. For z = 6 the largest barrier is lower than
the relaxation energy (cf. table 9.1), while it is larger for z = 5, i.e. the trend
is similar regardless whether the fission proceeds directly (according to figure
9.6) or via hydrogen shifts (figure 9.7). With the above reasoning the charge
stability limit for multiply ionized anthracene is, for the present experimental
conditions, put to z = 5. Again, however, it should be noted that such a highly
charged anthracene molecule is thermodynamically unstable and, given time,
will always decay even with the lowest possible internal excitation energy. All
multiply charged anthracene structures are included in appendix A.

9.1.2 Loss of Neutral Atoms or Small Neutral Molecules
Losses from a molecule take place when it becomes sufficiently hot to re-
lease one or more neutral atoms or smaller neutral molecular units. Before
discussing the experimental findings, I will briefly review how the energy re-
quired for these losses may be transferred from a projectile ion to a target
molecule, and how these aspects relate to the present experimental results.

In figure 9.3 one can see that projectile ions with z = 2 have to interact with
point targets at small distances in order ionize them. Even though the shape of
the ionization cross section will change when the physical extension of PAH
targets are taken into account, it is still evident that a low charge state projec-
tiles must get so close to the PAH molecules to ionize them that direct interac-
tions between the projectiles and the electron clouds or the atoms of the target
molecules become important. The interaction of a projectile ion with a target
molecule’s electron cloud is an inelastic process in which the slowing down
of the projectile transfers energy to the whole target molecule – a process re-
ferred to as electronic stopping. The direct interaction between a projectile ion
and the heavy nucleus in an atom in the target molecule can on the other hand
be seen as an elastic binary collision in which a certain amount of energy is
transferred directly to the atom and may even eject it from the molecule if the
energy transfer is sufficiently large. This form of energy loss from projectile
ions is referred to as nuclear stopping. Both nuclear and electronic stopping
processes occur simultaneously, but they can be treated separately [187, 188].
Lindhard et al. [187] introduced two dimensionless variables

ε = E
aM2

Z1Z2e2(M1 +M2)
(9.12)

and
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Figure 9.8: Theoretical electronic and nuclear stopping cross sections in variables of ρ

and ε . Dashed vertical lines mark ε1/2 values for different projectile ions with carbon
targets. For 360 keV 129Xe20+ projectiles it should be noted that ionization of the
targets primarily happen at large impact parameters with little direct interactions with
the targets themselves (little nuclear or electronic stopping, see text). Figure is adapted
from Lindhard et al. [187].

ρ = RNM24πa2 M1

(M1 +M2)2 (9.13)

as measures of energy and range, respectively. E is the energy of the projec-
tile ion, a = 0.8853a0(Z

2/3
1 + Z2/3

2 )−1/2 is the screening length of the target
atom, where a0 is the Bohr radius. Z and M are the atomic number and mass
of the projectile and target atoms, with the subscripts 1 and 2, respectively.
The electron charge is e, with e2 = 14.39 eV Å. R is the range, N is the num-
ber of atoms per unit volume. With ε and ρ Lindhard et al. [187] were able
to present a universal range-energy description of nuclear and electronic stop-
ping processes in good agreement with experimental observations. Figure 9.8
shows a plot adapted from Lindhard et al. [187, 188] of dε/dρ , which relates
to the stopping cross section, versus ε1/2, which depends on the energy of the
projectile. For nuclear stopping,

dε/dρ =

ε∫
0

f (x)
ε

dx (9.14)

where f (x) is the Thomas-Fermi scattering function (see reference [188] for
more details). For electronic stopping, dε/dρ = kε1/2, with

k ∼= Z1/6
1

0.0793 Z1/2
1 Z1/2

2 (A1 +A2)
3/2

(Z2/3
1 +Z2/3

1 )3/4 A3/2
1 A1/2

2

. (9.15)
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Figure 9.9: The upper part of the mass-per-charge spectra for anthracene targets ion-
ized by 11.25 keV He+ projectiles (upper left panel) and 22.5 kev He2+ projectiles
(upper right panel), as well as for tetracene targets ionized by 27 kev He2+ projec-
tiles (lower left panel) and 37.2 keV O3+ projectiles (lower right panel). The spectra
feature the main peaks due to loss processes, i.e. the losses of 2H/H2 and C2Hx. The
spectra are normalized to the intensities of the intact monocations, and the vertical
scales are the same in all four panels.

For many systems k lies in the range from 0.1 to 0.2 [187], but if the projectile
is much lighter than the target, higher values will be obtained. For both 129Xe
and 16O projectiles k = 0.15 is a good approximation, but for 3He projectiles
k = 0.71. These are the values use for k in figure 9.8, where dashed vertical
lines mark the values of ε1/2 for 360 keV 129Xe20+, 37.2 keV 16O3+, 11.25
keV 3He+, and 22.5 keV 3He2+, which are projectiles used for experiments
discussed in this thesis. Clearly, for both 3He+ and 3He2+ projectiles elec-
tronic stopping is the dominant energy transfer process, while nuclear stop-
ping is relevant for the 129Xe20+ and 16O3+ projectiles. However, a very im-
portant aspect which is not reflected in figure 9.8 is the distance at which
ionization occurs. For 129Xe20+ it was already established in the previous
subsection that ionization predominantly takes place at large distances with
little direct energy transfer. A similar conclusion, although not as extreme,
is probably true for 16O3+. But for both 3He+ and 3He2+ projectiles small
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Figure 9.10: Intensities of the C2Hx and H2 loss peaks for different PAH molecules,
relative to the intensity of the respective parent ion.

enough impact parameters are expected for significant direct interaction with
the target molecule to occur. In these direct interactions the target molecule
becomes heated and vibrationally excited. If the excitation is strong enough
the molecule may fragment.

Losses of small neutral atoms and small neutral molecules are the lowest
activation energy fragmentation channels for PAH molecules [46, 137–139].
The most prominent ones are the losses of H, H2, and C2H2. These can, de-
pending on the excitation of the molecule, be preceded or followed by addi-
tional H-losses. In figure 9.9 I show examples of how these peaks relate to
each other and to the parent ion peak in cases with anthracene (C14H10) or
tetracene (C18H12) target molecules. All four spectra in the figure are shown
on the same intensity scale. The strongest contributions from loss processes
are observed with 11.25 keV He+ projectiles on anthracene targets. This is
most likely due to a combination of large energy transfers in electronic stop-
ping processes in small impact parameter ionizations, and the difference in the
numbers of internal degrees of freedom for C14H10 and C18H12. For 22.5 keV
He2+ projectiles less contributions from loss processes are observed because
in this case the impact parameters required for ionization are larger compared
to 11.25 keV He+ projectiles. For 27 keV He2+ projectiles on tetracene tar-
gets there is less loss of C2Hx, but more of H2 loss compared to 22.5 keV
He2+ projectiles on anthracene targets. The exact cause of this is probably
related to the larger number of degrees of freedom in tetracene compared to
anthracene, which would create a cooler cation not able to access as many
of the structural rearrangements required to emit a C2H2 unit. Another con-
tributing factor could be that anthracene has a slightly larger ionization energy
(7.4 eV [149, 150]) compared to tetracene (7.0 eV [189]) and this means that
anthracene targets generally experience smaller impact parameter ionizations.
Differences in dissociation barriers and rate constants may also contribute to
the observed difference in peak intensities due to loss processes. For 37.2 keV
O3+ projectiles on tetracene targets the contributions from loss processes are,
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Figure 9.11: A comparison of the loss peaks in the mass-per-charge spectrum for 50
keV anthracene cations in collision with Xe target atoms (black line) and 11.25 keV
He+ ions in collision with neutral anthracene target molecules (red line). The spectra
are normalized to the intensities of the 2H-loss peak.

for both the C2Hx-loss and H2-loss channels, less than with 27 keV He2+ pro-
jectiles. Here, contributing factors to the observed difference could be larger
impact parameter ionizations with O3+ projectiles, but also that the velocity of
the 37.2 keV O3+ projectiles is half of that of 27 keV He2+ projectiles, which
implies less deposited energy in electronic stopping processes.

Figure 9.10 shows the total intensities of the C2Hx-loss and th H2-loss chan-
nels, relative to the total intensity of the respective parent ion, for anthracene,
tetracene, pyrene and coronene targets, ionized by He+, He2+, or O3+ pro-
jectiles. The general difference between the pericondensed and catacondensed
species is that there are fewer contributions from loss processes in the pericon-
densed case. This is true also when comparing tetracene (C18H12) and pyrene
(C16H10), even though the former has a larger number of degrees of freedom
as well as a lower ionization energy (smaller impact parameters for ionization)
compared to pyrene (7.4 eV [150]). The difference lies rather in the increased
stability of a pericondensed structure, making it more resilient to C2H2 loss.
The increased stability for pericondensed PAHs has been observed in experi-
ments [46, 47] and it can also be seen in theoretical calculations of adiabatic
dissociation energies (cf. Table V in Paper IV).

This Part of the thesis mainly concerns experiments in which atomic ions
collide with neutral PAH monomer targets, but it is also possible to have
the opposite situation in which PAH ions collide with neutral atomic targets.
The latter approach was used for the experiment in paper VI, in which the
same electrospray ion source and setup as described already in chapter 4 was
used, and which was also used for experiments with biomolecular ions. Here,
C14H+

10 ions were used as projectiles and the target gas was Xe, for which
electron transfer processes are negligible and energy should be transferred
mainly through nuclear and electronic stopping processes. Figure 9.11 shows
a comparison of the mass-per-charge region containing the loss peaks for 50
keV anthracene cations in collisions with neutral Xe targets, and 11.25 keV
He+ projectile ions in collisions with neutral anthracene targets. The spectra
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are normalized to the intensities of the 2H-loss peak. The two spectra over-
lap well, which indicates that similar excitation energies are induced in the
anthracene molecules/ions during the collisions.

I will now discuss in more detail the specific case of how C2H2 may be
emitted from anthracene cations in a loss process.

Case Study II: C2H2 Loss from Anthracene Monocations
A large part of paper VI presents results from a computational study of reac-
tion pathways that lead to the loss of C2H2 from anthracene cations. The pa-
per also includes the loss of C2H2 and HCN from acridine cations, but these
results will not be discussed further in this summary. All calculations were
carried out using the B3LYP functional and the 6-311++G(2d,p) basis set. For
further computational details, see paper VI.

Due to the delocalized π electrons, PAH molecules feature relatively strong
C–C bonds and exhibit a general resilience to bending and rotation about these
bonds. Because of this it requires a lot of energy to break PAH C–C bonds in
a direct manner. The C–H bonds, on the other hand, are of σ character, which
means that they are more easily bent or rotated. In addition, the low mass
of H atoms facilitates their mobility even further. These factors contribute
to making the H atoms in PAH molecules relatively mobile. Thus, if a PAH
molecule becomes sufficiently hot, the H atoms are able to shift positions
in the PAH molecules, something often referred to as hydrogen scrambling
or hydrogen randomization. The phenomena is well known from deuterium
labeled experiments [142, 143, 190], and it has also been reported to occur in
peptides [144].

If a H atom bonded to a C atom shifts position to another C atom that is
already bonded to three atoms, the character of those bonds need to change,
from being of double bond (π) type to having more of a single bond (σ ) char-
acter, in order to bond to the shifted H atom. If the C that the H atom shifts to
previously was unhydrogenated, the orientation of the new C-H bond will be
close to perpendicular to the molecular plane, effectively disrupting the delo-
calized π electrons for that carbon atom. These kinds of H migrations mark the
onset for the C2H2-loss mechanisms described in paper VI for the anthracene
cation, as they will weaken the C–C bonds to the C that received the H atom.

After a C–C bond has been broken different pathways open up depending
on which H atom that has migrated and to where. In paper VI a total of
three fragmentation pathways were calculated for how C2H2 may be lost
from anthracene monocations. One pathway is direct in the sense that the
C2H2 is released from an outer ring with few reaction steps. The other
two pathways proceed via structural changes to C14H•+10 isomers. The
isomerizations are driven by ring shift mechanisms. For the complete picture
of the calculated fragmentation pathways I refer to paper VI. A summary
of the three fragmentation pathways is shown in figure 9.12. It presents
the structures of the C14H•+10 isomers anthracene•+ (1), phenanthrene•+
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Figure 9.12: Summary of the three reaction pathways calculated for the release of
C2H2 from anthracene cations, together with the highest associated barrier. Also
shown is the dissociation energy for H loss. Relative energies are given in eV.

(2), and cyclohepta[de]napththalene•+ (27), as well as the three different
C12H•+8 product isomers following C2H2 loss: 2-ethynylnaphthalene•+ (11),
biphenylene•+ (6), and acenaphthylene•+ (5). Also shown in the figure is
the lowest dissociation channel structure following the loss of one H atom
(37). Energies, relative to anthracene•+, are given for each structure as
well as for the highest energy barriers for isomerization and fragmentation.
Clearly, isomerization and fragmentation are competing processes. The most
favorable end product based solely on the energetics is acenaphthylene•+ (5).
However, it also has the longest fragmentation pathway, featuring thirteen
transition states, compared to seven for the formation of biphenylene•+

(6) and four for the formation of 2-ethynylnaphthalene•+ (11). So even
though acenaphthylene•+ (5) should be present near the appearance energy
for C2H2, it is not necessarily the dominant fragmentation pathway when
the other pathways become accessible. To determine the branching ratios
between different fragmentation channels one needs to study the kinetics of
the systems. One common approach to determining unimolecular reaction
rates involves Rice-Ramsperger-Kassel-Marcus (RRKM) theory. These types
of calculations have not been carried out for the reaction pathways obtained
for the C2H2 loss from anthracene•+, but they do pose a natural continuation
of the study and will hopefully be carried out in the not too distant future.
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Figure 9.13: Distributions of CnH+
x fragment intensities as functions of n, normal-

ized to the integrated intensities of the fragments and parent ions, for different pro-
jectile ions. Left panel: Anthracene target molecules. Middle panel: Pyrene target
molecules. Right panel: Coronene target molecules.

9.1.3 Multifragmentation
The lower mass region of the PAH mass spectrum contains series of CnHz+

x
fragments (see e.g. figure 9.1). The most dominant charge state are the mono-
cations, but dications are also observed and most prominently so when multi-
ply charged projectiles are used. The origin of the CnHz+

x fragments depends
greatly on the projectile ion. For low charge state keV ions the small impact
parameters induce significant amounts of energies in electronic stopping pro-
cesses, and in the higher tail end of these induced energy distributions the
PAH molecules will be sufficiently hot to undergo fragmentations in multi-
ple steps. For higher charge state keV ions the removal of multiple electrons
leads to strong Coulomb repulsions within the ionized PAH molecules, which
in combination with weakening of C–C bonds due to the removal of multiple
aromatic π electrons, may lead to fission of the PAH molecule. The manner in
which the fragmentation occurs is reflected in the distributions of the CnHz+

x
fragments.

The distributions of CnH+
x fragments from anthracene, pyrene, and

coronene target molecules, normalized to all detected ions (fragments and
intact ions), are shown for different projectile ions in figure 9.13 as functions
of the number of carbon atoms, n, in the fragments. For the low charge state
projectiles there is more fragmentation and the distributions feature more of
the larger sized fragments. Distributions due to collisions with high charge
state ions are, on the other hand, more dominant towards the lower sized
fragments, and especially n = 1 and 2 stand out. This is most likely due to
fission processes that emit small singly charged fragments from multiply
ionized parent molecules (cf. discussion in section 9.1.1 and papers IV and
V).

Other striking features of the distributions in figure 9.13 are the even-odd
oscillations, in which fragments with odd numbers of carbon atoms have
larger intensities than even ones. It is generally recognized that carbon clusters
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Figure 9.14: Relative yield of CnH+
x fragments from 22.5 keV He2+ ions colliding

with anthracene target molecules, for n = 2, 3, 4 and 5.

with n < 10 form linear structures [191]. The preferred bonding configuration
was early on believed to be cumulenic (:C=C· · ·C=C:) with near equivalent
bond lengths [191]. Figure 9.14 shows the relative yield of CnH+

x fragments,
as functions of x, for n = 2, 3, 4, and 5, when anthracene monomer targets are
ionized and fragmented in collisions with 22.5 keV He2+ ions. It clearly shows
that the most probable number of hydrogen atoms in the molecular fragments
are two when n is even, and one when n is odd – a behavior that would not
be expected if the bonding configurations were the same for even and odd n.
When n is odd the cumulenic bonding (only double bonds) is the only possibil-
ity, but for even-n polyyne structures (·C≡C−C· · ·C−C≡C·) with alternating
bond lengths (alternating triple and single bonds) are also possible. Due to
their two unpaired electrons, polyyne structures are expected to easily bond
with two hydrogen atoms. This readily explains the pattern observed in figure
9.14, and similar results have been reported from experiments by Postma et
al. [55], and also from reaction experiments with carbon clusters and molec-
ular hydrogen [192], as well as from sputtering of C84-covered surfaces by
highly charged keV Ions [193]. In addition, collision induced dissociation
experiments have revealed small odd-n pure carbon cations to have a larger
dissociation energy than even ones [191], again hinting at a difference in the
structure of the chemical bonds. The larger dissociation energy for when n is
odd is also consistent with the observed even-odd oscillations in figure 9.13,
as it means that the odd-n structures are more stable than even-n structures.

9.2 Ionization and Fragmentation of PAH Clusters
When the targets for the ion projectiles are pure PAH clusters, it is possible
to study the dynamics of such clusters as they are multiply ionized and/or in-
ternally heated. Indeed, the ionization and fragmentation processes following
such actions take on a slightly different behavior compared to the case of pure
monomer targets. These kinds of studies are the focus of papers VII and VIII,
for which I will now briefly review some of the main experimental obser-
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Figure 9.15: Left panels: Mass-per-charge spectra for anthracene clusters ionized
and fragmented by 11.25 keV 3He+ (top), 22.5 keV 3He2+ (middle), and 360 keV
129Xe20+ (bottom) projectile ions. Note the linear vertical scale. Insets show the in-
tegrated intensities of CnH+

x fragments, normalized to the total integrated intensities
of all fragments and intact anthracene ions, as a function of n. Right panels: Clus-
ter size-per-charge spectra for the same systems as those in the left panels. Note the
logarithmic vertical scale.

vations before moving on to more detailed discussions regarding theoretical
models for evaporation and ionization of PAH clusters.

The mass spectra for keV He+, He2+, and Xe20+ ions in collisions with
anthracene cluster targets are shown in figure 9.15. Beginning with the left
panels, they contain the lower parts of the mass spectra, which includes the
C14H+

10 monomer peak and the CnHz+
x fragments. When comparing these mass

spectra to those of the pure monomer targets in figure 9.1, the perhaps most
striking features are the greatly reduced intensities of CnHz+

x fragments, with
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Figure 9.16: The intact anthracene monocation peak for anthracene monomer targets
(black) and anthracene cluster targets (gray) following ionization by 11.25 keV He+

ions (left panel) and 360 keV Xe20+ ions (right panel).

a small yet dominant peaks due to C2Hx losses in the top and middle panels
(He+ and He2+ projectiles), but a noticeable shift in the intensity distribution
towards larger CnHz+

x fragments in the bottom panel (Xe20+ projectiles). The
insets in the left panels show the CnH+

x distributions as functions of n for both
the monomer targets (open symbols) and the cluster targets (closed symbols),
normalized to the integrated intensities of the fragments as well as the parent
ions. For both He+ and He2+ projectiles the intensity distributions are rather
similar in the two target cases, but with strongly reduced intensities for the
cluster target. But for Xe20+ projectiles, the intensity distribution is shifted to-
wards larger masses for the cluster target case. Particular note should be taken
to the much reduced intensity of the n = 2 group, and the greatly increased
intensity of the n = 12 group. The former was in the previous section argued
to be an indication of fission of multiply ionized anthracene, while the lat-
ter is a low energy dissociation channel for hot anthracene cations. Thus, one
can conclude that the observed CnH+

x fragments are, following collisions with
Xe20+, charge driven in the case of monomer targets, but thermally driven in
the case of cluster targets. For He+ and He2+ projectiles the fragmentation is
thermally driven in both target cases, but the greatly reduced fragment inten-
sities in the cluster target case indicate that there are not as many anthracene
molecules hot enough to undergo fragmentation as in the monomer target case.
Other noticeable differences in the cluster target mass spectra compared to
their monomer counterparts are the increased widths of the C14H+

10 peaks.
This is highlighted in figure 9.16 where the C14H+

10 peaks for both monomer
and cluster targets are normalized to their peak intensities and plotted together
when ionized by He+ projectiles (left panel) and when ionized by Xe20+ pro-
jectiles (right panel). Clearly, the peaks are wider for the cluster targets, and
particularly wide in the case of Xe20+. A widening of peaks in the time-of-
flight mass spectrometer is (provided the experimental conditions are equal)
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associated with increases in kinetic energy releases. Kinetic energy releases
increase the initial velocities of the ions at the time of extraction, which cre-
ates a larger spread in the flight times to the detector, and thus wider peaks in
the recorded mass spectra.

Turning back to figure 9.15 and now focusing on the right panels, which fea-
ture the cluster parts of the mass spectra (note the logarithmic vertical scales).
For all three projectile ions, the singly charged monomer dominates, and there
is a sharp decrease in peak intensities with increasing cluster size j. This clus-
ter intensity distribution deviates greatly from the log-normal distribution pro-
duced in the cluster source (cf. section 8.2.2) and thus shows that the clusters
fragment strongly once they are ionized under the present experimental con-
ditions. For both He+ and He2+ projectiles dications appear at j = 15. For
He+ projectiles dications as large as j = 23 are detected, but it is difficult
to resolve larger monocations than j = 11. The situation is similar for He2+

projectiles, except that monocations appear out to j = 21. In the case Xe20+

projectiles it is difficult to discern any larger sized clusters than j = 6. All
product cluster peaks are broadened due to kinetic energy releases. The peaks
due to smaller product clusters also feature tails extending on their right-hand
sides. Such tails would be expected if some of the clusters fragment during
the extraction, in so-called delayed fragmentation processes. How this gives a
tail can be seen as follows: A cluster of size j is accelerated in the extraction
region at the onset of the extraction. At some point during the extraction the
cluster is reduced in size to j−1 whereupon its acceleration is increased. But
because the larger acceleration began at a later point in time, as well as at a
shorter distance before the end of the extraction region, this j−1 product will
have a longer flight time to the detector, and will consequently not end up in
the same peak as the j− 1 clusters formed before the onset of the extraction
pulse. Further, it will not be in the j peak because clusters that remained of
size j during extraction will have a longer flight time. Instead, the "delayed"
j−1 fragment will end up somewhere in between the j−1 and j cluster peaks
in the time-of-flight spectrum, and thus give rise to the tail feature. In addition,
one can see features in the mass spectra that correspond to delayed fragmenta-
tion during the field-free drift region of the time-of-flight mass spectrometer.
As seen in figure 8.5, the metal plate at the end of the time-of-flight mass
spectrometer has a more negative potential than the field-free region, and this
causes the cations to accelerate at the very end of their flight path. So if frag-
mentation occurs in the field-free region, this can be seen as a small splitting
of peaks in the mass spectra. This is indeed also observed. An enlarged view
of a cluster peak that features both delayed fragmentation features is shown
in figure 9.17. Finally, no peaks that correspond to fusions between cluster
constituents, or clusters consisting of some intact anthracene molecules plus
anthracene monomer fragments, can be seen in the cluster part of the clus-
ter target spectra. Similar observations are also made for the coronene cluster
targets (cf. paper VIII).
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Figure 9.17: The [C14H10]+6 peak following ionization by 22.5 keV He2+ projectile
ions, with marked features due to delayed ionization in the extraction region and in
the field-free drift region of the mass spectrometer.

With the above observations from the cluster target mass spectra, as well
as with the knowledge from the previous section of how PAH molecules frag-
ment, it is now possible to draw a picture of how the ionization and frag-
mentation of PAH clusters occur. For low charge state projectiles the targets
are ionized in small impact parameter collisions that transfer energy in mainly
electronic stopping processes. For the present projectile velocity range Postma
et al. [55] calculated the electronic stopping to be of the order of several tens
of eV. More specifically, for 22.5 keV 3He2+ projectiles, which have a veloc-
ity of 0.55 a.u., a typical value for the electronic stopping is 40 eV per each
anthracene molecule hit [55]. Considering the cluster geometries (cf. section
7.5) it is also not unlikely that several of the molecules in a cluster may be
hit for each ion trajectory. Following the ion interaction, the absorbed heat is
redistributed within the PAH cluster. This is evident from the greatly reduced
fragmentation in the lower part of the mass spectra, which means that most
PAH molecules are too cold to fragment. That only clusters consisting of intact
PAH molecules (integer j) are observed indicates that the clusters rid them-
selves of the heat absorbed in the collisions by evaporation of intact monomer
units. The charge has a higher probability to remain at the larger body of the
two evaporation products, and thus mostly neutral monomers should be evap-
orated. Evaporation can also be seen as the most likely action for hot PAH
clusters considering the weak binding energies of the clusters (cf. section 7.5).
From the dominance of the smaller cluster sizes, and in particular the intact
singly charged monomer, it seem evident that the evaporations generally occur
in long sequences. Long evaporation sequences was also reported by Schmidt
et al. [194] for coronene clusters excited by UV-laser radiation.

For the Xe20+ projectiles the observed large numbers of thermally driven
CnH+

x fragments are strong indications of very hot singly charged PAH
monomer ions. Also the large widths of the intact monocation peaks indicate
violent break-up processes. But there are very little of the larger cluster
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sizes. From the monomer results in the previous section it is known that
Xe20+ projectiles are able to ionize their targets at large distances with little
simultaneous heating. It is also known that Xe20+ projectiles may multiply
ionize monomer targets, so multiple ionizations could be an explanation for
the observed lack of larger cluster sizes. Such multiple ionization may cause
Coulomb explosion of the clusters – a process in which significant parts
of the Coulomb potential energy may be transferred to internal vibrational
modes in the daughter ions. For example, the Coulomb energy for the
outermost charge of ten point-sized charges arranged on a line and separated
by 3.4 Å (the same distance as the intermolecular separation in the coronene
TS dimer, see figure 7.5) is 12 eV. But it is still surprising that no larger sized
clusters are detected, as such clusters should be able to both more internal
energy.

In the following two subsections I will discuss two models that give support
to the above interpretations. They also aid in explaining the main features of
the mass spectra, such as the long evaporations sequences for low charges
state projectiles, and the absence of larger product cluster sizes for the high
charge state projectiles.

9.2.1 An Evaporation Model for Neutral Monomer Emission
from Singly Charged PAH Clusters
In section 5.2.3 I described an evaporation model for the sequential evap-
oration of water molecules from AMP-water complexes. A slightly modified
version of that model can be applied to the present scenario of monomer evap-
oration from PAH clusters. First, remember that the rate of evaporation was
assumed to follow an Arrhenius type equation

Γ = A exp(−Ed/kBT ). (5.1)

The same equation may be used to determine how PAH clusters decrease in
size as a function of time. But before equation 5.1 can be applied to PAH
clusters, one needs to be able to determine the temperature of a PAH cluster
for a given internal energy. For the AMP-water complexes, the internal energy
was treated classically with all vibrational modes active and with equal shares
of the intramolecular vibrational energy Evib

intra, i.e.

Evib
intra = (3N−6)kBT. (9.16)

where N is the total number of atoms in the molecule. However, a more accu-
rate description is to take the effect of finite temperatures into account. This is
much simpler for PAH clusters, which consist of planar rigid structures, than
for AMP-water complexes with the more flexible AMP structure. Pure PAH
cluster can also be assumed to display bulk like properties, while computation
of the intra- and intermolecular vibrational modes of the numerous conforma-
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Figure 9.18: Energy-temperature relation for different expressions of the inter-
and intramolecular vibrational energy per coronene molecule for bulk coronene.
(Evib

intra)classical is calculated using equation 9.16, (Evib
inter)classical is simply 6kBT ,

(Evib
intra)harmonic is calculated using equation 9.18 with vibrational frequencies from

DFT calculations (see text), and (Evib
inter)harmonic is also calculated using equation 9.18,

but with vibrational frequencies from Rapacioli et al. [165]. Inset shows an enlarged
view of the difference between (Evib

inter)classical and (Evib
inter)harmonic.

tions of AMP-water complexes is a difficult task at best. For PAH molecules
it is therefore possible to use the harmonic approximation and express the av-
erage thermal energy of the ith vibrational mode, ωi, in thermal equilibrium as
(see e.g. ref [195])

Evib
i =

1
2

h̄ωi +
h̄ωi

exp(h̄ωi/kBT )−1
(9.17)

where the first term is the zero-point energy and h̄ is the reduced Planck con-
stant. The kBT energy in the Arrhenius equation (5.1) does not include zero-
point energy effects as it only refers to the excitation energy relative to the
ground state. Therefore the first term is equation 9.17 can be neglected and
the total intramolecular vibrational energy in one PAH molecule becomes

Evib
intra =

3N−6

∑
i=1

h̄ωi

exp(h̄ωi/kBT )−1
. (9.18)

The intermolecular energy between molecules in PAH clusters can likewise
be obtained from the harmonic approximation. The vibrational frequencies
for these are however more difficult to calculate as they depend on the geo-
metrical structures of the clusters. Dimer intermolecular vibrational frequen-
cies were reported by Rapacioli et al. [165] for coronene. If these frequencies
are assumed to be representative of the intermolecular modes regardless of
cluster size, it is possible to compare these intermolecular energies to the clas-
sical value of 6kBT , which represents the intermolecular vibrational energy in
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bulk PAH material at high T . Figure 9.18 shows the inter- and intramolecu-
lar vibrational energies for coronene according to both the classical expres-
sions (6kBT and equation 9.16) and the harmonic approximation (equation
9.18 applied to both inter- and intramolecular vibrational frequencies). Also
shown is the sum of the intramolecular vibrational energy according to the
harmonic approximation and the classical intermolecular vibrational energy.
Intermolecular vibrational frequencies are taken from Rapacioli et al. [165],
while the intramolecular vibrational frequencies are from DFT calculations at
the B3LYP/6-311++G(2d,p) level of theory. The latter frequencies are listed
appendix B for anthracene and coronene. As seen in figure 9.18 there is a
noticeable difference between the classical and the harmonic intramolecular
vibrational energy. This is because not all vibrational modes are active at low
temperatures. Also note that there are very small differences between the har-
monic and classical intermolecular energies. For this reason the much simpler
6kBT expression is used for the intermolecular vibrational energy, and the total
vibrational energy per molecule in a PAH cluster may be written as

Evib
tot (k)

k
=

3N−6

∑
i=1

h̄ωi

exp(h̄ωi/kBTk)−1
+

k−1
k

6kBTk. (9.19)

With an expression for how the internal vibrational energy depends on the
temperature it becomes possible to look at how a PAH cluster cools off as
neutral monomer units are evaporated. Following evaporation, the internal en-
ergy in the cluster decreases by the dissociation energy Ed for the emitted unit
as well as the kinetic energy release. The latter is assumed to be the average of
the sum of the translational and rotational energy, i.e. (6/2)kBT . In addition,
the vibrational energy should be reduced by the internal vibrational energy of
the emitted monomer. Thus the total reduction in internal energy is

Evib
tot ( j−1) =

[
1− 1

j

][
Evib

tot ( j)− 6
2

kBTj−Ed( j)
]

(9.20)

for 2 ≤ j ≤ k. Dissociation energies were reported for single stacks of singly
ionized coronene molecules by Rapacioli et al. [172]. According to their cal-
culations, Ed decrease from 1.3 eV for the dimer to 0.9 eV for the octamer.
This behavior is shown in figure 9.19, which also includes scaled dissocia-
tion energies for anthracene. The scaling is done by the factor 3/7, which
corresponds to the ratio of benzene-like rings in the two molecules, and the
result agrees well with the binding energies reported for the singly ionized an-
thracene dimer [159]. For cluster sizes larger than eight, a constant value of 0.8
eV is used as the dissociation energy for coronene clusters [172], and a corre-
spondingly scaled value for anthracene clusters, which again reproduce values
reported by more accurate calculations of the anthracene dimer [159,168,169].
Binding energies similar to those of neutral dimers can be expected for larger
singly ionized cluster sizes as the cluster charge delocalizes towards the clus-
ter center (cf. section 7.5 and Rapacioli et al. [172]). With the dissociation
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Coronene

Anthracene

Figure 9.19: Dissociation energies
for singly charged coronene (squares)
[172] and anthracene (circles) cluster
stacks as functions of cluster size. The
anthracene values are the coronene
values scaled by the factor 3/7 (see
text).

Coronene

Anthracene

Figure 9.20: The decrease in tem-
perature according to the evaporation
model for coronene (squares) and an-
thracene (circles) clusters with an ini-
tial size of k = 12 and internal energies
of 4.8 eV/k for the coronene cluster
and 1.2 eV/k for the anthracene clus-
ter.

energies of figure 9.19, the decrease in internal temperature for an initial clus-
ter size of k = 12 is shown in figure 9.20 for a coronene cluster with initially
4.8 eV per molecule, and for an anthracene cluster with initially 1.2 eV per
molecule.

Having established how the internal energy in a PAH cluster depends on its
temperature, and how the temperature of a singly ionized cluster decreases as
neutral monomer units are evaporated, I now return to the Arrhenius expres-
sion of equation 5.1 and the formulation of the differential equations needed
to solve for how a cluster of k PAH molecules decreases in size as a function
of time. Using the same notation as in equation 5.3 with c j as the number of
clusters of size j ≤ k, the differential equations become

dck

dt
=−Γk−1ck

dck−1

dt
= Γk−1ck−Γk−2ck−1

...
dc j

dt
= Γ jc j+1−Γ j−1c j

...
dc1

dt
= Γ1c2−Γ0c1

dc0

dt
= Γ0c1

(9.21)
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Figure 9.21: Total cluster vibrational energy per molecule required to completely
evaporate clusters of size k coronene (squares) or anthracene (circles) molecules.
Dashed lines represent different values of κ – an upper limit for the number of
molecules within the clusters that a 22.5 keV 3He2+ projectile typically must pass
through in order to induce complete evaporation (see text).

where j = 0 designate the fragmentation of the remaining singly charged PAH
monomers themselves. A dissociation energy of 4.5 eV, which corresponds
roughly to the dissociation energy for loosing a neutral hydrogen atom, is
assumed for PAH monomer fragmentation. The model I have just described
resembles the evaporative model used by Schmidt et al. [194] to describe
coronene clusters as evaporative ensembles, and it is also able to reproduce
the essence of their results.

In paper VIII the differential equations (9.21) were solved to find the dis-
tribution of different initial cluster sizes after 0.6 µs, which corresponds to
the average time between ionization and extraction in the time-of-flight mass
spectrometer. The initial internal energy was then tuned so that 99 % of the
parent cluster intensity ended up in the monomer peak or became a fragment
thereof. This may somewhat arbitrarily be referred to as complete evapora-
tion of the parent cluster. Figure 9.21 shows the internal vibrational energy
per molecule required to completely evaporate singly charged clusters of an-
thracene or coronene molecules up to k = 100. In these calculations the pre-
exponential factor A in equation 5.1 was set to 1015 s−1. The general results
from the model are not very sensitive to A (cf. discussion in paper VIII). The
Evib

tot /k for k = 12 was the energies used as input parameters to generate figure
9.20.

With the 40 eV electronic stopping discussed in section 9.2 taken as the
average energy transferred to a cluster per constituent PAH molecule hit by a
22.5 keV 3He2+ projectile, it is possible to estimate how many molecules, κ ,
in the cluster that the projectile must pass through in order to induce complete
cluster evaporation. The dashed lines in figure 9.21 are curves of Evib

tot /k =
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Figure 9.22: Internal energy distribution assumed in Case Study III.

40κ/k eV for different values of κ , and represent upper limits for complete
evaporations. From this picture it is evident that the projectile ion need only
to pass through a few molecules in an anthracene cluster for it to evaporate
completely. The limit is higher for coronene clusters, which is reasonable con-
sidering the larger number of degrees of freedom in coronene molecules, as
well as their stronger intermolecular binding energies, which makes them able
to store more internal energy prior to evaporation. This is also in agreement
with what is observed in the mass spectra (see figures 2 and 3 in paper VIII)
where more of the larger cluster sizes are observed for coronene cluster targets
compared to what is the case with the anthracene cluster targets.

Case Study III: Evaporation of a Log-Normal Distribution of Anthracene
Clusters
In this case study I will apply the evaporation model to the case when 22.5
keV 3He2+ ions collide with a log-normal distribution of neutral anthracene
clusters. In order to do so two assumptions have to be made in addition to the
ones already described. The first is the shape of the initial cluster distribution,
and the second is the distributions of internal energies for each cluster size.
The first assumption is handled by assuming the log-normal distribution from
figure 8.4, which should serve well as an approximation for the neutral clus-
ter size distribution. But the second assumption is more difficult. Since the
clusters are internally cold prior to interaction with the He2+ projectile, their
excitation energies following the interaction should resemble the distributions
of electronic stopping energies. From Postma et al. [55] and earlier discus-
sions in this work it is known that the peak of electronic stopping energies
is at 40 eV for the interaction of a 22.5 keV 3He2+ projectile ion with one
anthracene molecule. This peak then trails off into a long tail-like feature for
higher stopping energies [55]. A somewhat arbitrary distribution of internal
energies, composed of two Gaussian functions, is therefore assumed. The sum
of the two Gaussian functions peak at 40 eV, and one of the Gaussian func-
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Figure 9.23: Upper panel: The initial distribution of anthracene cluster sizes assumed
in the case study. Lower panel: The final distribution of anthracene clusters according
to the model. Inset shows a comparison between the model results (in blue) and the
experimental results (in red) for 1≤ j ≤ 4, with an enlarged view for 2≤ j ≤ 4.

tions is made wide to resemble the tail feature in reference [55]. The appear-
ance of the resulting internal energy distribution is shown in figure 9.22. For
an anthracene cluster the probability to hit more than one anthracene molecule
should scale with the size of the cluster. This relation is chosen somewhat ar-
bitrarily in the use of the factor

√
k. With this factor a He2+ projectile would

on average pass through 1.4 molecules in a k = 2 cluster, and 10 molecules in
a k = 100 cluster, which seem like reasonable figures. A more accurate scaling
could e.g. be obtained by Monte Carlo simulations of known cluster geome-
tries or crystalline structures, but such calculations have not been carried out
for the present work. It should therefore be stressed that the results of this
case study are very crude. Nonetheless, it provides an interesting test for the
evaporation model.

Figure 9.23 shows the initial log-normal anthracene cluster distribution (up-
per panel) and the final cluster distribution after 0.6 µs (lower panel). In
the experiment it was found that 86 % of the total cluster intensity is in the
monomer peak. The corresponding figure from the model is 88 %. The inset in

118



the lower panel shows a comparison of the experimental and the model results
for 1≤ j≤ 4, where the intensities have been normalized to the peak intensity
of the monomer. The model underestimates the intensity in the j = 2 peak,
gives good agreement for the j = 3 peak, and overestimates for j ≥ 4. These
discrepancies reflect the crudeness of this specific case study, but also empha-
size that the model may be used to describe the bulk behavior of PAH cluster
evaporations, but does not include the finer points of the processes involved in
the ion-PAH collisions.

9.2.2 Modeling Multiple Ionization of Single Stack Coronene
Clusters
One surprising result from the studies of Xe20+ ions in collisions with PAH
clusters is the absence of larger sized clusters in the mass spectra. In paper
VIII this feature is explained as an increased propensity for multiple ion-
izations with increasing cluster size, which then facilitates their destruction
through Coulomb explosions. Clusters of coronene molecules were used in
the calculations to reach this conclusion, and the main reason for this is that
the coronene cluster geometries, at least for smaller cluster sizes, are more
well defined for than for other PAH molecules. As long as the size of the
coronene clusters does not exceed eight molecules, the preferred structure
seem to be that of single stacks [165]. This greatly facilitates calculations of
coronene cluster ionization energies. Considering the large similarities in the
fragmentation behaviors when Xe20+ projectiles collide with both anthracene
and coronene clusters (cf. papers VII and VII), but also with pyrene and flu-
oranthene clusters [56], the general conclusions should be valid for all PAH
clusters.

The coronene cluster stacks for which the ionization energies were cal-
culated were constructed with the use of the optimized coronene monomer
structure of Zhao and Truhlar [58], who performed this calculation, as well as
calculations of several neutral coronene dimer structures, with the use of their
own developed M06-2X functional (cf. chapter 2). Because this functional
shows good agreement with high level ab initio calculations [160], and be-
cause the "standard" B3LYP functional is ill suited to describe the dispersion
forces important to weakly bound neutral clusters, the M06-2X functional was
chosen for the calculations in paper VIII. The cluster stacks were constructed
in the twisted sandwich (TS) configuration [58], i.e. parallel molecular planes
with each molecular plane rotated 30◦ with respect to neighboring planes.
These planes were separated by the fixed distance of 3.4 Å – the same distance
as the optimized TS dimer structure of Zhao and Truhlar [58]. The geometry
for the k = 5 stack is shown in figure 9.25. Single point calculations of the
ionization energies up to the fourth ionization energy were then carried out
for cluster sizes 1 ≤ k ≤ 5. Even though this approach involved non-relaxed
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Figure 9.24: Calculated ionization energies as functions of charge state z for coronene
cluster stacks with 1≤ k≤ 5. Solid lines are linear fits to each cluster size data set and
dashed lines represent extrapolations to larger cluster sizes using equation 9.23.

coronene cluster structures, it was found to agree well with calculations of
relaxed dimer structure (cf. discussion in paper VIII).

Figure 9.24 shows the calculated ionization energies as functions of clus-
ter charge state z. For each cluster size the ionization energies clearly follow
linear trends. In section 9.1.1 the classical electrostatic expression for the ith

ionization energy was (in atomic units) given as

IEi =W +
i−1/2

C
. (9.10)

With energy in units of eV and capacitance in units of F, and with i = z+ 1,
the above expression can for cluster size k be rewritten as

IEz+1
k =Wk +

e2(z+1/2)
Ck

(9.22)

where e is the elementary charge. The solid lines in figure 9.24 are linear fits to
the calculated ionization energies using equation 9.22. These fits display con-
stant Wk and a linear increase in C with increased k (cf. table I in paper VIII),
such that the ionization energies for coronene clusters may be summarized as

IEz+1
k>1 = 5.457+

z+1/2
0.046k+0.237

eV. (9.23)

Thus, the slope of the ionization energy sequence for a given charge state will
decrease with increasing cluster size. This trend is highlighted by using equa-
tion 9.23 to plot the ionization energies for k = 10, 25, and 50 as dashed lines
in figure 9.24. It is important to emphasize that cluster geometries other than
single stacks are most likely preferred for cluster sizes with k ≥ 8, and equa-
tion 9.23 may not be as accurate in these cases. The general conclusion from
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Figure 9.25: Qualitative picture illustrating that the relative cross section for multiple
electron capture increases with PAH cluster size. Left: First and multiple electron
capture cross sections for the coronene monomer. Right: First and multiple electron
capture cross sections for a coronene cluster with k = 5. The displayed k = 5 stack
correspond to the geometry used to calculate the ionization energies for figure 9.24.

these calculations is however still valid, i.e. that multiple electron removal be-
comes increasingly important in relation to single ionization with increasing
cluster size. This is qualitatively visualized in figure 9.25, where the the left
circles illustrate cross sections and capture distances for single and multiple
electron captures from a coronene monomer. For clusters (right circles) the
capture distances have increased, but the single electron capture cross section
has also been greatly reduced in relation to that for multiple electron capture,
which thus increases the probability for multiple electron captures.
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10. Summary of Part II

Polycyclic aromatic hydrocarbon (PAH) molecules are surprisingly stable
compounds considering their high degree of unsaturated bonds, and to large
extents they owe their stability to having sp2 hybridized carbon atomic
orbitals and a system of delocalized π electrons, which generally makes PAH
molecules prefer a planar molecular structure. Studies of PAH molecules
are important, e.g., because they are model representatives of aromatic
molecules, which are essential to all living organisms, while at the same time
being dangerous to most life in their pure PAH form. It is also generally
accepted that PAH molecules are present in the interstellar medium, where
they contribute greatly to the thermal and ionization balance and may be an
important base for grain formation.

This Part of the thesis has discussed various aspects of the stabilities, energy
flow processes, and charge mobilities in PAH molecules as well as weakly
bound PAH clusters, supported by both experimental and theoretical results.
The experimental method has mainly been to collide keV ions with neutral
monomer or cluster targets, which allows different properties of the targets to
be probed depending on the type of projectile ion being used. Low charge state
projectiles ionize the targets in small impact parameter collisions and trans-
fer significant energies predominantly in electronic stopping processes. High
charge state projectiles ionize the targets at larger impact parameters in which
electrons are removed with little or no direct target heating. Little to moder-
ately heated PAHs fragment by evaporation of smaller atomic or molecular
subunits, mainly in the form of H atoms, H2 molecules, or C2H2 molecules.
In these processes structural rearrangements, often initiated by internal mi-
grations by mobile H atoms, may play important roles. Strongly heated PAHs
may also fragment in multiple steps that leave smaller sized CnHx fragments
that are mostly singly or doubly charged, depending on the charge state of the
projectile ions. When the PAHs are multiply ionized they may fragment in
Coulomb explosions, which generally favor the formation of CnH+

x fragments
with low n. Indeed, the emission of C2H+

2 seems to determine the ultimate
stability limit of multiply ionized PAH molecules.

From the studies of keV ions colliding with PAH clusters it can be
concluded that both charge and vibrational excitation energy is redistributed
within the clusters prior to dissociation. Effective energy transfer mechanisms
for light and low charge state ion projectiles lead to internally very hot
ionized PAH clusters that are reduced in size through long sequences of
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neutral monomer evaporations. The behavior is well reproduced by a simple
evaporation model, which illustrates that comparatively few molecules in the
PAH clusters need to be hit by the projectile ion in order to induce complete
evaporation down to the singly charged monomer – the most dominant ion
in the mass spectra. Similar mass spectra are obtained with highly charged
projectile ions, but in this case the fragmentation mechanism is most likely
different. Quantum chemical calculations of ionization energies illustrate that
the probability for multiple ionizations increases with increasing cluster size,
meaning that larger clusters are more prone to be multiply ionized and thus
more prone to Coulomb explosions compared to the smaller clusters where
single ionization is more important. The effects of Coulomb explosions are
visible in the mass spectra as increased kinetic energy releases in the detected
singly charged PAH monomer peak, as well as an increased propensity for
PAH monomer fragmentation in thermally driven processes.
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11. Outlook

Parts of this thesis that may readily continue in future work are the calcula-
tions of reaction pathways for C2H2 loss from anthracene monocations. Al-
though the calculations provide an overview of the competing fragmentation
channels and highlight the importance of hydrogen shifts and isomerization
processes, they contain no information regarding the rates at which these pro-
cesses proceed. There are several approaches to the theory of unimolecular
reaction rates, and one which is widespread is the Rice-Ramsperger-Kassel-
Marcus (RRKM) theory (see e.g. reference [196]). It models a molecule as a
collection of coupled harmonic oscillators and assumes the redistribution of
internal vibrational energy to be much faster than the reaction rate. It would
be very interesting to calculate reaction rates for C2H2 loss from anthracene
cations and explore the relative importance of the calculated reaction path-
ways as a function of the internal energy, as well as to explore the competition
between the C2H2 loss and the H loss channels.

Experimentally, more insight into the fission processes that seem to be
important fragmentation channels for multiply ionized PAH molecules may
be gained by coincidence measurements. With information of which ionized
products are formed from single interactions between highly charged ions and
PAH monomer targets it becomes possible to determine the branching ratios
between, e.g., the C2H2 loss and the C2H+

2 loss channels. Also experiments
with cluster targets have a lot to gain by coincidence measurements, as it then
becomes possible to gain further insight into the fission processes that seem to
be so important following multiple ionizations. Efforts are currently underway
at the experimental facility in Caen to prepare coincidence measurements in
various experiments with PAH monomers and clusters.

Looking further into the future, more information about the properties and
behaviors of both biomolecules and PAH molecules may be obtain with the
Double ElectroStatic IonRing ExpEriment, or DESIREE, which is a new ex-
perimental facility in its final stages of construction at Stockholm Univer-
sity [197, 198]. It features two electrostatic ion storage rings joined together
by a common straight section. Both rings are enclosed in an extremely high
vacuum chamber, which can be cooled down to 10 K by the use of four closed-
system helium cryogenerators. Figure 11.1 shows a schematic of the DE-
SIREE chamber, a top view of the two storage rings, and a photograph of the
electrostatic elements mounted inside the chamber. For ions stored in a storage
ring there is sufficient time for them to relax and reach thermal equilibrium
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a)

c)

b)

Figure 11.1: a) 3D drawing of DESIREE. b) Photo of the inner chamber with gold-
plated electrostatic elements mounted. c) Top view schematic of the two electrostatic
storage rings. The lower ring is for storage of heavy ions and the upper ring is for
storage of lighter ions.

with the surrounding walls, and thus allow for better control of their internal
states. The double-ring configuration also allows for anions and cations to be
stored simultaneously by having one species in each ring, and merged beams
experiments can be carried out in the common straight section with very pre-
cise relative collision energies, down to about 10 meV. The ions themselves
are stored at kinetic energies of 5-100 keV. The electrostatic configuration
also facilitates the storage of heavy ions, such as PAH molecules/clusters and
biomolecules.

To enable experiments with DESIREE on heavy ions, such as biomolecules,
a new high-voltage electrospray ion source (ESI) platform is also built at
Stockholm University [101]. A drawing of this platform is shown in figure
11.2, and it differs from the one described in chapter 4 in several respects.
First, the new source has an ion funnel that allows for a more efficient col-
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Figure 11.2: The ESI platform, which is mounted in a laboratory next to the
DESIREE-lab at Stockholm University.

lection of ions from the heated capillary into the next pumping stage, which
contains an octupole accumulation trap. The accumulated ions are then ex-
tracted in bunches and are mass-to-charge selected by means of a quadrupole
mass filter prior to injection into a cold ring-electrode trap. The cold trap can
be used for further accumulation of ions before ejection from the trap for sin-
gle pass experiments or injection into DESIREE. This method of producing
ions for DESIREE allows for increased ion beam densities by accumulation
and bunching of the ion beams. Furthermore, the use of cold helium buffer gas
in the ring-electrode trap allows the production of internally cold molecular
ions even for infrared inactive species.

DESIREE together with the new ESI platform will allow for new and ex-
citing experiments on both biomolecules and PAH molecules/clusters. For ex-
ample, with protonated biomolecules in one storage ring and molecular anions
in the other ring, it is possible through control of their relative velocities and
internal states to bring a new dimension to the study of electron transfer dis-
sociation (ETD) [199] processes, which relates strongly to electron capture
dissociation (ECD) and electron capture induced dissociation (ECID). Simi-
larly, DESIREE will allow for new ways to study processes relating to radi-
ation damages on systems similar to the hydrated AMP anions discussed in
this thesis, and also open up for new studies on biomolecular complexes. To
aid in the formation of hydrated species, a second ion funnel for the new ESI
platform is currently under construction. It will feature a water vapor inlet
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system to facilitate the production of hydrated biomolecules. A similar design
has been reported as successful in producing, e.g., hydrated peptides [200].

An important advantage of the new ESI platform is its modular design.
It is built so that the ESI part may be exchanged for other ion sources, and
thus permit the use of other kinds of ions that also would benefit from being
cooled prior to injection into DESIREE. Therefore ion sources such as elec-
tron impact ion sources or sputter-type ion sources, to name only a couple,
may be used to produce molecular ions for accumulation and injection into
DESIREE. With, e.g., PAH anions in one ring and highly charged cations in
the other, it is possible to study PAH charge stabilities under truly cold condi-
tions. Another interesting experiment would be to produce negatively charged
PAH clusters, e.g. with a similar method used to obtain figure 8.4, and perform
similar merged beams experiments on mass-to-charge selected PAH clusters
and highly charged ions.

The suggested experiments described above are only a few of the ones made
possible with DESIREE and the new ESI platform. These are sure to provide
new and exciting information on the properties of both biomolecules and PAH
molecules, as well as other complex molecular systems.
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Appendices





A. Energies and Nuclear Coordinates
for Multiply Charged Anthracene
Reaction Pathways

Cartesian coordinates of the optimized molecular structures in figures 9.6 and 9.7,
calculated at the B3LYP/6-31G(d) level of theory. Energies are in units of Hartree.

Table A.1: 15+

Sum of electronic and zero-point Energies
= -536.280887

Atom X Y Z
C -0.748271 3.773878 -0.000002
C -1.454372 2.522007 0.000002
C -0.725642 1.242843 0.000007
C 0.766071 1.247958 0.000007
C 1.455995 2.501970 0.000002
C 0.705884 3.778087 -0.000003
C 1.475510 -0.000026 0.000007
C 0.766009 -1.247997 0.000006
C -0.725696 -1.242808 0.000007
C -1.454489 -2.521944 0.000002
H -2.554408 -2.535177 -0.000002
C -0.748436 -3.773847 -0.000005
C 0.705725 -3.778113 -0.000002
C 1.455882 -2.502036 0.000002
H -1.303237 4.727397 -0.000012
H -2.554291 2.535289 -0.000001
H 2.555210 2.556032 -0.000003
H 1.261574 4.732935 -0.000009
H 2.572920 -0.000059 0.000003
H -1.303439 -4.727346 -0.000009
H 1.261367 -4.732988 -0.000011
H 2.555095 -2.556141 0.000000
C -1.434037 0.000032 0.000008
H -2.531097 0.000054 0.000004

Table A.2: 16+

Sum of electronic and zero-point Energies
= -535.176684

Atom X Y Z
C -0.697831 3.776640 0.206783
C -1.412528 2.554014 -0.132619
C -0.746417 1.240080 -0.050100
C 0.745922 1.240190 0.036223
C 1.412278 2.554251 0.115676
C 0.697944 3.776259 -0.226394
C 1.465343 -0.000129 -0.009664
C 0.745664 -1.240346 -0.051601
C -0.746133 -1.240292 0.043056
C -1.411917 -2.554277 0.129314
H -2.448936 -2.676647 0.534249
C -0.699742 -3.776942 -0.214604
C 0.698546 -3.776477 0.210578
C 1.411260 -2.554637 -0.135150
H -1.181660 4.680023 0.685799
H -2.452058 2.676651 -0.530972
H 2.451810 2.677444 0.513800
H 1.181952 4.678814 -0.706704
H 2.566814 -0.000153 -0.012611
H -1.186538 -4.680495 -0.690166
H 1.184949 -4.679121 0.688314
H 2.448477 -2.677929 -0.539261
C -1.465835 -0.000046 -0.001493
H -2.567306 -0.000048 0.001561
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Table A.3: 17+

Sum of electronic and zero-point Energies
= -533.920275

Atom X Y Z
C -0.686444 3.821261 0.288331
C -1.420845 2.583207 -0.055787
C -0.733014 1.237006 0.030185
C 0.736898 1.235566 0.030671
C 1.426959 2.580332 0.121440
C 0.694400 3.820632 -0.218406
C 1.472625 -0.031071 -0.022541
C 0.758789 -1.303067 -0.037481
C -0.759754 -1.301742 0.090292
C -1.459602 -2.581183 0.177814
H -2.524090 -2.741067 0.533803
C -0.685442 -3.807929 -0.239838
C 0.680239 -3.810479 0.284479
C 1.456481 -2.583296 -0.129016
H -1.139389 4.701128 0.891542
H -2.457843 2.721658 -0.494719
H 2.464236 2.715599 0.560741
H 1.148508 4.701286 -0.819662
H 2.580664 -0.021690 -0.045619
H -1.098566 -4.598603 -0.994790
H 1.092495 -4.605020 1.035731
H 2.520752 -2.743830 -0.485133
C -1.471110 -0.028612 0.079458
H -2.579134 -0.017143 0.102799

Table A.4: 18+

Sum of electronic and zero-point Energies
= -532.513909

Atom X Y Z
C -0.668535 3.860358 0.301563
C -1.467890 2.613570 -0.125378
C -0.752625 1.297729 -0.011031
C 0.755977 1.295596 0.049676
C 1.475238 2.610111 0.156327
C 0.679431 3.856560 -0.277829
C 1.484881 0.000157 0.023783
C 0.752247 -1.293290 -0.003124
C -0.756554 -1.290982 0.055462
C -1.475593 -2.604856 0.168514
H -2.538540 -2.781780 0.577277
C -0.679581 -3.853484 -0.257178
C 0.667897 -3.853648 0.323905

Continued on next column/page

Atom X Y Z
C 1.467364 -2.609964 -0.109264
H -1.056370 4.633332 1.144481
H -2.530040 2.793407 -0.534590
H 2.537758 2.789322 0.565008
H 1.069390 4.623201 -1.125528
H 2.600576 -0.001492 0.024776
H -1.068673 -4.625820 -1.100278
H 1.054707 -4.621817 1.171864
H 2.529972 -2.792204 -0.516731
C -1.485350 0.004503 0.021655
H -2.601050 0.006185 0.020485

Table A.5: 19+

Sum of electronic and zero-point Energies
= -530.963934

Atom X Y Z
C -0.688297 3.998958 0.250041
C -1.447489 2.738432 -0.252405
C -0.725085 1.362245 -0.024465
C 0.739912 1.358400 0.078119
C 1.470489 2.732239 0.291923
C 0.719248 3.992223 -0.223787
C 1.486917 -0.000142 0.045830
C 0.732449 -1.354156 0.000687
C -0.734170 -1.349353 0.079724
C -1.468212 -2.720987 0.296183
H -2.479987 -2.891639 0.869344
C -0.708674 -3.986173 -0.194574
C 0.691061 -3.987710 0.301959
C 1.458328 -2.732649 -0.201075
H -1.166251 4.819440 1.084476
H -2.448863 2.915066 -0.841909
H 2.472907 2.908845 0.879604
H 1.201960 4.800745 -1.067335
H 2.615203 -0.003571 0.055591
H -1.178023 -4.803830 -1.036814
H 1.155041 -4.799796 1.152903
H 2.468936 -2.915245 -0.772691
C -1.480337 0.008806 0.021806
H -2.608626 0.012178 0.012449

Table A.6: (TS1-38)6+

Sum of electronic and zero-point Energies
= -535.121490
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Atom X Y Z
C -0.778179 3.852660 0.255245
C -1.624241 3.174644 -0.536652
C -0.693556 1.001076 -0.055149
C 0.700577 1.263417 -0.082285
C 1.373827 2.518554 0.027510
C 0.686328 3.798311 0.108765
C 1.452273 -0.053734 -0.184595
C 0.784812 -1.288217 -0.076323
C -0.710303 -1.368753 0.044602
C -1.383526 -2.651955 0.198625
H -2.486757 -2.757356 0.137878
C -0.623989 -3.859437 0.438958
C 0.684320 -3.793228 -0.173054
C 1.483632 -2.553461 -0.019660
H -1.250334 4.453194 1.131151
H -2.383185 3.219896 -1.376000
H 2.477348 2.568613 0.080675
H 1.257675 4.764094 0.143747
H 2.544499 0.012256 -0.338387
H -1.066612 -4.790165 0.884460
H 1.039289 -4.627381 -0.857152
H 2.579344 -2.664220 0.172421
C -1.477455 -0.106795 0.030409
H -2.585961 -0.112012 0.044810

Table A.7: (TS1-38)7+

Sum of electronic and zero-point Energies
= -533.881155

Atom X Y Z
C -0.753213 3.892359 0.244888
C -1.661586 3.141350 -0.448200
C -0.704846 1.045253 -0.036691
C 0.704963 1.260351 -0.040245
C 1.404691 2.540111 0.055388
C 0.699348 3.868660 -0.019411
C 1.458434 -0.057578 -0.097602
C 0.772598 -1.328210 -0.029778
C -0.736849 -1.373821 0.020022
C -1.428016 -2.679986 0.067718
H -2.524449 -2.838427 -0.141192
C -0.623078 -3.891501 0.396895
C 0.694571 -3.840817 -0.237189
C 1.493415 -2.591835 0.025570
H -1.165624 4.484920 1.194341
H -2.519607 3.226787 -1.210755

Continued on next column/page

Atom X Y Z
H 2.511637 2.606559 0.199825
H 1.266353 4.839318 -0.238289
H 2.565652 -0.007397 -0.179961
H -0.996727 -4.746062 1.083125
H 1.035309 -4.634823 -1.013574
H 2.592005 -2.721970 0.257442
C -1.485977 -0.100784 0.044934
H -2.599176 -0.092456 0.102736

Table A.8: (TS1-38)8+

Sum of electronic and zero-point Energies
= -532.486157

Atom X Y Z
C -0.725313 3.969081 0.249655
C -1.674028 3.115198 -0.334423
C -0.721862 1.087874 -0.015479
C 0.709325 1.263341 -0.008427
C 1.418639 2.552185 0.123223
C 0.685431 3.935873 -0.154927
C 1.463638 -0.061623 -0.048297
C 0.751672 -1.375293 -0.011192
C -0.767697 -1.371674 0.014380
C -1.460637 -2.710170 -0.059868
H -2.527470 -2.917444 -0.447321
C -0.613835 -3.906730 0.347772
C 0.698830 -3.932462 -0.308563
C 1.487792 -2.641689 0.036549
H -1.081018 4.628348 1.244812
H -2.616392 3.243514 -1.023505
H 2.507288 2.668815 0.438554
H 1.242610 4.836196 -0.680893
H 2.582302 -0.030313 -0.070797
H -0.912889 -4.639283 1.257735
H 1.078115 -4.746175 -1.095140
H 2.590370 -2.795434 0.298603
C -1.498984 -0.094856 0.075017
H -2.616059 -0.077277 0.172531

Table A.9: (TS1-38)9+

Sum of electronic and zero-point Energies
= -530.948773

Atom X Y Z
C -0.703459 4.120030 0.252427
C -1.681239 3.186705 -0.264448
C -0.717362 1.186511 0.003367

Continued on next column/page
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Atom X Y Z
C 0.703288 1.311235 -0.016739
C 1.427987 2.665503 0.124417
C 0.677741 4.051687 -0.246857
C 1.465611 -0.041958 -0.078778
C 0.738501 -1.422239 -0.014050
C -0.733176 -1.443523 0.019853
C -1.452113 -2.822681 -0.130009
H -2.501118 -3.015404 -0.619055
C -0.632280 -4.060682 0.302101
C 0.720340 -4.044930 -0.311448
C 1.498976 -2.763709 0.115441
H -1.036019 4.896196 1.272871
H -2.687603 3.330297 -0.898017
H 2.500262 2.812533 0.542167
H 1.223201 4.908358 -0.932352
H 2.591589 -0.022981 -0.171328
H -1.005809 -4.872541 1.185290
H 1.129667 -4.851552 -1.173463
H 2.564540 -2.927187 0.569347
C -1.488761 -0.094471 0.136600
H -2.602936 -0.085196 0.332664

Table A.10: 386+

Sum of electronic and zero-point Energies
= -535.263007

Atom X Y Z
C -0.358520 4.887797 -0.316763
C -0.271193 6.226450 -0.499635
C -1.109958 0.212822 0.481834
C -0.109210 0.995556 -0.060414
C 0.197027 2.357437 -0.336037
C -0.615481 3.588454 -0.050791
C 0.881221 -0.160311 -0.377129
C 0.621036 -1.530711 -0.171824
C -0.654782 -2.007975 0.417569
C -0.901854 -3.435245 0.688010
H -1.920189 -3.798922 0.929891
C 0.135358 -4.407519 0.571869
C 1.154165 -3.994903 -0.352063
C 1.589093 -2.580362 -0.399373
H -1.093027 6.952910 -0.154459
H 0.607075 6.760726 -1.003529
H 1.163994 2.535407 -0.824304
H -1.612201 3.539931 0.464683
H 1.829980 0.187009 -0.825655

Continued on next column/page

Atom X Y Z
H 0.022904 -5.455165 0.924836
H 1.573511 -4.732019 -1.091536
H 2.678727 -2.395857 -0.531608
C -1.618206 -0.971037 0.808550
H -2.610486 -1.153536 1.295750

Table A.11: 387+

Sum of electronic and zero-point Energies
= -534.069412

Atom X Y Z
C -0.334563 4.963173 -0.320439
C -0.251933 6.341579 -0.489537
C -1.129327 0.187015 0.475770
C -0.121101 0.965852 -0.055418
C 0.191938 2.392864 -0.324540
C -0.615181 3.663976 -0.064492
C 0.857013 -0.174258 -0.384037
C 0.607395 -1.591664 -0.153621
C -0.685457 -2.048353 0.431522
C -0.941677 -3.506868 0.664469
H -1.973707 -3.930470 0.807141
C 0.181068 -4.455957 0.611678
C 1.163217 -4.060190 -0.391851
C 1.598801 -2.621705 -0.407055
H -1.098657 7.076201 -0.155623
H 0.646086 6.904356 -0.969394
H 1.179191 2.557479 -0.793076
H -1.635808 3.637375 0.422641
H 1.809895 0.154788 -0.853369
H 0.232116 -5.419396 1.225586
H 1.505434 -4.790908 -1.205966
H 2.693919 -2.437858 -0.571875
C -1.644012 -1.013460 0.802735
H -2.655667 -1.172631 1.286625

Table A.12: 388+

Sum of electronic and zero-point Energies
= -532.724775

Atom X Y Z
C -0.321438 5.063718 -0.331162
C -0.243834 6.487652 -0.466949
C -1.113951 0.140649 0.479039
C -0.129310 0.928298 -0.036826
C 0.207867 2.483224 -0.278975
C -0.633789 3.740939 -0.136892
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Atom X Y Z
C 0.850433 -0.238762 -0.367897
C 0.620884 -1.689635 -0.123111
C -0.720412 -2.148800 0.470191
C -1.005477 -3.579902 0.653923
H -2.029999 -4.071664 0.804830
C 0.228640 -4.479123 0.620774
C 1.126809 -4.156438 -0.488898
C 1.618444 -2.695661 -0.436282
H -1.167083 7.223836 -0.275000
H 0.725450 7.098809 -0.781386
H 1.257031 2.627840 -0.619471
H -1.731102 3.710549 0.168756
H 1.811509 0.089421 -0.840913
H 0.498167 -5.226673 1.504717
H 1.348289 -4.871522 -1.402259
H 2.719766 -2.538579 -0.664272
C -1.654554 -1.082293 0.821163
H -2.683358 -1.194944 1.314777

Table A.13: (TS38-39)6+

Sum of electronic and zero-point Energies
= -535.131519

Atom X Y Z
C -0.217094 5.581297 -0.431066
C -0.059061 6.959822 -0.644961
C -1.204978 0.000825 0.517801
C -0.248513 0.806081 0.013155
C -0.013485 2.257493 -0.223917
C -0.841086 3.264126 0.087627
C 0.763405 -0.301406 -0.331185
C 0.565521 -1.684302 -0.123051
C -0.686356 -2.204190 0.467260
C -0.872656 -3.637271 0.704151
H -1.859281 -4.050971 0.985238
C 0.218523 -4.565609 0.496734
C 1.262527 -4.117595 -0.374223
C 1.579344 -2.672220 -0.433869
H -0.848656 7.723873 -0.320701
H 0.860566 7.415773 -1.148266
H 0.947806 2.514117 -0.708809
H -1.740975 3.755931 0.488191
H 1.685399 0.083156 -0.801035
H 0.169435 -5.610079 0.870085
H 1.835749 -4.839444 -1.002182
H 2.628323 -2.401618 -0.661147
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Atom X Y Z
C -1.679592 -1.224921 0.840144
H -2.665880 -1.431929 1.321898

Table A.14: (TS38-39)7+

Sum of electronic and zero-point Energies
= -533.988309

Atom X Y Z
C -0.236819 5.675560 -0.441919
C -0.129291 7.040531 -0.620488
C -1.210676 -0.022178 0.408046
C -0.211381 0.821952 -0.016154
C 0.057223 2.254503 -0.233382
C -0.793934 3.321174 0.023132
C 0.857189 -0.323678 -0.261011
C 0.647214 -1.724655 -0.080865
C -0.702381 -2.278060 0.378805
C -0.936438 -3.674942 0.607570
H -1.937715 -4.127915 0.822437
C 0.230337 -4.585725 0.611992
C 1.220486 -4.133625 -0.358887
C 1.678881 -2.706943 -0.295815
H 0.277405 7.757524 0.194836
H -0.440587 7.580377 -1.598065
H 1.057589 2.495061 -0.648118
H -1.766701 3.695886 0.412178
H 1.830013 0.069016 -0.627374
H 0.295766 -5.540596 1.234622
H 1.502052 -4.805015 -1.251530
H 2.779541 -2.509961 -0.409522
C -1.721227 -1.235697 0.673955
H -2.767562 -1.421656 1.063431

Table A.15: (TS38-39)8+

Sum of electronic and zero-point Energies
= -532.655367

Atom X Y Z
C -0.236478 5.467599 -0.398699
C -0.139270 6.970524 -0.577432
C -1.164170 0.014849 0.465233
C -0.195747 0.838731 -0.018749
C 0.084396 2.363091 -0.268273
C -0.747490 3.459601 0.009802
C 0.823417 -0.321011 -0.328165
C 0.622239 -1.757015 -0.103644
C -0.719962 -2.267973 0.448982
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Atom X Y Z
C -0.975117 -3.682093 0.646402
H -1.980757 -4.178721 0.835890
C 0.260294 -4.571704 0.620953
C 1.170087 -4.193415 -0.458807
C 1.641702 -2.740526 -0.400099
H -1.015079 7.732557 -0.245590
H 0.814916 7.520111 -1.061591
H 1.078268 2.550715 -0.726777
H -1.738241 3.761495 0.432015
H 1.781556 0.040786 -0.773772
H 0.489299 -5.372378 1.449370
H 1.392959 -4.885165 -1.379705
H 2.739662 -2.559723 -0.607671
C -1.686781 -1.214190 0.782589
H -2.720718 -1.355206 1.245612

Table A.16: (TS38-39)9+

Sum of electronic and zero-point Energies
= -531.205386

Atom X Y Z
C -0.194980 5.691816 -0.280157
C -0.351047 7.106307 0.037026
C -1.034789 0.066330 0.621583
C -0.132182 0.811236 -0.137161
C 0.119132 2.302370 -0.549924
C -0.631036 3.685717 -0.672186
C 0.784344 -0.390140 -0.559363
C 0.577301 -1.854389 -0.175679
C -0.642059 -2.229892 0.654728
C -0.928594 -3.700945 0.923676
H -1.966789 -4.180740 1.138680
C 0.286522 -4.612856 0.797983
C 1.029566 -4.389470 -0.455915
C 1.526826 -2.912109 -0.552995
H -0.949737 7.955475 -0.692163
H 0.234301 7.718569 0.964495
H 1.105531 2.457411 -1.106009
H -1.426401 3.817393 -1.504891
H 1.671935 -0.126676 -1.196717
H 0.697327 -5.301863 1.715366
H 1.139277 -5.182492 -1.349874
H 2.607307 -2.791500 -0.910671
C -1.497371 -1.120980 1.107281
H -2.445398 -1.197633 1.770761

Table A.17: 395+

Sum of electronic and zero-point Energies
= -458.682354

Atom X Y Z
C -0.741775 0.270557 0.008877
C 0.497896 0.815144 -0.016212
C 1.037687 2.167791 -0.012266
C 0.657212 3.411488 0.017809
C 1.329789 -0.469461 -0.047007
C 0.783928 -1.775733 -0.032422
C -0.683804 -2.002507 0.001854
C -1.231541 -3.321949 0.018272
H -2.314280 -3.524933 -0.075639
C -0.318871 -4.479729 0.137449
C 1.054520 -4.288580 -0.240905
C 1.642335 -2.939871 -0.069996
H 2.172179 2.347636 -0.046218
H 0.516896 4.529303 0.038317
H 2.419379 -0.295156 -0.104357
H -0.699610 -5.467698 0.482135
H 1.666618 -5.124414 -0.651724
H 2.738559 -2.878351 0.060800
C -1.538804 -0.814351 0.034087
H -2.656169 -0.804974 0.086915

Table A.18: 396+

Sum of electronic and zero-point Energies
= -457.534283

Atom X Y Z
C -1.297134 -0.086588 0.532935
C -0.325269 0.768723 0.054558
C -0.186074 2.200802 -0.119168
C -0.844177 3.341958 0.081550
C 0.764526 -0.302876 -0.277253
C 0.602510 -1.712199 -0.097550
C -0.705298 -2.313410 0.437358
C -0.879208 -3.718291 0.653945
H -1.847178 -4.212559 0.926560
C 0.324908 -4.582304 0.571508
C 1.230849 -4.090621 -0.460790
C 1.650492 -2.651699 -0.397680
H 0.778554 2.651994 -0.588165
H -1.244869 4.420324 0.170756
H 1.701961 0.124683 -0.698991
H 0.478890 -5.524692 1.200377
H 1.465461 -4.735843 -1.386913
H 2.733679 -2.412559 -0.586532
C -1.750701 -1.317472 0.813819
H -2.767222 -1.546252 1.264614
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Atom X Y Z

Table A.19: 397+

Sum of electronic and zero-point Energies
= -456.227272

Atom X Y Z
C -1.293426 -0.076199 0.566693
C -0.324442 0.766242 0.071915
C -0.164252 2.282576 -0.110196
C -0.871688 3.484900 0.082777
C 0.740559 -0.305011 -0.290082
C 0.583380 -1.767676 -0.085055
C -0.735973 -2.324867 0.473017
C -0.933960 -3.777382 0.605515
H -1.930952 -4.330389 0.718653
C 0.346464 -4.603311 0.565832
C 1.240538 -4.183228 -0.516613
C 1.646734 -2.706527 -0.406771
H 0.842429 2.692112 -0.555184
H -1.296450 4.612193 0.164746
H 1.685470 0.099568 -0.740646
H 0.636244 -5.378686 1.414188
H 1.509396 -4.848620 -1.453197
H 2.743638 -2.473347 -0.597169
C -1.754594 -1.330349 0.855907
H -2.784414 -1.530878 1.330606

Table A.20: (TS1-40)6+

Sum of electronic and zero-point Energies
= -535.129613

Atom X Y Z
C -0.585484 3.751755 0.218088
C -1.405251 2.509814 0.109493
C -0.719620 1.254239 0.060041
C 0.778945 1.267707 0.052659
C 1.517935 2.409566 0.039189
C 0.345026 4.237198 -0.597378
C 1.500431 -0.025948 0.080179
C 0.758708 -1.249781 0.031047
C -0.670394 -1.267380 -0.045951
C -1.368781 -2.586047 -0.223390
H -2.374386 -2.620631 -0.701862
C -0.761211 -3.844621 0.044543
C 0.665026 -3.820712 -0.165751
C 1.356414 -2.621876 0.223147
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Atom X Y Z
H -0.693559 4.424026 1.171946
H -2.514887 2.642662 0.124961
H 2.502951 2.923657 0.184648
H 0.848835 4.958146 -1.325182
H 2.601350 -0.040037 0.119584
H -1.323444 -4.801819 0.131388
H 1.199542 -4.741072 -0.538874
H 2.274065 -2.763611 0.852973
C -1.415736 0.014996 0.048455
H -2.516642 -0.010226 0.106043

Table A.21: (TS1-40)7+

Sum of electronic and zero-point Energies
= -533.896268

Atom X Y Z
C -0.592363 3.765681 0.228425
C -1.431782 2.539923 0.030937
C -0.737671 1.252109 0.015619
C 0.761532 1.273001 0.047812
C 1.494210 2.460653 0.076273
C 0.413816 4.260536 -0.522785
C 1.495412 -0.009343 0.064392
C 0.750299 -1.283862 0.027632
C -0.698217 -1.287530 -0.066802
C -1.408671 -2.624379 -0.225299
H -2.403028 -2.721675 -0.756090
C -0.758275 -3.884808 0.166874
C 0.665398 -3.849025 -0.183961
C 1.398612 -2.621869 0.217235
H -0.711561 4.389365 1.242172
H -2.548374 2.698126 -0.047010
H 2.524610 2.902022 0.248760
H 0.943342 5.042929 -1.204457
H 2.604027 -0.020978 0.088811
H -1.301399 -4.804138 0.599728
H 1.154552 -4.691516 -0.813353
H 2.380500 -2.776453 0.765171
C -1.443851 0.005537 -0.011860
H -2.551285 -0.014301 0.011771

Table A.22: (TS1-40)8+

Sum of electronic and zero-point Energies
= -532.499083

Atom X Y Z
C -0.629436 3.816093 0.221246
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Atom X Y Z
C -1.450086 2.589233 -0.049508
C -0.739962 1.247562 -0.003392
C 0.751407 1.253182 0.056105
C 1.501297 2.490675 0.140455
C 0.475344 4.282811 -0.458459
C 1.490682 -0.039927 0.048271
C 0.743401 -1.349648 0.046864
C -0.753975 -1.322619 -0.065758
C -1.467319 -2.640092 -0.255299
H -2.487471 -2.806145 -0.771197
C -0.713690 -3.880530 0.221921
C 0.670021 -3.905071 -0.274660
C 1.440053 -2.657049 0.201105
H -0.831536 4.453092 1.254261
H -2.568453 2.751269 -0.244859
H 2.558099 2.874568 0.394558
H 1.030566 5.109930 -1.120396
H 2.606756 -0.051696 0.051491
H -1.153134 -4.644780 1.048546
H 1.113023 -4.696646 -1.064656
H 2.477539 -2.842128 0.663352
C -1.474339 -0.016583 -0.028056
H -2.588952 -0.015493 -0.011937

Table A.23: (TS1-40)9+

Sum of electronic and zero-point Energies
= -530.952668

Atom X Y Z
C -0.665483 3.960398 0.233364
C -1.467138 2.729611 -0.073341
C -0.710497 1.315040 0.011907
C 0.748743 1.315086 0.026453
C 1.525593 2.618469 0.126613
C 0.510575 4.391778 -0.423405
C 1.491102 -0.037870 -0.019524
C 0.730059 -1.406525 0.021452
C -0.731283 -1.390492 -0.036629
C -1.472617 -2.757952 -0.252824
H -2.484438 -2.922176 -0.827262
C -0.719118 -4.021154 0.231698
C 0.676644 -4.033165 -0.278986
C 1.450831 -2.778274 0.214950
H -0.938566 4.654043 1.290189
H -2.588991 2.878506 -0.359702
H 2.611277 2.949644 0.425666
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Atom X Y Z
H 1.061034 5.274348 -1.099237
H 2.617298 -0.052427 -0.081766
H -1.181886 -4.834262 1.078574
H 1.129902 -4.848669 -1.123391
H 2.467366 -2.965253 0.770612
C -1.468155 -0.019922 0.032662
H -2.592419 -0.018775 0.111924

Table A.24: 406+

Sum of electronic and zero-point Energies
= -535.212027

Atom X Y Z
C -0.927109 3.898820 -0.281001
C -0.971383 2.602060 0.056204
C -0.226399 1.276863 0.089146
C 1.268425 1.035166 0.205770
C 2.332218 1.796280 0.360911
C -1.166598 5.198723 -0.572839
C 1.800679 -0.389802 0.249992
C 0.911780 -1.459797 0.071742
C -0.516091 -1.235908 -0.070192
C -1.432877 -2.395789 -0.210878
H -2.456331 -2.250655 -0.609389
C -1.047808 -3.739624 0.047377
C 0.355052 -3.919232 -0.188336
C 1.293219 -2.869910 0.208502
H -2.189057 5.686974 -0.380463
H -2.037670 2.515494 0.432271
H 3.311048 2.340759 0.515697
H -0.417158 5.928973 -1.027452
H 2.878055 -0.573802 0.394001
H -1.764844 -4.584654 0.098466
H 0.721982 -4.842075 -0.724352
H 2.227740 -3.198037 0.725308
C -1.038677 0.133727 0.025073
H -2.129295 0.244469 0.002635

Table A.25: 407+

Sum of electronic and zero-point Energies
= -534.006020

Atom X Y Z
C -1.154476 3.796755 -0.376994
C -0.634712 2.781967 0.321697
C -0.053128 1.328188 0.141432
C 1.410932 0.964308 0.435199
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Atom X Y Z
C 2.492839 1.721591 0.698126
C -1.708962 4.960660 -0.864495
C 1.848697 -0.485274 0.444468
C 0.890327 -1.524082 0.155143
C -0.495441 -1.147757 -0.177015
C -1.459689 -2.274705 -0.496369
H -2.396068 -2.118839 -1.097444
C -1.141332 -3.660666 -0.131134
C 0.279456 -3.946874 -0.311554
C 1.230902 -2.940301 0.255951
H -2.060857 5.830994 -0.172739
H -0.710808 3.104389 1.418215
H 3.474085 2.285877 0.941172
H -1.886793 5.207990 -1.981329
H 2.906427 -0.746894 0.655760
H -1.919663 -4.440609 0.186340
H 0.643185 -4.837463 -0.940860
H 2.140561 -3.347717 0.780106
C -0.925924 0.237597 -0.141560
H -1.990658 0.449887 -0.323925

Table A.26: 408+

Sum of electronic and zero-point Energies
= -532.633298

Atom X Y Z
C -1.196610 3.847668 -0.380999
C -0.614945 2.825040 0.279985
C -0.047731 1.357190 0.106004
C 1.417067 0.936174 0.451915
C 2.523502 1.713666 0.728880
C -1.770955 5.042865 -0.819604
C 1.826529 -0.520979 0.478190
C 0.840661 -1.602392 0.196676
C -0.547343 -1.170867 -0.215533
C -1.481503 -2.289369 -0.622298
H -2.398623 -2.204981 -1.308301
C -1.097468 -3.667826 -0.129547
C 0.295627 -4.043877 -0.369602
C 1.219464 -3.002377 0.309531
H -2.079580 5.939082 -0.098443
H -0.570833 3.178000 1.377402
H 3.528761 2.309257 0.969205
H -2.033098 5.336644 -1.931696
H 2.882830 -0.801596 0.715721
H -1.809398 -4.306816 0.596638
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Atom X Y Z
H 0.692635 -4.934787 -1.045266
H 2.139958 -3.432205 0.825965
C -0.942725 0.224342 -0.230365
H -1.997320 0.467165 -0.466270

Table A.27: 409+

Sum of electronic and zero-point Energies
= -531.126710

Atom X Y Z
C -1.395332 3.926581 -0.316823
C -0.424604 2.928016 0.166389
C 0.035611 1.405154 0.034886
C 1.521710 0.924166 0.433330
C 2.713847 1.630804 0.659834
C -2.136852 5.105130 -0.608383
C 1.854320 -0.526266 0.544292
C 0.818102 -1.632120 0.272442
C -0.476360 -1.205701 -0.280088
C -1.368442 -2.352067 -0.847616
H -2.088671 -2.275589 -1.760220
C -1.165849 -3.735417 -0.234940
C 0.263016 -4.133437 -0.219402
C 1.083836 -3.095160 0.587370
H -2.110249 6.242370 -0.004685
H 0.191043 3.525116 0.916567
H 3.799362 2.158099 0.858164
H -2.987150 5.337954 -1.501314
H 2.895059 -0.857185 0.820586
H -2.058046 -4.377904 0.333321
H 0.760239 -5.059320 -0.860309
H 1.796303 -3.516871 1.405989
C -0.849665 0.279682 -0.334407
H -1.892327 0.502986 -0.646797

Table A.28: (TS40-41)6+

Sum of electronic and zero-point Energies
= -535.064207

Atom X Y Z
C -0.914068 4.714246 -0.054272
C -0.975849 2.202867 -0.492441
C -0.164222 1.101510 -0.388141
C 1.325208 0.849603 -0.185694
C 2.372972 1.597505 -0.444706
C -1.324970 5.994175 0.307807
C 1.786928 -0.535533 0.236876
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Atom X Y Z
C 0.890821 -1.607132 0.204480
C -0.527899 -1.420472 -0.170958
C -1.435607 -2.553460 -0.206968
H -2.465794 -2.455788 -0.584847
C -1.020718 -3.856610 0.233327
C 0.398457 -4.071153 0.272527
C 1.303617 -2.940816 0.573635
H -2.169894 6.540294 -0.240274
H -1.932163 2.517039 -0.944833
H 3.335218 2.143510 -0.650967
H -0.756314 6.649225 1.052105
H 2.840369 -0.684684 0.516031
H -1.746419 -4.683720 0.374511
H 0.831433 -5.066894 -0.009320
H 2.253439 -3.161379 1.102349
C -1.028725 -0.092826 -0.426546
H -2.096921 0.019518 -0.655488

Table A.29: (TS40-41)7+

Sum of electronic and zero-point Energies
= -533.914217

Atom X Y Z
C -0.966762 4.628899 -0.231428
C -1.026105 2.274420 -0.143441
C -0.198299 1.140074 -0.034893
C 1.319203 0.864876 0.107759
C 2.384546 1.649076 0.213473
C -1.266552 5.975915 -0.309617
C 1.828348 -0.559098 0.171427
C 0.940120 -1.671787 0.073960
C -0.543324 -1.462996 -0.047295
C -1.473867 -2.544369 -0.037483
H -2.575306 -2.443345 -0.144495
C -0.986511 -3.917043 0.266977
C 0.382533 -4.029636 -0.177966
C 1.420294 -3.017627 0.182001
H -1.319763 6.575654 -1.312676
H -2.122887 2.405443 -0.237053
H 3.367605 2.219948 0.316080
H -1.496737 6.648114 0.619923
H 2.915883 -0.741794 0.273541
H -1.639176 -4.742032 0.708042
H 0.584065 -4.707281 -1.101397
H 2.454093 -3.360120 0.462704
C -1.053665 -0.051656 -0.069852

Continued on next column/page

Atom X Y Z
H -2.148839 0.065391 -0.130101

Table A.30: (TS40-41)8+

Sum of electronic and zero-point Energies
= -532.549653

Atom X Y Z
C -0.987735 4.563419 -0.191948
C -1.006403 2.386405 -0.134681
C -0.177190 1.212323 -0.052304
C 1.345075 0.862545 0.039508
C 2.475755 1.606496 0.103929
C -1.327364 5.986421 -0.219547
C 1.818915 -0.569724 0.077722
C 0.877301 -1.706075 0.072754
C -0.598905 -1.393319 -0.020559
C -1.538605 -2.509641 -0.075936
H -2.639963 -2.483440 -0.340368
C -0.944859 -3.860727 0.314261
C 0.363570 -4.165272 -0.235837
C 1.375029 -3.062407 0.122054
H -0.535766 6.894862 -0.148589
H -2.112126 2.467004 -0.232808
H 3.514300 2.137076 0.166091
H -2.452157 6.424901 -0.335798
H 2.911750 -0.790839 0.112977
H -1.408434 -4.491590 1.201508
H 0.622000 -5.048394 -0.968800
H 2.433012 -3.403251 0.328867
C -1.066582 -0.002828 -0.065366
H -2.161723 0.145083 -0.098940

Table A.31: (TS40-41)9+

Sum of electronic and zero-point Energies
= -531.099490

Atom X Y Z
C -1.059831 4.744910 -0.059851
C -0.983987 2.568266 -0.224083
C -0.138399 1.209662 -0.152692
C 1.409394 0.852838 -0.152537
C 2.560432 1.627964 -0.295004
C -1.411023 6.096123 0.051319
C 1.867505 -0.565916 -0.032745
C 0.882395 -1.734289 0.092647
C -0.545310 -1.414764 -0.055914
C -1.495492 -2.634638 -0.224716

Continued on next column/page
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Atom X Y Z
H -2.469796 -2.666117 -0.863259
C -1.022823 -3.946509 0.393365
C 0.360613 -4.283838 -0.019174
C 1.326106 -3.149195 0.405296
H -0.739386 7.015327 0.547753
H -2.085850 2.513454 -0.450400
H 3.616036 2.203767 -0.423180
H -2.461339 6.633600 -0.364737
H 2.963635 -0.817492 -0.038587
H -1.646608 -4.564467 1.261265
H 0.687391 -5.238586 -0.716399
H 2.285802 -3.471814 0.975418
C -1.008931 0.042340 -0.113741
H -2.111638 0.178403 -0.121855

Table A.32: 415+

Sum of electronic and zero-point Energies
= -458.646322

Atom X Y Z
C -1.029893 2.091251 -0.598835
C -0.328012 0.988762 -0.397266
C 1.194210 0.828596 -0.264285
C 2.130320 1.762238 -0.291915
C 1.746375 -0.554539 -0.072703
C 0.886902 -1.674484 0.003450
C -0.597239 -1.515391 -0.100348
C -1.446794 -2.652270 0.025486
H -2.542503 -2.605085 -0.084621
C -0.843235 -3.960087 0.356390
C 0.566865 -4.151151 0.102533
C 1.456472 -2.972003 0.152124
H -1.692956 2.991205 -0.770873
H 2.982417 2.505833 -0.304613
H 2.837289 -0.681276 -0.002401
H -1.456256 -4.759205 0.836204
H 0.972717 -5.153068 -0.173124
H 2.537360 -3.148683 0.276148
C -1.181187 -0.242556 -0.294155
H -2.274134 -0.133462 -0.362580

Table A.33: 416+

Sum of electronic and zero-point Energies
= -457.491438

Atom X Y Z
C 0.071929 0.167615 -0.189089

Continued on next column/page

Atom X Y Z
C 0.188964 0.387239 1.228179
C 1.481973 0.284651 1.921838
C 2.689747 0.083480 1.093958
C 2.586350 -0.087160 -0.312497
H -0.940774 0.145380 -0.620714
H -0.724615 0.648575 1.779997
H 3.676942 0.083994 1.571535
C 1.575016 0.329464 3.335887
C 1.719408 0.206302 4.610347
H 2.353202 -0.343003 5.337061
C 0.952497 1.541000 6.392531
H 1.313416 1.622186 8.613552
C 0.544956 1.501633 7.770702
H -0.539083 1.708759 8.075780
C 1.229394 -0.003003 -0.996631
C 1.135788 -0.174104 -2.421983
C 2.306022 -0.625419 -3.158184
H 0.201011 0.007694 -2.988535
C 3.732893 -0.288978 -1.134109
C 3.578988 -0.214320 -2.595018
H 2.230189 -1.196854 -4.118467
H 4.746194 -0.494739 -0.738868
H 4.402831 0.170772 -3.251569

Table A.34: (TS42-11)7+

Sum of electronic and zero-point Energies
= -534.005746

Atom X Y Z
C 0.021858 0.096468 -0.317827
C 0.091275 0.281976 1.160474
C 1.354921 0.227830 1.886112
C 2.592552 0.111390 1.105422
C 2.565911 -0.062610 -0.373227
H -0.988171 0.041938 -0.771074
H -0.868182 0.483074 1.673162
H 3.572061 0.155408 1.610377
C 1.365509 0.255714 3.349253
C 1.308610 0.008411 4.636902
H 1.383839 -0.911947 5.272692
C 1.066535 1.280580 6.577474
H 1.777516 2.341104 8.427420
C 0.928513 1.759986 7.870266
H -0.048665 1.626651 8.500542
C 1.212631 -0.022401 -1.087525
C 1.183141 -0.113939 -2.526322

Continued on next column/page
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Atom X Y Z
C 2.460240 -0.594358 -3.135604
H 0.303286 0.109235 -3.194371
C 3.772075 -0.200981 -1.114649
C 3.692273 -0.039784 -2.601260
H 2.473425 -1.517821 -3.833664
H 4.793072 -0.342864 -0.687654
H 4.499011 0.488105 -3.221214

Table A.35: 114+

Sum of electronic and zero-point Energies
= -459.688945

Atom X Y Z
C -0.834484 -1.029326 -0.000126
C -1.503523 1.416433 0.000170
C -1.901582 -0.002558 0.000002
C 0.510251 -0.639561 -0.000078
H -1.120729 -2.085602 -0.000253
H -2.275379 2.196584 0.000255
C -3.230514 -0.335704 -0.000045
C -4.465041 -0.619617 -0.000088
H -5.540584 -0.869079 0.000135
C 0.879694 0.806298 0.000098
C 2.293226 1.180421 0.000143
C 3.316101 0.188640 0.000018
H 2.573239 2.240259 0.000275
C 1.552252 -1.603893 -0.000197
C 2.964838 -1.187199 -0.000151
H 4.370707 0.488487 0.000053
H 1.334182 -2.678088 -0.000330
H 3.743441 -1.960893 -0.000248
C -0.116934 1.793963 0.000216
H 0.129414 2.860947 0.000343

Table A.36: 115+

Sum of electronic and zero-point Energies
= -458.695593

Atom X Y Z
C 0.845496 -1.006928 -0.003347
C 1.491430 1.445193 0.081421
C 1.891938 0.032670 0.020931
C -0.525730 -0.630998 -0.019838
H 1.130226 -2.067316 0.011744
H 2.240226 2.245972 0.192649
C 3.265022 -0.293371 -0.014732
C 4.544062 -0.560581 -0.046352

Continued on next column/page

Atom X Y Z
H 5.650148 -0.792611 -0.072132
C -0.919903 0.828764 0.028115
C -2.313955 1.189499 0.004236
C -3.313192 0.156369 -0.257663
H -2.666437 2.225795 0.172497
C -1.558321 -1.612693 -0.055429
C -2.953445 -1.184830 0.151531
H -4.305846 0.393547 -0.715427
H -1.374280 -2.690615 -0.223803
H -3.701799 -1.864803 0.633258
C 0.095297 1.819302 0.021804
H -0.139061 2.895010 -0.013429

Table A.37: 116+

Sum of electronic and zero-point Energies
= -457.517616

Atom X Y Z
C 0.846705 -0.999557 -0.017639
C 1.515927 1.462096 0.095430
C 1.915139 0.038544 -0.002120
C -0.595749 -0.614773 -0.035258
H 1.126346 -2.071760 -0.007473
H 2.268405 2.269332 0.245387
C 3.282963 -0.312049 -0.050950
C 4.581636 -0.586875 -0.093967
H 5.704915 -0.832249 -0.128241
C -0.951322 0.875441 0.028904
C -2.356679 1.235063 0.087677
C -3.280697 0.121259 -0.291734
H -2.784032 2.243097 0.370793
C -1.602936 -1.618921 -0.059454
C -3.015509 -1.196813 0.252158
H -4.012332 0.250143 -1.188283
H -1.439599 -2.715788 -0.206957
H -3.747652 -1.840156 0.861864
C 0.070278 1.866106 0.038756
H -0.143931 2.955238 -0.002860
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B. Coronene and Anthracene
Vibrational Frequencies

The vibrational frequencies for coronene and anthracene, calculated using the B3LYP
functional and the 6-311++G(2d,p) basis set, given in units of cm−1 without scaling.
A scaling factor of 0.9679 [201] was used in all calculations that utilized these fre-
quencies. Scaling factors are the easiest way to compensate for anharmonicities and
incomplete descriptions of the electronic structures.

Coronene
88.3516 88.4293 125.5798 164.0801 226.4838 294.0650
294.0852 300.5937 300.7237 370.1098 370.1913 384.7213
385.5640 457.4816 458.4771 481.4077 484.3471 498.2352
498.6166 534.1768 552.1503 553.1381 563.0991 566.9068
646.9378 648.5380 674.5629 675.5627 680.0751 690.8326
690.9669 770.4533 775.4063 776.4291 786.8914 787.1314
817.6476 823.3397 823.4678 824.7029 825.9381 853.2038
853.2190 872.2615 947.6665 956.1103 963.0860 963.5562
971.7445 972.9902 977.4321 1009.4847 1009.5530 1048.9191
1156.9681 1160.2377 1161.0084 1183.0010 1183.1588 1190.0698
1206.6072 1235.7146 1235.7933 1243.4569 1244.8493 1244.9390
1261.7603 1339.8316 1339.9298 1361.7619 1368.2666 1416.8667
1416.9967 1420.4393 1420.6173 1450.9191 1461.4942 1461.6930
1480.8524 1481.3881 1512.2624 1531.9871 1532.4142 1570.7143
1579.9498 1634.0233 1647.7298 1648.0121 1648.2030 1648.3884
3153.2827 3153.9793 3154.5371 3156.0180 3156.2095 3157.0749
3170.1896 3171.0985 3171.6407 3173.1292 3173.3795 3174.4878
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Anthracene
90.7101 120.4775 234.3818 235.7822 266.0308 389.2266
396.5766 397.8421 478.9925 484.2170 502.9348 537.0456
591.8657 618.5005 643.9754 662.7339 736.2820 756.3413
763.3814 764.8908 782.0208 819.4546 840.8119 862.1004
900.5539 915.0695 923.2687 933.0369 965.1229 971.2014
981.5289 982.9087 1023.8836 1028.7956 1127.2482 1156.2521
1175.4819 1189.9944 1193.1114 1213.0262 1285.6342 1295.3300
1298.3686 1340.9037 1374.2587 1409.8347 1420.4021 1421.3746
1486.6085 1488.6140 1518.1939 1575.9354 1590.1565 1620.7789
1662.7791 1665.6965 3153.0397 3154.9305 3157.1646 3157.9792
3161.5944 3162.9898 3174.2801 3174.5599 3185.9374 3186.3031
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C. List of Additional Publications

During my years as a PhD student at Stockholm University I have had the pleasure
to participate in several other projects that are not included in this thesis. A few of
them are closely related to the systems studied in this thesis, but several concern fast
ion-atom and ion-molecule experiments carried out at the CRYRING storage ring in
Stockholm, which is where I was first introduced to experimental physics. Others
deal with electrostatic trapping at cryogenic temperatures and the DESIREE storage
ring currently under construction at Stockholm University. A project that stands apart
from the rest is the study of Martian gullies, and I am very happy to have participated
in two field expeditions to Svalbard where terrestrial gullies were studied as analogs
for the Martian ones. Below follows a list of the peer-reviewed articles based on these
projects.

Terrestrial gullies and debris flows tracks on Svalbard as planetary analogs for
Mars
D. Reiss, E. Hauber, H. Hiesinger, R. Jaumann, F. Trauthan, F. Preusker, M. Zanetti,
M. Ulrich, A. Johnsson, L. Johansson, M. Olvmo, E. Carlsson, H. A. B. Johansson,
and S. McDaniel
Geological Society of America Special Papers, accepted manuscript

Periglacial landscapes on Svalbard: terrestrial analogs for cold-climate land-
forms on Mars
E. Hauber, D. Reiss, M. Ulrich, F. Preusker, F. Trauthan, M. Zanetti, H. Hiesinger, R.
Jausmann, L. Johansson, A. Johnsson, M. Olvmo, E. Carlsson, H. A. B. Johansson,
and S. McDaniel
Geological Society of America Special Papers, accepted manuscript

PAH-isomer fragmentation pathways: Case study for pyrene and fluoranthene
molecules and clusters
F. Seitz, A. I. S. Holm, H. Zettergren, H. A. B. Johansson, S. Rosén, H. T. Schmidt,
A. Ławicki, J. Rangama, P. Rousseau, M. Capron, R. Maisonny, A. Domaracka, L.
Adoui, A. Méry, B. Manil, B. A. Huber, and H. Cederquist
Journal of Chemical Physics 135, 064302 (2011)
doi: 10.1063/1.3622589
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The double electrostatic ion ring experiment: A unique cryogenic electrostatic
storage ring for merged ion-beams studies
R. D. Thomas, H. T. Schmidt, G. Andler, M. Björkhage, M. Blom, L. Brännholm,
E. Bäckström, H. Danared, S. Das, N. Haag, P. Halldén, F. Hellberg, A. I. S. Holm,
H. A. B. Johansson, A. Källberg, G. Källersjö, M. Larsson, S. Leontein, L. Liljeby,
P. Löfgren, B. Malm, S. Mannervik, M. Masuda, D. Misra, A. Orbán, A. Paál, P.
Reinhed, K.-G. Rensfelt, S. Rosń, K. Schmidt, F. Seitz, A. Simonsson, J. Weimer, H.
Zettergren, and H. Cederquist
Review of Scientific Instruments 82, 065112 (2011)
doi: 10.1063/1.3602928

Electron capture induced dissociation of doubly protonated pentapeptides: De-
pendence on molecular structure and charge separation
N. Haag, A. I. S. Holm, H. A. B. Johansson, H. Zettergren, H. T. Schmidt, S. Brønd-
sted Nielsen, P. Hvelplund, and H. Cederquist
Journal of Chemical Physics. 134, 035102. (2011)
doi: 10.1063/1.3533952

Angular scattering in fast ion-atom electron transfer collisions: Projectile wave
diffraction and Thomas mechanisms
M. Gudmundsson, D. Fischer, N. Haag, H. A. B. Johansson, D. Misra, P. Reinhed,
H. Schmidt-Böcking, R. Schuch, M. Schöffler, K. Støchkel, H. T. Schmidt, and H.
Cederquist
Journal of Physics B 43, 185209 (2010)
doi: 10.1088/0953-4075/43/18/185209

Importance of Thomas single-electron transfer in fast p-He collisions
D. Fischer, M. Gudmundsson, Z. Berényi, N. Haag, H. A. B. Johansson, D. Misra, P.
Reinhed, A. Källberg, A. Simonsson, K. Støchkel, H. Cederquist, and H. T. Schmidt
Physical Review A 81, 012714 (2010)
doi: 10.1103/PhysRevA.81.012714

Cryogenic keV ion-beam storage in ConeTrap-A tool for ion-temperature control
P. Reinhed, A. Orbán, S. Rosén, R. D. Thomas, I. Kashperka, H. A. B. Johansson, D.
Misra, A. Fardi, L. Brännholm, M. Björkhage, H. Cederquist and H. T. Schmidt
Nuclear Instruments and Methods in Physics Research Section A 621, 83-90 (2010)
doi: 10.1016/j.nima.2010.06.008

Magic and hot giant fullerenes formed inside ion irradiated weakly bound C60
clusters
H. Zettergren, H. A. B. Johansson, H. T. Schmidt, J. Jensen, P. Hvelplund, S. Tomita,
Y. Wang, F. Martín, M. Alcamí, B. Manil, L. Maunoury, B. A. Huber, and H. Ced-
erquist
Journal of Chemical Physics 133, 104301 (2010)
doi: 10.1063/1.3479584
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Precision Lifetime Measurements of He− in a Cryogenic Electrostatic Ion-Beam
Trap
P. Reinhed, A. Orbán, J. Werner, S. Rosén, R. D. Thomas, I. Kashperka, H. A. B.
Johansson, D. Misra, L. Brännholm, M. Björkhage, H. Cederquist, and H. T. Schmidt
Physical Review Letters 103, 213002 (2009)
doi: 10.1103/PhysRevLett.103.213002

Two-Center Double-Capture Interference in Fast He2+ + H2 Collisions
D. Misra, H. T. Schmidt, M. Gudmundsson, D. Fischer, N. Haag, H. A. B. Johansson,
A. Källberg, B. Najjari, P. Reinhed, R. Schuch, M. Schöffler, A. Simonsson, A. B.
Voitkiv, and H. Cederquist
Physical Review Letters 102, 153201 (2009)
doi: 10.1103/PhysRevLett.102.153201

On the hydrogen loss from protonated nucleobases after electronic excitation or
collisional electron capture
J. A. Wyer, H. Cederquist, N. Haag, B. A. Huber, P. Hvelplund, H. A. B. Johansson,
R. Maisonny, S. Brøndsted Nielsen, J. Rangama, P. Rousseau, and H. T. Schmidt
European Journal of Mass Spectrometry 15, 681-688 (2009)
doi: 10.1255/ejms.1039

Kinetic energy release distributions and barrier heights for C2+ emission from
multiply charged C60 and C70 fullerenes
N. Haag, Z. Berényi, P. Reinhed, D. Fischer, M. Gudmundsson, H. A. B. Johansson,
H. T. Schmidt, and H. Cederquist
Physical Review A 78, 043201 (2008)
doi: 10.1103/PhysRevA.78.043201

Evidence of wave-particle duality for single fast hydrogen atoms
H. T. Schmidt, D. Fischer, Z. Berényi, C. L. Cocke, M. Gudmundsson, N. Haag, H.
A. B. Johansson, A. Källberg, S. B. Levin, P. Reinhed, U. Sassenberg, R. Schuch, A.
Simonsson, K. Støchkel, and H. Cederquist
Physical Review Letters 101, 083201 (2008)
doi: 10.1103/PhysRevLett.101.083201

DESIREE as a new tool for interstellar ion chemistry
H. T. Schmidt, H. A. B. Johansson, R. D. Thomas, W. D. Geppert, N. Haag, P. Rein-
hed, S. Rosén, M. Larsson, H. Danared, K.-G. Rensfelt, L. Liljeby, L. Bagge, M.
Björkhage, M. Blom, P. Löfgren, A. Källberg, A. Simonsson, A. Paál., H. Zettergren,
and H. Cederquist
International Journal of Astrobiology 7, 205-208 (2008)
doi: 10.1017/S1473550408004229

Observations of Martian gullies and constraints on potential formation mecha-
nisms II: The northern hemisphere
J. L. Heldmann, E. Carlsson, H. Johansson, M. T. Mellon, and O. B. Toon
Icarus 188, 324-344 (2007)
doi: 10.1016/j.icarus.2006.12.010
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