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Abstract

This thesis presents three different series of high energy (keV) collision experiments as well as a
brief scientific introduction to the field. In the first series, protonated glycine and leucine were
collided with carbon dioxide and a beam attenuation method was applied to determine their total
fragmentation cross sections. A technique was also presented for how to restore the resolution
in mass spectra obtained with a hemispherical electrostatic analyzer followed by a position
sensitive detector (micro-channel plate equipped with a resistive anode). In the second series of
experiments, Collision Induced Dissociation (CID) and Electron Capture Induced Dissociation
(ECID) studies were performed on the nucleotide adenosine 5’-monophosphate anion (AMP−)
in water complexes. The two dissociation techniques revealed different fragmentation patterns
and a numerical solvent evaporation model was used to interpret the spectra. It was then found
that the CID and ECID processes were associated with different internal energy distributions.
The third experiment concerned ECID of the protonated dipeptide glycine-alanine ([GA+H]+)
in complexes with water, methanol, acetonitrile or crown ether. Depending on the attached
molecular species, different ratios between the two competing channels ammonia loss and N-Cα

bond cleavage were observed. Quantum chemical calculations revealed that a notable shift in
the location of the captured electron occurred for the case of two acetonitriles and one crown
ether compared to the bare ion and the ion in complexes with either water or methanol. Finally,
this thesis will discuss developments of the electrospray ionization platform as well as the new
Double ElectroStatic IonRing ExpEriment (DESIREE) facility.
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”As a matter of cosmic history, it has always been easier to destroy
than to create.”

– Spock
Star Trek II:
The Wrath of Khan (1982)
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1 Introduction

Experiments in which molecules and particles collide with one another are important tools for
probing their inherent properties as well as effects of charge transfer and chemical reactions
in general. One important historical example of this is Rutherford’s scattering experiment in
which he uncovered the atom’s basic structure of a heavy positively charged nucleus with much
lighter negatively charged electrons around it [1]. Other examples are crossed molecular beams
experiments from which important information can be obtained about the dynamics of chemi-
cal reactions [2], and the recombination of atomic or molecular ions with electrons in order to
elucidate e.g. their energy levels and electronic structures (see e.g. [3, 4]).

In this thesis experiments on collisions that involve the biomolecules amino acids glycine and
leucine, the dipeptide glycine-alanine (GA), and the nucleotide adenosine 5’-monophosphate
(AMP) will be presented, as well as theoretical modeling and calculations that have been per-
formed on these systems. The work on amino acids has been carried out within the Astrobiology
Graduate School at Stockholm University, and it investigates the fragmentation of amino acids
following collision with the atmospheric gas CO2. Amino acids have been detected in meteorites
(see e.g. [5–8]), but the more abundant interplanetary dust particles (IDPs) – micrometer sized
particles scattered throughout our Solar System – make up a potentially even greater source of
extraterrestrial biomolecules. Since IDPs readily evaporate in the upper atmosphere [9], expos-
ing their inner constituents to atmospheric interaction, it is be of great interest to investigate
how amino acids would be affected in such an interaction.

Collisional experiments on peptides, which is the polymerized form of amino acids, are widely
used to determine the sequence of amino acids within the peptide. This is possible because of
characteristic bond cleavages along the backbone of the peptide. But in the case of the frag-
mentation behavior following electron capture to the peptide, the exact mechanism behind the
process is not fully understood. The GA experiments presented in this thesis aim to shed some
light on this issue [10].

Electron capture experiments can also be used to mimic the effects of secondary electrons pro-
duced along the primary ionization track after a biological cell has been exposed to radiation.
Such low energy electrons have been demonstrated to be able to produce significant damage to
DNA (see e.g. [11, 12]). This thesis will present studies on the nucleotide AMP [13, 14], which is
a part of DNA’s sibling molecule RNA. It will particulary investigate what effect loosely bound
water molecules will have on the stability of the AMP molecule when energy is transferred in
interactions with other atomic or molecular species. Such studies are better able to simulate the
real conditions of the living cell, where water is the solvent molecule [15], than similar studies
in vacuum with naked molecules.

The ion source used to produce these molecules in the ionized gas phase necessary to perform
the experiments discussed here is the electrospray ionization (ESI) source. The ESI source has
become an important tool for the study of gas phase complex molecules, such as biomolecules.
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An ESI source experimental beam line has been constructed at Stockholm University for use not
only in experiments such as the ones discussed in this thesis, but also for tests and developments
of equipment, modules and techniques, to enhance the qualities of the ion beams (intensities,
emittances) for other experiments. This will help to adapt the ESI source for use with the
Double ElectroStatic Ion Ring ExpEriment (DESIREE) which is currently under construction
[16]. DESIREE will, as the name suggests, have two electrostatic storage rings were separate
ions of opposite charge can be stored in each ring. The two rings share a common straight
section, where the two ion beams are merged with well controlled relative velocities. Both rings
will be enclosed within a cryogenically cooled vacuum chamber in which temperatures as low
as 10 K can be obtained. When completed, DESIREE will provide a unique facility to study
single ion-ion interaction with well defined internal temperatures and at well defined interaction
energies down to about 10 meV.

Page 2



2 Scientific Background

The purpose of this chapter is to give basic background information to the areas of science
covered in this thesis. It will begin by introducing the types of molecules on which experiments
have been performed, namely amino acids, peptides and nucleotides. The amino acids will then
be brought into a astrobiological context by discussing their formation in space and mechanisms
for their delivery to the Earth. Following this will be background information on dissociation
techniques used in, or related to, this thesis. The chapter will end with a brief introduction
to the quantum chemistry method of density function theory, which will be used later to help
interpret some of the results.

2.1 Biomolecules

The experiments carried out in this thesis involve biomolecules. 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 performed the first artificial synthesis of urea in 1828 [17].
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
they are affected by external influences.

Some biomolecules are now also known to be producible by naturally occurring abiotic1 pro-
cesses. One consequence of this is that they can be found incorporated into extraterrestrial
material, such as meteorites (see e.g. [5–8]) and in at least one comet [18]. This will be dis-
cussed further in section 2.2.

The biomolecules of interest in this thesis are amino acids, and their polymerized form peptides,
and nucleotides.

2.1.1 Amino Acids

Amino acids are a group of organic molecules that contain both an amine (-NH2) and a carboxyl
(-COOH) functional group (see figure 2.1). Virtually an infinite variety of amino acids can exist,
but only just over 140 are found to naturally occur in living organisms [19]. Of these only 20
are counted as the ”standard” amino acids because they are encoded for directly in the DNA
through the genetic code. The genetic code is the translation between sets of three nucleotides
(see section 2.1.3) and amino acids. In recent years two additional amino acids – pyrrolysine
and selenocysteine – have been found to be translated directly from DNA [20], but they are
counted as more exotic than the canonical 20. Appendix A gives a complete list of the 20 amino

1An abiotic process is a process which is not caused by, or related to, living organisms.
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2.1. BIOMOLECULES

Figure 2.1: a) Alanine as an example of an amino acid. The characteristic amine (-NH2) and
carboxyl (-COOH) groups are encircled as is the side chain, which for alanine is a
methyl (-CH3) group. An arrow also points to the α-carbon (Cα) – the so called
backbone carbon to which the three encircled groups are attached. b) The structure
of alanine as a simple two dimensional drawing (Lewis structure). c) Often organic
molecules are drawn in this skeletal form, where the position of the C atoms are at the
solid line vertices, and where only non-C and non-H atoms are indicated explicitly.
H atoms are shown when they are bonded to non-C atoms. Solid lines represent
bonds in the plane of the paper, solid wedges represent bonds going out from the
paper plane, while dashed lines indicate bonds going into the plane of the paper.

acids, including their one and three letter abbreviations, chemical formulas, mass and skeletal
structures. The 20 amino acids each have different side chains attached to the α-carbon, or
Cα (see figure 2.1). The side chain has unique properties, such as being polar, non-polar or
acidic/basic in its dissolved state.

Amino acids are the structural building blocks of proteins, which are formed by linear addition
of amino acids through peptide bonds (see section 2.1.2) into long arrays and, depending on
the type and order of the amino acids, a subsequent folding into complex three dimensional
structures can occur. The sequence of amino acids within a protein is decisive for its structure
and function. A protein can contain anywhere between about 30 and a few 10,000 amino acids
[21]. Within a cell, proteins are the molecules that controls much of the functions, such as
transportation of substances across the cellular membrane, catalysation of chemical reactions,
or rotation of the flagella which allows certain cells/bacteria to swim. Although it is unclear
why life has chosen only 20 amino acids as the structural basis for proteins, the fact that it
is so in all known organisms, and that they all share the same genetic code, suggests that the
selection must have occurred at an early stage in evolution.

2.1.2 Peptides

One property of amino acids is that they can link together and form polymer chains, so called
peptides. This link occurs under the release of one water molecule when the amine group of one
amino acid reacts with the carboxyl group of another amino acid, and a covalent bond is formed
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CHAPTER 2. SCIENTIFIC BACKGROUND

Figure 2.2: Peptides are formed through a covalent bonding of the nitrogen atom in the amine
group in one amino acid to the carbon in the carboxyl group in another amino acid.
This type of bond is called a peptide bond, and its formation generates one water
molecule. This figure illustrates the reaction between glycine (G) and alanine (A) to
form the dipeptide GA. The peptide bond is encircled in the figure.

between the N and C of the respective groups (see figure 2.2). The bond between the amine and
carboxyl groups is referred to as a peptide bond, and the O-C-N-H atoms associated with this
type of bond is referred to as an amide or peptide group.

The peptide bond exhibits partial double bond characteristics due to the presence of two domi-
nant resonance electron structures; one with the double bond between the C and O atoms, and
one where it is between the C and N atoms (cf. figure 2.3) [22]. This creates an almost planar
distribution of the peptide group atoms that is resilient to rotation about the C-N bond. Most
peptide bonds in biological contexts are found in the trans configuration, where the two neigh-
boring Cα atoms are on opposite sides of the C-N bond line. In the only other possible planar

Figure 2.3: The two resonance structure of the peptide bond.
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2.1. BIOMOLECULES

Figure 2.4: Peptide fragments nomenclature example for a dipeptide.

structure, called cis, the two Cα atoms are located on the same side of the C-N bond line. The
bonds between the peptide group and the two 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. The rotational freedom is the reason
why large peptide chains, such as proteins, can take on complex three-dimensional shapes. The
structures are aided by non-covalent forces, such as van der Waals forces, hydrogen bonding and
ionic bonding, that takes place between functional groups and surrounding molecules.

The peptide which will be discussed in more detail later in this thesis is the dipeptide, which
means that it consists of two amino acids, glycine-alanine (GA) shown in figure 2.2. Naming
of peptides is done in their order of appearance (see example in figure 2.2). 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.

Peptide fragments follow an established nomenclature [23]. A schematic view of the nomencla-
ture is shown in figure 2.4 for the case of a dipeptide. Fragments that contain the N-terminal
are called a-, b- or c-fragments depending on whether it broke off before, in or after the amide
group. Fragments that contain 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 is employed to denote the number of amino acid residues the fragment
contains.

2.1.3 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 phosphate. The sugars and the phosphates make up
the backbone of DNA/RNA while the sequences of bases are what carries the actual genetic
information. Figure 2.5 shows a skeletal formula over a piece of RNA string where the different
components 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, 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 and called pyrimidines. They con-
tain only a six-membered heterocyclic aromatic organic ring. An important ability of the bases
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CHAPTER 2. SCIENTIFIC BACKGROUND

1'
2'

3'
4'

5'

Figure 2.5: A cutout of three nucleotides of RNA. 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 with a red circle. The grey
dotted lines marks the sites where the bases hydrogen bond to their respective base
pair partners.

is to pair with each other through hydrogen bonds and form so called 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, Cy-
tidine and Thymidine. Deoxyribose baring nucleosides are distinguished with the prefix deoxy
added to the name. The difference between ribose and deoxyribose (and hence the difference
between DNA and RNA) 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 2.5).

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 will be investigated further in this thesis is the adenosine 5’-monophosphate.
It has one phosphate group added to the 5’ sugar carbon in adenosine. It is also this molecule
which is highlighted in the center of figure 2.5. This molecule will from now on simply be referred
to as AMP.

2.2 Formation of Amino Acids in Space and Their Delivery to the
Earth via Interplanetary Dust Particles

That amino acids can be produced at other places in the universe than our planet Earth is
known because of their detection in meteorites (see e.g. [5–8]) and in samples collected and
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2.2. FORMATION OF AMINO ACIDS IN SPACE AND THEIR DELIVERY TO THE
EARTH VIA INTERPLANETARY DUST PARTICLES

returned from the comet 81P/Wild 2 [18]. Claims have also been made of having detected
glycine in the interstellar medium [24], but that finding has since been heavily criticized [25]
and currently there is no confirmed finding of an amino acid in the interstellar medium. Pos-
sible precursors have however been detected, such as acetaldehyde (CH3CHO) [26] and amino
acetonitrile (CH3CH2CO) [27], both of which can be transformed into amino acids through the
Strecker synthesis2 [28]. Other reactants required for this synthesis – cyanide, ammonia and
water – have also been detected in the interstellar medium (see e.g. [29–31]). It therefore seems
possible that amino acids could be formed there.

Complex3 interstellar molecules have been detected in dark clouds [32], which are regions in
space with densities of typically 104 to 106 cm−3 and a temperature of around 10 K in the core.
In these regions the densities are high enough to shield molecules from ultraviolet (UV) radiation
that could otherwise destroy them, but it is still low enough to prohibit any significant three-
body reactions to occur in the gas phase. The low temperatures also severely limit reactions with
an activation barrier. These obstacles can to some extent be circumvented through reactions
on grain surfaces. That such interstellar grains exist is known through e.g. their scattering and
absorption of light in the infrared (IR), optical and UV wavelengths (see e.g. [33–35]). The grain
sizes are in the range from some tens of Å to slightly below 1 µm and the grains are believed to be
composed primarily of silicates and carbonaceous material [35–37]. On the surface of the grains
gas phase particles can adsorb and through mechanisms such as thermal motion or quantum
tunneling move across the grain surface until it reacts with another particle [32]. Grain surface
chemistry is able to explain the presence of e.g. the prebiotic molecule acetaldehyde mentioned
above [38] and mechanisms have been proposed for the formation of glycine on grain surfaces
[39]. Laboratory experiments of icy interstellar grain analoges have demonstrated that glycine
can form in them if they are exposed to UV photolysis (see e.g. [40, 41]).

Stars and their possible planetary systems are formed through the gravitational collapse of inter-
stellar clouds, which could through the arguments above provide an important base of prebiotic
molecules early on in the evolution of a planetary system. Whether or not the amino acids
that have been detected in meteorites are remnants from the interstellar cloud is however an
unresolved question. The amino acid bearing meteorites contain hydrous minerals, which indi-
cates that at least part of the body have undergone alteration by aqueous processes [42, 43],
i.e. by liquid water. One of the hypotheses for how amino acids could have formed is therefore
through a process such as the Strecker synthesis [44]. But e.g. in the case of the Murchison
meteorite – one of the most well studied meteorites and very rich in organic compounds – the
deuterium to hydrogen (D/H) ratio in the water is lower [45] than that found in the indigenous
amino acids [46]. Deuterium enrichment is commonly accepted as a ”fingerprint” for interstel-
lar chemistry, as the larger mass of D compared to H results in a smaller zero-point energy in
deuterated molecules compared to hydrogenated ones [47]. This makes D more strongly bound
than H and consequently harder to remove (larger activation energy); effects that are very im-
portant in chemical reactions at extremely low temperatures, such as those found in dark clouds.

Regardless of the origin of the amino acids, the fact that they have been observed in meteorites
prove that they can be delivered to the Earth from space. At present time the major contributors

2The Strecker synthesis of a amino acids is a series of chemical reactions that synthesizes amino acids, with
typically an aldehyde as the starting point. It is named after the chemist who developed it in the 1850s.

3The term ”complex” is relative. In this context it is arbitrarily defined as molecular species with six or more
atoms, following reference [32].
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CHAPTER 2. SCIENTIFIC BACKGROUND

of extraterrestrial material being delivered to the Earth on short time scales are believed to be so
called Interplanetary Dust Particles (IDPs) [48], and these are often considered to have played
an important role in the delivery of organic molecules to the Earth (see e.g. [49–51]). IDPs are
submillimeter particles that exist primarily in the plane of the solar system, and they can even
be observed with the naked eye on the night sky as the so called zodiacal light [52], which is a
collective effect of scattering of light off the IDPs. Satellite measurements have found the influx
of IDPs to the Earth to be 30,000 ± 20,000 tons/yr [48]. About 90 % of this never reach the
surface of the Earth, but decelerates in the upper atmosphere [53] and become deposited in the
atmospheric layers [9], either partially or completely evaporated. IDPs that survive atmospheric
entry and land on the surface of the Earth are referred to as micrometeorites (MMs). IDPs can
have carbon contents ranging from a few up to 90 volume-percent [54], with a mean of ∼10 %
[49]. Among the organic compounds detected in IDPs are Polycyclic Aromatic Hydrocarbons
(PAHs) [55] and aliphatics [56]. Recently the amino acid glycine was detected in samples col-
lected from the comet 81P/Wild 2 [18]. Comets, together with asteroids, are believed to be the
major sources of IDPs [57, 58]. The IDP inventory must be resupplied as the flux of MMs has
been relatively constant for the last 106 years [59] and the Poynting-Robertson drag – an effect
which cause dust particles to slowly spiral inward in their orbits around the Sun – together
with particle-particle collisions would otherwise completely remove IDPs from the solar system
in 104 to 106 years [60]. The amino acid α-amino isobutyric acid (AIB) has also been identified
as extraterrestrial in MMs [6, 8, 61]. AIB is extremely rare on the Earth and is in biological
contexts only found in a few fungal peptides [6].

Considering the high mass influx and possible amino acid content of IDPs, it is of great in-
terest from an astrobiological point of view to investigate how they could have contributed to
the inventory of organic molecules on the early Earth. It is known that organic molecules are
unable to survive long exposures to high temperatures, such as the ones IDPs may experience
during atmospheric entry [62–64]. But recent studies have shown that a highly porous struc-
ture, something which is common for IDPs, and the presence of sublimable constitutes (e.g.
water) that are lost during heating, could through ablative cooling provide a ”heatshield” for
the particle and help protect the molecules that are inside of it [65]. It would be valuable to
examine the details of this effect further with the use of collisional physics experiments. By
colliding amino acids with a target such as the atmospheric gas CO2, which may have been the
dominant atmospheric molecule on the early Earth [66], at velocities corresponding to that of
atmospheric entry, it is possible to gain knowledge about the probability for the amino acids
to fragment in these situations. Actual conditions may be further mimicked through the at-
tachment of a number of water molecules to the amino acid. This can e.g. be accomplished
with the use of an electrospray ionization source (described in more detail in section 3.1). The
water would protect the amino acid from fragmentation through evaporative cooling, an effect
which has been observed for AMP as will be discussed in section 4.3, but the question is to what
extent this would occur. This thesis will discuss some preparations and initial tests that have
been carried out at Stockholm University with the purpose to investigate this particular question.

When performing collision experiments on biomolecules it is important to know what kind of
mechanisms come into play, and these will be discussed in the next section of this chapter.
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2.3. DISSOCIATION TECHNIQUES

2.3 Dissociation Techniques

One possible route an isolated molecule may take to dissipate absorbed energy is through the
breaking of chemical bonds, i.e. dissociation. How a molecule dissociates depends on various
factors such as the structure of the molecule and its charge state, and to some extent also on the
method of excitation. What fragments are detected after dissociation also depends on the time
scale between dissociation and observation. Many techniques for inducing dissociation produce
characteristic fragmentation patterns that may be used to e.g. identify the parent molecule.

2.3.1 Collision Induced Dissociation (CID)

One of the most common ways to add enough energy to a molecule to bring it to a state where
it can dissociate, i.e. to activate it, is through collisions with neutral atoms or molecules [67].
The Collisional Activation (CA) is then followed by dissociation in what can be viewed as a two
step Collisionally Activated Dissociation (CAD) process:

A+ + B −→ (A+)∗ + B
(A+)∗ −→ dissociation fragments

where (A+)∗ is the activated complex after the ion A+ has collided with the neutral ion/molecule
B. An illustration of the process is shown in figure 2.6. Dissociation processes following collisions
without charge transfer are commonly referred to as Collision Induced Dissociation (CID). The
acronym Collision Activated Dissociation (CAD) is sometimes also used in this context. The
evidences for the above two step process comes from CID spectra which are nearly all consistent
with unimolecular dissociation following an earlier collisional activation/excitation process [68].
But a prompt one-step mechanism, where a part of the ion is torn off directly in the collision
without the intermediate activated state, is also possible.

CID of peptides typically result in the cleavage of the amide group and thus produce b and y
fragments (cf. figure 2.4) [69]. This is the bond which requires the least amount of energy to
break [70].

Figure 2.6: An ion A+ collides with a target B as viewed in the laboratory frame. (Note: Angles
are greatly exaggerated and colors do not denote atomic species. Charge arbitrarily
put on a2 in c) for illustration purposes)
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CHAPTER 2. SCIENTIFIC BACKGROUND

2.3.2 Electron Capture Dissociation (ECD)

In 1998, Zubarev et al. [70] introduced a new technique for performing mass spectrometry (MS)
on peptides and proteins. This technique was dubbed electron capture dissociation (ECD) and it
involves irradiation of precursor ions with low energy (<0.2 eV) free electrons (see e.g. [70–73]).
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 [74].

Instead of the b and y fragment production of CID, ECD produce c and z fragments (cf. figure
2.4), which results from the cleavage of the N-Cα (amine) bonds. The exact mechanism behind
this change of cleavage patterns has been a matter of debate. Initially, ECD was believed to be
a non-ergodic process [70], 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 [75], 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 oxygen in a nearby amide group.
This results in the formation of an aminoketyl radical 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 in a high-n Rydberg state followed by cooling to a
product valence state at a highly excited vibrational energy that is well above the threshold for
dissociation [76]. It has also been suggested that both indirect and direct processes are involved
in ECD [74].

Others have argued that non-ergodic processes are not required to explain the N-Cα bond cleav-
age of ECD. Tureček [77] performed a quantum chemical study that showed the N-Cα bond
cleavage to be facile in model peptide ketyl radicals at room temperature. Syrstad and Tureček
[78] proposed, supported by theoretical calculations, that in the presence of a remote charge the
amide group may capture an electron, which would increase the basicity of the oxygen so that
it can exothermally abstract a proton from an ammonium group, thereby forming a transient
amino ketyl radical that dissociates through cleavage of the N-Cα bond.

It is clear that the final word regarding the mechanisms involved in ECD has yet to be spoken.
The technique nonetheless remains a useful tool when performing mass spectrometry on pep-
tides and proteins, especially when used in combination with CID [79].

ECD is often employed together with Fourier transform ion cyclotron resonance mass spectrome-
try (FT-ICR), which is beneficial because of the high resolution of the method. Other techniques
have been developed that resemble ECD. Two of these are Electron Transfer Dissociation (ETD)
and Electron Capture Induced Dissociation (ECID).

2.3.3 Electron Transfer Dissociation (ETD)

In ETD molecular radical anions are used as the electron donors in gas-phase ion/ion reactions
[80]. What kind of anion used is important for the success of the technique as ETD on protonated
peptides have demonstrated it to lead to either proton or electron transfer [81, 82], where only
the latter is a desired outcome in ETD. While some anions react through exclusively proton or
electron transfer, others exhibit both behaviors. Important factors for successful electron trans-
fer are a low electron affinity in the anion and a sufficient Franck-Condon overlap between the
anion and its neutral products [82]. ETD leads to ECD-like fragmentation of peptides/proteins
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Figure 2.7: DESIREE with its two electrostatic storage rings. The bottom one (in blue) is de-
signed for storage of heavy ions, e.g. biomolecules, and the top on (in red) for lighter
ions. In the common straight section (in magenta) the two stored ions may react to
form neutrals, which will be unaffected by the electrostatic deflectors and impact on
the detector that lies on an extended line from the common straight section. Arrows
indicate direction of rotation.

[80, 81]. Typically ETD reactions are studied in a radio frequency (RF) quadrupole ion trap
(see e.g. [80, 81, 83]), but the method can also be used in other experimental setups, such as
DESIREE.

In the two storage rings of DESIREE (described further in chapter 5) ions of opposite charge
can be stored simultaneously. In the common straight section the ions may react at low and
well-defined relative velocities in a cold (down to 10 K) environment (cf. figure 2.7). This could
potentially bring a new dimension into the field of ETD, and enable the physical processes behind
it to be probed at greater depths due to the possibility to study single ion/ion interactions. With
DESIREE one may also study other types of ion/ion reactions that do not necessarily involve
peptides/proteins. In these cases the term mutual neutralization is often used instead of ETD,
as DESIREE is primarily designed to detect neutral fragments.

2.3.4 Electron Capture Induced Dissociation (ECID)

The electron capture induced dissociation technique was first presented by Vékey et al. in 1986
[84]. They investigated decomposition of the benzene dication (C6H2+

6 ) using a triple-stage mass
spectrometer. An illustration of the ECID steps for a dication is shown in figure 2.8. At Aarhus
University in Denmark, the technique has been adapted to biomolecules in order to mimic ECD.
In their setup, high energy – tens of kiloelectronvolt (keV) – ions collide with a neutral target
from which they capture an electron [85]. Typical targets are alkali metals in the gas phase,
as they have a weakly bound valence electron that can easily be captured by the ion. More
information about this experimental setup is given in section 3.3.

That ECID mimics ECD has been demonstrated experimentally through a comparative study of
fragment ion yields from peptides [85–88]. These similarities indicate that the two processes rely
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Figure 2.8: A simple schematic view of a ECID process. A dication captures an electron from a
neutral [shown in a)-b)] where it was loosely bound. The excited cation [shown in
c)]dissociates into two or more fragments [shown in d)].

on similar dissociation mechanisms, which is interesting considering that they differ in several
respects: In ECID the electron is captured from a bound state, whilst in ECD using FT-ICR it
is in 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) [86], as is the timescale of electron capture (fs
vs. µs up to several seconds) [86, 89, 90]. The processes themselves also differ in that ECD is
an adiabatic process, which in this case means that the electron is captured from an free state.
In ECID, on the other hand, the process is vertical, which means that the electron is captured
into an unpopulated molecular orbital and that the molecular structure is ”frozen” during the
electron capture process.

ECID experiments performed on di- and tripeptides reveal a dominant fragmentation channel to
be ammonia loss, which is a strong indication that a significant fraction of the electron capture
events occur at the these groups [86, 91]. Indications have also been found that proton transfer
to an amide group, which would weaken the N-Cα bond, and thus increase the likelihood to
produce the characteristic c and z fragments, is not required for the breaking of the bond [91].

2.4 Quantum Chemistry Calculations with Density Functional
Theory (DFT)

This thesis contains theoretical molecular structure calculations. These types of calculations are
often associated with the field of quantum chemistry, but overlap strongly with other areas of
science as well. Many different approaches exist for how to theoretically determine the properties
of a molecule, and the method which will be used in this thesis is Density Functional Theory
(DFT). DFT has been shown to give good results at reasonable computational budgets when
applied to molecular systems such as the ones discussed in this thesis (see e.g. [77, 78, 92]).
There will now follow a brief introduction to DFT.

The first assumption made in DFT, as well as in any other quantum chemistry problem with
more than two bodies, is that of the Born-Oppenheimer approximation [93], which assumes that
the nuclei are infinitely heavier than the electrons. This way it becomes possible to separate the
motions of the nuclei from that of the electrons, and solve the electronic problem for a given set
of stationary nuclei. In DFT the ground state electronic energy, E, of a system is determined
by the electron density, ρ. That such a relationship exist was proved by Hohenberg and Kohn
in 1964 [94]. Because the electron density depends on the position r, E is in fact a functional,
E[ρ(r)]. It may be written as
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E[ρ] = T [ρ] + Vne[ρ] + Vee[ρ] (2.1)

where T 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. Hohenberg and Kohn [94] have shown the variational principle to hold for DFT, meaning
that E will always be equal to or larger than the true ground state energy.

In the original DFT formalism E is only dependent on ρ, which significantly reduces the number
of variables from 4N (three spatial and one spin coordinate) in the alternative wave function
approach, where N is the number of electrons, to just 3 (the spatial coordinates). However, there
exist difficulties in finding an accurate functional T [see e.g. [95] for a review] and this leads to
unacceptably low accuracies. A significant improvement is obtained with the reintroduction of
orbitals, so called Kohn-Sham (KS) orbitals, as suggested by Kohn and Sham in 1965 [96]. They
divided E 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 interaction. With this
it is possible to rewrite equation 2.1 as

E[ρ] = Ts[ρ] + Vne[ρ] + J [ρ] + Exc[ρ] (2.2)

where Ts is the kinetic energy of non-interacting electrons, J is the classical Coulomb potential
energy, and Exc is the exchange correlation energy, i.e. due to interacting electrons. The kinetic
energy is determined from the KS orbitals φKSi as

Ts[ρ] =
N∑
i=1

〈φKSi | −
1
2
∇2|φKSi 〉. (2.3)

Because KS theory uses orbitals, the number of variables are increased from 3 to 3N , but for
the method as a whole the complexity is still far less than for many-particle wave function models.

The exchange correlation energy in equation 2.2 is defined as

Exc[ρ] = T [ρ]− Ts[ρ] + Vee[ρ]− J [ρ]. (2.4)

By defining it this way, Exc becomes the only term which can not be computed exactly in the
expression for E, and the task of KS theory is to find an expression for it. There exist different
approaches for this, and the one which will be used in this thesis is B3LYP. It is based on the
Becke 3 parameter hybrid functional for the exchange energy [97], and the Lee, Yang and Parr
functional for the correlation energy [98]. The expression for the B3LYP exchange correlation
energy is

EB3LYP
xc [ρ] = (1− a0)ELSDA

x [ρ] + a0E
HF
x [ρ] + ax∆EB88

x [ρ] + acE
LYP
c [ρ] + (1− ac)EVWN

c [ρ] (2.5)

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 dif-
ferent densities for spin up and spin down electrons. EHF

x is the exchange energy as given by
the wave function based Hartree-Fock theory. This term is very important as it provides an
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exact exchange functional, which is otherwise difficult to obtain with purely DFT. ∆EB88
x is a

gradient correction to the LSDA exchange energy and it is included because the electron gas
in reality is 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 [99], 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.

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
as to require reasonable computational resources. To quote Szabo and Ostlund: ”There are
probably as many basis sets defined for polyatomic calculations as there are quantum chemists”
[100]. For this reason focus will only be put on the one used in the calculations carried out in
this thesis, which is the 6-311++G(d,p) basis set [101–103]. This is generally considered a large
basis set and it describes the MOs with the use of Gaussian functions. Gaussians, which contain
an exponential of the form e−ζr

2
, are not by themselves able to describe the qualitative features

of MOs, as they tend to resemble so called Slater functions, where the exponential is of the
form e−ζr. The 1s orbital of hydrogen is for instance described by a Slater function. However,
by using linear combinations of multiple Gaussians it is possible to adequately resemble Slater
features. This has the unfortunate drawback of requiring more functions for describing the MO,
but the computational gain is regardless of this significant as the Gaussian functions provide
more easily evaluated integrals.

A further reduction in computational efforts can be obtained if the linear combination of Gaus-
sian functions is made fixed, which creates a so called contracted set of Gaussian functions.
This contraction is advantageous to apply for the core electrons, as they do not contribute to
the chemistry of the system. The first number of the 6-311++G(d,p) basis set tells that the
core orbitals are described by six contracted Gaussian functions. The next three numbers – 311
– concern the valence electrons. These are the ones which participate in chemical bonds, and
the shape of their MO may therefore deviate from the atomic orbital (AO) due e.g. to bonding.
For this reason they are not described by one function, but in this case by three. The first is
a contraction of three Gaussians, the second consists of only one Gaussian, as does the third.
This arrangement where the functions for the valence electrons are tripled, but not so for the
core electrons, is referred to as a triple split valence basis set.

Two notations in the 6-311++G(d,p) basis set designation remain to be explained, and these
are ++ and the (d,p). The two plus signs designate diffuse functions, which are functions with a
low exponent that are added to more accurately describe the behavior at greater distances from
the nucleus [103]. Such a description 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 diffuse func-
tion 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, (d,p), refer to the addition of
polarization functions [101, 102]. 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 description of chemical bonds.
The ”d” in (d,p) means that d-functions are added to the valence electrons of the second row
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elements in the periodic table, i.e. lithium through fluorine, and ”p” means that p-functions are
added to hydrogen.

The B3LYP quantum chemical method with the 6-311++G(d,p) basis set as described above,
have in this thesis been applied to molecular systems through the use of the Gaussian03 program
package [104]. It has been under development since the 1970s and is one of the more widely
used softwares within the field.
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3 Experimental Techniques and Procedures

This chapter will describe the experimental setups as well as some of the experiments which
have been performed with them. Two different laboratories have been used to carry out these
experiments: i) The Manne Siegbahn Laboratory (MSL) at Stockholm University (SU) and ii)
the ELISA facility with its stand alone isotope separator setup (SEP1) at Aarhus University
(AU). Both feature a similar tandem mass spectrometry (MS/MS) setup with an electrospray
ionization source.

3.1 The Electrospray Ionization (ESI) Source)

The foundation for the electrospray ionization technique was laid in the 1960’s, in particular
by Dole [105], who demonstrated that it is possible 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 Fenn [106, 107]. 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
very soft ionization technique, meaning that it ionizes the parent ion with a low fragmentation
yield.

Figure 3.1 shows the ESI source setup used in the experiments performed at SU. It worked in
the following way: A solution that consisted of the analyte and a solvent was first mixed in a
microtube. In most cases an analyte concentration in the µmol range was sufficient. The solvent
used was 47.5 % methanol (CH3OH), 47.5 % water (H2O), and 5 % acetic acid (CH3COOH).
Methanol is a good solvent for biomolecules and water was added because it was one goal of
the experiments to create clusters of analyte and water molecules. Other compounds can be
added if other complexes are desired. The acetic acid acts as a proton donor for the analyte,
which becomes charged through protonisation. The proton tends to attach to the site which
is the most basic. For molecules such as amino acids, this is at the N-terminal (cf. section
2.1.2). A sample was then extracted from the microtube into a glass syringe and an infusion

Figure 3.1: The electrospray ionization source as it was originally built at SU.

Page 17



3.1. THE ELECTROSPRAY IONIZATION (ESI) SOURCE)

Figure 3.2: a) When no electric field (E=0) is applied between the spray needle and the heated
capillary the ions are distributed randomly in the liquid within the spray needle and
surface tension maintains a roughly hemispherical shape. When an electric field
(0<E<Eonset) is applied positive ions (in this case) are pulled towards the tip of
the needle, where the surface takes on a quasi-conical shape. When the electric field
reaches the onset strength (E>Eonset) the surface takes on the shape of a Taylor cone
and a spray of charged droplets is formed at its tip. b) Droplets from the spray are
decreased in size through solvent evaporation and Coulombic fission. According to
the charged-residue model (CRM, cf. text), this may continue until there is only the
bare ion left. In the ion evaporation model (IEM, cf. text), individual ions can be
pushed out from the surface of the charged droplet when the surface field strength
becomes high enough.

syringe pump (Harvard Apparatus) was used to continuously feed the analyte from the glass
syringe through a fused silica capillary to a stainless steel spray needle at a rate of 1-2 µL/min.
The spray needle was placed at a distance of 10 mm from the heated capillary and a potential
was applied between the two. This potential difference pulls on the ions in the solution so that
the positive ions (i.e. the analyte ions) move towards the edge of the liquid directed towards
the capillary, and the negative ions in the opposite direction. Figure 3.2 shows an illustration
of the electrospray ionization process. The balance between the electrostatic 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 [108] is formed. If the potential difference is further increased, the cone destabilizes
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 was typically in the 3.6-4.2 kV range at a distance of 10 mm for the
present experiments.
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A small section of the spray was sampled by a 0.48 mm bore placed 1.5 mm off the capillary
center. The 130 mm long bore was heated to 100–140 ◦C. Collisional heating causes neutral
solvent molecules to evaporate from the droplet, which decreases its size and increases its surface
charge density. At the Rayleigh charge limit [109]

qR = 8π
√
ε0γR (3.1)

where ε0 is the permittivity of free space, γ is the surface tension and R is the droplet radius,
the droplet becomes unstable. This is due to the electrostatic repulsion becoming equal to the
surface tension force. At this size the droplet may undergo Coulombic fission and break up into
two or more smaller droplets, which do not need to be of equal size. Subsequent evaporation
and Coulombic fission leads to even smaller droplets. That such subdivision actually takes place
has been observed experimentally by e.g. Zeleny [110]. According to Dole’s [105] originally
proposed mechanism, the so called charged-residue model (CRM), the fission down to smaller
droplets carries on until there is just the bare analyte ion left (cf. figure 3.2). An alternative
explanation, dubbed the ion evaporation model (IEM), has been offered by Iribarne and Thom-
son [111, 112]. 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 (cf. figure 3.2). 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 [113–115]. 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 [116–118], though
it is possible that some ions are able to form through both mechanisms.

Upon exiting the heated capillary the ions and/or charged droplets entered the first differential
pumping stage, where the pressure was 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 caused the flow to undergo a supersonic expansion, in which the axial velocity was
increased more than the radial velocity and the gas was effectively cooled. Ions in the expanding
supersonic plume were focused with a tube lens and a section of it sampled by a skimmer placed
before the second pumping stage. A turbomolecular pump was used to keep the pressure at
∼ 5× 10−3 mbar, and the ions were guided through this stage with the use of an octupole radio
frequency (RF) ion guide. Another set of tube lens/skimmer separated the second and the third
pumping stages, in which an Einzel lens was used to focus the ions prior to acceleration.

3.2 Stockholm ESI Source Setup

The original SU ESI source experimental setup (shown in figure 3.3) was briefly as follows: The
ESI source was situated on a high voltage platform, and after acceleration to ground potential
an Einzel lens focused the ions prior to mass-over-charge (m/z) selection in a 0.5 m radius 90◦

bending magnet. A retractable strip detector for beam profile monitoring and current mea-
surements was mounted before the m/z selection. The m/z selection was followed by a set of
horizontal and vertical beam defining slits, a retractable Faraday cup and a retractable electron
multiplier. The horizontal and vertical deflectors were used to steer the ion beam onto the 1.5
mm diameter entrance hole of a 38 mm long collision cell. The collision cell could be filled with
a target gas, the pressure of which was controlled by a needle valve and monitored by a Baratron
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Figure 3.3: An overview of the different components of the Stockholm ESI source experimental
setup.

capacitance manometer. Fragments from the collisions in the gas target cell were analyzed by
means of a 180◦ hemispherical electrostatic analyzer (ESA) placed at a distance of 0.9 m from
the collision cell. In between the collision cell and the analyzer were another set of deflectors and
an Einzel lens, as well as horizontal and vertical slits. The slits were left fully opened in order
not to discriminate between different fragments with different angular scattering distributions.

The detector, positioned at the exit from the ESA, was of the micro-channel plate (MCP) type
with a resistive anode, allowing position sensitive detection. The diameter of the MCP was 25
mm. The detector was operated in the particle counting mode with the timing signal from the
back of the channel plate stack fed through amplifiers and a discriminator to form a trigger for
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the readout of the four anode corner signals for each individual ion hit. The corner signals from
the resistive anode were fed into an analog to digital converter (ADC) and recorded together
with the ESA voltage in list mode for later mass spectrum analysis. The timing signal was also
connected to a rate meter, the output of which was connected to a National Instruments USB-
6009 ADC and used for determining the total fragmentation cross section, as will be described
in the following section.

3.2.1 Cross Section Measurements

In section 2.2 a motivation was presented for studying collisions between amino acids and CO2

as means to explore their probability to survive an atmospheric entry. The information pri-
marily sought in this context is the total fragmentation cross section. In preparation for these
experiments, and as a demonstration of the technique, experiments were performed in which
protonated glycine [Gly+H]+ (m/z = 76 atomic mass units [amu]) at 8 and 14 keV kinetic
energies, and protonated leucine [Leu+H]+ (m/z = 132 amu) at 14 keV kinetic energy, collided
with CO2 in the collision cell. At 8 keV [Gly+H]+ has about the same velocity, ∼140 km/s, as
[Leu+H]+ has at 14 keV. These are the lowest velocities that have been measured in the exper-
iment so far. To even better mimic atmospheric entry conditions it has to be reduce further to
be below 60 km/s [119].

The approach taken to measuring the total fragmentation cross section was that of measuring
the attenuation of the parent ion beam as a function of CO2 pressure in the collision cell. It was
carried out as follows. First, the ESA was set to a fixed value such that the parent ion beam
hit a specific small region on the detector. The parent ion count rate on the detector was then
recorded simultaneously with the pressure in the collision cell. A needle valve was used to adjust
the pressure to different values, which were then fixed for a period of time while the count rate
was being recorded. Figure 3.4 shows the count rate and CO2 pressure data for 8 keV [Gly+H]+.
The idea behind this kind of measurement is that the loss of parent ion intensity, which occurs
as the pressure in the collision cell is increased, reflects the total fragmentation cross section
due to collisions in the cell. This is true if no neutralization of the parent ion occurs in the
interaction with a CO2 molecule. The proton is bound to the amino acids with an energy on the
order of 9 eV 1 for both [Gly+H]+ and [Leu+H]+. This can be compared to the bond energy
of 3-4 eV 1 for the carboxyl group, the loss of which gives the dominate fragment peak in all
spectra. The ionization energy (I.E.) of CO2 is 13.8 eV 1, while for e.g. [Gly+H]• it is 4.4 eV 1.
Electron transfer from CO2 to [Gly+H]+ is thus an endothermic process, requiring ∼9 eV to be
added to the system in order for it to occur. For these reasons parent ion neutralization through
proton loss or electron capture from CO2 seem unlikely. By measuring the dependence of the
pressure on the parent ion intensity, it is therefore possible to obtain the total cross section for
fragmentation. A detailed discussion on how the cross section was extracted from these data
will follow in section 4.1 of the Results and Discussion chapter.

Assuming that no charge transfer takes place in the collisions, it would also be possible to de-
termine the total fragmentation cross section from a mass spectrum. However, the mass spectra
which were recorded for [Gly+H]+ and [Leu+H]+ are not so well suited for such an analysis
as voltages were applied to the deflectors between the cell and the ESA and a little bit too
high pressures were used in the collision cell at the time of these experiments. The deflector

1As calculated using the Gaussian03 [104] package. Calculations performed at the B3LYP/6-311++G(d,p) level
of theory.

Page 21



3.2. STOCKHOLM ESI SOURCE SETUP

Figure 3.4: The recorded count rate (black dots) and pressure (red dots) in the collision cell
during an attenuation measurement of 8 keV [Gly+H]+ with CO2 in the collision
cell.

prevented a non negligible amount of fragments from reaching the detector, and the pressure
(1 mTorr for [Gly+H]+ and 0.5 mTorr for [Leu+H]+) was high enough that double collision
could have contributed significantly to the spectra. The mass spectra are regardless of this still
important for identifying the parent ions. They can also be used to study the main features of
the fragmentation processes, which however is not a main concern here.

a) b)

’

’

Figure 3.5: a) The raw MCP detector image. b) The result after converting the arc shape in a)
into a horizonal line. Only detector hits located within the red rectangle were used
for analysis. The color scale represents the number of hits.
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b)a)

Figure 3.6: a) The raw protonated leucine mass spectrum. b) The slope corrected and mass
calibrated protonated leucine mass spectrum. The right most peak, which is off the
scale, in the spectra (m/z = 132 amu) is the parent protonated leucine peak, and the
peaks to the left of it are fragments. Also visible just to the left of the parent peak is
a ghost peak artifact, discussed in the text to figure 3.7.

Mass spectra recorded with an ESA generally suffer from poorer resolution towards the higher
masses. In the next section will follow a description of a technique that restores the resolution
in the mass spectra.

3.2.2 Restoring the Resolution

As the diameter of the MCP detector was large, and since the slits where fully open, the reso-
lution in the raw mass spectrum was (without any focusing) poor. The electrostatic force that
acts on an ion and diverts its flight path in the ESA is proportional to the mass of the ion. For
example, to move a beam spot a certain distance on the detector an ion of mass 2m/q requires
twice as large a change in the ESA field strength as an ion of mass m/q does. This means that
heavier ions will require a larger range of ESA voltages to move across the detector surface and,
because the ESA voltage is proportional to the m/q, the resolution will consequently be poorer
at heavier masses than at lower ones. However, since the position on the detector was recorded
for each individual hit, it was possible to correct for this effect through data processing, and
make it essentially uniform across the mass range.

Figure 3.5a shows the detector image after 24 voltage sweeps with the ESA. The parent ion was
the amino acid leucine (cf. appendix A) at 14 keV energy, and the fragments were produced
through collisions with CO2 gas in the collision cell. This data set will be used as an example to
illustrate the resolution restoring process. Figure 3.5a displays the raw detector image, where
the curve is due to ions traversing the detector as the ESA electric field is swept continuously
from 0 to 2.1× 105 V/m. The curve has the shape of an arc due to the hemispherical shape of
the analyzer. This arc was transformed into the shape of a horizontal line, as shown in figure
3.5b, by correcting for the vertical focusing of the ESA. The transformation was made by fitting
an equation to the arc and through this expression map the arc on to a horizontal line. The
length of the line in figure 3.5b is thus the same as the length of the arc in figure 3.5a, and a
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a) b)

Figure 3.7: a) The horizontal shift in position from the center of the detector for each detector
hit (blue crosses) vs. the ESA electric field strength control signal, DESA. Sloped
lines of clustered markers represent ions traversing the detector. Red lines are the
linear fits to these ion trails. b) The slope corrected ion trails. The right most ion
trail is the parent ion and it has a Y shape because of reflections off the outer ESA
electrode, which creates a ”ghost peak” on the detector. This is the left branch in the
Y shape.

point which is located on the radial to a point on the arc, will be located vertically in relation
to the same point on the line. In addition, only a subset of the detector hits, the ones within
the red rectangle, were extracted from the data set, in order to minimize the influences from
edge effects as ions outside the red rectangle will have had trajectories very close to the analyzer
electrodes.

Figure 3.6a shows the raw mass spectrum before the corrections described above. The values
on the x-axis are from a GFD (Générateur de Fonction Digital) that generated a digital signal,
DESA, which was used to control the electrostatic field in the ESA. They are thus proportional
to the field strength, as well as to the m/z of the ions hitting the detector. Another way to
represent the intensity distribution as a function of ESA setting is to plot their change in x
position, ∆x, on the detector as a function of DESA. Such a plot is shown in figure 3.7a. Each
symbol in the plot represents a hit on the detector, and the collections of symbols into lines thus
represent ions that traversed the detector as the ESA field strength was changed. Figure 3.7a
also illustrates that different masses move different distances on the detector for a given change
in the ESA voltage. The higher the mass, the smaller the slope of the lines, and the larger the
range of DESA values required for it to traverse the detector surface. From figure 3.7a it was
possible to obtain an expression for how the slope of the lines varied as a function of DESA, and
thus to take this effect into account. First, a robust linear regression with a bisquare weighting
function was used to obtain a linear fit to the curves in figure 3.7a. The inverse of the slopes,
1/k1, of these lines were then plotted as a function of DESA, as shown in figure 3.8. This figure
also shows the statistically weighted linear fit made to the 1/k1 values. The slope of the fit, k2,
was found to be 0.00385 ± 0.00013. With this information the sloped lines in figure 3.7a were
transformed into vertical lines by changing the DESA of each hit according to

D′ESA = DESA(1− k2∆x). (3.2)
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Figure 3.8: A plot of the inverse of the slopes of the red lines in figure 3.7a against the ESA
electric field strength control signal, DESA, together with the linear fit (red line)
made to these points.

The slope corrected ∆x vs. DESA plot is shown in figure 3.7b. Figure 3.6b shows the slope
corrected and mass calibrated spectrum.

Another point that must be considered when analyzing the spectra obtained with the ESA has
to do with integrated peak intensities. During data collection the ESA voltage was ramped
linearly as a function of time. A consequence of this was that the heavier ions moved slower
across the detector surface than the lighter ones, and were thus recorded during a longer period
of time. Comparing integrated peak intensities would therefore not reflect their true ratios. This
effect can however be compensated for by simply dividing the intensity of the peak by the mass
of the peak.

3.3 Århus ESI Source Setup

The Aarhus University ESI source experimental setup, called SEP1 and shown in figure 3.9, is
similar to the Stockholm ESI source setup in many ways. The ion source is of the same design
as the one described in section 3.1, and the beamline also utilizes a magnet for mass selection of
the parent ion as well as an ESA for fragment analysis. The main differences is that the Århus
setup has a channeltron detector instead of an MCP, and a tandem collision cell setup, where
one cell has an oven for heating of e.g. sodium (Na) or cesium (Cs), and the other cell has a gas
inlet system. The latter was not used in the present experiments. More details regarding the
Århus setup can be found in references [120] and [121].

In the following two subsections the two experiments performed with the Århus SEP1 will be
briefly described.

3.3.1 Adenosine 5’-Monophosphate Anions (AMP−) With and Without Water

In the AMP experiment, ions were formed through ESI of AMP dissolved in methanol, which
contained ∼0.1 % of water. AMP is deprotonated in its dissolved state, thereby forming an
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Figure 3.9: A schematic layout over the SEP1 experimental setup.

anion. These anions can be electrosprayed by simply changing the polarity of the extraction
field and adjust the bias voltages in the source accordingly.

Parent ion beams consisting of AMP−·(H2O)m, 0 ≤ m ≤ 16 (m/z = 346 + m · 18 amu), were
accelerated to 50 keV kinetic energy and mass selected with the magnet. This parent ion beam
was then collided with Na vapor in the collision cell. The Na vapor was provided by an oven that
heated a powder of Na. The heating was gentle enough so that only a low pressure of Na vapor
was present in the cell, thereby giving small reaction probabilities (single collision conditions)
for the AMP−·(H2O)m complexes. In the collision the weakly bound Na valence electron may
be captured by the anion in the ECID process described in section 2.3.4. The fragments from
both ECID and CID were recorded with the ESA. The flight times between collision cell and
the channeltron detector were between 6 and 9 µs, depending on the number of water molecules
attached to the AMP−.

3.3.2 ECID of the Protonated Dipeptide Glycine-Alanine ([GA+H]+)

Protonated GA (m/z = 147 amu) was created through ESI of a solution of GA mixed in wa-
ter/methanol (1:1 ratio) with 5 % acetic acid. The ions were accelerated to 50 keV kinetic energy
and the bending magnet used to mass select the bare [GA+H]+ ion or [GA+H]+ ion complexes
with water or methanol. Complexes were also created of [GA+H]+ and acetonitrile (CH3CN) or
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crown ether (C12H24O6, abbreviated CE) by adding small amounts of the respective substances.

The parent ion beams interacted with Cs vapor produced from an 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 pres-
sure 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 cir-
cumvent 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 double collisions.
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. More information about the +CR− technique utilized at SEP1 can
be found in reference [87]. Unfortunately, the +CR− experiments are not able to measure the
absolute branching ratios of the fragmentation channels as these are dependent on factors such
as the electron attachment cross section of the neutrals and the stability of the thus formed
anion. However, changes in fragmentation pattern can be identified [10].

.
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4 Results and Discussion

In this chapter the results from the experiments described in the previous chapter will be pre-
sented. First are the results from the experiments where protonated glycine and leucine collided
with CO2. This is primarily in the light of measuring the total fragmentation cross section, but
there will also be a discussion on how to handle the issue about the resolution with the present
experimental setup. Then follows a presentation and discussion of the AMP results, where a
evaporation model was applied to help interpret the results. The chapter concludes with the
results from the ECID experiments carried out on protonated glycine-alanine, where the site to
which the electron capture is directed is shown to be influenced by the species and the number
of attached molecules and will subsequently affect the fragmentation behavior.

4.1 Absolute Fragmentation Cross Sections of Protonated Glycine
and Leucine

The principle behind the attenuation measurements, used to determine the total fragmentation
cross sections for protonated glycine and leucine in collisions with CO2, is that as the pressure
in the collision cell is increased the intensity of the parent ions that are able to pass through it
unaffected will decrease. If n′ is the rate of the parent ions passing through a collision cell with
target particle density ν, the momentary rate of change of n′ will be

dn′

dt
= −n′σνv (4.1)

where t is time and v is the velocity of the ions. With v = dx
dt the equation above can also be

expressed in terms of rate of change of n′ within a infinitely small distance dx:

dn′

dx
= −n′σν. (4.2)

Collecting n′ on the left side and x on the other yields an equation that can be integrated over
the length of the collision cell. Just prior to entry into the collision cell the rate will be n0, and
at the exit it will be n. The length the collision cell is L (38 mm), so

n∫
n0

1
n′
dn′ = −σν

L∫
0

dx. (4.3)

The solution to this integral becomes, after taking the exponential of both sides of the equality
sign,

n

n0
= Ae−Lσν . (4.4)

As a first order approximation the decrease of the target density due to the entrance and exit
holes to the collision cell is compensated by the increase in target density outside the cell due to
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AND LEUCINE
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Figure 4.1: The attenuation measurement data points together with the exponential fits to these
points. For each ion the data point with the lowest pressure was not included in the
fit procedure because of the instrumental quenching issue (see text). Error bars are
smaller than the symbols.

the escaping gas [122]. Under the assumption that the ideal gas law is valid, the target particle
density is thus

ν =
P

kT
(4.5)

where P is the pressure in the gas cell as measured by the Baratron, k is Boltzmann’s constant
and T is the temperature, taken to be 300 K. Inserting this expression into equation 4.4 gives

n

n0
= Ae−

Lσ
kT
P (4.6)

where A is a constant. From measurements such as the one shown in figure 3.4 it was possible
to obtain n

n0
as a function of pressure, to which an exponential fit was made. Figure 4.1 shows

the data and fits for the three different parent ions used here. The values of the fit parameters
are summarized in table 4.1 together with the derived cross sections. The total cross section for
fragmentation was found to be (2.99±0.02) ·10−15 cm2 for 8 keV [Gly+H]+, (3.06±0.02) ·10−15

cm2 for 14 keV [Gly+H]+, and (5.20± 0.04) · 10−15 cm2 for 14 keV [Leu+H]+. As can be seen

Ae−BP σ
Parent Ion A B [10−15 cm2]
8 keV [Gly+H]+ 1.637± 0.018 0.366± 0.002 2.99± 0.02
14 keV [Gly+H]+ 1.070± 0.010 0.374± 0.002 3.06± 0.02
14 keV [Leu+H]+ 1.340± 0.027 0.636± 0.004 5.20± 0.04

Table 4.1: The fit parameters of the exponential fit to the attenuation measurement data, as well
as the cross section, σ, obtained from these fits.

Page 30



CHAPTER 4. RESULTS AND DISCUSSION

a) b)

Figure 4.2: The mass spectra for a) 8 keV and b) 14 keV protonated glycine with CO2 in the
collision cell. The right most peak, which is off the scale, is the parent ion peak
m/z = 76 amu), and the one just to the left of it is the ghost peak artifact (see text
to figure 3.7). The remaining peaks to the left are fragments.

in the table, the constant A was for 8 keV [Gly+H]+ and 14 keV [Leu+H]+ larger than one.
This result is not physical, as it provides a counterintuitive higher count rate with zero pressure
in the collision cell than what is actually measured at zero pressure. The cause is instead in-
strumental. Due to unfortunate discriminator settings at the time of the experiment, the signal
became quenched at higher count rates, meaning that the measured n0 was lower than the actual
value. However, this does not have any influence on the exponential and consequently not on
the measured cross section.

As mentioned in section 3.2.1 it is also possible to determine the total fragmentation cross sec-
tion from the mass spectra. And even though the recorded spectra were not suited for this
purpose, the principle behind such a measurement will now be discussed.

Figure 4.2 shows the mass spectra for 8 and 14 keV [Gly+H]+. The spectrum for 14 keV
[Leu+H]+ has already been shown in figure 3.6b. The probability to form a fragment when an
ion interacts with a target molecule is

Nf

Np
= νLσ (4.7)

where Nf is the number of fragments, Np is the number of parent ions, ν is the particle density
in the interaction region, L is the length of the interaction region, and σ is the cross section
related to the production of the given fragment. This equation is only valid if single collisions
between the parent ions and target gas molecules is the dominant process, i.e. Nf << Np.
Inserting the expression for ν (equation 4.5) into equation 4.7 and solving for σ gives the cross
section. To find the total cross section for fragmentation Nf is found by integrating over all
fragments in the respective spectra and subtracting the background signal.
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Figure 4.3: The protonated leucine spectra obtained after a 1 mm wide virtual aperture has been
placed over the center of the detector. The peak furthest to the right (peak is off the
scale) is the parent ion (m/z = 132 amu), and the peak next to it is the ghost peak
artifact (see text to figure 3.7).

4.2 Resolution

In section 3.2.1 a technique was presented for restoring the resolution of the mass spectra. The
inherent resolution in these experiments were however not fully optimized. The physical size
of the beams were relatively large and thus limited the resolution. Higher resolution could be
obtained if the ion beam could be better focused on the detector. The Einzel lens situated
between the collision cell and the ESA (cf. figure 3.3) could not at the time of the experiments
be operated at sufficiently high voltages in order to make small focal beam spots on the detector.
It could only be set to a fixed potential as well, which gave different focal planes for the different
fragments due to their different energies. An improvement is currently underway that will allow
the Einzel lens setting to be scaled together with the ESA potential. This will allow for the
Einzel lens to continuously be at the optimum setting for all fragments

Another approach to enhancing the resolution would be to close the slits in front of the ESA
so that only a very narrow beam is used. This would however counteract attempts to measure
absolute reaction cross sections as the slits would not only cut off a part of the parent ion
beam, they would also cut off a non-negligible part of the fragments, which have wider angular
distributions than the parent ion beam due to collisional scattering and kinetic energy release
upon fragmentation. Figure 4.3 shows the data in figure 3.6a when seen through a 1 mm wide
virtual aperture placed around the center of the data in figure 3.7a. Note that the resolution
is the same, or possibly slightly better, as in figure 3.6b, where the whole detector area was
used and the resolution restored. The statistics on the other hand is in the virtual aperture
case lower. So an MCP detector with a resistive anode is able to gather more statistics during
a given time than a single channel detector with a narrow slit in front could do.
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Figure 4.4: The spectrum of AMP− in collision with a) Ne and b) Na.

4.3 The Protective Effect of H2O in AMP−(H2O)m Clusters
Following CID and ECID

The experiments carried out at Aarhus University involving CID and ECID of AMP− embedded
in small water clusters revealed some interesting results in terms of how the AMP anion is
protected from fragmentation in these two processes. The following subsections will give an
overview of the results and present an evaporation model that has been developed to provide
further insight into these results.

4.3.1 CID Results

Figure 4.4a and 4.4b show the fragmentation spectra of isolated AMP anions after collision with
Ne and Na atoms respectively. The most prominent spectral feature is the parent AMP− peak
(off scale), which has a mass to charge ratio (m/z) of 346 amu. Among the largest fragments
observed are the negative phosphate groups, PO−3 and H2PO−4 , and the adenine anion, A−, as
well as its AMP molecule counterpart, [AMP-AH]−. These fragments are attributed to CID pro-
cesses as they are the dominant features in collisions with Ne, where electron capture is unlikely
to occur [123]. The [AMP-O]− peak on the other hand, which represents the loss of an oxygen
atom, is attributed to ECID as it is mainly present in the case of the Na target [123, 124]. The
ECID spectrum also features the dianion AMP2−.

When a number of m water molecules are added to the AMP−, creating an AMP−·(H2O)m
complex, the spectrum remains fairly similar to the pure anion case if m ≤ 10. For m > 10 the
intensity of all fragment peaks decrease, and for m > 13 no clear fragmentation can be seen.
The spectra for collisions of AMP−·(H2O)m with Na, for m = 6, 10, 13, and 20 are shown in
figure 4.5. The decreased intensities of fragments for larger m is due to cooling of the complex
through evaporation of H2O molecules – a picture which is also supported by the fact that no
hydrated fragments are observed, regardless of the value of m. This evaporation chain is caused
by CID and is always followed by a local maximum for the bare AMP−. Clearly, for m > 13 the
complex is cooled sufficiently to protect the AMP− from fragmenting within the experimental
time frame. This behavior is, as will be discussed in the next section, changed for the dianion
fragmentation following electron capture.
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Figure 4.5: 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.

4.3.2 ECID Results

Figure 4.6 shows the spectrum of AMP−·(H2O)6 after collision with Na as well as a zoom-in of
the m/z between 170 and 230 amu, which shows the dianion peaks [AMP-H]2−·(H2O)n, where
n = 1, 2, ..., 6 is the number of attached water molecules after electron capture. Careful calibra-
tion of the m/z scale show that a single H-atom is always lost after electron capture [13, 125],
and this constitutes the completely dominanting process for ECID. The difference in m/z be-
tween each dianion peak is precisely 9 amu per charge, corresponding to one water molecule
(mass 18 amu), and no doubly charged AMP fragments are observed.

Electron capture is always followed by a high probability for the loss of a few water molecules,
as can be seen in figure 4.6 for m = 6, as well as in figure 4.7, which shows the corresponding
zoom-ins for m = 10, 13, and 16. This behavior is in stark contrast to the CID case where the
cross sections increase with n.

The experimental results for both CID and ECID on AMP−·(H2O)m can be used to gain insight
into the energy transfer as well as the evaporation behavior involved in the two mechanisms.
This is accomplished through the development and application of a numerical evaporation model,
which will be described in the following section.
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Figure 4.6: The mass spectrum of AMP−·(H2O)6 + Na. The zoom-in shows the dianion peaks

formed through electron capture. Numbers above the peaks indicate the number of
water molecules attached to [AMP-H]2−.
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Figure 4.7: Mass spectra for [AMP-H]2−·(H2O)n, with an initial number of attached water
molecules to AMP− of a) m = 6, b) m = 10, c) m = 13, and d) m = 16.
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4.3.3 Evaporation Model

In the case of CID the evaporation model describes the sequential loss of water molecules from the
parent AMP−·(H2O)m complex and its daughter AMP−·(H2O)n complexes, where n ranges from
m−1 to n = 1. For ECID processes the evaporation model describes the water evaporation from
[AMP-H]2−·(H2O)m complex in sequential steps through the [AMP-H]2−·(H2O)n daughters.
After evaporation of all water molecules the AMP− or [AMP-H]2− is allowed to fragment. They
are not allowed to fragment before completing the evaporation chain as now fragments with
water attached are observed in the spectra. The decay rates, kj , are given by the Arrhenius
expression

kj = Ae
−

(Ed)j
kBT (4.8)

where the subscript j is the number of attached water molecules, starting from j = m and ending
at j = 0. The notation j = −1 is used to designate fragmentation of the bare anion or dianion.
A denotes the pre-exponential factor that characterizes the frequency for the dissociation mode,
and is here taken to be 1013 s−1, Ed is the activation 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. With this
the equation above may be rewritten as

kj = Ae
−

(Ed)j
Ei(3N−6) . (4.9)

Evaporation of m water molecules leads to m+ 2 coupled differential equations:

dNm

dt
= −km−1Nm

dNm−1

dt
= km−1Nm − km−2Nm−1

...
dNj

dt
= kjNj+1 − kj−1Nj (4.10)

...
dN0

dt
= k0N1 − k−1N0

dN−1

dt
= k−1N0

where Nj is the integrated intensity of the peak with j number of water molecules attached and
N−1 is the integrated intensity of all fragments of the AMP− or AMP2− molecule itself. 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− [126]. For any number
of water molecules above four it is assumed that the activation energy remains constant at 0.37
eV. The same values are applied to AMP2−. The activation energy for fragmentation of the bare
anion and dianion is set to 1.26 eV [127]. It is the activation energies which characterizes the
complex in the model. The model is allowed to run for a length of time that corresponds to the
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Figure 4.8: a) The final distribution of populated [AMP-H]2−·(H2O)j complex sizes due to the
model described in the text, for 13 water molecules initially attached to the AMP
molecule, after the time of flight to the detector. 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 complex. b) 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 a).

flight time from the interaction region to the detector, 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 energy, f(Ei), in the parent
complex. The model assumes this distribution to decrease by Ed following the evaporation of a
water molecule, which also decreases the number of degrees of freedom in the complex by nine.
An approximation of the shape of this distribution may be obtain from a combination of the
model itself and the experimental data. Figure 4.8a shows the distribution of complex sizes of
the dianion, with thirteen water molecules attached, as a function of the internal energy. 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

a) b)

Figure 4.9: The approximate internal energy distribution (black boxes) and the two Gaussian
fit (blue curve) to these points for a) CID, and b) ECID with 13 water molecules
attached.
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4.3. THE PROTECTIVE EFFECT OF H2O IN AMP−(H2O)M CLUSTERS FOLLOWING
CID AND ECID
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Figure 4.10: The fit to the semi-empirical internal energy distributions, obtained in the same
way as in figure 4.9, for CID and ECID with 6, 10 and 13 water molecules. Solid
blue curve are the sum of the two gaussian curves (black dashed lines).

(in this example) water molecules down to fragmentation of the AMP− or AMP2−, j = −1. This
behavior is illustrated in figure 4.8b. From the spectra it is known how many complexes there
are of each size. Taking these amounts and normalizing each of them with the energy range of
that complex size according to figure 4.8b, and plotting them as a function of the internal energy,
produces figure 4.9. A good fit to this approximate energy distribution is obtained through the
sum of two Gaussian functions, which are characterized by their 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 can be found in figure 4.8a. 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 4.10 shows the internal energy distributions for both CID
(anion) and ECID (dianion) in the case of 6, 10, and 13 water molecules attached. The model
results of the peak intensities for these three cases are presented in figure 4.11 together with the
experimental values. A summary of the model parameters used to obtain these graphs is given
in table 4.2.

4.3.4 Discussion Concerning AMP Results

As can be seen in figure 4.10 the evaporation model requires that two distinctively different
internal energy distribution contributes 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 is significantly larger than the other one, and is interpreted to represent the initial
internal energy as well as contributions from glancing collisions [123]. The smaller Gaussian,
which has its center at a higher energy, is believed to be due to closer collisions [123]. Without
the smaller second Gaussian it is not possible 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 of the second Gaussian func-
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Figure 4.11: The results of the water evaporation model for CID and ECID with 6, 10 and 13
water molecules attached before the collision. Black squares are the experimental
data and the red circles show the model predictions when using 20 000 discrete
values from the continuous energy distributions in figure 4.10.

tion. Although the exact cause of this change in energy distribution is not clear, it has been
thought to be because of electron transfer into electronically excited states, and a subsequent
rapid distribution of these excitation energies within the internal degrees of freedom [13, 14].
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 a few water molecules. It has not been possible to
reproduce the loss of a few water molecules without the sharp, and somewhat abrupt, incline in
the energy distribution from the left.

According to the model, the CID and ECID processes also differ in the rate of change of each

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

Table 4.2: 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 the standard deviation.
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.
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Figure 4.12: The distribution of populated complex sizes for CID and ECID with 13 water
molecules as a function of time.

complex size. Figure 4.12 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 detector, whilst the size
of the CID complexes are nearly at an equilibrium.

As already mentioned in subsection 4.3.2, electron capture to the AMP−·(H2O)m complex always
leads to the loss of an 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
an H-loss to occur for all nucleotides, including AMP−, upon dianion formation [125]. This H-
loss was furthermore found to be proportional to the number of N-H hydrogens in the nucleobase,
which strongly indicates that the H-loss occurred from one of these sites. The N-H hydrogens
participate in the so called Watson-Crick base pairing between nucleobases in DNA. That such
an H-atom is lost is further supported by quantum chemical calculations performed on model
phosphate complexes, which showed 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 [128].

4.4 ECID of the Protonated Dipeptide Glycine-Alanine ([GA+H]+)
– the Effect of Different Attached Molecular Species

In section 2.3.2 it was discussed how electron capture to peptides typically produce c and z
fragments, i.e. cleavage of N-Cα bonds. This process takes place in competition with loss of
hydrogen and ammonia (NH3) [70, 71] if the electron capture is directed towards the proto-
nated N-terminal. But calculations have shown that the electronic properties of the amide
group are greatly affected by the presence of a nearby charge so that electron capture to this
site may become an exothermic process, and this kind of capture favors N-Cα bond cleavage [78].

In the second series of experiments carried out at Aarhus University it was demonstrated how
the ratio between the competing fragmentation channels can be influenced through attachment
of water (H2O), methanol (CH3OH), acetonitrile (CH3CN), or 18-crown-6-ether (C12H24O6, ab-
breviated CE). Figure 4.13 shows the structure of these molecules. The dipeptide glycine-alanine
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f)a) b) c)

Figure 4.13: The structure of the four different molecules attached to [GA+H]+. a) water, b)
methanol, c) acetonitrile, and d) crown ether.

(GA), shown in figure 2.2, will be used as an example to discuss these results, which provide an
insight into where the electron may have been captured when a certain fragment is produced.

Figure 4.14a shows the positive ion spectrum obtained from collisions between protonated GA,
i.e. [GA+H]+ (m/z = 147 amu), and Cs. Note the presence of b+ and y+ fragments, which
are typical for the CID process discussed in section 2.3.1. Other prominent peaks are a+, CO+

2

as well as the loss of COOH and NH3 from [GA+H]+. Fragments that stem from ECID create
neutral fragments and can thus not be detected by default in the experiment. This obstacle
is to a certain extent circumvented through the charge reversal (+CR−) technique described in
section 3.3.2, in which neutral fragments capture an electron in a secondary collision with Cs
and thus become detectable anions. The +CR− spectrum for [GA+H]+ is shown in figure 4.14b.
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 [10], which is supported by the
presence of b+ ions in the positive mode spectrum. A schematic view over the electron capture
process i shown in figure 4.15. The z− and NH3 loss peaks are thus the two most prominent
peaks that can be attributed to ECID processes.
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Figure 4.14: a) [GA+H]+ CID spectrum. b) [GA+H]+ ECID spectrum produce with the +CR−

technique.
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Figure 4.15: A schematic view of the reaction paths following electron capture to [GA+H]+.

Figure 4.16 presents the +CR− spectra of complexes with [GA+H]+ and one H2O, CH3OH,
CH3CN, or CE molecule. For both H2O and CH3OH the NH3 loss dominates over z−. But for
CH3CN the situation is reversed, and for CE no NH3 loss can be observed. The strongest peak
in the [GA+H]+·CE spectrum is C2H4O−, which is cleavage of the CE [10]. 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 4.17 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 attributed to cooling of
the complex through H2O/CH3OH evaporation. Such a cooling would favor the fragmentation
channel with the lowest activation barrier. Calculations have shown that NH3 loss is typically
associated with a barrier of 0.4 eV [129]. But to break the N-Cα bond and produce the ob-
served z− fragment requires more energy. In a separate 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 [130]. 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
[77]. 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 with a similar energy to [GA+H]+, and
should therefore also favor loss of NH3. An answer can instead be found when examining the
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Figure 4.16: The +CR− spectra of [GA+H]+ with one a) water b) methanol b) acetonitrile b)
crown ether attached.

ground-state electronic wave function.

The [GA+H]+ structures with the minimum energies are shown in figures 4.18a and d. All cal-
culations performed on these structures, as well as all subsequent structures in this section, have
been carried out with the Gaussian03 package [104] using DFT with the B3LYP functional and
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Figure 4.17: Ratios between the intensities of the ammonia loss peak and the z− fragment, fol-

lowing ECID, as a function of different molecules attached. The variable n is the
number of attached molecules.
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0 0.31d) e) f)

0 0.31a) b) c)

Figure 4.18: Left column show the two degenerate conformers of [GA+H]+: a) extended struc-
ture, 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.

the 6-311++G(d,p) basis set. The structures in 4.18a and d are taken from Kohtani et al. [92],
who performed an extensive exploration of the conformational space with the use of molecular
dynamics followed by high level quantum chemistry calculations, and found two structures that
are almost degenerate, the energy difference being only 0.05 eV. One of these structures will
be referred to extended (figure 4.18a) and the other as L (figure 4.18d). It is the L conformer
which has the slightly lower energy. Figures 4.18b and e 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. That 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 4.18c and f. These figures show the
wave function of the Singly Occupied Molecular Orbital (SOMO), i.e. the radical electron, at
a constant absolute 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.

The left column in figure 4.19 shows the structure of the complexes with [GA+H]+ and one
H2O, CH3OH, CH3CN, or CE molecule. The middle column displays the electrostatic potential
in the cations, and the right column the wave function of the SOMO’s of the neutral radicals.
In all cases the same display settings as in figure 4.18 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 observed
results that more z fragments are produced with CE than in the other cases. A similar picture
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Figure 4.19: Left column: The structure of the complexes of [GA+H]+ with a) water, d)
methanol, g) acetonitrile, and j) crown ether. Middle column: The electrostatic
potential an a surface of constant electron density shown for each respective proto-
nated complex. Right column: The radical neutral SOMO wave function.

is seen when examining the SOMO wave function with two CH3CN attached to [GA+H]•, as
shown in figure 4.20. In this case the 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 4.21.
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0 0.23a) b) c)

Figure 4.20: 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.

c) d)

a) b)

Figure 4.21: The structure and SOMO wave function of [GA+H]+ with two water molecules (top
row) and two methanol molecules (bottom row).

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, but rather indicative. 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.
Such as study is very complex and time demanding, and goes beyond the intentions of this thesis.
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5 Outlook

A new experimental facility, called the Double ElectroStatic IonRing ExpEriment, or DESIREE,
is currently under construction at Stockholm University [16]. It features two electrostatic stor-
age rings with a common straight section (a drawing is shown in figure 5.1, cf. also figure 2.7).
In the two rings, ion beams of anions and cations, one in each ring, can be stored simultaneously
at kinetic energies of 5-100 keV. The common straight section allows the two beams to merge
at down to 10 meV interaction energies. After the merging section a position sensitive multihit
detector is available to detect the neutral products. The inner walls of the vacuum chamber will
be cooled down to cryogenic temperatures (10-20 K) with the use of closed-system helium cryo-
generators. This, in combination with the ion beams being stored for possibly several minutes
time, will allow for the ions to relax and reach thermal equilibrium with the surrounding walls.

One of the intended areas of study for DESIREE is interstellar gas phase mutual neutralization
processes, in which a positive and negative ion pair transfer charge between the two and become
neutralized [16]. The importance of such reactions have recently been brought into focus with
the first observations of anions in interstellar clouds. C6H− has been detected in the molecular
clouds TMC-1 and L1527 [131, 132], C8H− in TMC-1 [133], and C4H− in the envelope of the
carbon rich star IRC +10216 [134]. In the case of C8H−, the abundance in relation to the
neutral C8H was found to be almost 10 % [132], which clearly indicates that anions play a non
negligible role in the these clouds. In order to fully understand the ion chemistry in molecular
clouds, a better understanding of the anion chemistry is therefore called for. DESIREE will e.g.
study branching ratios and reaction rates in processes such as

Figure 5.1: A 3D drawing of DESIREE.
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AB+ + CD− → AB + CD

→ AC +BD

→ A+B + CD (5.1)
→ AB + C +D

→ A+B + C +D.

Reactions of the type mentioned above is important for the build-up of interstellar complex
molecular species and therefore also of interest for astrobiology, in which it is important to un-
derstand the mechanisms of formation and destruction of complex, especially C based, molecules
in the interstellar medium.

DESIREE will also investigate positive-negative ion reactions that involve biomolecules. This
will e.g. include studies of radiation damage and reactions with free radicals. To inject
biomolecules into a DESIREE storage ring an electrospray ion source is required. This the-
sis has described an ESI setup at Stockholm University and some preliminary results that have
been obtained with it. At the time of writing, the ESI setup is undergoing several modifications
as part of a process to adapt the ion source for use with DESIREE. One important aspect is to
maximize the ion intensity from the source as well as to pre-cool the ions before entry into the
DESIREE chamber, which itself is cooled down to cryogenic temperatures. An illustration of
the new ion source platform under development is shown in figure 5.2. The difference from the
original platform in figure 3.1 is the addition of an RF ion funnel, and accumulation octupole
pre-trap, a quadrupole mass filter, a quadrupole deflector, a cold ring electrode trap, and all the
support structure necessary to accommodate these new components.

The RF ion funnel has already been built and tested with the ESI setup. It features 26 ring
electrodes, where the first 11 have an inner diameter of 38 mm, and for the remaining ones it
decreases linearly to 8 mm. A DC field (typically 0.2-2 V/cm) may be applied across the funnel,

Figure 5.2: A schematic view of the new ESI platform.
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and an RF field of equal amplitude, but opposite phases, is applied to adjacent electrodes. The
frequency of the RF field is 1.46 MHz, but the peak-to-peak amplitude can be varied between 0
and 500 V depending on the mass (higher masses require higher amplitude). The purpose of the
funnel is to focus the ions that exit the heated capillary onto the entry hole to the next section
of the beamline. This allows for a higher transmission yield than in the original setup, where
only a part of the supersonic expansion cone from the heated capillary exit hole was sampled by
a skimmer. Tests performed with the ion funnel gave in an increase in the ion beam intensity
of about a factor two when running a beam of single amino acids. When a roots pump, as
opposed to the original single rotary vane pump, was implemented for maintaining the pressure
in the first differential pumping stage, creating a lower pressure in this region, the ion beam
yield increased by yet another factor two.

One of the other new components, namely the octupole pre-trap, has been designed to incor-
porate a water vapor inlet system. The purpose of this is to hydrate ions and facilitate studies
of ion water complexes. A similar concept has been successfully operated in an electrospray ion
mobility mass spectrometer developed by Wyttenbach et al. [135].

Improvements are also under way for the experimental beamline presented in section 3.2 for the
amino acid cross section measurements. One of these is the implementation of an Einzel lens
with a ramped voltage between the collision cell and the ESA. The ramping will be synchronized
with the ramping of the ESA voltage in order to allow the focus to be optimal for the particular
mass passing through the ESA. This would improve on the resolution in the spectra. Another
modification to be made is to change the ramping of the ESA voltage from being linear as a
function of time to being dependent the time squared. This would make the ions move across
the detector during equal periods of time regardless of the mass, and would therefore eliminate
the need to divide the final spectrum by the mass in order to obtain comparable integrated peak
intensities.

With the construction of DESIREE and the ongoing modification of the Stockholm ESI setup
a foundation is set for new experiments that will enable further and more in depth studies
of e.g. astrobiologically interesting interstellar systems, as well as biomolecules such as those
discussed in this thesis. The completion of the new ESI platform and beamline will also allow
for the finalization of the amino acid cross section measurement that have been introduced in
this thesis, which might provide more insight into the question of the delivery of extraterrestrial
amino acids to the Earth.
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6 Summary

Biomolecules are a group of molecules that are produced and utilized by living 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 type
of molecules that are responsible for much of the functions within the living cell. It has been
suggested that amino acids could have been delivered en masse to the primitive Earth through
Interplanetary Dust Particles (IDPs), and if so, it would have been available for the origin of
life already at an early stage of its evolution. An important parameter in this scenario is the
ability for the amino acids to survive the entry into the atmosphere. To better understand
this question an experiment is under development at Stockholm University that investigates
the total fragmentation cross section when amino acids collide with CO2 molecules at velocities
corresponding to IDP atmospheric entry. In a set of preliminary experiments, the amino acids
glycine and leucine were collided with CO2 and the total fragmentation cross sections were de-
termined through measurements of the attenuation of the ion beams as a function of target gas
pressures. A method was also demonstrated for how to utilize the positions where the ions hit
the detector as a means create a spectrum with close to homogeneous resolution across the en-
tire mass range, something which is not obtained by default when using an electrostatic analyzer.

Another type of biomolecule is nucleotides, which are subunits of DNA and RNA. These have
been show to be prone to damage by slow moving electrons, that are e.g. produced as secondary
particles during radiation exposure, within a living cell. The effect of electron capture was stud-
ied on the nucleotide anion adenosine 5’-monophosphate (AMP−) using the Electron Capture
Induced Dissociation (ECID) technique, in which a fast moving AMP− captures the loosely
bound valence electron in an alkali metal and may through the absorbed energy dissociate. This
effect was studied for both the bare AMP−, and for an AMP− water complex. It was found
that after electron capture the AMP2− always dissociates, the primary dissociation channel be-
ing 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 Dissociation (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 an insight into the experimental results. The model described the AMP− water
complexes spectra as a sequential evaporation of water molecules from the spectra, and it was
applied to both the ECID and CID cases. It was found that two distinctly different energy
distributions, which were the sum of two Gaussian functions, contributed to ECID and CID.
The ECID distributions had a sharp peak feature 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 means 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
distribution and shift to higher lying means was discussed to be due to electron transfer into
electronically excited states, with a certain minimum energy always being absorbed by the com-
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plex in the transfer.

CID and Electron Capture Dissociation (ECD) – a technique related to ECID – are mass spec-
trometry methods often used to determine the amino acid sequence in a peptide. Both provide
characteristic fragmentation patterns, albeit of different kinds. CID typically cleave the pep-
tide bond, producing b and y fragments. But ECD, as well as ECID, rather cleave the N-Cα

bond, which results in c and z fragments. In this latter case, N-Cα bond cleavage takes place
in competition with the loss of an ammonia group. 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. Acetonitrile offered little change when just one of it was added, but with two acetonitriles
the ammonia loss channel decreased. With one crown ether attached, the ammonia loss chan-
nel 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, to rather
being focused 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, thereby producing more z than
ammonia loss fragments.

The ion source used to perform the experiments mentioned above is the ElectroSpray Ion source
(ESI). There is at the time of writing a new ESI platform under development at Stockholm
University (SU). It will, among other things, feature an octupole pre-trap with a water vapor inlet
system to better aid the formation of biomolecular water complexes. This will facilitate further
studies of the type mentioned above, as well as the completion of the amino acid fragmentation
upon atmospheric entry experiment, where one important aspect is to investigate the importance
of sublimable aggregates that could cool the amino acid enough to protect it from fragmenting.
Another new feature on the platform will be a cold ring electrode trap that will pre-cool the ions
prior to injection into e.g. the Double ElectroStatic IonRing ExpEriment (DESIREE), which
is a new experimental facility currently under construction at SU. DESIREE will primarily
study mutual neutralization reactions in an environment that can be cooled down to 10-20
K. This, in combination with the double ion storage ring design featuring a common straight
section, will allow for well controlled reaction parameters. DESIREE will not only be used
to study biomolecular systems, but also ion-ion reactions of interstellar relevance. Reactions
between cations and anions in interstellar clouds play a potentially important role in interstellar
chemistry, as recently hinted by the discovery of hydrocarbon anions. DESIREE will thus not
only provide a valuable tool for the study of biomolecular systems, but also for gaining more
knowledge of astrochemically important reactions.
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A Amino Acids

Table A.1 lists the 20 amino acids.

Table A.1: The 20 amino acids.

Amino Acid
One

Letter
Abbrev.

Three
Letter

Abbrev.
Formula

Molecular
Mass [u]

Skeletal
Structure

L-Alanine A Ala C3H7NO2 89.09

L-Arginine R Arg C6H14N4O2 174.20

L-Asparagine N Asn C4H8N2O3 132.12

L-Aspartic acid D Asp C4H7NO4 133.10

L-Cysteine C Cys C3H7NO2S 121.16

Continued on next page
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Amino Acid
Single
Char.

Abbrev.
Abbrev. Formula

Molecular
Weight
[amu]

Skeletal
Structure

L-Glutamic acid E Glu C5H9NO4 147.13

L-Glutamine Q Gln C5H10N2O3 146.14

Glycine G Gly C2H5NO2 75.07

L-Histidine H His C6H9N3O2 155.15

L-Isoleucine I Ile C6H13NO2 131.17

L-Leucine L Leu C6H13NO2 131.17

L-Lysine K Lys C6H14N2O2 146.19

L-Methionine M Met C5H11NO2S 149.21

Continued on next page
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APPENDIX A. AMINO ACIDS

Amino Acid
Single
Char.

Abbrev.
Abbrev. Formula

Molecular
Weight
[amu]

Skeletal
Structure

L-Phenylalanine F Phe C9H11NO2 165.19

L-Proline P Pro C5H9NO2 115.13

L-Serine S Ser C3H7NO3 105.09

L-Threonine T Thr C4H9NO3 119.12

L-Tryptophan W Trp C11H12N2O2 204.23

L-Tyrosine Y Tyr C9H11NO3 181.19

L-Valine Y Tyr C5H11NO2 117.15
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