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Abstract

This thesis deals with fragmentation of complex molecular ions, especially
biomolecules, in gas phase collision experiments. The aim is to investigate
the relations between energy deposition and fragmentation and to shed light
on the mechanisms behind energy and charge transfer processes in collisions
involving the building blocks of life. Further, the question how a solvent envi-
ronment influences the dissociation behavior is elucidated.

In the first part of the thesis, results from different collision experiments
with biomolecular ions are presented, focusing on electron capture induced
dissociation of hydrated nucleotides and small peptides. The investigated pro-
cesses may be relevant for the understanding of radiation damage and the op-
timization of sequencing methods used in protein research. Our results clearly
demonstrate that effects due to surrounding solvent molecules are substan-
tial. While the dissipation of internal energy by evaporation of the loosely
bound solvent molecules may protect the biomolecule, the influence which
this environment has on the electronic structure may lead to an enhancement
or suppression of certain dissociation channels.

The second part of the thesis focuses on recent instrumental developments.
Here, the aim was to optimize and complement the techniques used in the
experiments above and to have versatile tools available for different kinds of
gas phase collision studies involving complex molecular ions. Therefore, we
have constructed an electrospray ion source platform for the preparation of
intense beams, with options of accumulation and cooling of mass selected
ions, allowing for a large variety of experiments. This device is also intended
to serve as an ion source for the new storage ring facility DESIREE (Double
ElectroStatic Ion Ring ExpEriment), which is currently under construction at
Stockholm University. In these unique storage rings, oppositely charged ions
may interact at very low relative velocities in a cryogenically cooled and ultra-
high vacuum environment.
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Sammanfattning

I den här avhandlingen redovisas olika kollisionsexperiment med komplexa
molekyljoner, speciellt biomolekyler, samt nya instrumentella utvecklingar
kring denna typ av experiment. Målet var att undersöka relationen mellan en-
ergiöverföring och dissociation och att få en bättre förståelse för de mekanis-
mer som ligger bakom energi- och laddningsöverföringsprocesser i kollisioner
med biomolekyler i gasfas. Vidare har vi studerat hur en omgivning av lös-
ningsmedelsmolekyler påverkar olika fragmentationskanaler.

Resultaten som presenteras i avhandlingens första del har fokus på
dissociation av nukloetider och små peptider efter elektroninfångning
från neutrala atomer. Processerna som undersökts är viktiga för en bättre
förståelse av strålskador eller för optimering av metoder som används inom
proteinforskningen. Våra resultat visar att effekterna som orsakas av svagt
bundna molekyler i omgivningen kan vara avsevärda. Genom evaporation av
lösningsmedelsmolekyler dissiperas en del av den interna excitationsenergin
så att biomolekylen själv skyddas från skador. Omgivningen påverkar dock
också den elektroniska strukturen och geometrin hos biomolekylen, vilket
kan leda till förskjutningar av balansen mellan olika reaktionskanaler.

I avhandlingens andra del beskrivs utvecklingen av en ny experimentupp-
ställing med målet att förbättra och komplettera teknikerna som använts för
experimenten ovan. Samtidigt skapar vi ett mångsidigt verktyg för olika typer
av kollisionsexperiment med komplexa molekyljoner i gasfas. Vi har därför
konstruerat en ny plattform med en elektrosprayjonkälla och, bland annat, en
jonfälla för ackumulering och kylning, vilken möjliggör ett brett spektrum
av experiment. Det är planerat att använda denna nya uppställning även som
jonkälla för den nya lagringsringen DESIREE (Double ElectroStatic Ion Ring
ExpEriment) som är under uppbyggnad vid Stockholms universitet. Detta är
ett unikt projekt där motsatt laddade jonstrålar kommer att kunna växelverka
vid mycket låga relativa hastigheter i en miljö med ultrahögt vakuum och vid
temperaturer ned till 10 K. Sådana experiment med kalla molekyljoner är av
stor betydelse för att bättre förstå kemin i det interstellara mediet, men också
för grundläggande studier med mycket svagt bundna system, t ex kluster eller
vissa negativa joner.
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Zusammenfassung

Das Ziel dieser Arbeit war es, in Stoßexperimenten die Zusammenhänge
zwischen Energieübertrag und Fragmentation molekularer Bausteine des
Lebens zu untersuchen, sowie die Mechanismen, die den Energie- und
Ladungstransferprozessen zugrunde liegen, besser zu verstehen. Des
Weiteren wird die Frage beleuchtet, wie eine Umgebung aus Lösungsmittel-
molekülen das Dissoziationsverhalten von Biomolekülen beeinflusst. Die
Ergebnisse, die im ersten Teil dieser Arbeit präsentiert werden, konzentrieren
sich auf Studien zur durch Elektroneneinfang induzierten Dissoziation
von hydratisierten Nukleotiden und kleinen Peptiden. Die untersuchten
Prozesse könnten wichtige Hinweise liefern zum besseren Verständnis
von Strahlenschäden und zur Optimierung von Sequenziermethoden,
die in der Proteinforschung verwendet werden. Unsere Resultate zeigen,
dass Effekte durch anhaftende Lösungsmittelmoleküle beträchtlich sein
können. Während das Verdampfen der schwach gebundenen Moleküle zur
Reduzierung interner Anregungsenergie führt und das Biomolekül dadurch
vor Zerstörung geschützt wird, kann der Einfluss der Umgebung auf die
elektronische Struktur und die Molekülgeometrie auch zu einer Verschiebung
des Gleichgewichts zwischen einzelnen Dissoziationskanälen führen.

Im zweiten Teil der Arbeit liegt der Schwerpunkt auf der Beschreibung
neuer instrumenteller Entwicklungen, wobei das Ziel war, die Techniken,
die in den oben vorgestellten Experimenten benutzt wurden, zu optimieren
und zu ergänzen. Gleichzeitig sollte damit ein vielseitiges Werkzeug für
verschiedene Arten von Stoßexperimenten mit komplexen Molekülionen in
der Gasphase zur Verfügung stehen. Aus diesem Grund wurde eine neue
Plattform für die Erzeugung von Ionenstrahlen aufgebaut. Diese besteht
unter anderem aus einer Elektrospray-Ionenquelle und Ionenfallen zur
Akkumulation und Kühlung, was eine Vielfalt von Experimenten ermöglicht.
Es ist geplant, diese Plattform auch in der neuen Ionenspeicherringanlage
DESIREE (Double ElectroStatic Ion Ring ExpEriment) einzusetzen, die
sich zur Zeit an der Universität Stockholm im Aufbau befindet. In diesen
einzigartigen, kryogenisch gekühlten Speicherringen sollen Strahlen aus
entgegengesetzt geladenen Ionen überlagert und deren Wechselwirkung bei
sehr geringen relativen Geschwindigkeiten untersucht werden.
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1. General introduction and outline

Complex biomolecular systems are the subject of interest in many different
disciplines and areas of research. It ranges from spectroscopy, collision stud-
ies and cluster physics to organic chemistry and molecular biology dealing
with systems such as proteins or DNA, to name just a few. Theory and com-
putational science contribute with statistical thermodynamics, molecular mod-
elling and quantum chemistry. Providing a better understanding of charge and
energy transport properties of these systems, shedding light on fragmenta-
tion patterns or investigating protein structures and dynamics are among the
main aims of this interdisciplinary research. The results may contribute to new
applications in radiation therapy, molecular engineering, nanotechnology, or-
ganic electronics, catalysis, and many more.

Especially the interaction of ionizing radiation with biomolecules, cells, and
biological tissue has been an area of intense research for many years. Ionizing
radiation is an inevitable part of the environment on Earth. Natural radioactiv-
ity due to unstable, long-lived nuclides and the bombardment by cosmic rays
and high-energy photons have always been present on our planet, but today
there are also other important contributions to the total dose that are caused
by different technical and medical applications. Unprotected exposure to this
radiation may be hazardous and induce radiation damage. In carefully con-
trolled doses, however, ionizing radiations are also used for cancer therapy.
Originally, mostly photons (X-ray and gamma radiation), electrons and neu-
trons have been used in order to kill the cancer cells in a tumor. Nowadays
also therapies with protons and heavier ions (mostly carbon), which have a
higher relative biological effectiveness than X-rays or electrons and allow for
a more precisely applied dose [1–3], are clinical reality. However, the very
complex processes involved in radiation damage, molecular replication and
repair mechanisms are still poorly understood on the atomic level.

Although often criticized as not relevant for in vivo processes, gas phase
studies of biomolecules are essential in order to shed light on intrinsic prop-
erties of the building blocks of life, like ionization energies, electron affini-
ties, dipole moments, bond strengths, photo absorption, intramolecular inter-
actions and many more [4, 5]. To investigate these properties experimentally
is of special importance also for comparisons with theory and may help to im-
prove computational methods. In gas phase, highly charged and highly excited
molecules can be studied as well as very cold systems, providing important
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complementary information to results from crystallography or solution phase
studies.

Our experiments with nanosolvated biomolecules are one step further from
the artificial situation of isolated, single molecules in the gas phase towards a
more realistic case of an aqueous solution with hydrogen bonds as important
intermolecular forces [6]. Environmental influences may play a crucial role for
the molecular conformation and chemical reactions [7, 8]. It has been shown
that already single or few solvent molecules can act as catalysts [9]. Also the
transfer of energy and/or charge within such a cluster may be an important
aspect when one investigates fragmentation processes. Recent ion impact ex-
periments with clusters composed of nucleobase molecules have also shown
that completely new fragmentation channels, compared to the single molecule
case, open up for these hydrogen-bonded systems [10]. Therefore, looking at
these types of clusters is a suitable method to systematically study external
effects and to obtain valuable information on the influence of different sur-
roundings.

Research on biomolecules in the gas phase has benefitted strongly from
developments of new experimental tools within the last decades. The type
of experiments with biomolecular ions presented in this thesis, for example,
would not be possible without electrospray ionization (ESI), a soft ioniza-
tion technique, which is capable of generating ions in the gas phase even
from very large biomolecules. These molecules are usually too fragile to be
vapourized and ionized by conventional methods like heating or electron im-
pact. The basic idea behind the electrospray principle was proposed by Mal-
colm Dole already in 1968 [11]. However, the break-through of ESI came only
in the late 1980s when John Fenn successfully improved Dole’s method and
combined the electrospray technique with mass spectrometry [12], driven by
the challenge of finding a way to analyze heavy molecular compounds. Fenn
was awarded the 2002 Nobel Prize in Chemistry for the development of this
method. By then it had also been demonstrated by Siuzdak et al. [13] that the
method even works for complexes with molecular masses of over 40 million
Dalton (1 Da = 1 atomic mass unit (amu) = 1.6605402 · 10−27 kg) and that
the electrospray technique is so mild that a virus may survive an ESI process,
i.e. the native biomolecular structures can be conserved. It is worth mention-
ing that besides ESI also another soft ionization technique has emerged at
about the same time. The so-called matrix-assisted laser desorption/ionization
(MALDI) was invented by M. Karas and F. Hillenkamp in 1988 [14] shortly
after K. Tanaka successfully demonstrated the underlying soft laser desorption
technique for proteins [15]. For this achievement, Tanaka shared half of the
2002 Nobel Prize in Chemistry with Fenn. Nowadays, both ESI and MALDI
are commercially available and in daily use in many laboratories worldwide.

Concerning ion collision experiments, the emergence of electrostatic stor-
age rings has opened up new possibilities for studies with low-energy beams
of heavy ions. One of the first such rings is the ELISA (ELectrostatic Ion Stor-
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age ring, Aarhus) facility at Aarhus University in Denmark [16], built in 1997.
Several similar storage rings have been constructed in the following years, for
example at the accelerator facility KEK [17] and Tokyo Metropolitan Univer-
sity [18] in Japan. In contrast to traditional magnetic rings, the ion trajectories
in purely electrostatic devices only depend on the ions’ charge and energy, but
not on their mass, which is an important technical advantage for experiments
with low or medium energy beams of large molecules [19]. The increased
interest in high precision collision experiments with complex molecular ions
has therefore also motivated the development of a variety of new, and even
more advanced, electrostatic storage ring facilities like FLSR (Frankfurt Low
energy Storage Ring) [20] and CSR (Cryogenic Storage Ring) [21] in Heidel-
berg.

At Stockholm University, a unique facility with a double electrostatic stor-
age ring is under construction. In DESIREE (Double ElectroStatic Ion Ring
ExpEriment) there is a common section for the two rings where stored beams
of negative and positive ions may overlap, allowing for merged beam experi-
ments at well controlled and very low relative kinetic energies (down to about
10 meV). It is also planned to cool DESIREE to 10 K in order to reach ex-
tremely good vacuum conditions and eliminate effects of thermal radiation,
a feature that will be of special importance for lifetime measurements and
experiments on interstellar ion chemistry.

Besides ion-atom, ion-molecule or ion-ion collisions, also the interaction
of complex molecules with photons is a very active research field [22]. While
laser spectroscopy and photo-dissociation of biomolecules is of great interest
for processes involved in vision or photo-synthesis for instance, diffraction
studies are used to reveal the 3D structure of large polymers like proteins.
Previously limited to crystals or µm-sized objects [23], experiments aiming
for 3D imaging of single systems in the gas phase are now within reach [24,
25] at new light sources like LCLS (Linac Coherent Light Source, Stanford)
[26]. In 2015, also the European XFEL is expected to provide the neccessary
intense pulses of coherent X-rays for single molecule diffraction studies [27].
The pulse lengths from these new machines are in the order of femtoseconds,
i. e. short enough to also study the ultrafast dynamics in chemical processes
like isomerization [28] or bond dissociation for instance. This may lead to
many new fundamental insights and applications, not only in biomolecular
physics.

The work presented in this thesis contains both collision experiments with
biomolecular ions, carried out at Aarhus University, and an instrumental part
concerning the development of a new versatile electrospray ion source plat-
form. This setup is intended to be used as an ion source for DESIREE and
also as a stand-alone platform for experiments with complex molecular ions.
This thesis is therefore organized as follows:
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In Part I, I first give a short introduction to the types of molecules that we
have studied in the experiments performed in Aarhus, nucleotides and pep-
tides. In chapter 4, the applied experimental techniques are described and the
results are summarized and discussed briefly in chapter 5. This chapter also in-
cludes some additional comments on a simple statistical model of the solvent
evaporation processes and the resulting semi-empirical internal energy dis-
tributions. Some background concerning the quantum chemical calculations
performed in connection with these studies is given in appendix A.

Part II contains a description of the recent instrumental developments for
gas phase collision experiments with complex ions at Stockholm University.
After a short introduction to the main techniques used in the new ion source
and traps platform, this multi-purpose experimental setup is described in some
detail in chapter 6. Collision experiments and spectroscopic studies in the
unique electrostatic double storage ring facility DESIREE will be one appli-
cation for the ions produced and prepared in this setup. Chapter 7 contains a
status report of DESIREE which is currently under construction at Stockholm
University. An outlook with perspectives for future experiments with these
new instruments concludes the thesis.

18



2. The author’s contribution

The experiments on fragmentation of biomolecules presented in this thesis
have all been performed at Aarhus University in a collaboration with the lo-
cal group (P. Hvelplund, S. Brøndsted Nielsen et al.) and a group from Ciril
in Caen, France (B. Huber et al.). In the nucleotide study (papers I and II),
I contributed with data evaluation, discussion of the results and manuscript
work. Further, I reimplemented and refined the evaporation model and per-
formed the calculations presented in paper II. Concerning the di- and tripep-
tide experiments presented in papers III and IV, I was actively involved in
the measurements and discussions, and, in the case of the GA dipeptide, per-
formed a part of the molecular structure calculations. My contribution to the
pentapeptide study (paper V) is more extensive. Here, I also analyzed the data,
performed most of the quantum chemical calculations and wrote the paper.

The work presented in Part II of this thesis has been done in Stockholm,
both at Fysikum and the Manne Siegbahn Laboratory. I had the main respon-
sibility for the build-up of the new ion source and traps platform described
in chapter 6. A basic electrospray ion source already existed, but I designed
about half of the new elements (ion funnel, octupole trap and ion guide, var-
ious holders, vacuum chambers) and contributed to the design of the other
parts. I assembled all parts and did the wiring, both inside and outside the vac-
uum chamber. Furthermore, I worked with the conditioning of the system and
parameter optimization, and I performed the tests reported in this thesis. Since
this new setup is planned to be used as an ion source for, e.g., experiments in
DESIREE, I was also involved in discussions concerning the construction of
this new double storage ring facility (paper VI).
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Part I:
Fragmentation of biomolecular ions





3. Biomolecules

The studies on fragmentation of biomolecular ions presented in this thesis fo-
cus on electron capture induced dissociation (ECID) of the nucleotide adeno-
sine 5’-monophosphate (AMP) and various small peptides. In this chapter, a
brief introduction to these classes of molecules will be given. Further, I will
describe the fragmentation mechanisms that we are studying, and give a mo-
tivation for these kinds of experiments.

3.1 Nucleotides
Nucleotides are the building blocks of nucleic acids, which are large macro-
molecules carrying the genetic information and which are responsible for the
synthesis of proteins within cells. Additionally, nucleotides play important
roles as sources of chemical energy and in cellular signaling processes. A
nucleotide is composed of a nucleobase, a sugar molecule and a negatively
charged phosphate group (mono-, di- or triphosphate).

Adenine (A) Guanine (G)

H3C

Thymine (T) Uracil (U) Cytosine (C)

OHHO

β
1

23

4

5

β-D-Ribose

OHHO

β
1

3

4

5

2-Deoxy-β-D-Ribose

2

Figure 3.1: Sugar and nucleobase building blocks of RNA and DNA nucleotides.

The five nucleobases are adenine (A), guanine (G), cytosine (C), and
thymine (T) or uracil (U) (Fig. 3.1). There are two types of natural nucleic
acids, differing in the type of sugar molecule. In ribonucleic acids (RNA),
the nucleotides contain D-ribose and in deoxyribonucleic acids (DNA)
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2-Deoxy-D-ribose (Fig. 3.1). In DNA, the nuleobases are A, G, C, and
T, while T is replaced by U in the case of RNA. In the nucleic acids, the
nucleotides are linked via the phosphate and sugar groups forming the
backbone of the polymer.

Usually, DNA does not exist as a single molecule, but instead as a tightly
associated, anti-parallel pair of two long strands, entwined in the shape of
a double helix (cf. Fig. 3.2). This structure is stabilized by hydrogen bonds
between the bases on the two strands. Each type of base on one strand forms
bonds with just one type of base on the other strand (A bonding only to T,
and C bonding only to G) [29]. This is called complementary base pairing,
or Watson-Crick base pairing after the discoverers of the molecular structure
of the DNA, James D. Watson and Francis Crick. 1 The arrangement of two
nucleotides binding together across the double helix is called a base pair and it
is the sequence of nucleobases which defines the genetic code. RNA is usually
single stranded. It is transcribed from DNA by base pairing and plays a central
role in the synthesis of proteins.

Radiation damage
The cell nucleus containing the genetic material in form of DNA is consid-
ered to be the most important target for the cellular effects of radiation dam-
age. Damage due to ionizing radiation can occur in form of single and double
strand breaks (cf. Fig. 3.2). A particularly severe consequence of interaction
with radiation is the concentration of several such lesions within one helix
turn. Damages in the form of single strand breaks, which are common at low
doses such as what we receive every day from background radiation, are usu-
ally repaired rather rapidly in the cells. Nevertheless, especially the effect of
very low irradiation doses is still poorly understood. Double strand breaks are
more harmful as these might not be repaired easily, and the cell may either
be changed permanently or die. Most cells that die are of little consequence,
the body can just replace them. Cells changed permanently may go on to pro-
duce abnormal cells when they divide, which finally may lead to cancer. Also
damage to the nucleobases may cause mispairing and thus change the genetic
code.

Irradiation of living cells with high energy quanta does not only induce
direct interaction but also creates secondary particles, such as e.g. free or
solvated electrons and other radicals which are very reactive. Free electrons
may lead to strand breaks or other damages even at impact energies below
the ionization threshold of the molecules [30–34]. Also small fragment ions
from break-up of e.g. nucleobases or proteins following collisions with highly
charged ions were found to have kinetic energies of the order of 10 eV or
more [35, 36] which is sufficient to cause further harmful reactions with the
DNA [37].

1Watson and Crick were, together with Maurice Wilkins, awarded the 1962 Nobel Prize for
Physiology or Medicine for their discovery.
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Figure 3.2: Illustration of the double-stranded DNA structure (top), a single strand
break (middle) and a double strand break (bottom).

Fragmentation processes studied in this work
In order to better understand the mechanism of fragmentation by electron at-
tachment we studied Electron Capture Induced Dissociation (ECID) in colli-
sions between sodium and the RNA nucleotide adenosine 5’-monophosphate
(AMP) (cf. Fig. 3.3), which in its deprotonated form is a singly charged neg-
ative ion:

AMP−+Na→ AMP2−+Na+→ ·· · . (3.1)

Instead of low energy free electrons we use a gas of neutral sodium and
center-of-mass collision energies of about 2–3 keV. These collision partners
can be brought sufficiently close to each other for a transfer of the loosly
bound Na valence electron. In gas phase, the attachment of a free electron
would be prohibited by the Coulomb barrier of the AMP anion. Thus, the
idea behind the experiment with sodium as collision target is to mimic the
situation in solution phase, where this Coulomb barrier is much lower due to
polarization effects [38]. The collisions do not only lead to dianion formation
but also to an increase in the internal energy of the molecules due to electronic
and nuclear stopping. Capture to electronically excited states with couplings
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Figure 3.3: A piece of RNA with a highlighted adenosine 5’-monophosphate (AMP)
unit.

to the vibrational degrees of freedom may also influence the fragmentation
behavior.

In this experiment, we were mainly aiming to find out if and how solvent
molecules may play a role and therefore we used beams of hydrated AMP,
AMP−·(H2O)m, with up to m = 20 water molecules attached to the nucleotide
anion. In Fig. 3.4 a likely structure of such a cluster with four water molecules
is shown, indicating that the water is preferentially localized close to the phos-
phate group and is forming a bridge to the adenine (see also refs. [39,40]). This
structure has been obtained by calculations using the semi-empirical PM3
method implemented in the GAUSSIAN03 program package [41]. Some back-
ground about this type of calculations is given in appendix A. In a recent study
on collision induced dissociation (CID) (without electron capture) of the same
system, it has been found that 13 or more water molecules completely protect
the AMP from damage [42] at the present collision energy. In chapter 5.1 and
Papers I and II the results for ECID will be compared to those from CID and
some interesting differences in the fragmentation patterns and distributions of
excitation energies will be identified.

Figure 3.4: A likely structure of
a cluster of AMP and four wa-
ter molecules. Carbon atoms are
shown in grey, nitrogen in blue,
hydrogen in white, oxygen is col-
ored red and the phosphor atom
is orange.

26



3.2 Peptides
A peptide is a linear polymer built up of alpha amino acids – organic acids with
the amino (-NH2) and carboxyl (–COOH) groups attached to the same carbon
atom, called the α–carbon (cf. Fig. 3.5). The various amino acids differ by
the side chain (R) at the α–carbon, which, e.g., may be just a hydrogen atom
(glycine), a methyl group (alanine) or any other functional group. Peptides
are formed by a so-called condensation reaction between the carboxyl group
of one molecule and the amino group of the other molecule, under the release
of a water molecule (H2O). Thus, a peptide chain always has an amino group
at one end (N-terminal) and a carboxyl group at the other end (C-terminal).
The link -CO-NH- is called peptide group or amide group (cf. Fig. 3.5).

Peptide group

R1    

H2N

O

OH
+

R2    

O

OH
H2N

-H2O

R1    

H2N

O R2    

O

OH
N
H

α

α
α

α

Figure 3.5: Formation of a dipeptide from two alpha amino acids.

Dipeptides consist of two amino acids, tripeptides of three and so on. Two
examples for such small peptides are shown in Fig. 3.6. The general term for
peptides composed of up to about 10 amino acids is oligopeptides, while so-
called polypeptides consist of many amino acids. If the number of amino acids
is large 2 and the polypeptide has a defined three-dimensional structure it is
normally called a protein. Proteins and peptides are essential parts of all living
organisms and involved in almost every process in the cells. All proteins are
made up of a set of 20 standard amino acids, and each protein has an exactly
defined sequence of amino acids determining its structure and functional prop-
erties. The sequence of amino acids is also called primary structure. Internal
hydrogen bonds may stabilize regular local structures and lead to a character-
istic secondary structure. Large proteins often have several domains arranged
in a tertiary structure, and may be a part of a complex with other protein
molecules forming a quaternary structure.

In molecular biology, there are huge efforts to study the structures and func-
tions of proteins, aiming to better understand cellular processes and to be able
to design drugs more efficiently. One possible way to gain important informa-
tion about a protein is to determine the amino acid sequences of its constituent
peptides. A major tool for this is mass spectrometry [43]. In this method, the
protein is usually first split up chemically into smaller polypeptides which are
ionized, e.g. by electrospray (see chapter 4), and fragmented. The fragment
ions are then mass-to-charge analyzed and detected.

2exceeding ≈ 50, but the definition is not completely clear and the number somewhat arbitrary
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Figure 3.6: Protonated GA (top) and protonated AAA (bottom) peptides (G = glycine,
A = alanine). The molecular structures shown to the right are the most likely geome-
tries according to Kohtani et al. [44] for [GA+H]+ and Wu et al. [45] for [AAA+H]+

(optimized at the MP2/6-311++G(d,p) and B3LYP/6-311+G(d,p) level of theory, re-
spectively).

3.2.1 Fragmentation mechanisms
A specific nomenclature is used for peptide fragments, as depicted in Fig. 3.7.
Fragments containing the C-terminal are named x, y, and z, while the comple-
mentary pieces containing the N-terminal are termed a, b, and c, depending on
where dissociation takes place. For peptides larger than dipeptides, an index
denotes the number of amino acid residues the fragment contains [46].

c2c1b1 a2

R1    

O

H2N

R2    

N

O R3    

O

OH
N
H

H

x1 y1 z1

b2

C-terminal fragments

N-terminal fragments

z2y2x2

a1

Figure 3.7: Nomenclature for
peptide fragments, illustrated
for a tripeptide.

There are different methods to fragment the peptides in order to obtain the
amino acid sequence in collisions with atoms, photons or electrons. For the
work presented in this thesis, the following two processes are of relevance:
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first, collision induced dissociation (CID) after transfer of energy and, second,
dissociation upon the capture of a bound electron (electron capture induced
dissociation, ECID). In both cases we use collisions between neutral atoms
and biomolecules at keV collision energies.

In CID, the typical fragments from backbone cleavage are of y and b type
corresponding to cleavage of the amide bond in the peptide group, which is
the weakest bond of the peptide, i. e. the one requiring the least energy to dis-
sociate. This indicates that the energy transferred in CID is rapidly distributed
over all vibrational degrees of freedom and leads to a statistical dissociation
behavior. This energy randomization, however, also destroys weak intra- and
inter-molecular bonds responsible for the 3D structure of the peptide which
one would like to preserve.

A technique which partly circumvents this problem is electron capture dis-
sociation (ECD) [47] where the protonated peptide ions collide with low en-
ergy free electrons and may recombine. This process has been found to lead
to selective cleavage of the N-Cα bonds, i.e. to formation of z and c type
fragments, over a wide range in the peptide backbone. This is very different
from the behavior in CID, and scenarios including internal proton or electron
transfer have been proposed to explain the findings, even on time-scales which
are long enough for a statistical distribution of the deposited energy. Indeed,
the exact mechanisms behind N-Cα bond cleavage are still a matter of de-
bate and probably several processes contribute to this fragmentation channel
(see e.g. [48, 49] and references therein). In short, the understanding today is
that the electron is most likely captured into a Rydberg state on a protonated
site followed by relaxation and possibly transfer to a π* orbital at an amide
oxygen [49]. This transfer is possible if the energy of this delocalized state is
lowered sufficiently (≈ 2.5 eV) by Coulomb stabilization from the charges of
nearby protonated sites. If this is the case, the electron may also be captured
directly to an excited state of the peptide group in a few percent of the events.
Then direct cleavage of the N-Cα bond may occur, or a proton is transferred to
the amide oxygen forming an aminoketyl radical which substantially weakens
the N-Cα bond [50,51] and leads to dissociation. Still more experimental and
theoretical work is needed to test these scenarios and to better understand the
mechanisms in order to optimize the application of ECD for peptide sequenc-
ing. The peptide fragmentation studies presented in this thesis (papers III-V)
aim to shed some light on these issues.

The actual method used in the presented work is not ECD, but is similar and
is, as mentioned above, called electron capture induced dissociation (ECID).
Here, the peptide ions are collided with a neutral target (alkali metal atoms)
at keV energies instead of with low energy free electrons. The ions may then
capture the weakly bound valence electron. Despite some principal differences
between these two techniques, fragment ion yields have been found to be very
similar (see Fig. 2 in paper III). Thus, it is assumed that also the mechanisms
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leading to the specific backbone fragmentation are basically the same and that
mostly low lying excited states are important [49].

ECD and ECID are methods mainly applied to multiply charged ions. A
singly positively charged ion gets neutralized by the electron capture which
complicates the detection of the (most likely also neutral) fragments. One
possibility to perform ECID experiments also with singly charged peptides
is the charge reversal method [52,53] applied in the studies presented in paper
IV. There, negative product ions which may be formed in sequential double
electron capture processes are analyzed.

3.2.2 Role of conformation and solvation
As mentioned above, backbone cleavage of peptides is assumed to depend
on how much Coulomb stabilization the π* orbitals at the different peptide
groups experience. So the questions are: How does the dissociation behavior
depend on molecular structure and the location of the charge sites? Which
mechanism governs the competition between N-Cα bond cleavage and H- or
NH3-loss? And may it even be possible to manipulate the distribution of frag-
ments? In order to find answers to these questions, we have studied some
model peptides and systematically varied a number of parameters.

In paper III, mostly the influence of collision parameters, such as the col-
lision energy and the target gas, have been studied, but also the effects of
complexation with crown-ether molecules (CE). The latter is an organic com-
pound with the molecular formula C12H24O6 (18-Crown-6) and a molecular
mass of 264 amu (cf. Fig. 3.8). Up to two such molecules have been attached
to the doubly protonated Ala-Lys (or short AK) dipeptide consisting of one
alanine and one lysine (functional group R: C4H8NH2) building block. In this
complex, each CE is bound to a positively charged ammonium group by hy-
drogen bonding.

Figure 3.8: 18-Crown-6 ether
(C12H24O6). Oxygen atoms are
shown in red, carbon in gray and
hydrogen in white.

The effect of different surrounding solvent molecules on the dissociation
behavior has been studied in more detail in a separate experiment with
the singly protonated dipeptide Gly-Ala (abbreviated GA). Calculations
performed in connection with this study indicate a significant effect of
non-covalently bound molecules on the electronic structure of the peptide.
Especially the SOMO (singly occupied molecular orbital) of the radical
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Figure 3.9: SOMOs of the neutral radicals formed in vertical electron capture, i.e.
with frozen molecular conformation, to a) [GA+H]+, b) [GA+H]+(H2O)2, and c)
[GA+H]+(CE). The shapes of the orbitals correspond to boundary surfaces chosen
such that the electron has a high probability to be found anywhere within the surface.
Thus, the shapes are specified by the square of the wave function, while the color,
green or dark red, is determined by its sign.

peptide after electron capture may be influenced drastically by certain
molecules as illustrated in Fig. 3.9 and discussed in paper IV.

Besides these influences from inter-molecular interactions there might be
similar effects from weak intra-molecular forces. These are responsible for
the folding of the peptide, which might not be so relevant for dipeptides but is
certainly very important for larger systems with more degrees of freedom (see
e.g. [54]). Thus, we have performed ECID measurements of a set of doubly
protonated pentapeptides, all composed of one lysine and either four glycine
or four alanine, but with different sequences of the building blocks. Thereby
we systematically changed the molecular structure and the separation of the
charges, located at the N-terminal and the ammonium group of the lysine side
chain (Paper V). For comparison, complexes of each peptide with two crown
ether molecules have been studied as well. Here, CE does not only have an
effect on the electronic structure, but also influences the geometry. The crown
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ether provides a shielding of the charge and prevents the peptide from internal
hydrogen bonding and thus folding, resulting in a more linear geometry and
reduced Coulomb stabilization. For an example illustrating this effect see Fig.
3.10.

a)

b)

H

C

O

N

Figure 3.10: Likely molecular structures of the doubly protonated pentapeptide Lys-
Gly-Gly-Gly-Gly (KGGGG + 2H)2+ a) as a bare ion, and b) in a complex with
two crown ethers. The geometries have been obtained by DFT calculations at the
B3LYP/6-31g level of theory using the Gaussian 09 program package [55].
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4. Experimental techniques

The present biomolecular fragmentation experiments have been performed
with the tandem mass spectrometer ’SEP I’ at Aarhus University. In this chap-
ter, the different parts of this setup are described. In order to perform the col-
lision experiments specified in chapter 3, intact molecules and clusters have
to be brought into the gas phase. In most cases this is only possible by using
soft ionization techniques like e.g. electrospray [12, 56], which will be ex-
plained in some detail. The same type of ion source is also used with the new
experimental setup described in chapter 6.

4.1 Electrospray ionization (ESI)
In electrospray ionization [11,12], a dilute solution containing the substance to
be studied (the analyte), often with water or methanol as solvents, and some-
times also acids, bases or buffers, is pushed through a small tube or needle.
In the solution, the analyte is present either as cation or anion, i.e. usually in
the protonated or de-protonated form. Depending on the number of proton-
accessible sites, ions with charges up to +40 or even higher are obtained for
very large biomolecules. An electric potential difference of several kV be-
tween the needle and the chamber walls produces a strong electric field at
the needle tip that disperses the emerging liquid into a fine spray of highly
charged droplets (Fig. 4.1). This aerosol, a mist of small droplets with diame-
ters of about 10 µm, is at least partially produced by a process involving the
formation of a so-called Taylor cone and a jet from the tip of this cone. The
jet emerges if the electric field is above a certain threshold with a value which
mainly depends on the solution’s surface tension [57]. Driven by the field, the
droplets drift towards the wall of the chamber where a small aperture or capil-
lary guides them into a differentially pumped vacuum system. In the capillary,
which is usually heated, solvent molecules evaporate from the droplets. As
the droplet shrinks, the surface charge density increases. At the point where
the Coulomb repulsion is no longer compensated by the surface tension of the
droplet, called the Rayleigh limit, fission occurs [58]. This produces a number
of smaller droplets which also have electric charges on their surfaces - a pro-
cess which may be repeated until the analyte is free of solvent molecules and
is a lone ion. This is the mechanism originally proposed by Dole et al. [11],
called charged-residue model. An alternative scenario is that the field even-
tually becomes strong enough to lift analyte ions from the small (∼10 nm)
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Figure 4.1: Schematic of the formation of small charged droplets and single ions by
electrospray.

droplets out into gas phase, known as the ion evaporation model [59]. Depend-
ing on different parameters, a certain fraction of the ions remains as clusters
with usually one analyte ion surrounded by solvent molecules [60].

Although ESI is a technique in daily use all over the world, there is still
debate about the exact mechanisms which are involved in the process [56,61].
In particular, the dispersion of the sample liquid into charged droplets, and the
last stage, when lone ions are formed from the droplets are poorly understood.
Both these processes are very complex and depend strongly on variables such
as flow rate through the needle, the electric field strength and solution proper-
ties including conductivity, surface tension, concentration, dielectric constant,
pH value and viscosity, as well as the structure and conformation of the ana-
lyte molecules.

4.2 The accelerator tandem mass spectrometer setup
SEP I
The setup (cf. Fig. 4.2) used for several of the experiments presented in this
thesis consists of an ESI source, an acceleration section, a double focusing
bending magnet (1.5 m radius) for parent ion selection, two collision cells,
and a 180◦ hemispherical electrostatic sector analyzer (ESA) with a radius of
15 cm. The ions passing through the exit slit of the analyzer are counted by a
channeltron detector operated in the particle counting mode.

The ESI source (cf. Fig. 4.3), together with pumps and other equipment,
is mounted on the high voltage platform of the accelerator. A stainless steel
needle is, via a fused silica capillary, connected to a syringe containing the
dissolved biomolecules. The flow through the needle is controlled by a sy-
ringe pump. The capillary is a 10 cm long stainless steel rod with a 0.4 mm
bore, heated up to about 140◦C for bare ions, but kept at temperatures well
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Figure 4.2: Schematic illustration of the accelerator tandem mass spectrometer setup
’SEP I’ in Aarhus for production of ion beams and analysis of collision fragments
(settings shown for negative ions).
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below 100◦C for hydrated ions and other clusters. At the exit of the capillary,
ions emerge into the first vacuum chamber where a rotary pump maintains a
pressure of approximately 1 mbar. The ions are focused by a tube lens and
reach, via a skimmer, a second differential pumping stage where the pressure
is further reduced to 10−3 mbar by a turbomolecular pump. The ions, which
have kinetic energies of only a few eV, are guided through this section by
means of a radio-frequency octupole beam guide and enter the third vacuum
region which is evacuated to 10−5 mbar by a second turbomolecular pump.
An einzel lens assembly focuses the ions into the acceleration tube in which
they are accelerated by a potential difference of 50 kV.

Positively or negatively charged parent ion beams are selected according to
their mass-to-charge ratios by the bending magnet (1.5 m radius) at resolving
powers of about 3000. The selected ions then pass, depending on the type
of experiment, through one or two target gases contained in two 4 cm long
differentially pumped collision cells with entrance and exit apertures of 1 mm
and 3 mm in diameter, respectively. One cell is equipped with an oven to
vaporize alkali metals, the second has a gas inlet and can be filled with any
target in gas form at room temperature. In between the two cells there is a
pair of electrostatic deflector plates which makes it possible to remove any
charged particle such that only neutrals may continue to the second collision
cell. This makes the setup a versatile tool for a variety of different collision
experiments. In the experiments presented in this thesis, however, only one
collision cell was used at a time and the following types of experiments have
been performed:
• Collision induced dissociation (CID), where the biomolecular ions collide

with noble gas atoms or molecular gases (NO or O2). The transfer of en-
ergy in the collision leads to an increase in internal energy, which possibly
results in fragmentation of the biomolecular ion. (Paper III)
• Electron capture induced dissociation (ECID). Here, the collision cell con-

tains Na or Cs vapor at a low pressure giving small reaction probabilities.
This ensures that the measurements are performed under single-collision
conditions, i.e. the probability for double collisions is only a few %. Dur-
ing the few fs interaction time of the collision, transfer of the valence elec-
tron of the alkali metal atom to the biomolecule may occur and lead to
dissociation of the molecule. CID processes, without charge transfer, will
also contribute to the total fragmentation and cannot be excluded. How-
ever, most often ECID and CID lead to different fragments and can thus be
distinguished. This method has been used in papers I, II, and V.
• Charge reversal (+CR−) experiments, in which singly charged cations are

transformed into negatively charged fragments by transfer of two electrons
in two collisions with alkali atoms [53]. In other words, neutral products
from the first collision may, within a few nanoseconds, capture an addi-
tional electron in a secondary collision in the same gas cell. Fragmentation
may occur in both collisions. In order to increase the probability for this
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process, the pressure in the cell has to be much higher than in the case of
ECID. (Paper IV)

After passing the cell, parent ions and fragments enter the electrostatic ana-
lyzer. The flight times from the collision cell to the analyzer, τ f light , are in the
order of 5 to 10 µs, depending on the mass of the parent ion. Thus, fragmen-
tations within the corresponding time frames are probed in the experiment.
The principle of the ESA for mass analysis is that only ions with appropriate
kinetic energy per charge state can pass through the exit slit and reach the
detector. The condition for this is that the centripetal force equals the radial
electrostatic force that the ions experience inside the analyzer. That is, differ-
ent ESA voltages correspond to ions with different kinetic energy per charge
state. If a parent ion fragments, the velocities of the fragments are the same as
that of the parent. Thus, scanning the ESA voltage can separate the fragments
with different mass-to-charge ratios, a method which is called mass-analyzed
ion kinetic energy (MIKE) spectrometry. Finally, the transmitted ions are de-
tected by a channeltron. The signals are processed by amplifiers and discrim-
inators and sent to a PC where they are counted as a function of analyzer
voltage.

37





5. Results and discussion

In this chapter, the results of the biomolecular fragmentation studies presented
in papers I–V are summarized and complemented by some additional aspects
which are not included in the published articles. First, the outcome of the
experiment on hydrated nucleotides is discussed (papers I and II), followed by
a summary of the studies on different model peptides (papers III-V). Finally,
a few general concluding remarks will complete this first part of the thesis.

5.1 Dissociation of hydrated nucleotide anions
This first section will deal with the dissociation of hydrated adenosine
5’-monophosphate (AMP) anions, with focus mainly on electron-
capture-induced dissociation (ECID). The results will be compared with
collision-induced dissociation (CID) measurements where a clear protective
effect of the attached water molecules has been observed [42]. A common
model which simulates the subsequent loss of solvent molecules from the
clusters indicates that characteristically different distributions of internal
energy are involved in the two processes. Finally, also some additional
considerations relating to this statistical evaporation model will be discussed.

5.1.1 Summary of papers I and II
As mentioned in chapter 3, nucleotides are the building blocks of DNA and
RNA strands and it is their sequence which defines the genetic information.
Therefore, they are considered to be among the most important targets for
cellular radiation damage due to direct interaction with high energy quanta
or secondary particles, such as free electrons or radicals. Low energy elec-
trons have been observed to lead to strand breaks even at energies below the
ionization thresholds [30–32]. In order to shed more light on the elementary
mechanism of fragmentation by electron attachment, we have studied ECID in
collisions between the RNA nucleotide adenosine 5’-monophosphate (AMP−)
and neutral sodium atoms. This bottom-up approach is motivated by the dis-
covery that the initial step for strand breaks may involve ionization of the
nucleic acid bases followed by charge transfer to the backbone [62, 63]. It
has also been found that resonant attachment of low energy electrons induces
(site-selective) damage of nucleobases [33,64,65] and nucleosides [66]. In the
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present work, we aimed to find out more about the underlying mechanisms on
the level of nucleotides.

While an attachment of a free electron to the anion would be hindered by the
Coulomb barrier, the transfer of the valence electron of Na is possible since
the 50 keV ions can come close enough in the collisions. In collisions without
charge transfer there may still be enough energy transfer leading to collision
induced dissociation (CID) within the time scale of the experiment (6-9 µs).
To find out if and how an aqueous environment, which can be crucial for
biochemical reactions and the dissipation of vibrational excitation, influences
the fragmentation behavior on the single molecular level, parent ion beams
of electrosprayed AMP− · (H2O)m (with up to 20 water molecules) have been
used. In the experiment, a specific cluster size is selected by the magnet and
an example for a mass-to-charge ratio spectrum of product ions from AMP− ·
(H2O)3 + Na collisions is shown in Fig. 5.1.

O

NH2

N

N
N

N

O

CH2

OHOH

OPHO

O

100 150 200 250 300 350 400

0

5000

10000

15000

20000

25000

30000

 mass / charge

 

 

in
te

n
s
it
y
 [
c
o

u
n

ts
]

170 180 190 200
0

100

200

300

400

500

 

 

P
rim

ar
y

io
n:

 A
M

P
-
·(

H
2O

) 3

A
M

P
-
·(

H
2O

) 2

A
M

P
-
·(

H
2O

)

A
M

P
-

[A
M

P
-H

]2
-

[A
M

P
-H

]2-
·(

H
2O

)

[A
M

P
-H

]2
-
·(

H
2O

) 2

[A
M

P
-H

]2
-
·(

H
2O

) 3

Figure 5.1: Mass-to-charge ratio spectrum of 50 keV AMP− · (H2O)3 + Na collisions.
The intensity of the primary ion is off scale. The inset shows a zoom-in on the distribu-
tion of [AMP-H]2− · (H2O)n (n ≤ 3) dianion fragments. The peaks on the right hand
side of the n = 2 peak are due to singly charged fragments of the AMP molecule.

Loss of water molecules due to CID is the most likely fragmentation
channel, and it has been shown by Liu et al. [42] that the nucleotide anions
themselves are effectively protected from CID if sufficient numbers of water
molecules are attached. Very surprisingly this protective behavior is not at all
observed in the competing ECID reaction channel.

A careful calibration of the energy analyzer showed that ECID always leads
to fragmentation in the form of single hydrogen loss. The total yield of dian-
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ions with microsecond lifetimes also increases strongly with the number of
initially attached water molecules which is explained by a reduced Coulomb
potential (dielectric screening) of the two charges by the water cluster. Even
if the relative yield is low compared to CID (see Fig. 5.1) this damage may be
harmful since the H-atom is most likely lost from a nucleobase nitrogen [67],
a site which is crucial for correct Watson-Crick base pairing.

In addition, dianion formation always leads to evaporation of at least a few
water molecules within the experimental time frame, a phenomenon not ob-
served for CID where the loss of a single H2O always dominates. Although
the fragmentation behavior is quite different for ECID and CID, relative cross
sections as functions of the number of remaining water molecules may be
qualitatively accounted for by means of a common simple water evaporation
model, which will be discussed below. Using this model, distributions of in-
ternal energy of the systems prior to fragmentation have been deduced which
are characteristically different for the two processes. According to the model,
the electron capture process is coupled to the transfer of a certain minimum
energy of the order of a few eV. This may be related to the capture into elec-
tronically excited states leading to a certain minimum internal energy of the
so formed dianions and therefore loss of at least a few of the attached water
molecules during the flight time to the detector.

5.1.2 Modelling solvent evaporation
A simple evaporation model has been applied in papers I and II in order to
simulate sequential loss of water molecules and compare it to the measured
relative cross sections. This approach has been used already by Liu et al. [42]
for CID of hydrated nucleotides. The idea behind the model is described in
some detail in section 4.2 of paper II. In short, first a set of m+1 coupled linear
differential equations is solved numerically. Each equation describes the loss
of a single water molecule, first from the parent ion with m water molecules
attached and subsequently from the daughter ions with n (m > n ≥ 0) wa-
ter molecules left. The last step is the decay of the AMP itself (denoted by
n =−1). These equations are governed by decay rates of the Arrhenius type,
assuming statistical unimolecular decay as function of the internal energy, or
temperature, of the molecule. That is, we assume that the internal energy is
distributed equally among all vibrational degrees of freedom of the hydrated
AMP. Important parameters in the decay rates are the binding energies of the
individual water molecules, which are in the order of 0.4 eV [40], and the dis-
sociation energy of the AMP itself, which is more than three times higher [68].
After each dissociation step, the total internal energy is reduced by the corre-
sponding amount. An example for a solution of such a set of equations is
plotted in Fig. 5.2 for m = 13. Here, according to the model, no dissociation
occurs on the experimental time scale (7.8 µs) if the energy is below about 3
eV. Above about 7.5 eV, the probability for losing the complete hydration shell
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Figure 5.2: Modeled probabilities for different product cluster sizes as a function of
internal energy prior to dissociation of AMP− · (H2O)13 parent ions. The parameter
n is the number of water molecules left after the flight time to the detector (7.8 µs).
n =−1 denotes fragmentation of the AMP− itself.

is essentially 100%. For energies in between, the probability distributions for
different cluster sizes overlap, with the most likely value for n decreasing from
left to right. Damage to the AMP itself first occurs at values higher than 10
eV.

The aim of the model calculations was then to find the internal energy distri-
bution that, within the assumptions made in the model, best reproduces the ex-
perimentally obtained distribution of product cluster sizes. Therefore, Monte
Carlo simulations assuming certain energy distributions have been performed,
with some parameters varied until the best agreement with the measured rela-
tive cross sections is found. For computational reasons, combinations of Gaus-
sian functions, which are truncated at the low energy side, have been used to
describe the distributions of internal energies.

However, the results of the model calculations for ECID in paper II dif-
fer significantly from the ones presented in paper I. This is mainly due to
some improvements in the simulation process, such as a more extensive scan
of parameter space. In paper I, the same dissociation energies as in ref. [42]
have been used for the loss of single water molecules from the cluster. In the
meantime, however, new experimental values for the dissociation energies had
become available [40], which then also were used in the simulations presented
in paper II. Additionally, the choice of a sum of two Gaussian functions for
the energy distribution, instead of a single Gaussian, gave a substantial im-
provement. A summary of the results of paper II is shown in Fig. 5.3.
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Figure 5.3: top: Experimental (full symbols) and simulated (open symbols connected
by lines) cross sections as functions of the numbers of remaining water molecules
following ECID, AMP− · (H2O)m +Na→ [AMP-H]2− · (H2O)n +Na++ . . .. bottom:
Internal energy distributions used in the model calculations above.
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Figure 5.4: top: Modeled probabilities for different product cluster sizes as a function
of internal energy prior to dissociation of AMP− · (H2O)13 parent ions. The param-
eter n is the number of water molecules left after the flight time to the detector (7.8
µs). middle: Most likely product cluster size (n) as function of internal energy. For
the first two steps, this discretization is illustrated by dotted vertical lines. bottom: In-
ternal energy distribution for ECID deduced from the measured intensities of [AMP-
H]2− · (H2O)n product ions and the approximation shown above. Error bars reflect
the experimental statistical and background subtraction errors. The dashed blue line
is the corresponding result from the Monte Carlo simulation (cf. Fig. 5.3) and shown
for comparison.
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The question is if these are the ’correct’ shapes and if there is a physical
interpretation of the two components, similar to the one for CID where the
two parts are attributed to distant and close collisions, respectively [42]. In
fact, there is still no physical motivation for the choice of two Gaussians in
the case of ECID. A possible alternative approach circumventing this prob-
lem is illustrated in Fig. 5.4. Instead of a Monte Carlo simulation using an
assumption for the shape of the internal energy distribution, the solutions of
the differential equations (Fig. 5.4 top) are approximated by discrete intervals
considering only the most likely product cluster size (Fig. 5.4 middle). By
means of this discretization, the experimentally obtained relative cross sec-
tions are then translated into an internal energy distribution where the area of
each column corresponds to the number of counts for the respective [AMP-
H]2− · (H2O)n (Fig. 5.4 bottom).

The distributions obtained this way compare well with the ones composed
of two Gaussian functions shown in Fig. 5.3. A considerable advantage of the
discrete method, however, is that it is much faster since the Monte Carlo sim-
ulations and fit procedure can be omitted. Additionally, experimental uncer-
tainties are very easy to take into account. Also the results from CID (see [42]
and paper II) may be treated in this approximative way. An example (m =13)
is shown in Fig. 5.5 together with the result from the simulation and fit pro-
cedure for comparison. Since both methods are only sensitive to the energy
range with considerable decay probabilities, only the high energy tail of the
distribution can be determined.
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Figure 5.5: Black solid line: High energy tail of the internal energy distribution
of AMP− · (H2O)13 parent ions deduced from the measured intensities of AMP− ·
(H2O)n (0≤ n < 12) CID product ions and the approximation shown in the top panel
of Fig. 5.4. Dashed blue line: corresponding result from the simulation and fit proce-
dure (cf. paper II).
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5.2 Electron-capture-induced dissociation of peptides
This thesis includes three studies on model peptides where different parame-
ters have been varied systematically in order to shed light on the mechanisms
involved in the dissociation of protonated peptides induced by electron cap-
ture. In this section, the results of these experiments are summarized.

5.2.1 Summary of paper III
In Aarhus, we have studied peptides by electron-capture-induced dissociation
(ECID), mimicking the more commonly used electron capture dissociation
(ECD) technique (see section 3.2.1). It has been found that the distribution of
fragments from backbone cleavage is very similar in both cases, which, how-
ever, is a bit surprising considering that the two methods differ substantially
in the involved time scales and energetics. While ECD is performed in traps
where free electrons may interact with the peptide for tens of milliseconds, in
ECID the electron is captured from a bound state in a high energy collision
(tens of keV), with the fragments detected a few µs after the reaction.

The aim of this study was to elucidate the role of the collision velocity,
the target gas, and the complexation with crown ether (cf. Fig. 3.8) in ECID.
By the latter it is possible to reduce the recombination energy and thereby
influence the electronic states populated by the captured electron. Further, it
affects the structure of the peptide and prohibits transfer of a hydrogen or
proton from the ammonium groups to the peptide group after electron cap-
ture. The molecule used for this study is the doubly protonated AK dipeptide,
[AK+2H]2+ (A = alanine, K = lysine), schematically shown in Fig. 5.6. The
dominant dissociation channels upon electron capture are loss of H or NH3,
and cleavage of the N-Cα bond resulting in c+ and z+ fragment ions. The in-
tention here was to find out if and how the relative importance of these chan-
nels is influenced by different collision parameters, and the following results
have been obtained:
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Figure 5.6: Schematic of the doubly protonated AK dipeptide, [AK+2H]2+.
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Dependence on the collision velocity
By varying the acceleration voltage between 10 and 70 kV we find that higher
ion velocities are beneficial for capture of an electron to [AK+2H]2+ in colli-
sions with sodium. The total cross section increases with ion velocity, which
indicates that there is an energy defect for the electron transfer from Na to
the peptide, i.e. a difference between ionization potential of the target and
the binding energy gained of the captured electron. The fraction of backbone
cleavage fragments is constant over the examined velocity range but for the
other two channels, hydrogen and ammonia loss, a weak dependence is mea-
sured. H-loss, which is the dominant channel, decreases slightly with increas-
ing ion velocity, while there is a weak increase of NH3-loss. This indicates that
these two are competing channels, but the dissociation barriers are not very
different (marginally lower for H-loss). Thus, their branching ratio is sensitive
to the collision energy, since the excitation energy most likely increases with
the collision velocity.

Dependence on crown ether complexation
We performed measurements with one and two crown ether (CE) attached to
the peptide, i.e. we used beams of [AK+2H]2+(CE) and [AK+2H]2+(CE)2, re-
spectively. The CE molecules are coordinated to the ammonium groups, with
the first one preferentially attached to the end of the lysine side chain [69].
Thus, the measured intensity of z+(CE) ions is much higher than that of
the bare z+ fragments in the case of [AK+2H]2+(CE) parent ions. Further,
the competition between H- and NH3-loss from the N-terminal, which is the
strongly preferred site for ammonia loss [70], is still present. However, also
the loss of hydrogen in combination with loss of CE is observed and, thus,
electron capture to the lysine ammonium cannot be excluded. All three frag-
mentation channels are also observed in the case of [AK+2H]2+(CE)2. How-
ever, here, the capture of an electron always leads to the loss of at least one
CE.

By the addition of crown ether, the probability for NH3 loss decreases sig-
nificantly, whereas it increases for H-loss. This may again be explained by
lower excitation energies, here due to the reduced recombination energy of
the crown ether complexes. Small (unsystematic) changes in the yields of z+

and c+ are also observed, but the reason for those is still an open question.

Dependence on target gas
Furthermore, measurements with six different collision gases have been per-
formed: Cs and Na vapor, the noble gases Xe and Kr, as well as nitiric oxide
(NO) and molecular oxygen (O2). The ionization energies of the gases vary
from about 4 to 14 eV. Looking at the fragment distributions one may divide
the gases in two groups with ionization energies below and above the recombi-
nation energy of [AK+2H]2+ (∼ 5.8 eV), respectively. For Cs and Na, electron
capture is exothermic, for the rest it is endothermic. In the latter case we find
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that NH3-loss is suppressed and H-loss more favored compared to the alkali
metal targets. The explanation may again be the differences in excitation en-
ergy upon electron capture to the N-terminal ammonium group. Interestingly,
the yield of backbone cleavage fragments hardly depends on the collision gas.

In order to explain the observed changes in the ratio between H- and NH3-
loss, we argued in paper III that, depending on collision velocity and target
gas, different excited states are populated by the captured electron on the am-
monium group, followed by relaxation to the ground state and distribution of
the energy among the vibrational degrees of freedom. It seems surprising that
the fraction of backbone cleavage depends on neither collision gas nor ion
velocity (within the ranges studied here), and only very little on crown ether
complexation. Further, our results show that N-Cα bond cleavage is indepen-
dent of the transfer mechanism itself (ECD vs. ECID).

This may be explained by the scenario described in chapter 3.2.1. In short,
it is believed that after capture into an excited state on the protonated site,
a possible internal electron transfer to an amide π∗ orbital (depending on
the Coulomb stabilization of this orbital) finally leads to N-Cα bond cleav-
age [49]. This tranfer occurs only for a certain range of excited states (de-
pending on the orbital overlap) and becomes impossible as soon as the elec-
tron has relaxed to the ground state (which leads to loss of H or NH3) [49].
The measurements presented in paper III may thus indicate that the states ini-
tially populated after electron capture are sufficiently highly excited in all our
experiments for the internal electron transfer process to occur.

5.2.2 Summary of paper IV
The influence of attached solvent molecules on the branching ratio between
NH3 loss and N-Cα bond cleavage is addressed in more detail in paper IV.
In this study, we investigated the fragmentation of [GA+H]+ and [AAA+H]+

(G = glycine, A = alanine) monocations (see Fig. 3.6) and how the differ-
ent dissociation channels depend on the number of attached water (H2O),
methanol (CH3OH), acetonitrile (CH3CN) or crown ether molecules. In the
case of the tripeptide, only solvation with methanol was studied. The choice of
these small monocations is motivated by the fact that most theoretical studies
consider singly charged peptides but hardly any results from electron capture
experiments are available due to difficulties in fragment detection. Here, we
applied the so-called charge reversal (+CR−) technique in which neutral prod-
ucts from a first collision may capture an electron in a secondary collision and
become negatively charged (see chapter 4.2) [53]. In this way it is possible to
analyze neutral fragments of the initial ECID event.

Some of the negative ion spectra obtained with this technique are shown
in Fig. 5.7. Here, we focus on the competing z− (m/z = 73) (see Fig. 3.7
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for the nomenclature) and [GA+H-NH3]− (m/z = 130) fragments. These are
believed to stem from ECID of the peptide and secondary collisions with Cs
transforming them into anions. The y− ions are most likely due to backbone
cleavage in a CID process and subsequent electron capture in a secondary
collision between the neutral y fragment and a Cs atom.
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Figure 5.7: Spectra of negative ions from charge reversal (+CR−) collisions between
the petide cation (complex) indicated to the left and Cs, at a collision energy of 50
keV. The fragment peaks that stem from ECID of the peptide (ammonia loss, z− due to
N-Cα bond cleavage) are highlighted.

We find that the branching ratio between the two ECID channels is very
sensitive to the type of attached solvent molecules. If the peptide forms a
cluster with water or methanol molecules, then more fragments due to am-
monia loss are detected than such from backbone cleavage. This is just the
opposite to the case of the bare protonated peptide (cf. Fig. 5.7). The same ef-
fect is found already for complexes with only one water or methanol molecule
(see Fig. 3 in paper IV). This observation is also in agreement with results
from ECID studies on doubly protonated dipeptides showing that microsolva-
tion by methanol increases the probability for ammonia loss while backbone
cleavage is reduced [71]. Our +CR− measurements of fragments from colli-
sions between the tripeptide complexes [AAA+H]+(CH3OH)n (n= 0−3) and
Cs also confirm this pattern (cf. Fig. 5 in paper IV). Again we find that NH3-
loss is enhanced compared to the z fragments (in this case two) from N-Cα

bond cleavage as soon as a methanol molecule is attached. The ratio between
z−1 and z−2 , however, is not influenced.
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Our interpretation of this behavior is that the internal energy of the complex
is decreased by the evaporation of solvent molecules, similar to the model dis-
cussed above (see section 5.1.2). The binding energy of one H2O molecule is
about 0.4 eV [72] and as a consequence of this cooling less energy is available
for the fragmentation of the peptide itself. The dissociation channels requiring
the least energy may thus be favored while those with higher barriers may be
almost completely switched off. This scenario has been proposed by Prell et
al. [73] who recently performed an ECD experiment with the hydrated, doubly
protonated tripeptide KYK. They [73] measured fragment spectra as function
of the number of attached water molecules and used this information to obtain
the recombination energy of the peptide and appearance energies for different
dissociation pathways. For N-Cα bond cleavage leading to radical z+•2 frag-
ments (the • indicates the unpaired electron) they estimate the required energy
to be about 1.8 eV [73], whereas, according to calculations, the barrier asso-
ciated with ammonia loss is only about 0.4 eV [74].

However, if the attached molecule is acetonitrile or crown ether, we ob-
serve a completely different pattern which is not consistent with this evapora-
tion picture. When one CH3CN is added, the ratio between detected NH3 loss
and z− fragments remains unchanged. By attachment of two acetonitrile or
complexation with crown ether, however, the ammonia loss channel is almost
completely closed (cf. Fig. 5.7). A possible explanation for this behavior is the
influence of these molecules on the electronic structure of the peptide. Calcu-
lations show that the attached crown ether leads to a shift of the singly occu-
pied molecular orbital (SOMO) in [GA+H]•(CE), which is illustrated in Fig.
3.9. Also in the case of [GA+H]•(CH3CN)2 the SOMO is shifted towards the
peptide group, in contrast to the complexes with water or methanol molecules
where the electron density remains high at the N-terminal (cf. Figs. 5.8 and
3.9). This difference may be due to the larger dipole moment of acetonitrile.

The calculated stuctures are based on the ones found by Kohtani et al. [44]
and have been obtained at the B3LYP/6-311++G(d,p) level of theory, assum-
ing vertical electron attachment to the cation. This is justified since the cap-
ture process occurs on a fs timescale, i.e. much faster than the geometrical
relaxation of the molecule. However, this picture does not tell the whole truth
about the fragmentation process. In order to explain the dissociation of the
peptide and the competition between different channels one has to calculate
how the electronic structure develops with time, locate the transition states,
and determine the rate constants. One may even have to include the second
electron capture collison in order to describe the overall picture. These tasks
are computationally very demanding and beyond the scope of this thesis, but
have been adressed by, e.g., Tureček et al. [75] for similar systems. Despite
their limitations, the calculations presented here may still give valuable hints
for a better understanding of the dissociation mechanisms following electron
capture in a solvent environment.
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[GA+H]• (CH3OH)2 [GA+H]• (CH3CN)2

Figure 5.8: Singly occupied molecular orbitals (SOMOs) of the neutral
radicals formed in vertical electron attachment to [GA+H]+(CH3OH)2 and
[GA+H]+(CH3CN)2 illustrating how the electronic structure changes due to differ-
ent solvent molecules.

Thus, an import conclusion from the seemingly contradicting experimental
results is that the dissipation of energy by solvent evaporation is not the only
influence on the fragmentation behavior, but that also the change in electronic
structure due to the attached solvent molecules may be crucial for ECID.

5.2.3 Summary of paper V
In the work presented in paper V, we studied the relation between fragmenta-
tion of doubly protonated pentapeptides and their conformation, by means of
ECID experiments and molecular structure calculations. The peptides used in
this study are all composed of one lysine (K) and either four glycine (G) or
four alanine (A) residues but with different sequences of the building blocks.
Depending on the position of lysine, we thereby varied the molecular structure
and the distance between the two charges, located at the N-terminal amino
group and the lysine side chain. Additionally, we studied the influence of
crown ether complexation which changes the molecular geometries by pro-
hibiting internal hydrogen bonding.

The experiment has been carried out in Aarhus using the SEP I tandem mass
spectrometer setup (cf. chapter 4.2). In Fig. 5.9, two examples for the frag-
ment ion spectra obtained in 100 keV collisions with Cs vapor are displayed.
The intensities of the [KXXXX+2H]2+ parent ions with mass-to-charge ra-
tios of 216 (X=A) and 188 amu (X=G), respectively, are off scale. The two
peaks to the far right correspond to the loss of hydrogen (-H) or ammonia (-
NH3) after capture of an electron. Further, we observe fragments due to the
characteristic cleavage of N-Cα bonds in ECID (cf. lower part in Fig. 5.9).
For all peptides in this study we find that fragmentation may occur at any
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Figure 5.9: Fragment ion spectra for 100 keV [KXXXX+2H]2+ + Cs collisions (top:
X=A, center: X=G). The intensities of the parent ion peaks are off scale. The inset in
the upper picture shows a zoom-in on the c+2 fragment peak. The peaks at 315 (X=A)
and 273 amu (X=G) probably correspond to the a+4 fragments from collision induced
dissociation. Below the spectra, a schematic structure of the peptides is shown. The
relevant backbone cleavage sites and the fragment nomenclature are indicated.
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Figure 5.10: left: Probabilities for cleavage of the different N-Cα bonds. The diagrams
are normalized in such a way that the total intensity for each species adds up to one.
Error bars are due to statistical uncertainties. right: Inverse distances between the
different amide oxygen atoms and the nitrogen at the lysine side chain, assuming the
molecular geometries shown in Fig. 5.11.

N-Cα position along the backbone. We only detect the fragments containing
the lysine residue which carries the remaining charge due to the higher proton
affinity [76]. In the case of the [KXXXX+2H]2+ peptides shown in Fig. 5.9,
this means that the whole series of c+ ions is produced, but no z+ ions. Weak
contributions due to collision induced dissociation (CID) may be present in
the spectra as well (cf. [71]). The same type of fragments are obtained when
two 18-crown-6 ether (CE) molecules are attached to the peptide ions. CID
fragments are more abundant for the weakly bound complexes, especially the
loss of one CE is a strong channel in these cases (cf. Fig. 3 in paper V).

Comparing the relative intensities of different fragmentation channels for
the different peptides, some interesting features are revealed. Concerning the
ammonia-loss channel, Holm et al. [70] have found that the NH3 mainly origi-
nates from the protonated N-terminal, upon electron capture to this site, which
is consistent with theory [74]. Looking at this channel, we find that it is much
weaker in the case of XKXXX compared to the other peptides (cf. Table 1 and
Fig. 4 in paper V). Its ratio relative to backbone cleavage is almost as low as
in the case of the CE-complexes, where the probability of electron capture to
the N-terminal is reduced due to the attached CE.
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Furthermore, the XKXXX peptides reveal an exceptional behavior also con-
cerning backbone cleavage. In the left part of Fig. 5.10, the relative intensi-
ties for breakage of the different N-Cα bonds are compiled. In the case of
XKXXX, cleavage of the first N-Cα bond is dominating, with a decreasing
propensity towards the C-terminal, while the opposite trend is observed for
KXXXX and XXKXX.

The position at which N-Cα bond cleavage occurs is, according to the
Utah-Washington mechanism for ECD [49,51], very much determined by the
peptide conformation and the resulting Coulomb stabilization of the different
amide π∗ orbitals by nearby charges. Depending on this Coulomb stabiliza-
tion, which is proportional to the inverse distance between the charged site
and the amide oxygen, the probability for transfer of an electron to an amide
π∗ orbital and subsequent cleavage of the corresponding N-Cα bond may be
enhanced. And indeed, we obtain very different fragment distributions when
two crown ethers are attached to the parent ion prohibiting its folding, which
indicates that the molecular conformation is crucial for the fragmentation of
the peptides (cf. Fig. 5 in paper V).

In order to find an explanation for the observed fragment distributions we
thus performed molecular structure calculations using the Gaussian 09 pro-
gram [55]. The most stable isomers for X=G found in our sampling and opti-
mization procedure are shown in Fig. 5.11 a)-c). When analyzing the Coulomb
stabilization of the amide π∗ orbitals provided by the two charged sites, we
find that the contribution of the protonated N-terminal is the same for all struc-
tures (see Fig. 6 in paper V) while the influence of the charge at the lysine side
chain differs depending on the amino acid sequence. Interestingly, in the case
of KXXXX and XXKXX, the inverse distances between the protonated site at
the lysine side chain and the amide oxygen atoms seem to be correlated with
the propensity for cleavage of the corresponding N-Cα bond (see Fig. 5.10).
This indicates that it is the contribution from this site which determines the
fragmentation behavior in these peptides and that it may be explained by a
simple electrostatic picture. To the best of our knowledge, such a correlation
has not been studied before. Since high level molecular structure calculations
are difficult to perform for larger peptides, these experimental data may pro-
vide particularly important information about the conformation of peptides.

However, there is no such correlation for the most stable [XKXXX+2H]2+

structure found in our sampling procedure. A conformation with the lysine
chain oriented towards the first amide oxygen might be an explanation for the
strong propensity for cleavage of the first N-Cα bond, but no such structure
with energy low enough to be important has been found. However, there are
several corroborative hints for an isomer with the first amide oxygen as pro-
tonation site, which is surprising for these comparatively small peptide dica-
tions. A structure like the one shown in Fig. 5.11d) would not only explain the
high intensity of z+4 fragments due to cleavage of the first N-Cα bond, but also
the low ratio of NH3 loss. Although it is not the most stable isomer, we cannot
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Figure 5.11: Most stable molecular structures found in our sampling and optimized at
the B3LYP/6-311G+(d,p) level of theory: a) [KGGGG+2H]2+, b) [GKGGG+2H]2+,
and c) [GGKGG+2H]2+. These geometries are taken into account for the evalua-
tion of the Coulomb stabilization of the different amide oxygen sites (numbered) pro-
vided by the protonated lysine chain (marked with ∗). In panel d), a structure of
[GKGGG+2H]2+ with protonation at the first amide oxygen, instead of at the N-
terminal, is shown (see encircled parts in b) and d)). The electronic energy of this
structure is 0.137 eV (3.16 kcal/mol) higher than of the one shown in b).

exclude the presence of such a structure in our parent ion beam and a signifi-
cant contribution to the total fragmentation yield. A more accurate prediction
of the isomer composition of the beams, however, would require much more
extensive computational efforts which are beyond the scope of this work.
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5.3 Concluding remarks
The results from the biomolecular fragmentation experiments presented in
this thesis clearly demonstrate the importance of external effects due to
surrounding solvent molecules. By systematically changing the number and
types of attached molecules, crucial consequences for the fragmentation of
the biomolecule itself could be revealed. One important general effect is the
dissipation of internal energy by evaporation of the loosely bound solvent
molecules from the complex. Depending on the initial size of the cluster,
certain dissociation channels become very unlikely and the biomolecule may
thereby be protected from damage. A striking demonstration of this effect is
the experiment on collision induced dissociation of hydrated AMP− included
in paper II, but also in the case of peptides this effect has been observed (cf.
paper IV, [73]). It is assumed that this is a completely statistical process
which may be utilized to, e.g., determine recombination energies [73]. In
papers I and II, we thus applied a simple statistical model in order to simulate
the sequential loss of solvent molecules and to obtain information about the
ranges of internal energy needed for fragmentation within the experimental
time scales.

Another consequence of the solvent environment is the influence on the
geometrical and electronic structure of the molecule. Weak internal bond-
ing and folding may be prohibited by the attachment of solvent molecules.
This has also influences on the electronic structure, which may be extensive
as shown by the calculations performed for the GA dipeptide. Experiments
probing dissociation upon capture of an electron are particularly sensitive to
such changes of the electronic structure, and the results presented in paper IV
indeed indicate an influence on the fragmentation pattern.

The solvent molecules may also provide dielectric screening of a charged
site. This is presumed to play a role in, e.g., the formation of nucleotide dian-
ions, where it has been found that the cross section increases with increasing
number of water molecules attached. We also observed that dianion forma-
tion always leads to the loss of an H-atom, but the importance of this possi-
bly harmful damage in a larger context like a whole chromosome in vivo is
far beyond this study. Radiation damage of biomolecules in their natural en-
vironment involves many complex mechanisms, including repair processes.
However, the study of the isolated building blocks or small clusters in the gas
phase is an important step to comprehend the overall picture.

Also the fragmentation of protonated peptides following capture of an elec-
tron is an intensively studied but still not fully understood process. More ad-
vanced studies of model peptides and clusters with systematically controlled
solvent environments, both in experiments and computationally, may provide
new insights into the mechanisms involved in the characteristic breakage of
the peptide backbone.
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In order to improve the techniques used in the experiments reported here
and to perform more detailed studies of biomolecular fragmentation, we have
developed and constructed new experimental setups (see Part II of this thesis).
With more intense ion beams and a more efficient production of larger clus-
ters it will be possible to study processes with small cross sections more easily.
Bunching of the ion beam allows for efficient injection into ion traps or stor-
age rings like the new Double ElectroStatic Ion RingExpEriment (DESIREE),
currently under construction at Stockholm University, which offer a variety of
experimental possibilities. For instance, collisions between anions and cations
will be studied in merged beam experiments in DESIREE where the ions col-
lide with low, well-defined relative velocities. After the merging section, neu-
tral fragments are detected. Concerning the fragmentation of peptides, this
may complement current methods for probing the ECD-related electron trans-
fer dissociation (ETD), usually performed in radio frequency quadrupole traps
with simultaneously stored positive and negative ions [77, 78].

In DESIREE, which may be cryogenically cooled, we particularly aim for
collision experiments with cold biomolecular and cluster ions with well de-
fined conformations. Additionally, an ion trap for the preparation and storage
of cold ions is installed directly on the new ion source platform, which also
may be used as a versatile stand-alone experiment. Controlling the internal
energy of the ions prior to the collision will faciliate the determination of en-
ergy transfer in the collision, recombination energies or appearance energies
for particular fragments. For, e.g., peptides the geometrical structure of the
molecule may be crucial for its fragmentation behavior. Large systems, and
especially non-covalent clusters with solvent molecules, usually have many
possible geometries available at room temperature. Here, cooling may allow to
limit the diversity of isomers and thereby faciliate the interpretation of exper-
imental results. The cooling may further enable studies of very weakly bound
systems, e.g. certain anions. There are numerous possibilities with these new
instruments and in chapter 8 the perspectives will be reviewed.
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Part II:
Development of new tools for gas phase colli-
sion experiments with complex molecular ions





6. A new versatile ion source and
trap setup

At Stockholm University we have built a new ion source platform for prepar-
ing intense beams of complex ions, with options of accumulation, pulsing and
cooling of mass selected beams. It is planned to use this versatile apparatus for
a variety of collision and fragmentation experiments involving cold molecular
ions, both as a stand-alone setup and as part of a larger system. Biomolecu-
lar and other complex molecular ions, such as e.g. C−60, will also be used in
many of the planned experiments in the DESIREE (Double ElectroStatic Ion
Ring ExpEriment) facility at Stockholm University (see chapter 7). The ma-
chine described here is thus also intended to be used as an injection system for
these experiments. In order to meet the beam requirements for DESIREE, we
aim to produce short (<10 µs) and intense (>106 ions) pulses, even of large
biomolecular ions and covering a wide mass range. In this chapter, first, some
background about the basic operating principle of devices using radio fre-
quency (RF) fields is provided. Such devices are very useful tools for guiding,
trapping and mass selection of slow ions. Then an overview of the complete
setup will be given. The different parts of the apparatus are described in detail,
including test results. The chapter concludes with considerations about future
improvements and further developments.

6.1 Ion motion in inhomogeneous RF fields
This section is intended to give a brief introduction to the principle of op-
eration of devices using fast oscillatory (RF) fields to guide or confine ions.
The focus is on the devices used in our setup, i.e. the quadrupole mass filter
and linear multipoles used as ion guides and traps. A much more detailed and
extensive description can, e.g., be found in the review by Gerlich [79].

The equation of motion of a charged particle in an inhomogeneous RF field
is

m
d2~r
dt2 = q~E0(~r)cos(Ωt +δ )+q~Es(~r), (6.1)

where m and q are the particle’s mass and charge, respectively, ~E0(~r)cos(Ωt +
δ ) is an inhomogeneous oscillatory electric field with amplitude ~E0, frequency
Ω and phase shift δ , and ~Es(~r) is a static electric field.
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In general, analytical solutions of equation 6.1 do not exist. However, if the
spatial variation of the electric field is small and the frequency is high, one
may obtain approximative solutions using an ansatz with a superposition of a
smooth drift term and a rapid oscillation,

~r(t) = ~R(t)+~a(t)cos(Ωt), (6.2)

where ~R(t) is the guiding center motion and~a(t) = q~E0/mΩ2 is the amplitude
of the wiggling motion. Assuming that ~a(t) and ~R(t) vary slowly with time
(~̇a << Ω~a, ~̈R << Ω~̇R) and averaging over time, the oscillatory motion can-
cels out and the following differential equation for the guiding center motion
remains (the static field and δ are chosen to be zero):

m
d2~R
dt2 =− q2

4mΩ2
~∇|~E0(~R)|2. (6.3)

with the ~∇ operator acting with respect to ~R. That is, in an inhomogeneous
oscillatory field, a charged particle experiences the so-called field gradient
force which always acts towards regions of weaker fields.

Including an electrostatic field ~Es(~r) =−~∇Φs, one can express the average
force acting on the ion as

m
d2~R
dt2 =−~∇V ∗(~R), (6.4)

with a time-independent mechanical potential V ∗,

V ∗(~R) =
q2|~E0(~R)|2

4mΩ2 +qΦs, (6.5)

called the effective potential 1. Solving equation 6.4 is usually easier than
equation 6.1 since it is not explicitly time-dependent. In contrast to electro-
static fields where no real potential minima exist, RF fields can be found such
that the effective potential has two- or three-dimensional minima. Such oscil-
latory fields are therefore well suited for trapping and guiding of slow ions.
Note that V ∗ is proportional to q2 and thus independent of the sign of the
charge, which enables the simultaneous confinement of positively and nega-
tively charged particles. For the present applications, however, this property is
not employed.

The range of validity for this effective potential approximation is given by
the adiabaticity parameter

η(~R) =
2|q||~∇|~E0(~R)||

mΩ2 . (6.6)

A widely used practical criterion for stable ion confinement and adiabatic con-
servation of energy is η < 0.3 [79], i.e. the RF frequency has to be sufficiently
high for a given field inhomogeneity and ion mass and charge.

1other commonly used names are high-frequency potential, quasipotential, or pseudopotential
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6.1.1 Quadrupole mass filter
The quadrupole mass filter has been developed in the 1950s by Wolfgang Paul
and co-workers [80–82]. In this device one not only employs the focusing ef-
fect of a high-frequency quadrupole field but also the stability properties of the
fast oscillatory ion motion. The extension of the method to three dimensions
resulted in the famous Paul trap. 2

The ideal quadrupole potential (2-dim.) is:

Φ(~r, t) = Φ0(t) ·
x2− y2

r2
0

, (6.7)

with the inscribed radius r0, and

Φ0(t) =U−V · cos(Ωt) (6.8)

being the potential on the hyperbolic electrode surfaces. Here, U is a DC po-
tential and V is the amplitude of the oscillating contribution with frequency
Ω. In reality, circular rods are used instead of ideal hyperbolic electrodes (cf.
Fig. 6.1). Including the effect of a grounded housing and the finite length of
the rods, the following relation between r0 and the rod radius, R0, is used in
order to approximate the ideal quadrupole field: R0/r0 = 1.1468 [83].

x

y

z

- Φ0

+ Φ0

2R
0

2r
0

Figure 6.1: Schematic
of a linear quadrupole
with circular rods.

Among the various electrode configurations, the quadrupole is a special
case since the equation of motion

m
d2~r
dt2 +q~∇Φ(~r, t) = 0 (6.9)

can be written as a set of decoupled one-dimensional differential equations.
By defining the dimensionless parameters

ξ =
Ωt
2
, ax =−ay =

8qU
mr2

0Ω2 , qx =−qy =
4qV

mr2
0Ω2 , (6.10)

2For this achievement, W. Paul shared the 1989 Nobel Prize in Physics.
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Figure 6.2: Stability diagram for a two-dimensional quadrupole in (au,qu)-space. The
first region of simultaneous x- and y-stability (I) is highlighted.

Figure 6.3: Enlargement of the first stability region in RF-DC space for m/z=28, 69
and 219 amu, assuming a 2R0 = 9.5 mm quadrupole operated at 1.2 MHz. The lower
portion of the figure represents the peak widths resulting from a scan line passing into
and out of the stability regions for each of the masses. With a linear scan line through
the origin, i.e. constant DC to RF voltage ratio, peak widths increase with increasing
mass (solid line). In order to achieve constant peak width across the mass range, a
curved scan line may be applied (dotted line) [84].
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equation 6.9 can be expressed in the following form

d2u
dξ 2 +(au−2qucos(2ξ )) ·u = 0 with u = x,y (6.11)

known as Mathieu equations 3.
Stable solutions of these equations, i.e. ion trajectories with limited ampli-

tudes in x- and y-direction, are possible for certain combinations of au and qu.
These are illustrated in the stability diagram in Fig. 6.2, where the three lowest
regions with overlapping x- and y-stability are numbered I-III. Usually, only
region I is of relevance for practical applications in quadrupole mass spec-
trometry. In Fig. 6.3, a zoom-in on this first area is shown for three different
ion mass-to-charge ratios. Here, the diagram has been transformed back to
(U ,V )-space using eqs. 6.10 and the quadrupole parameters given in the figure
caption. The ion charge is expressed by multiples of the elementary charge,
i.e. q = z · e with an integer z and e = 1.6021188 ·10−19 C.

In order to obtain a mass spectrum, U and V are usually varied simulta-
neously, describing a scan line passing into and out of the stability regions
for different m/z values (cf. Fig. 6.3). In the simple case of a linear scan line
with constant U/V ratio, the mass resolution simply depends on the slope of
this line. The peak width, however, increases with increasing m/z due to a
geometrical effect. For constant peak width in the mass spectrum one may
therefore scan along a curved line. If the (resolving) DC voltage is kept zero,
the quadrupole acts as ion guide and high-pass filter with the m/z-cutoff de-
pending on the RF amplitude.

6.1.2 Higher multipoles, ion storage, and buffer gas cooling
For trapping and cooling of molecular ions, as well as ion guiding, one usually
uses linear multipoles which are of higher orders than the quadrupole [79,
85]. Ideally, these devices consist of 2n infinitely long hyperbolic electrodes
arranged in a circle defining an inscribed radius r0. In cylindrical coordinates,
the two-dimensional time-dependent electrical potential for such a multipole
configuration is then given by

Φ(r,φ , t) =V · cos(nφ)

(
r
r0

)n

sin(Ωt), (6.12)

where V is the RF amplitude and Ω the angular frequency. As for the
quadrupole, the hyperbolic boundary conditions of other multipoles are
usually approximated by electrodes with circular cross section. Good
approximations are obtained with rods fulfilling the condition [79]

R0/r0 = 1/(n−1), (6.13)

3introduced by the mathematician Émile Léonard Mathieu in 1868 to describe vibrating mem-
branes
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where R0 is the radius of the rods.
For multipoles higher than n = 2, the equations of motion become non-

linear differential equations and the x- and y-motion are no longer decoupled,
which makes it hard, or even impossible, to find analytical solutions. Instead,
the ion motion is generally characterized within the effective potential approx-
imation. Further, these devices are almost always used in an RF-only mode
since a DC contribution destroys the rotational symmetry of the effective po-
tential V ∗. Thus it is generally possible to confine different ions within a large
relative mass range. In radial direction, V ∗ depends exponentially on the num-
ber of poles, 2n,

V ∗(r) =
q2n2V 2

4mΩ2r2
0
(r/r0)

2n−2. (6.14)

For the higher multipoles this results in a wide effective potential minimum
with steep walls. These properties make these configurations best suited for
guiding and storage of ions.

A large almost field-free region and steep effective potential walls may also
be obtained by a stack of ring electrodes. In this alternative configuration,
opposite polarity of the RF potential is applied to adjacent rings as illustrated
in Fig. 6.4. The effective potential for such an electrode configuration depends
on the inner diameter, 2ρ , and the (center-to-center) distance between two
rings, d, and is given by the following relation [79]:

V ∗(r,z) =
q2V 2

4mΩ2δ 2

[
I2
1 (

r
δ
)cos2(

z
δ
)+ I2

0 (
r
δ
)sin2(

z
δ
)
]
/I2

0 (
ρ

δ
) (6.15)

Here, z is the dimension along the axis of the ring electrode assembly, δ = d/π

is a length parameter, and I0 and I1 are modified Bessel functions of zero and
first order, respectively.

r

z

- Φ
0

+ Φ
0

d

2ρ
Figure 6.4: Schematic
of an RF ring electrode
trap or ion guide.

Due to the modified Bessel functions in eq. 6.15, V ∗ increases proportional
to er. Thus it is possible to get effective potentials with large almost field-
free areas and steep walls even with a relatively simple mechanical design.
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However, in order to obtain a wide effective potential minimum in the center,
d should be small compared to ρ . Another advantage of ring electrode stacks is
that it is easier to superimpose a DC field in axial direction, e.g. to extract ions.
In our setup, such electrode configurations are applied in the cryogenically
cooled ring electrode trap (RET) and the ion funnel.

One important feature of RF traps is the possibility to cool molecular ions,
both their translational and the internal rovibrational motion, by collisions
with a cold buffer gas [85, 86]. This gas, usually He, is in thermal equilib-
rium with the cooled walls and electrodes of the trap. Simulations indicate
that already a few elastic collisions with the buffer gas may be sufficient for
the trapped ions to thermalize translationally with the gas in the trap [85].
For buffer gas number densities in the range of 1015 cm−3 (corresponding to a
room temperature equivalent pressure of 0.1 mbar), typical cooling time scales
are thus in the µs range. However, the rates for inelastic collisions needed for
internal cooling are often much smaller, resulting in longer time scales for
rotational and vibrational cooling. In order to avoid RF heating, ion traps for
buffer gas cooling should feature a large almost field-free volume. These re-
quirements are met by higher order RF multipoles like a ring electrode con-
figuration or the widely used 22-pole [87].

Using a cold buffer gas, cooling of biomolecular ions to a few Kelvin has
been demonstrated (see e.g. [88]). With other techniques, even subkelvin tem-
peratures have been obtained, e.g. by sympathetical cooling with laser-cooled
barium ions [89]. However, with this technique, only the translational motion
can be controlled. Thus, it cannot be applied to rovibrationally cool molecular
ions.

In RF devices, collisions with neutral gas atoms and molecules are not
only employed for cooling purposes in connection with ion trapping. In the
early 1990s, Douglas and French [90] found that the transmission of RF-only
quadrupole ion guides increases at elevated gas pressures. For low energy ions,
a transmission maximum at a comparatively high pressure of 1 ·10−2 mbar has
been reported [90]. This somewhat surprising result is ascribed to a collisional
focusing effect. Due to the loss of energy in collisions with background gas
particles, the ions move closer to the center of the RF device where the ef-
fective potential is lowest [91]. In the present work, this effect of phase space
compression of an ion beam by residual gas collisions is mainly employed in
the ion funnel (see section 6.2.2), a ring electrode configuration with decreas-
ing inner diameter. With this device, ion beams can be effectively focussed
at background gas pressures up to tens of mbar, and even in the presence of
strong gas dynamics (see e.g. [92] for a review of this technique).

67



6.2 Overview of the new ion source platform
The new setup basically consists of an electrospray ion source (ESI) (for the
ESI operating principle see chapter 4.1), an electrodynamic ion funnel, an oc-
tupole accumulation ion trap, a quadrupole mass filter, a quadrupole bend and
a cryogenic RF ring electrode trap (RET) on a high voltage platform. Here, an
overview of the complete system will be provided, as well as details concering
the design and the properties of the main elements. Results of tests and param-
eter studies performed in order to characterize and optimize the system are
presented as well. A detailed drawing of the complete system is shown in Fig.
6.5. Besides the elements mentioned above, there are additional electrostatic
ion optical elements such as lenses, deflectors, and electrodes for acceleration
or deceleration. In the drawing, also various holders, insulators and spacers
for mounting purposes, as well as a detector for beam diagnostics, are shown.
The ESI and an octupole ion guide, i. e. parts a) and d) in Fig. 6.5, have orig-
inally been built at the Manne Siegbahn Laboratory in Stockholm, following
the design and configuration of the ESI in Aarhus (cf. Fig. 4.3). These parts
were first used on a test beam line, where they have been gradually upgraded
and finally moved into a new lab in the Albanova building in February 2010.
Here, the complete setup has been assembled on a high voltage platform as
part of the new DESIREE facility. A photograph of this platform is shown in
Fig. 6.6.

The vacuum chamber is divided into several differentially pumped sections.
A gate valve (VAT, Switzerland) after the third section allows for venting, and
cleaning, of the source region without breaking the vacuum in the regions fur-
ther down-stream. The whole system, and in particular the interfaces between
different elements, have been designed in such a way that complete sections
can be removed or interchanged. Such a modular system simplifies construc-
tion and makes the setup more versatile. It also allows to use only parts of the
system, which may be sufficient for certain applications. The different parts of
the vacuum chamber are supported by mounts which can easily be moved on
the bench where the whole apparatus is placed. This also supports the flexibil-
ity and modular character of the assembly. The complete system, including all
pumps, the cryo generator, power supplies and other electronics, is presently
mounted on a high voltage test platform which can be floated up to 20 kV with
respect to ground.

In Fig. 6.7, a possible timing scheme is shown for the production of a pulsed
beam of cold molecular ions with this setup. However, many different scenar-
ios are possible, such as reverse polarity for negative ions, multiple injection
from the pre-trap to the RET, or deflection of sampled pulses towards the de-
tector for beam monitoring.

The arrangement of the elements in the way reported here is, to the best
of our knowledge, unique, but similar systems have been built by the groups
of T. Rizzo in Lausanne [88, 93], A. Fujihara in Kobe [94], Japan, and K.

68



a

b

c

d

e

f

g

h

i

j

g

1.4 m

1
.0

 m

experiment

Figure 6.5: Drawing of the complete injection system on the high voltage platform:
a) heated capillary of the ESI source (the needle is not shown), b) ion funnel, c) oc-
tupole accumulation ion trap, d) octupole ion guide, e) gate valve, f) quadrupole mass
filter, g) ion optical elements for acceleration/deceleration, focusing and steering, h)
quadrupole bender, i) cold ring electrode trap (RET) mounted to the cold head of the
cryogenerator, j) open electron multiplier ion detector mounted on the remaining arm
of the quadrupole bend chamber (opposite to the RET) to measure the ion intensity
before and after cooling.
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Figure 6.6: Photograph of the complete setup installed on the high voltage platform.

Asmis in Berlin [95, 96]. However, their machines are optimized for laser
spectroscopy experiments with (bio)molecular ions inside a cryogenic trap
and do not primarily aim at the production of intense pulses of cold molecular
ions for keV ion-atom collisions or storage ring experiments.

6.2.1 Electrospray
Our electrospray ion source consists of a stainless steel needle and a heated
stainless steel capillary. The needle is situated outside the vacuum chamber
and acts as a spray tip. It contains the sample solution which is replenished
by a syringe pump via a fused silica wire. A flow rate of typically 1.0 to 2.0
µl/min is used with this configuration. The sample solutions used for the tests
reported here all contain an amino acid dissolved in 50:50 water:methanol
with 5% acetic acid. A typical concentration is 10 mmol/l. The needle is
placed 5 mm away from the capillary and biased at ∼2.5 kV with respect
to this vacuum interface. With these values, stable and intense beams have
been obtained which have not been very sensitive to minor changes of the
source parameters. However, the results by J. S. Page et al. [97] indicate that
it might be advantageous to decrease the distance between spray emitter and
capillary. This might be worth testing for molecules where it is difficult to
produce intense ion beams by ESI.
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Figure 6.7: Example for a timing scheme for the production of a pulsed beam of cold
molecular ions: After extraction from the octupole accumulation trap, the (mass se-
lected) ions are deflected by the 90 degree bend and reach the cold RET where they
thermalize with the He buffer gas. When the He pressure is sufficiently reduced, the
ions are extracted from the RET. In the mean time, the polarity of the quadrupole bend
has been switched by switching the voltages applied to the two pairs of corner (C)
and shim (S) electrodes, VC and VS, thus deflecting the ions towards the experiment or
storage ring.
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Ions from the spray are transfered into the first vacuum stage through a
stainless steel capillary with 0.48 mm inner diameter and 130 mm length. It
has a resistive heater wire coiled around it and its temperature is typically
kept at 120 ◦C, which is measured with a thermocouple close to the exit of the
capillary. The heat ensures efficient evaporation of possibly remaining sol-
vent molecules in cases where these clusters are not desired. The capillary
is electrically insulated and biased at a voltage close to the one applied to the
first funnel electrode. A 1000 m3/h roots pump (Leybold-Heraeus WSU 1000)
backed by a 65 m3/h fore pump maintains a pressure of 2.5 ·10−1 mbar at the
lowest in this first pumping stage.

6.2.2 Ion funnel
The gas entering the first vacuum stage undergoes supersonic expansion and
ions emerging from the heated capillary are strongly influenced by this gas
flow. It is also a challenge to reduce the gas load in the following pumping
stage and at the same time transfer as many ions as possible. Different meth-
ods, mostly based on skimmer configurations, are used to meet these require-
ments [56,98]. The ESI which we used in Aarhus, for example, is based on an
arrangement where the ions are first focused by a tube lens and then sampled
by a skimmer with a 1.0 mm aperture (see Fig. 4.3). In addition, the capillary
is mounted slightly off-axis which reduces the gas flow into the next pumping
stage.

This sampling, however, is not very efficient and in order to improve trans-
mission and beam intensities from ESI, Shaffer et al. [99–101] have developed
an electrodynamic ion funnel device. Its working principle is based on colli-
sional focusing in co-applied RF and DC fields. In such a configuration, the
skimmer interface is replaced by a stack of ring electrodes with decreasing
inner diameters. A radially focusing effective potential is created by the RF
potentials applied to the rings, with opposite polarity on neighboring elec-
trodes (see chapter 6.1), while a DC field in axial direction guides the ions
towards the exit. These devices are usually operated at pressures between 0.1
mbar and several mbar. The motion of the ions is thus damped by a large
number of collisions with the residual gas, which enables ions in a wide m/z
range to be effectively focused and guided into the next differential pumping
stage. A drawback may be that these collisions may lead to an increase in
internal energy of the ions and possibly also fragmentation of weakly bound
complexes. A so-called jet disrupter electrode [102] in the center of the funnel
may be used to attenuate the directed gas flow and thereby further reduce the
gas load in the next vacuum stages.

The ion funnel technique has been continously improved and is nowadays
also available in commercial mass spectrometry systems. However, radio fre-
quency ion funnels are not only used in connection with electrospray ion-
ization and mass spectrometry. In experiments with radioactive isotopes, the
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same technique is used for efficiently extracting these rare ions from traps with
a relatively high buffer gas pressure [103,104]. In a recent review article, Kelly
et al. [92] have summarized the developments and the diverse applications of
ion funnels.

In our new setup, the first pumping stage contains an ion funnel which has
been designed and fabricated at Stockholm University, closely following the
simplified design of Julian et al. [105]. It consists of a series of 26 ring elec-
trodes, made of stainless steel, with a thickness of 0.5 mm, and 5 mm long
insulating spacers in between the electrodes. The first 11 rings have a con-
stant inner diameter of 38 mm. For the last 15 electrodes, the inner diameter
decreases linearly from 36 to 8 mm towards the exit of the funnel. An ad-
ditional DC electrode with a 2.0 mm orifice acts as conductance limiter. A
photograph of the funnel assembly is shown in Fig. 6.8. With this ion funnel
we increased beam intensities by at least an order of magnitude compared to
the initial skimmer interface.

Figure 6.8: Photograph of the ion funnel.
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Figure 6.9: Schematic drawing of the
RF and DC circuits.

An RF potential with opposite phase on adjacent electrodes is applied to
the rings via 1 nF coupling capacitors, creating the radially focusing pseudo
potential. This is superposed to a DC potential gradient along the axis of the
funnel provided by a voltage divider consisting of 10 MΩ resistors. The elec-
trical circuits are schematically shown in Fig. 6.9. The capacitors and resistors
are directly clamped to the electrodes by means of small screws and nuts. The
funnel is driven by an RF power supply (Ardara Technologies, Ardara PA,
USA) which provides RF voltages with variable amplitude and a frequency of
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Figure 6.10: Part of the setup as it has been used for test purposes, including an ESI
source, ion funnel, octupole trap and ion guide. An open multiplier detector terminates
the beam line after the quadrupole mass filter.

1.75 MHz. The two DC voltages are typically chosen such that the first funnel
electrode is on the same bias as the capillary and that a field of 0.6 V/cm is
created along the funnel axis. With the present capillary-funnel configuration,
however, this DC field seems to be of minor importance. We find that it works
well with both entrance and exit on the same bias, and even if a weak reversed
field is applied. This is probably due to a sufficiently high gas velocity in axial
direction dragging the ions towards the exit.

The tests of the ion funnel described below have been performed with an
open multiplier detector (ETP Electron Multipliers, Ermington NSW, Aus-
tralia) directly mounted behind the quadrupole mass filter, thereby terminat-
ing the beam line (see Fig. 6.10). The main purpose of these tests has been
to optimize different parameters such as RF and DC voltages and background
gas pressure. We find that the characteristics of our funnel in some aspects
differ from those reported in the literature [99–101, 106, 107]. This is most
likely due to the different geometry, especially the much larger distance be-
tween adjacent electrodes, resulting in differences in the effective potential.
This aspect will be discussed further in section 6.3 in the context of possible
future improvements.

In Fig. 6.11, the measured ion current for the protonated amino acid argi-
nine (m/z = 175) is shown as a function of RF peak-to-peak amplitude and
for two different RF frequencies, 915 kHz and 1.75 MHz. For the higher fre-
quency we obtain the better funnel performance and measure an increase in
beam current by about one order of magnitude when increasing the RF am-
plitude from 5 to 120 Vpp. This clearly demonstrates the focusing effect of
the effective potential in the ion funnel. The peak value in the 1.75 MHz

74



0 25 50 75 100 125 150 175 200
0.0

0.5

1.0

1.5

2.0
ArgH+

 

 

 1.75 MHz

 915 kHz

b
e
a

m
 i
n
te

n
s
it
y
 [
a
rb

. 
u
n
it
s
]

RF amplitude, V
pp

Figure 6.11: Ion beam intensity as function of RF amplitude and frequency for a beam
of protonated arginine (m/z=175).

case is estimated to correspond to an absolute ion current of the order of 0.1
pA. For higher amplitudes the intensity decreases again, an effect which is
most probably due to effective potential barriers at the funnel exit where the
inner diameter of the ring electrodes and their distance are of comparable
size [101, 106, 107]. For the lower frequency, this effect is even more pro-
nounced and the ion beam current decreases already for amplitudes higher
than 80 Vpp. This may be explained by eq. 6.15, which for r = 0, i.e. along
the axis, reads

V ∗(0,z) =
q2V 2

4mΩ2δ 2 sin2(
z
δ
)/I2

0 (
ρ

δ
). (6.16)

That is, the heights of the effective potential wells are proportional to 1/Ω2.
With eq. 6.16 one may also explain the different behaviors observed for ions
with different masses. In Fig. 6.12, measured ion currents for different proto-
nated amino acids are plotted as function of the RF peak-to-peak amplitude.
For ions with low m/z, the intensity falloff is shifted towards lower RF ampli-
tudes and the range of maximum ion transmission is smaller, which is partially
due to the 1/m dependence of V ∗(0,z). In addition, small, light ions are influ-
enced differently by the buffer gas dynamics due to differences in collision
cross sections and relative mass. The intensities in Fig. 6.12 are normalized
to the same peak value, but generally we find a better transmission for ions
with high m/z. Still, our open funnel geometry allows for a relatively good
transmission of glycine ions (m/z = 76), in contrast to funnel designs with
smaller apertures where low-m/z cutoffs in the order of a few hundred amu
have been reported [99,100]. However, Page and co-workers [108] have stud-
ied this in more detail and demonstrated that the low-m/z transmission limit

75



0 50 100 150 200 250
0.0

0.5

1.0

1.5

2.0

 

 

 GlyH+ (m/z = 76)

 LeuH+ (132)

 HisH+ (156)

 ArgH+ (175)

b
e
a

m
 i
n
te

n
s
it
y
 [

a
rb

. 
u

n
it
s
]

RF amplitude, V
pp

Figure 6.12: Ion beam intensity as function of funnel RF amplitude for four different
protonated amino acids: glycine, leucine, histidine, and arginine. The intensities have
been normalized to the same peak value. The RF frequency is 1.75 MHz.

mainly depends on the RF frequency (∝ 1/Ω2) and the axial DC field. They
showed that, for a given frequency, a decreased DC voltage gradient results in
a shift of the cutoff towards lower m/z values, whereas it is independent of the
RF amplitude [108].

Further, we have performed tests of the funnel performance under differ-
ent pressure conditions (see Figs. 6.13 and 6.14). The lowest pressure reach-
able with our equipment is 0.25 mbar. At this pressure we achieve the highest
beam current, measured after the quadrupole mass filter (see Fig. 6.10 for
the setup). When we increase the pressure by gradually reducing the pump-
ing efficiency at the funnel chamber by a manual valve, the measured beam
current decreases dramatically (cf. Fig. 6.13). The tests presented here have
been performed with a beam of protonated arginine, an amino acid with 175
amu, but the same effect is observed also for lighter or heavier species. Sim-
ulated ion trajectories have been obtained by using SIMION 8 and adapting
the therein available ion funnel model to our actual geometry and voltage
settings. This simulations include a hard-sphere collision model taking into
account elastic ion-neutral collisions with the background gas at a given tem-
perature and mean velocity. Even if this model may be oversimplified, we find
a good qualitative agreement between our measurement and a simulation of
the transmission properties of the ion funnel assuming a gas velocity along the
funnel axis of 120 m/s (cf. Fig. 6.13). These simulations indicate a maximum
of the transmission at a slightly lower background pressure than reachable
with our equipment, and a peak value of about 70%. These results have first
been surprising to us since 100% transmission at pressures up to tens of mbar
have been reported in the literature [92,106]. Simulations indicate that the re-
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Figure 6.13: Measured beam intensity for protonated arginine (m/z = 175) as a func-
tion of background gas pressure in the ion funnel region (black squares). The red dots
are simulated transmission probabilities, obtained by calculations using SIMION 8
and adapting the therein available ion funnel model to our actual geometry and volt-
age settings.
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Figure 6.14: Ion beam intensity (ArgH+, m/z = 175) as a function of RF peak-to-peak
amplitude at selected background gas pressures. The RF frequency is 1.75 MHz
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duced transmission is probably due to our simplified geometry with relatively
large ring distances (5 mm). A proposal for a modified funnel design solving
this problem is presented in section 6.3. In Fig. 6.14, experimental ion beam
intensities are plotted as a function of RF peak-to-peak amplitude at selected
background gas pressures. A weak shift of the maximum transmission range
towards higher Vpp is observed, which is in accordance with results in the
literature [100, 101, 107].

6.2.3 Linear octupole accumulation trap and ion guide
After the ion funnel, the ions pass a second pumping stage which contains
a linear RF-only octupole. Depending on the application, this device may be
used as an ion guide, for continous beam experiments, or as accumulation
trap for pulsed mode operation. The pressure in this region is typically 3 ·
10−2 mbar, achieved by a 35 m3/h rotary vane pump (Pfeiffer Duo 35, Pfeiffer
Vacuum, Asslar, Germany).

The ejection of ions from long linear multipole ion traps, like the one pre-
sented here, can be a difficult task and the ion bunch lengths from such traps
are generally quite long (few ms) if the axial extraction field is provided by
the end cap electrodes only. Therefore, this octupole assembly has been spe-
cially designed with ejection electrodes in order to facilitate extraction of short
pulses of ions from the trap [109]. A SIMION simulation of such a trap with
ejection electrodes has shown that ion pulses widths of about 200 µs can be
obtained with about 20 eV of energy spread [109].

Our octupole consists of 180 mm long circular rods with 6 mm diameter,
mounted in such a way that the inscribed circle has a diameter of 16.9 mm.
The RF signals (Ardara Technologies) applied to the rods have a frequency
of about 1.0 MHz and an amplitude of typically 250 Vpp. A DC bias, com-
mon to all eight electrodes, may be applied as well. In between the rods, the
(pulsed) ejection electrodes are located. These electrodes with T-shaped cross
sections and a curved profile in axial direction have been designed following
the specifications of Taban et al. [109]. This configuration results in a linear
axial potential in the trap when a voltage is applied to these ejection elec-
trodes during extraction of the ions. A photograph of the assembly is shown
in Fig. 6.15. The holders are made of poly(methyl methacrylate) (PMMA), a
transparent plastic material also known under the brand name Plexiglas. At
the entrance and exit of the ion trap/guide, DC electrodes with 2.0 mm and
1.5 mm orifice, respectively, act as both conductance limiters and end cap
electrodes confining the ions in axial direction.

The octupole accumulation trap is directly followed by a 158.5 mm long
octupole ion guide transporting the ions through another differential pumping
stage. This section of the beamline is pumped by a 360 l/s turbomolecular
pump (Leybold Turbovac 361) backed by a 10 m3/h rotary vane pump (Pfeiffer
Duo 10M), maintaining a pressure of 1 · 10−4 mbar. The eight circular rods
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Figure 6.15: Left: Cut view of the octupole trap assembly. Curved ejection electrodes
(orange) are placed between the octupole rods (green) in order to facilitate the extrac-
tion of short ion beam pulses. Right: Photograph of the octupole profile at the entrance
side with the T-shaped ejection electrodes situated in between the eight circular RF
electrodes.

of the ion guide, made of stainless steel, have a diameter of 2 mm and are
mounted to insulating holders (PMMA) defining an inscribed circle of 5.6
mm in diameter. The device is driven by two 2.4 MHz signals of opposite
phase and an amplitude of 160 Vpp. A DC offset of typically a few V may be
superposed to the RF voltage. At the exit of the ion guide, ions are focused by
a lens consisting of one cone-shaped electrode closely followed by a planar
ring electrode. The orifice of the first electrode has a diameter of 2.5 mm and
acts as a conductance limiter. By applying a ’blocking potential’ of a few V to
the second electrode and connecting an electrometer to the first one, a rough
measurement of the absolute ion beam current is possible at this point (note
that this is the total ion beam intensity before mass selection). For a spray
solution with arginine, typical currents measured here are between 40 and 50
pA.

6.2.4 Mass selection
The first section after the gate valve houses the quadrupole mass filter (see
chapter 6.1.1) with a m/z range of 2-4000 amu (3/8" Tri filter, Extrel CMS,
Pittsburgh, PA, USA). This region is evacuated by a 360 l/s turbomolecular
pump (Leybold Turbovac 361) backed by a 10 m3/h rotary vane pump (Pfeif-
fer Duo 10M), which results in a pressure of 2 · 10−6 mbar. The mass filter
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assembly also includes RF-only pre- and post-filters acting as ion guides and
improving ion transmission. A bias voltage is usually applied to all quadrupole
rods. In our case, pre- and post-filter are electrically connected. The poles
of the quadrupole mass filter itself are biased independently. The complete
quadrupole is enclosed by a grounded housing which is terminated by an in-
sulated entrance and exit lens with 7.4 mm apertures. The total length of the
assembly is 219 mm.

6.2.5 Quadrupole deflector
On their way from the quadrupole mass filter to the electrostatic quadrupole
bend, the ions are accelerated by typically 200 V, focused by an einzel lens,
and steered in transverse direction by four pairs of deflector plates. A photo-
graph of this electrode assembly is shown in Fig. 6.16. The acceleration stage
consists of a stack of ten ring electrodes, 2 mm thick and separated by 5 mm
long insulating spacers. These electrodes are connected via a resistor chain (9
x 1 MΩ) with the DC voltages applied to the first and last ring defining the
homogeneous acceleration field. After acceleration, an einzel lens consisting
of three 15 mm long elements, with 2 mm gaps in between, focuses the ions.
Finally, four pairs of deflector plates, each 19 mm long, not only allow for
a deflection of the beam but also for parallel shifts. All these electrodes are
mounted on four threaded rods as one stack, insulated from each other by alu-
minum oxide spacers. Such electrode assemblies are located at three of the
four quadrupole exits. Only the side opposite to the ring electrode trap, where
the detector is located, does not have these ion optical elements.

Figure 6.16: Photograph of the electrode assembly for acceleration, focusing and
beam deflection. Ions are accelerated in a homogeneous field provided by a stack
of ring electrodes, connected via a resistor chain. An einzel lens focuses the beam,
and four pairs of deflector plates enable precise steering of the ions. The complete
assembly is 212 mm long.
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Figure 6.17: Top: Photograph of the complete quadrupole deflector installed in the
vacuum chamber. Lower left: Photograph of the quadrupole deflector with four circu-
lar electrodes and four pairs of corner field shaping (shim) electrodes. At each of the
four exits, an einzel lens assembly corrects the focusing of the ion beam. Lower right:
Simulation of an ion beam bent by the quadrupole field.
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The electrostatic quadrupole deflector (Model QID-900-H, Beam Imaging
Solution, Longmont, CO, USA) deflects the incoming ion beam at right an-
gles (cf. Fig. 6.17). The two-dimensional quadrupole field is created by four
circular electrodes and four sets of shim electrodes, which correct for the devi-
ations from hyperbolic electrode surfaces and provide a better approximation
of the ideal two-dimensional quadrupole field [110]. At each of the four exits,
an einzel lens assembly focuses the ion beam and facilitates beam profile op-
timization. The quadrupole deflector is not mass selective but may be used as
an energy filter.

6.2.6 Cryogenic ring electrode trap
Our ring electrode trap (RET) consists of a stack of 30 electrodes with 20
and 40 mm inner and outer diameters, respectively (cf. Fig. 6.18). The elec-
trodes are made of 1 mm thick gold covered copper and are separated from
one another by three sets of 1 mm thick ceramic spacers, resulting in a full
geometrical trap length of 60 mm. The whole stack is fastened by three alu-
minum rods and mounted inside a copper housing. It is connected to the cold
head of a cryogenerator (Sumitomo Heavy Industries) with a provision to vary
the trap temperature between about 10 and 350 degrees Kelvin. This housing
also acts as the container for the buffer gas which is used to cool the ions. The
ion confinement in the radial direction is governed by the pseudo potential
created by the RF signals (1 MHz, 200 Vpp), with opposite phases applied to
adjacent electrodes, while the axial confinement is obtained by applying DC
potentials to the electrodes at both trap ends. With these parameters, the trap
may hold up to 3 ·106 ions.

Figure 6.18: Photograph and drawing (cut) of the ring electrode trap.
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The present design of the cold RET is mostly based on a previous design
by Luca et al. [111]. However, in our design, unlike in the original one, all the
ring electrodes are electrically isolated from each other, such that desired axial
potential gradients may be created which are necessary for efficient accumu-
lation, trapping and extraction of the ions. The RF and DC electrical circuits
are thus similar to the ones for the ion funnel (cf. Fig. 6.9). For vacuum rea-
sons, however, here the components are situated outside the vacuum chamber
on a separate electrical circuit board, as shown in Fig. 6.19. As for the funnel,
we use a resistor chain with equal resistors (3 MΩ), which allows for a linear
extraction potential, but may complicate the fast switching of the extraction
potentials. An alternative possibility would be to combine a certain number of
electrodes and use a cascaded extraction potential instead [95].
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Figure 6.19: Electrical circuit board for the ring electrode trap. The numbers 1-30
indicate connections to the vacuum feedthroughs for the 30 ring electrodes. RF signals
of opposite polarity (RF(+) and RF(-)) are applied to adjacent electrodes via 1nF
coupling capacitors. The DC voltages are applied to the rings via a resistor chain
consisting of 3 MΩ metal film resistors with DC1 and DC2 being the (pulsed) voltages
at the two ends of the chain.

Just before the injection of the ions into the ring trap, a puff of He gas is
introduced into its housing, by means of a pulsed gas valve (P/N 009-0279-
900, Parker Hannifin Corporation). This gas, which quickly reaches thermal
equilibrium with the full trap system, assumes the pre-set temperature (nor-
mally 10 K) and then the stored ions are cooled also internally through elastic
collisions with the cold He atoms. The buffer gas is introduced into the trap
housing by a 10 mm long tube having a diameter of 15 mm (conductance 6.7
l/s for He at 10 K). This arrangement minimizes the time required to pump
away the gas when the ion cooling has been completed and before extrac-
tion to prevent re-heating of the cold molecular ions by energetic collisions
with the buffer gas, during extraction. In the present case, the buffer gas is
pumped away through an aperture on the trap housing, which also acts as the
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exit aperture for the ions in the trap. This aperture has a diameter of 10 mm
and a conductance of 6 l/s for He gas at 10 K. The volume of the buffer gas
container is 0.12 l and therefore, for the given conductance, the pump out time
(from 0.1 mbar to 10−3 mbar inside the trap) is about 200 ms. A 200 l/s turbo
molecular pump connected to the outer vacuum chamber keeps the base pres-
sure at 3 ·10−3 mbar when the trap is filled with the buffer gas at a pressure of
0.1 mbar.

After cooling, the ions from the ring electrode trap are extracted and accel-
erated back to about 200 eV. Again, they are bent by the 90 degree quadrupole
bend, but this time, by simultaneously switching the quadrupole polarities, in
the direction towards the final acceleration stage of the high voltage platform.
There is also a possibility to measure the ion intensity before and after cool-
ing by means of the open electron multiplier detector located at the quadrupole
exit opposite to the RET.
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Figure 6.20: CPO simulation results for time and energy spreads of ions after being
extracted from the RET. The profiles are evaluated 50 cm beyond the exit of the trap.
Typical energy and time spreads are about 10 eV and 15 µs, respectively, for singly
charged ions (C+

60) accelerated to 100 eV.
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From a RET, spatially as well as temporally focused ion bunches may be
extracted efficiently by creating a suitable potential gradient along the axis of
the trap. This particular property of the RET makes it unique and different
from other linear RF multipole traps where the extraction of ions usually is
a difficult task and the ion bunches from the traps may be quite long. For us
it is important to get a temporally short and spatially focused bunch of ions,
especially if the extracted ions will be injected into a storage ring, e.g. DE-
SIREE. Hence, the use of an RF ring electrode trap, with its unique focusing
properties, serves the purpose quite well. A simulation of our trap design with
CPO (CPO Ltd. Charged Particle Optics programs), which is capable of han-
dling space charge effects with static fields, shows that the extraction of ion
bunches with a pulse width of about 15 µs and an energy spread of about 10
eV, for singly charged ions, should be possible (cf. Fig. 6.20).

6.3 Future developments
Here, some possible future improvements of the source and traps platform
will be discussed from a technical point of view. The planned experimental
program and perspectives for using the apparatus at other facilities will be
considered in chapter 8.

As shown in section 6.2.2, the performance of our ion funnel strongly de-
pends on the background gas pressure in this vacuum stage, and the presumed
optimal pressure is just out of reach with the present configuration (size of
the capillary, available pumping speed). However, according to the simula-
tions (cf. Fig. 6.13), 100% transmission is not possible even with an ideal
pressure of about 0.2 mbar. The problem may be solved by reducing the dis-
tance between the ring electrodes. This is illustrated by the examples in Fig.
6.21, where simulated ion trajectories are shown for two ion funnels with the
same ratios between inner diameter, ring thickness and distance, but scaled by
a factor two. At a pressure of 1.5 mbar and neglecting gas dynamic effects,
the smaller funnel (d = 1.5 mm) focuses the ions very efficiently while the
expanded version (d = 3.0 mm) has a transmission of only a few %. This is
partially due to the 1/d2 dependence of V ∗ (cf. eq. 6.15). However, eq. 6.15
describes the effective potential in the absence of buffer gas collisions. Actu-
ally, V ∗ is not independent of the background pressure, but is suppressed if
the ions encounter plenty of collisions during one RF period [91, 106]. These
collisions, together with gas dynamic effects, may be an additional reason that
the funnel performance depends so strongly on the electrode distance. The ion
trajectories shown in Fig. 6.21 have been obtained by using SIMION 8 and
adapting the therein available ion funnel model. Even if this model may be
oversimplified (e.g. assuming a homogeneous gas velocity), it still may give
a hint how to improve the transmission properties of the ion funnel. Thus, it
may be worth constructing an ion funnel with reduced electrode spacing, even
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Figure 6.21: Simulated ion trajectories at the funnel exit, assuming singly charged ions
with mass 350 amu, co-applied RF (750 kHz, 80 Vpp) and DC fields (15 V/cm) and
a 1.5 mbar H2O(g) background pressure. The electrode to the far right is a DC only
electrode. The temperature of the buffer gas is assumed to be 273 K and no directed
gas flow is taken into account (~vgas=(0,0,0)). Upper picture: A geometry with 0.5 mm
thick ring electrodes, separated by 1.5 mm spacers, results in 100% transmission.
Lower picture: Almost no transmission if the geometry is scaled by a factor 2 (except
conductance limiting DC electrode).
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if this complicates construction and wiring. Further, the increased capacitive
load will change requirements for the RF supply.

In many of the planned experiments we want to study nanosolvated sys-
tems and therefore the aim is to produce beams of hydrated (bio)molecular
ions in a controlled and reproducible way. This may be done using a drift
cell with a water vapour background pressure of about 1 mbar or higher (see
e.g. [6, 72, 112]), a method similar to ion mobility mass spectrometry. The
ions drift through the cell under the influence of a weak electrostatic field, in-
teract with the water molecules and may form hydrates. However, instead of
a homogeneous static drift field we plan to use a second ion funnel with an
improved design for operation at higher pressures (cf. Fig. 6.22). We expect
that this can result in a much better ion transmission to the following pump-
ing stage compared to a configuration with static lenses only. For experiments
with hydrated ions, this new funnel will be replacing the octupole trap or may
be added as an additional stage in between the first funnel and the trap. An
inlet for the water vapor is available in this vacuum stage and it has already
been demonstrated that the required pressure conditions are feasible.

Figure 6.22: Proposal for a
new ion funnel design with
decreased electrode spacing
(d = 1.5 mm), intended to be
used in the second pumping
stage as a drift region for the
production of hydrated ions.
The assembly consists of 40
electrodes (0.5 mm) and has
a total length of 80 mm.

The overall ion beam current may also be optimized by an improved gate
valve design [93, 113]. In our setup, the distance from the lens terminating
the octupole ion guide to the entrance of the mass filter is 44 mm. In this
gap, which is due to the gate valve, we cannot control the ions by ion optical
elements. This may result in an inefficient transport of low-energetic ions in
this area. Pittman and O’Connor [113] solved this problem by minimizing the
thickness of the gate valve and electrically insulating the blade such that a
potential can be applied to it. Also a shorter heated capillary or a reduced dis-
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tance between electrospray needle and capillary entrance may be possibilities
to increase beam intensities in general [97, 114].

Another improvement would be to replace the electron multiplier by a posi-
tion sensitive detector, e.g. an assembly with multichannel plates and a phos-
phor screen. This would allow to also check and optimize the profile of the
beam at this point, rather than just measuring the beam current.
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7. The DESIREE project

One of the intended applications of the setup described in chapter 6 is to pro-
duce cold molecular ions for storage ring experiments. More specifically, we
want to perform experiments with these ions at the new electrostatic storage
ring facility DESIREE (Double ElectroStatic Ion Ring ExpEriment) which is
currently under construction at Stockholm University. In this chapter, an out-
line of the DESIREE project with its unique features will be presented. DE-
SIREE has primarily been designed for studying mutual neutralisation reac-
tions with atomic or molecular ions, but provides a variety of other experimen-
tal possibilities. Some of the planned experiments will be briefly described
and motivated. The chapter concludes with a short status report and outlook
concerning the ongoing construction work.

7.1 Overview (paper VI)
During the late 1990s, the trend to study more complex and massive ions (e.g.
biomolecules and clusters) at keV energies stimulated the emergence of elec-
trostatic storage devices. Both storage rings and ion traps have been developed
using purely electrostatic elements to confine the ions (see e.g. ref. [115] for
a review). There is essentially no upper mass limit for the ions to be stored
in such devices. In contrast to ion traps, storage rings offer better possibilities
to perform crossed or merged beam experiments at well-controlled collision
energies. One of the first electrostatic rings is the ELISA (ELectrostatic Ion
Storage ring, Aarhus) facility at Aarhus University in Denmark [16], built in
1997 and operated very successfully [19]. In the following years, several other
rings have been built [17, 18] or are still under construction [20, 21].

The new facility at Stockholm University, DESIREE, consists of two stor-
age rings with a common straight merging section and will be operated at
cryogenic temperatures (10 - 20 K). This combination of features makes this
facility truly unique. Each ring has a circumference of approximately 8.8 m
and consists of two 160◦ cylindrical deflectors and four 10◦ parallel-plate de-
flectors. Further there are elements for minor corrections, focusing, monitor-
ing, and bunching of the stored beams. The layout of the rings is shown in
Fig. 7.1. A more detailed description can be found in ref. [116]. Oppositely
charged ions can be stored simultaneously in the rings, with overlapping tra-
jectories in the common section. Their relative kinetic energies may be tuned
to as low as 10 meV in this region. Neutral products of their interaction are

89



Figure 7.1: Layout of DESIREE. All elements of the double ring assembly, such as
deflectors, lenses and devices for beam diagnostics, are placed inside a double walled
vacuum chamber. The circumference of each ring is approximately 8.8 m, and the
outer dimensions of the vessel are 4.7 m x 2.5 m x 0.7 m.

not influenced by the following deflector plates and hit a detector assembly
after the merging section. Ions with kinetic energies between 5 and 100 keV
per charge may be stored in the rings.

The ions are produced on two high voltage platforms and accelerated by
up to 25 and 100 kV, respectively. The desired mass-to-charge ratios of the
ions are selected by bending magnets. Depending on the needs, different ion
sources are available on the platforms, e.g. the electrospray assembly de-
scribed in chapter 6 for complex (bio)molecular ions. Atomic or small molec-
ular ions will be produced in, e.g., a sputter negative ion source or different
gas discharge ion sources.

All elements of the rings, as well as detector systems, are situated in a dou-
ble walled vacuum chamber. The inner chamber is made of aluminum and
will be cryogenically cooled down to 10 K, while the outer iron vessel is at
room-temperature. Thermal radiation to the cold inner part will be reduced
by means of a copper shield (kept at ∼ 60 K) and multi-layer super insula-
tion in between this shield and the outer chamber. The extreme temperature
and vacuum requirements (10−11 mbar range at room temperature in the in-
ner chamber) are a technical challenge. Therefore, a DESIREE test cham-
ber was constructed, where material properties and the functioning of differ-
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ent elements, e.g. the performance of the detectors [117], have been studied.
This test chamber has further been used for ion beam storage time measure-
ments at cryogenic temperatures using the electrostatic ion beam trap Cone-
Trap [118]. With the same setup, also the lifetimes of long-lived metastable
states in loosely bound atomic systems like He− have been measured [119].

DESIREE has been primarily designed to study collisions between anions
and cations in merged beam experiments, and to detect neutral products of
these reactions. The most fundamental of such processes is the mutual neu-
tralization of atomic cation-anion pairs:

X++Y−→ X +Y. (7.1)

In the case of molecular ions, various dissociation channels may open up, e.g.

AB++CD− → AB+CD

→ AC+BD

→ A+B+CD (7.2)

→ AB+C+D

→ A+B+C+D.

Detection of charged fragments is also feasible which increases the experi-
mental possibilities even further. Besides a fundamental research interest in
these types of atomic and molecular collisions, studies of mutual neutraliza-
tion may also be motivated by its importance for various areas of ion chem-
istry.

In the interstellar medium, important reactions for the build-up of molecules
involve atomic and molecular ions [120]. Besides direct molecular recombi-
nation between a positive ion and a free electron, mutual neutralization is
a relevant process, especially in dense molecular clouds where anions are
more abundant than in diffuse areas due to reduced photodetachment rates
[121]. Recently discovered anions in such dark clouds are CnH− (n = 4, 6,
8) [122–124] and C3N− [125], with anion-to-neutral ratios of up to 10% in
the case of C6H− [126]. Here, the aim is to determine rates and branching
ratios for relevant mutual neutralization reactions and thereby contribute to
a better understanding of the ion chemistry in the interstellar medium. The
cryogenic environment in DESIREE makes it an ideal tool for these kinds of
studies.

Mutual neutralization is also an important process in atmospherical
chemistry on Earth. Here, mostly solvated ions like H+(H2O)n(NH3)m or
NO−3 (HNO3)m and other cluster ions are involved in the reactions. However,
very little is known about the corresponding reaction rates and a possible
influence on aerosol formation in the atmosphere.

Concerning the fragmentation of peptides, positive-negative ion collisions
in DESIREE may complement current techniques for probing electron transfer
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dissociation (ETD), a method related to electron capture induced dissociation
(ECID) (cf. chapter 5.2). In ETD, protonated peptides capture an electron from
an anion instead of from a neutral target as in ECID, but may then undergo
the same dissociation processes (see chapter 3.2.1). ETD measurements are
usually performed in radio frequency quadrupole traps with simultaneously
stored positive and negative ions [77, 78]. An important advantage with ETD
in DESIREE will be that the ions collide with low and well-defined relative
velocities, a parameter which cannot be controlled in the trap experiments.

Besides collision studies with oppositely charged ions using both rings,
there is also a variety of possible experiments utilizing only one ring. Ex-
amples for such experiments are lifetime measurements of fullerene dian-
ions [127], now feasible in a cryogenic environment. There will also be a laser
system available for e.g. absorption spectroscopy or photofragmentation stud-
ies with (bio)molecular ions. Further, lifetime measurements of metastable
states in atomic ions will be performed by means of a laser probing tech-
nique [128]. Here, the main advantage of DESIREE is the magnetic field free
environment, allowing for studies of individual hyperfine levels.

7.2 Current status
At the time of writing, mounting and precise alignment of the electrostatic
elements inside the inner vacuum chamber is in progress (cf. Fig. 7.2). All
elements will then be wired such that appropriate potentials can be applied via
electrical vacuum feed-throughs mounted to a number of flanges at the bottom
plate of the inner chamber. All these flanges have recently been mounted and
vacuum tested.

The 25 kV platform is completed and currently tests with different ion
sources are performed. Construction of the second platform, however, can
only be finalized after the inner chamber has been closed and moved inside
the outer chamber, which is already in its final position. DESIREE is expected
to have its first circulating beams in 2011, and first results from experiments
are anticipated in 2012.
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Figure 7.2: Inner vacuum chamber with some of the (gold plated) electrostatic ele-
ments in place. The vacuum feed throughs for the electrical connections are mounted
to flanges bolted to the bottom plate.
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8. Outlook

Besides preparation of ion beams for experiments with DESIREE, the setup
described in chapter 6 will also be used as a versatile stand-alone experiment.
Single pass collision studies like those described in chapter 4.2 may now be
performed with cold ions. For these experiments, a collision cell and a hemi-
spherical electrostatic analyzer are ready to be mounted directly after the high
voltage platform. Controlling the internal energy of the ions prior to the colli-
sion will faciliate the determination of energy transfer in the collision, recom-
bination energies or appearance energies for particular fragments.

Studies of collision induced dissociation (CID) of amino acids at astrobio-
logically relevant energies (meteorite velocities) are among the first planned
experiments. Here, the aim is to measure absolute fragmentation cross sec-
tions in collisions with atmospheric gases, especially for hydrated amino acids
in their protonated or deprotonated forms or clusters of these ions.

For, e.g., peptides the geometrical structure of the molecule may be crucial
for its behavior in electron capture induced dissociation (ECID) (see chapter
5.2.3 and paper V). Also other large systems, and especially non-covalent
clusters with solvent molecules, have usually several possible conformations
available at room temperature which may strongly influence the fragmentation
behavior [7]. Here, cooling may allow to limit the diversity of isomers and
thereby faciliate the interpretation of results from CID and ECID experiments.

Ions from the new setup may also be mass selected and bent into an exper-
imental beamline by means of a 90◦ bending magnet. This beamline is termi-
nated by either an electrostatic analyzer or the cryogenic test chamber origi-
nally built for tests of DESIREE components (see chapter 7). In this chamber,
e.g., lifetime measurements may be performed by means of an electrostatic
ion beam trap [119]. One of the aims with the new setup was to increase ion
beam intensities from electrospray ion sources for a wide range of masses
and thereby improve the efficiency in fragmentation studies involving com-
plex molecular ions. The high beam intensity, together with a further colli-
sion cell along the experimental beamline, thus also allows for experiments
involving multiple steps of mass selection with fragmentation or charge re-
versal in between the different stages. Further, it opens up new possibilities to
investigate processes with small cross sections. Future prospects also include
time resolved pump-probe laser spectroscopy experiments and possibly even
a transfer of the platform to other research facilities, e.g. free electron laser or
synchrotron light sources for single molecule diffraction studies.
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Appendix

A. Quantum chemical calculations

For the interpretation of our experimental results we have made use of quan-
tum chemical calculations, providing information about possible geometries of
the molecule or cluster as well as the electronic structure. Here, the aim was
not to perform extensive calculations on a very high level of theory, which is a
time-consuming and difficult task for the larger systems we have studied, and
would be far beyond the scope of this thesis, but to obtain qualitative infor-
mation. In the case of these complex systems, the multidimensional potential
surface has a huge number of minima, often separated from each other by only
very low barriers. Instead of a scan of the whole configuration space we used
semi-empirical methods to sample a limited number of likely configurations.
In some cases, the most promising structures have then been refined by den-
sity functional theory (DFT) calculations. The actual calculations have all been
performed by means of commercial software packages, Gaussian 03 [41] and
Gaussian 09 [55]. In this chapter, a brief introduction to the theory behind the
methods used in this thesis will be given.

Hartree-Fock and semi-empirical methods
In order to gain information about the electronic structure of the molecules the
time-independent Schrödinger equation (A.1) has to be solved:

ĤΨ = EΨ (A.1)

where the total Hamiltonian operator contains the kinetic and potential ener-
gies of the nuclei and electrons,

Ĥ = T̂N + T̂e +V̂Ne +V̂ee +V̂NN

Like any other quantum chemical method, Hartree-Fock theory (HF) is based
on the Born-Oppenheimer approximation, where the electronic and nuclear
motion are separated and treated independently. That is, in the electronic
Schrödinger equation, the action of the nuclear kinetic energy operator on
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the electronic wavefunction is neglected. This separation is possible since
the atomic nuclei are much heavier than the electrons (m(H+) ≈ 2000 me).
When solving the electronic Schrödinger equation, the positions of the nuclei
are assumed to be stationary and appear as parameters, and no longer as
variables, in the electronic wavefunctions. In order to get energy levels for
vibrations and rotations, the nuclear Schrödinger equation has to be solved.
The parametrization leads to the picture of potential energy surfaces that the
nuclei move on. Minima on this (3N-6)–dimensional surface, for example,
correspond to stable geometries, and saddle points correspond to transition
states in a chemical reaction.
Another approximation made in HF theory is that the electrons, described by
one-particle spin functions, so-called molecular orbitals (MO), are independent
from each other and electron-electron interaction is only treated in an average
fashion. It is assumed that an electron moves in a effective field depending
on the orbitals of all other electrons, rather than including the correlation of
the motion of one electron with the motion of all other electrons. This is also
referred to as mean-field approximation.
In this independent particle model, the wavefunction for an n-particle system
is written as a single Slater determinant of one-electron molecular spin-orbitals
φi(x) = ϕi(~ri)σi(si) (with σi(si) = α,β ), which are assumed to be orthonormal
(〈φi|φ j〉= δi j):

ψ(1,2, ...,n) =
1√
n!

∣∣∣∣∣∣∣∣∣∣
φ1(1) φ2(1) · · · φn(1)

φ1(2) φ2(2) · · · φn(2)
...

...
. . .

...

φ1(n) φ2(n) · · · φn(n)

∣∣∣∣∣∣∣∣∣∣
The electronic energy, E, is the expectation value of the electronic Hamiltonian
operator Ĥe:

E = 〈ψ|Ĥe|ψ〉, with Ĥe = T̂e +V̂Ne +V̂ee (A.2)

and

T̂e = −1/2∑
i

d2/dr2
i (A.3)

V̂Ne = ∑
A

∑
i
(−ZA/riA) (A.4)

V̂ee = ∑
i

∑
j<i

1/ri j (A.5)

where the first two terms may be combined to a one-electron operator

ĥi =−
1
2

d2

dr2
i
−∑

A

ZA

riA
(A.6)
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whereas V̂ee is a two-electron operator. Thus, the energy may be written as

E = 〈ψ|∑
i

ĥi|ψ〉+ 〈ψ|∑
i

∑
j<i

1/ri j|ψ〉

= ∑
i
〈φi|ĥi|φi〉+

1
2 ∑

i
∑

j

(
〈φiφ j|

1
ri j
|φiφ j〉−〈φiφ j

∣∣∣∣ 1
ri j

∣∣∣∣φ jφi〉
)

= ∑
i

hi +
1
2 ∑

i
∑

j
(Ji j−Ki j) (A.7)

It contains the following contributions:
• ∑i hi is the one-electron energy. It includes the kinetic energy of the elec-

trons and the Coulomb attraction between the electrons and the nuclei.
• 1

2 ∑i ∑ j Ji j corresponds to the classical Coulomb repulsion between the elec-
trons.
• 1

2 ∑i ∑ j Ki j is referred to as exchange energy, which is a purely quantum
mechanical, attractive contribution to the electronic energy. Ki j vanishes
unless φi(x) and φ j(x) have the same spin part (due to the orthogonality of
the spin functions α and β ). Thus, it is a measure of the energy difference
between singlet and triplet states.

The energy may also be expressed in terms of Coulomb (Ĵ) and exchange (K̂)
operators:

E = ∑
i
〈φi|ĥi|φi〉+

1
2 ∑

i, j
(〈φ j|Ĵi|φ j〉−〈φ j|K̂i|φ j〉) (A.8)

Ĵi|φ j〉= 〈φi|
1
ri j
|φi〉|φ j〉 (A.9)

K̂i|φ j〉= 〈φi|
1
ri j
|φ j〉|φi〉 (A.10)

In order to find the best MOs, i. e. those that minimize the energy, the varia-
tional principle is applied. Using the method of Lagrange multipliers, λi , the
following constrained optimization problem has to be treated:

L = E−
n

∑
i, j

λi, j(〈φi|φ j〉−δi j) (A.11)

δL = δE−
n

∑
i, j

λi, j(〈δφi|φ j〉+ 〈φi|δφ j〉) (A.12)

The condition for the minimum is that a small change in the orbitals does not
change the Lagrange function, L, i. e. δL = 0.
Defining the Fock operator F̂i, which is an effective one-electron energy oper-
ator, one can simplify the expression for δE (see e.g. [129]):

F̂i = ĥi +∑
j
(Ĵ j− K̂ j) (A.13)

⇒ δE = ∑
i
(〈δφi|F̂i|φi〉+ 〈φi|F̂i|δφi〉) (A.14)
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In order to make δL = 0, one finally gets

F̂iφi =
n

∑
j

λi jφ j. (A.15)

By a unitary transformation of the orbitals in a set of so-called canonical MOs
(φ ′i ) one can diagonalize the matrix of Lagrange multipliers, i. e. λi j = 0 and
λii = εi, and finally obtains the Hartree-Fock equations:

F̂iφ
′
i = εiφ

′
i (A.16)

These are non-linear pseudo-eigenvalue equations as the Fock operator de-
pends on all the φ j, and therefore have to be solved by iterative procedures.
Usually, the molecular orbitals are approximated by linear combinations of
atomic orbitals (AO). The functions describing the AOs are called the basis set.
A large variety of different basis sets exists, optimized for different problems
(see e.g. [129]). Generally, the larger the basis set the more accurate the MOs.
For computational reasons often Gaussian functions (∝ e−γr2

) are used since
the integrals are easy to calculate. In order to compensate for the deviating
asymptotic behavior compared to exact atomic orbitals, each AO is approxi-
mated by a superposition of several Gaussian functions, known as contraction.
In order to more accurately treat weakly bound systems so-called diffuse func-
tions with small parameters in the exponent may be added. Also functions for
states with higher angular momentum quantum numbers may be included to,
e.g., improve the description of chemical bonds where hybridized orbitals are
involved.

Semi-empirical methods are approximations of the ab initio HF method and
are used to faster perform calculations on large systems. In semi-empirical cal-
culations, only the valence electrons are considered explicitly while the core
electrons are described by model functions. Only a minimum basis set is used
for the valence electrons. The main approximation to reduce the computational
cost is to neglect all products of basis functions depending on the same electron
coordinates when located on different atoms, referred to as the zero differen-
tial overlap approximation. Due to this, some one-electron and most of the
two-electron integrals are neglected. In order to compensate for this and im-
prove the accuracy, the remaining integrals are used as parameters with values
based on experimental data or higher level calculations. This, however, lim-
its the methods to molecules where these parameters are available. Another
drawback is that semi-empirical methods do not perfom well if weak inter-
actions, e.g. hydrogen bonding, have to be considered. The various methods
differ in the number of neglected integrals and the set of parameters. For our
calculations, we mainly used a method called ”Modified Neglect of Diatomic
Overlap, Parametric Method Number 3” (MNDO-PM3, or short PM3).
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In the present work, semi-empirical calculations have been mainly applied to
sample different molecular structures in connection with the experiments pre-
sented in papers IV and V. By means of these rather fast calculations it was
possible to get an idea of likely conformations which then were used as start-
ing geometries for higher level DFT calculations. To a smaller extent, semi-
empirical methods have also been used to find possible structures of hydrated
AMP (papers I and II).

Density functional theory (DFT)
Density functional theory is based on the first Hohenberg-Kohn theorem stat-
ing that the electronic energy, E, of the ground state is a unique functional
of the ground state electron density ρ(~r), i.e. E[ρ(~r)] [130]. It can be proved
by showing that there is a one-to-one correspondance between the electron
density and the ’external’ potential, Vext , created by the positively charged nu-
clei. Since the electronic Hamiltonian is uniquely determined by the number
of electrons, n, and Vext , it is possible to calculate the properties of the system
if ρ(~r) and the functional are known. There is also a second theorem proving
that the variational principle can be transferred to DFT and that the ground
state density minimizes the total electronic energy of the system. According to
the first theorem, a trial density ρ̃ (

∫
ρ̃(~r)d~r = n) corresponds to an external

potential Ṽext , a Hamiltonian ˜̂H and a wavefunction Ψ̃ for a problem with the
exact electron density ρ , then

〈Ψ̃| ˜̂H|Ψ̃〉=
∫

ρ̃(~r)Ṽext(~r)d(~r)+T [ρ̃]+Vee[ρ̃] = E[ρ̃]≥ E[ρ]

Although computationally advantageous, DFT first performed poorly for quan-
tum chemistry problems. However, it was improved significantly by the Kohn-
Sham formalism [131], which re-introduces orbitals and treats the electrons
as independent, non-interacting particles. This gives a much more accurate
description than in orbital-free (’true’) DFT methods where chemical bond-
ing is not included and the kinetic energy part is poorly described (assuming
a uniform electron gas). Still, the Kohn-Sham formalism is much less com-
putationally demanding than wavefunction methods for correlated many-body
systems. Therefore, DFT is a very popular method for computations of larger
systems.
In order to determine the electron density, one makes an ansatz with one-
electron wavefunctions ϕi (Kohn-Sham orbitals), which are solutions to the
Schrödinger equation in an effective potential, υe f f :(

−1
2

∇
2 +υe f f (~r)

)
ϕi(~r) = εiϕi(~r)

These eigen-value equations are referred to as Kohn-Sham equations. The elec-
tron density is given by

ρ(~r) =
n

∑
i=1
|ϕi(~r)|2.
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The effective potential can be expressed as a sum of three terms:

υe f f (~r) = υext(~r)+
∫

ρ(~r)
|~r−~r′|

d~r′+υxc(~r)

The first term, υext , is the external potential, describing the attraction
of the electrons by the nuclei, and the second term is the electrostatic
(Coulomb) interaction between the electrons. The third term, υxc, is the
exchange-correlation, a small contribution to the kinetic energy due to
the interaction of the electrons. The important task is to derive an energy
functional for this term, in order to obtain the exact energy. On the one hand,
the effective potential, υe f f (~r), appears in the Kohn-Sham equation, but on the
other hand it depends on the electron density, ρ(~r), i. e. the solutions of the
equations. Therefore, the Kohn-Sham equations have to be solved iteratively.
There is no general systematic way to improve the energy functional for the
exchange-correlation energy Exc[ρ]. However, there is an exact solution for
the uniform electron gas. In the local density approximation (LDA) one now
uses this solution also for molecular systems, assuming that the electron den-
sity varies very slowly and can locally be described by a uniform electron gas.
Within this model, it is possible to separate Exc[ρ] into an exchange and a corre-
lation term. One way to further improve this approach and better approximate
the actual situation in molecules by a non-uniform electron gas, is to include
terms depending on the gradients of the electron density. These corrections are
known as gradient corrections and are an important factor in improving the
accuracy of quantum chemical DFT calculations.
Hybrid methods in DFT are models which include the exact exchange energy
given by Hartree-Fock theory and combine it with different functionals for both
local and gradient, exchange and correlation terms, in order to approximate
electron-electron interaction. One example is the very commonly used B3LYP
functional:

EB3LY P
xc = (1−a)ELSDA

x +aEHF
x +b∆EB88

x +(1− c)ELSDA
c + c∆ELY P

c

ELSDA
x and ELSDA

c are functionals for exchange and correlation, respectively,
obtained within the local spin density approximation, a variant of the LDA
described above, assuming a uniform electron gas. ∆EB88

x and ∆ELY P
c are the

gradient corrections for the exchange and correlation part, respectively, consid-
ering the deviations from the uniform electron gas. EHF

x is the exchange energy
for the case of non-interacting particles described by a single Slater determi-
nant of Kohn-Sham orbitals. Therefore, this exchange energy can be exactly
calculated with HF-theory. The parameters a, b and c are semi-empirical con-
stants obtained by fits to a standard set of experimental data.
Here, DFT calculations using this functional have been performed in order to
determine the electronic structure (paper IV) as well as the molecular con-
formations (papers IV and V) of small peptides and complexes of these with
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different solvent molecules. The results of these calculations have been very
important hints for the interpretation of the experiments.
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B. List of additional publications

When I started as a PhD student in 2006 I first worked with a project on ion
impact induced fragmentation of fullerenes. This work is not included in this
thesis but was a part of my Licentiate thesis on ”Fragmentation of fullerenes
and water embedded biomolecules” (2008). I also took part in several exper-
iments on fast ion-atom and ion-molecule collisions performed at the storage
ring CRYRING in Stockholm. These projects resulted in a number of publica-
tions which are listed below.

Peer-reviewed articles

DESIREE: a unique cryogenic electrostatic storage ring for merged
ion-beams studies
R. D. Thomas, H. T. Schmidt, G. Andler, M. Björkhage, M. Blom, L.
Brännholm, E. Bäckström, H. Danared, S. Das, N. Haag, P. Halldén, F.
Hellberg, A. I. S. Holm, H. A. B. Johansson, A. Källberg, G. Källersjö, M.
Larsson, S. Leontein, L. Liljeby, P. Löfgren, B. Malm, S. Mannervik, D.
Misra, A. Orbán, A. Paál, P. Reinhed, K.-G. Rensfelt, S. Rosén, F. Seitz, K.
Schmidt, A. Simonsson, J. Weimer, H. Zettergren, and H. Cederquist
to be submitted to Rev. Sci. Instrum. (2011)

Angular scattering in fast ion-atom electron transfer collisions: projectile
wave diffraction and Thomas mechanisms
M. Gudmundsson, D. Fischer, N. Haag, H. A. B. Johansson, D. Misra, P.
Reinhed, H. Schmidt-Böcking, R. Schuch, M. Schöffler, K. Støchkel, H. T.
Schmidt, and H. Cederquist
J. Phys. B: At. Mol. Opt. Phys. 43, 185209 (2010)

Importance of Thomas single-electron transfer in fast p-He collisions
D. Fischer, M. Gudmundsson, Z. Berényi, N. Haag, H. A. B. Johansson, D.
Misra, P. Reinhed, A. Källberg, A. Simonsson, K. Støchkel, H. Cederquist,
and H. T. Schmidt
Phys. Rev. A 81, 012714 (2010)
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On the hydrogen loss from protonated nucleobases after electronic excita-
tion or collisional electron capture
J. A. Wyer, H. Cederquist, N. Haag, B. A. Huber, P. Hvelplund, H. Johans-
son, R. Maisonny, S. Brøndsted Nielsen, J. Rangama, P. Rousseau, and H. T.
Schmidt
Eur. J. Mass Spectrom. 15, 681-688 (2009)

Two-Center Double-Capture Interference in Fast He2++H2 Collisions
D. Misra, H. T. Schmidt, M. Gudmundsson, D. Fischer, N. Haag, H. A. B.
Johansson, A. Källberg, B. Najjari, P. Reinhed, R. Schuch, M. Schöffler, A.
Simonsson, A. B. Voitkiv, and H. Cederquist
Phys. Rev. Lett. 102, 153201 (2009)

Kinetic-energy-release distributions and barrier heights for C+
2 emission

from multiply charged C60 and C70 fullerenes
N. Haag, Z. Berényi, P. Reinhed, D. Fischer, M. Gudmundsson, H. A. B. Jo-
hansson, H. T. Schmidt, H. Cederquist, and H. Zettergren
Phys. Rev. A 78, 043201 (2008)

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

Identification of higher order contributions in three-dimensional (e,2e)
cross-sections for helium
A. Dorn, M. Dürr, B. Najjari, N. Haag, D. Nandi, and J. Ullrich
J. Elec. Spec. 161 (2007) 2-5

Peer-reviewed conference contributions

Kinetic energy release distributions for C+
2 emission from multiply

charged C60 and C70 fullerenes
H. Cederquist, N. Haag, Z. Berényi, P. Reinhed, D. Fischer, M. Gudmundsson,
H. A. B. Johansson, H. T. Schmidt, and H. Zettergren
J. Phys.: Conf. Ser. 163 (2009) 012088

Fragmentation of isolated and nanosolvated biomolecular systems
B.A. Huber, L. Adoui, V. Bernigaud, B. Manil, L. Maunoury, J. Rangama, P.
Rousseau, N. Haag, H. Johansson, H.T. Schmidt, H. Cederquist, S. Brøndsted
Nielsen, B. Liu, H. Zettergren, P. Hvelplund, F. Alvarado, S. Bari, R. Hoekstra,
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J. Postma, and T. Schlathölter
AIP Conf. Proc. 1080 (2008) 21

Two-center interference in p-H2 electron-transfer collisions
D. Fischer, M. Gudmundsson, K. Støchkel, Z. Berényi, H. Cederquist, N.
Haag, H. Johansson, S. B. Levin, P. Reinhed, R. Schuch, and H. T. Schmidt
J. Phys.: Conf. Ser. 88 (2007) 012021

Multiple ionization and fragmentation of fullerene dimers by highly
charged ion impact
H. Zettergren, H. T. Schmidt, P. Reinhed, N. Haag, D. Fischer, Z. Berényi, H.
Cederquist, J. Jensen, P. Hvelplund, S. Tomita, B. Manil, J. Rangama, and B.
A. Huber
J. Phys.: Conf. Ser. 88 (2007) 012039

Fragmentation of molecules by fast ion impact
C. Dimopoulou, N. Haag, R. Moshammer, P. D. Fainstein, A. Dorn, M. Dürr,
D. Fischer, and J. Ullrich J. Phys.: Conf. Ser. 58 (2007) 49-54

Peer-reviewed book chapter

Fullerene fragmentation
H. Zettergren, N. Haag, and H. Cederquist
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