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Abstract

In this thesis, I report experiments probing collision- and photon-induced molecular dynamics in the gas phase. Excited
molecules formed in such interactions may relax by emitting electrons or photons, isomerization or fragmentation. For
complex molecular systems, these processes typically occur on timescales exceeding picoseconds following statistical
redistribution of the excitation energy across the internal degrees of freedom. However, energy transfer to molecules
through ion/atom impact may in some cases lead to prompt atom knockout in Rutherford-type scattering processes on
much faster timescales. Another example of such a non-statistical process is photon-induced excited-state proton transfer,
a structural rearrangement occurring on the femtosecond timescale.
In this work, I investigate the competition between statistical and non-statistical fragmentation processes for a range
of molecules colliding with He at center-of-mass energies in the sub-keV range. I show that heavy atom knockout is an
important process for systems containing aromatic rings such as Polycyclic Aromatic Hydrocarbons (PAHs) or porphyrins,
while statistical fragmentation processes dominate for less stable and/or smaller systems such as adenine or hydrogenated
PAHs. Furthermore, I present the first measurements of the threshold energies for prompt single atom knockout from
isolated molecules. The experimental results are interpreted with the aid of Molecular Dynamics (MD) simulations which
allow us to extract the energy deposited into the system during a collision, knockout cross sections, fragmentation pathways
and the structures of the fragments. The results presented in this work may be important for understanding the response of
complex molecules to energetic processes in e.g. astrophysical environments.
Furthermore, I present the results of photodissociation and luminescence experiments probing flavin mono-anions in
the gas phase. These are compared against calculations and previously measured spectra in solution. The discrepancies
between the present results and the theoretical values suggest that more consideration of the vibronic structure is needed
to model the photoabsorption and emission in flavins. Finally, I present the results of photoisomerisation experiments of
flavin di-anions where two different isomers have been found and I discuss the proton transfer mechanisms which govern
the structural changes.
Keywords: PAHs, Porphyrins, Adenine, Flavins, Biomolecules, Collisions, Experiments, Reactions, Non-Statistical
Fragmentation, Molecular Dynamics, Photon-Induced Fragmentation, Luminescence, Photoisomerization, Proton
Transfer.
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of the machine. I have been responsible for the analysis of the experimental
results and I have been heavily involved in the discussions and interpretation
of the theoretical and experimental results. Furthermore, I have been actively
involved in two international collaborations, one in Denmark (Aarhus University) and one in Australia (Univeristy of Melbourne). In both cases, I have
performed experiments, contributed to the discussion and interpretation of the
results.
In the following, I have summarised my contributions to the individual papers:

PAPER I: I was responsible for the planning and performing the experiments. I analysed the experimental results and I was actively
involved in the discussion of the results. I wrote the manuscript.
PAPER II: I was actively involved in performing the experiments (at University of Melbourne) and in the discussion and interpretation
of the experimental results.
PAPER III: I was actively involved in performing the experiments (at Aarhus
University) and in the discussion and interpretation of the experimental results.
PAPER IV: I have been heavily involved in the implementation of new features of the experimental set-up. I was involved in the preparation of figures and I wrote parts of the manuscript.

PAPER V: I was responsible for the planning and performing the experiments. I analysed the experimental results and I was actively
involved in the discussion of the theoretical and experimental
results. I wrote the manuscript.
PAPER VI: I was actively involved in planning and performing the experiments. I was heavily involved in the discussion and interpretation of the theoretical and experimental results.
PAPER VII: I took active part in the collection of experimental results and
their analysis. I was actively involved in the discussion of the
theoretical and experimental results.
PAPER VIII: I was actively involved in planning and performing the experiments. I was heavily involved in the discussion and interpretation of the theoretical and experimental results.

In this PhD thesis I have included and reprocessed material from my Licentiate thesis:"The role of knockout driven fragmentation in collisions with
isolated complex molecular systems" which is summarized below:
Chapter 2: Text and figures of sections 2.1 and 2.2 have been taken
from Chapter 2 in the Licentiate thesis, with some modifications.
Chapter 4: Text and figures of sections 4.1, 4.2, 4.3.1 and 4.3.2 in this
PhD thesis have been taken from Chapters 1 and 3 in my Licentiate
thesis, with some modifications and reformulations.
Appendix A: Text and figures of this section in this PhD thesis have
been taken from Chapter 2 in the Licentiate thesis, with some adaptations.
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1. Introduction

Reactions involving molecular ions are important for a wide range of processes
that occur in terrestrial and extraterrestrial environments, for instance in combustion processes [1] and in the synthesis of new compounds in the Earth’s
atmosphere [2]. In the interstellar medium, more than 200 molecular species
in neutral and ionic form have been detected [3]. It has been suggested that
gas phase chemistry of diffuse and dark clouds is dominated by ion-molecule
reactions driven by cosmic-ray and UV-photon ionization [4]. Another example is ion beam therapy where the mass and the velocity of energetic ions may
be tuned to deposit a large amount of energy at localized positions in living
tissues in order to selectivity destroy carcinogenic cells [5]. Understanding
these processes requires knowledge of the electronic and structural dynamics of molecules interacting with different forms of radiation such as photons,
electrons and heavier particles.
After an isolated molecule has been excited, several relaxation processes
may occur including isomerization or emission of photons, electrons or fragments (see schematic in Fig. 1.1). A relaxation process is statistical in nature
when the excess energy is redistributed across all internal degrees of freedom
before it occurs [6]. In such a case the molecule has no memory of the initial
excitation process and the relaxation rates may be calculated by means of statistical models [7; 8] . If the excess energy is above the threshold for fragmentation, pathways with the lowest dissociation energies will dominate the fragmentation. Such statistical fragmentation processes may occur on picosecond
or longer time scales [7; 8] depending on the size of the system (heat capacity) and the presence of transition states along the reaction pathway. In some
cases, however, a molecule may decay before the energy has been redistributed
across all internal degrees of freedom [8]. Such nonstatistical processes have
for example been suggested to be responsible for the observed prompt fragmentation of electronically excited adenosine monophospate cations following
absorption of 4.6 eV photons [9].
In collisions between atoms and molecules, energy may be deposited to
the molecular electron cloud (electronic stopping) or through interactions with
the nuclei (nuclear stopping). Electronic stopping dominates the fragmentation of a molecule for collision energies in the keV range and above [10]. The
excited molecule then typically relax from the electronic excited state to the
3

Photon Emission
Electron Emision
Isomerization
Fragmentation
Figure 1.1: Schematic of statistical processes occurring after a molecule (here a
flavin molecule) is excited.

electronic ground state or by internal conversion [10]. The excess energy is statistically redistributed across the vibrational modes through a process called intramolecular vibrational redistribution (IVR) [10]. This may then be followed
by e.g. statistical fragmentation processes. Nuclear stopping is a Rutherfordtype scattering process where the collision energy is deposited to the nuclei
of the molecule. This is the main energy transfer mechanism for collisions
in the sub-keV collision energy range. The screened Coulomb repulsion between the nuclei of the projectile and the molecule results in an short-range
transfer of kinetic energy from the projectile to the target molecule. In this
way the excitation may induce vibrations in the molecules which, if enough
time is given to the system, may results in statistical fragmentation [7]. However, if the energy deposited to individual nuclei is high enough (tens of eVs),
a single atom may be knocked out from the molecule in a billiard-ball like
event. This is illustrated in Fig. 1.2, which shows snapshots from molecular
dynamics simulations of a collision between a He atom and a pyrene molecule
at a center of mass energy of 100 eV. Since the knockout occurs on a much
shorter time (femtoseconds [11; 12]) scale than any statistical process and the
energy is not redistributed over all the degrees of freedom, the knockout of an
atom or several atoms from a molecule may be classified as a non-statistical
process. The amount of energy needed to knock an atom out depends on its
bonding situation in the molecule and in which direction it is displaced [7].
This energy is related to the intrinsic property of a solid known as the threshold displacement energy (Edisp ) which is the minimum kinetic energy transfer
required to permanently displace an atom from its lattice position [13]. When
an atom is removed, the properties of a material might significantly change as
a consequence of the defect created in the lattice [14]. In the case of isolated
4

Figure 1.2: Snapshots from Molecular Dynamics simulations of a carbon knockout process occurring in a collision between a 100 eV He atom (in light blue) and
a pyrene molecule (C16 H10 ). The yellow arrows represent the direction of the
He, while the red arrow shows the direction of the knocked out carbon atom.

molecules, the threshold displacement energy is the amount of energy lost by
the projectile at the threshold of prompt single atom knockout [7]. It has been
shown that such molecular fragments are often more reactive than those stemming from statistical fragmentation [15] and may e.g. efficiently form covalent bonds with neighbouring molecules inside clusters. Such knockout driven
molecular growth processes have been observed for ions colliding with weakly
bound clusters of fullerenes [7; 10; 16], Polycyclic Aromatic Hydrocarbons
(PAHs) [7; 10; 17], and small hydrocarbon chains [18].
The identification of a prompt knockout of a single atom from a molecule
is possible for systems where the dissociation energy for the lowest statistical
fragmentation channel is far lower than the ones for knockout. This is the case
for fullerene molecules, which consist of an even number of carbon atoms
bound together in close cage structures. The lowest dissociation energy for
fullerenes is about 10 eV for C2 emission [19] while it is about 15 eV [10] for
the loss of a single carbon atom. As a consequence, an even number of carbon
atoms are lost in statistical fragmentation processes, while the loss of single
carbon atom is a fingerprint for prompt atom knockout as has been observed
in mass spectroscopy experiments [20][19][11]. Other molecules where the
dissociation energy for statistical fragmentation channels is significantly lower
than for prompt atom knockout are PAHs. These are molecules formed by carbon atoms bound in planar hexagonal structures with hydrogen atoms bound
at their outer rims. An example of a PAH structure is shown in Fig. 1.3. Recently, fingerprints for knockout processes for PAHs have been detected and
demonstrated to be the dominant destruction pathway for such molecules in
the sub-keV collision energy range [7; 11; 15; 21].
In contrast, in fragile and/or small systems such as biomolecules, statistical fragmentation processes may dominate, which makes it difficult to observe fingerprints of non–statistical fragmentation processes. Thus, there is a
intricate competition between statistical and non-statistical fragmentation processes for collision energies where nuclear stopping is the dominant energy
5

Figure 1.3: Examples of molecules studied in this thesis: pyrene (on the left),
porphyrin (in the center), adenine (on the right). Carbon atoms are shown in grey,
hydrogens in white and nitrogen atoms in blue.

transfer mechanism.
In this thesis, we investigate the importance of non-statistical fragmentation processes for a wide range of different molecular systems: PAHs, hydrogentated PAHs and biomolecules (see Fig. 1.3 for some examples). We present
the first semi-empirical determination of the threshold displacement energy for
gas-phase molecules and, for the first time, the observation of knockout processes in biomolecular systems. These results will be discussed in view of
classical molecular dynamic simulations, which provide information on the
energy deposited into the molecule during a collision, knockout cross sections,
fragmentation pathways and structures of the fragments. Furthermore, we report detailed information on the fragmentation dynamics of protonated and
deprotonated adenine molecules (see Fig. 1.3) by comparing results from collision experiments with those from molecular dynamic simulations. From the
comparisons, we report fragmentation pathways that have, to our knowledge,
not been reported earlier in the literature. These results may contribute to
understanding how nucleobases may be formed and destroyed in various astrophysical environments [22–24].
In contrast to collisions, photoabsorption studies have the advantage that it
is easier to control the amount of energy being deposited into the system. This
selectivity may help to better understand e.g. the fragmentation dynamics following energetic processing. The molecules in nature are in general embedded
in an environment where the interaction between them may significantly affect
their optical properties [25; 26]. By studying how the absorption and emission
6

maximum bands shift between the solution and the gas phase, it is possible to
determine intrinsic properties of the solute, such as e.g. electric dipole moment and polarization [25]. The changes in the band shape, energy position
and intensity induced by different solvents may be due to the solvent-solute
interactions such as hydrogen bonding [25] or to solute-solute interactions
such as exciton coupling [27]. Thus, the solvatochromism of a solution with
different polar solvents may provide indirect information on the interaction
energy between solute and solvent, i.e. local force field [25]. Furthermore,
comparing the experimental spectra of photo-induced processes of a molecule
in solution with theoretical calculations, may reveal differences in the positions of the absorption and emission band maxima. In general, calculations do
not fully account for solvent effects. Thus, studying the optical properties of
a molecule in the gas-phase may not only reveal its intrinsic properties but is
also important to benchmark theoretical calculation methods.
In the electronic excited state, a molecule may have markedly different
structure than in the ground state [28], which may influence the electron distribution and thus electric dipole moments. Complex molecules may exist in
several structural configurations (i.e. isomers) which have different physical
and chemical properties [29]. For instance a cis-trans isomerisazation may
occur during the absorption of a photon. The molecule may then change its
structure by rotating two atoms which are double bonded to each other in the
electronic ground state. The absorbed photon excites one of the two electrons
in the double bond leaving the molecule with a single bond. Now the molecule
can rotate 180° before a new double bond is formed allowing for a fast change
of the molecular structure (order of hundreds of femtoseconds) [29]. Thus, decaying from an excited state, the molecule may end up in a different isomeric
structure than in the ground state, which may not be the most stable one [29].
Furthermore, in complex molecules such as biomolecules, the change of the
structure by photon-induced proton transfer [30] may affect the properties of
the molecule.
In this work, we investigate the photodissociation and the action spectra of
gas phase flavin molecules which may help to determine the intrinsic properties of this family of molecules. Positions of the band maxima have been compared between gas and solution phase, and against some previous calculations.
We also discuss the gas phase luminescence spectrum of flavin molecules and
compare our results with those in solution. Our findings highlight the importance of considering vibronic structure when modelling the absorption and
emission spectra of flavin. Futhermore, we investigate how light absorption
may influence the molecular structure of flavin molecules and the role of the
solution and protonation site in changing the optical properties of the system.
In Chapter 2 we present the details of the equipment and methods used to
7

collect the experimental data presented in this work while in Chapter 3 models
used to aid in the interpretation of the collision experiments are discussed.
In Chapter 4 the results from experiments investigating collisions between
PAHs, hydrogenated PAHs and biomolecules with He at sub-keV center–of–
mass energies are presented and compared against the theoretical results. The
photodissociation, action spectra, luminescence experiments of Flavin mono–
anions and the isomerization experiments on Flavin di–anions are presented in
Chapter 5. Finally, a summary and outlook are presented in Chapter 6.

8

2. Experimental Details

The results discussed in this thesis were carried out with different experimental
set-ups. We have studied collision induced dissociation (CID) of PAHs, hydrogenated PAHs and biomolecules with the aid of a single pass set-up in the
Electrospray Ion Source-Laboratory (EIS-LAB), at the Double Electrostatic
Ion-Ring ExpEriment (DESIREE) infrastructure at Stockholm University (paper I, IV–VIII). The photo-induced dissociation (PID) experiments of flavins
have been carried out at Aarhus University using the SepI accelerator mass
spectrometer set-up and the storage ring ELISA, while the luminescence mass
spectra of flavin adenine dinucleotide were measured with the aid of the luminescent instrument LUNA in Aarhus (paper III). The photoisomerization measurements of flavins were performed using the ion mobility mass spectrometer
at Melbourne University (paper II).

2.1 ElectroSpray Ionization (ESI)
In all experimental studies presented in this thesis, we have used ElectroSpray
Ionization (ESI) sources to produce ions. The technique is briefly described
here.
A sample, after being dissolved in an appropriate solvent, is injected in the
apparatus by a motor driven syringe through a thin needle. A high voltage is
applied between the needle and a capillary. Charged droplets are formed at the
needle tip where they decrease gradually in size at atmospheric pressure due to
a solvent evaporation effect, leaving their total charge constant [31]. With the
decreasing droplet size, the surface charge density increases and two different
processes have been proposed for how the bare ions are formed as they enter
the low pressure section of the apparatus through a heated capillary:
• Charge Residue Mechanism [31; 32]: Droplet scissions continue until
the droplet is singly or multiple charged, containing only one analyte
molecule. When also the last few solvent molecules are evaporated, this
process leads to molecular ions in the gas phase.
• Ion Evaporation process [31; 33]: Bare molecular ions are directly emitted when the droplet reaches a critical radius.
9
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Figure 2.1: A schematic of the EIS-Lab set–up at Stockholm University. From
paper I.

The ESI source in Stockholm is similar to the ones at Aarhus University.
They all have a heated capillary which may be easly replaced or cleaned. In
contrast, the ESI source used in the ion mobility experiments in Melbourne
is quite different. There, the needle and the initial stainless steel part of the
capillary are contained in a glass tube where a flux of nitrogen at atmospheric
pressure is present. The rest of the capillary is mounted in a glass tube from
where it is not possible to remove it. This gives better control of the ion production, but makes the cleaning procedure quite difficult and time-consuming.

2.2

Collision Induced Dissociation experiments

The collision experiments were performed using the EISLAB set-up at Stockholm University, which is composed by two main sections, as shown in Fig 2.1
(paper IV). The first part is a high voltage platform that contains an ESI source,
guiding elements and a mass filter. The second section, after the acceleration
stage, is composed of a collision cell and an electrostatic energy analyser.
The sample dissolved in a solution reaches a thin needle via a fused silica
wire by the aid of a motor-driven syringe. The ions are generated in the gas
phase in the heated capillary (inner diameter of 0.48 mm) and reach a radio frequency (RF) ion funnel section where the pressure is typically 3.5×10−1 mbar.
Our ion funnel was built and tested at Stockholm University, following the
design of Julian et al. [34]. The ion funnel consists of 26 stainless steel electrodes, 11 of them have a constant inner diameter of 38 mm and the last 15 electrodes have inner diameters that decrease from 38 mm to 8 mm [35]. An RF
potential applied to the electrodes is used to confine the ions transversely and a
DC voltage is applied to guide them through the funnel. The advantage of using an ion funnel instead of a skimmer is the increased count rate of the primary
ions formed in the source. On the other hand, due to the higher pressure, collisions with the residual gas can more easily destroy fragile molecular systems.
Different values of the amplitude and frequency of the RF potential as well
10

as the distance between the electrodes and the inner diameter of the last few
electrodes can dramatically change the ion transmission [36]. In our case, we
have transmission of about 60% in the mass range of 20 to 800 amu [11](paper
IV).
After the ion funnel, the ions reach a linear octupole (see Fig.2.1) where the
pressure is typically 5×10−2 mbar. Depending on the experiment, this device
can either be used as an ion guide or as an ion trap for producing pulsed ion
beams [35]. Following the linear octupole, there is a second octupole to guide
the ions. This octupole, with a typical pressure of 1.3×10−3 mbar, is also a
differential pumping section that separates the ion trap from the mass selector
device. These two octupoles were chosen here as a larger number of electrodes
(n = 8) gives a more homogeneous trapping field compared to quadrupole devices [37]. Moreover, the effective radial potential energy in a RF multipole
instrument is proportional to rn−2 , where r is the distance between the central
point and the bars [38]. This means that in a quadrupole (n = 4) this field is
quadratic, whereas for an octopole (n = 8) the field varies as r6 . Thus, the ions
inside an octupole guide are less perturbed in kinetic energy for ions travelling
along this device, due to a flatter region of the effective electric field close to
the transversal axis [37; 38].
To select the ion mass per charge, a quadrupole mass filter is placed after
the octupole guide. The pressure in this area is typically 1.2×10−7 mbar. Setting a combination of RF and DC potentials allows discriminating ions by their
mass to charge ratio. Only ions within a narrow, tunable mass region (generally 1 amu) are allowed to pass through the device, while trajectories of all the
other ions are unstable so that ions are lost in collisions against the rods and/or
the chamber walls [39; 40]. This analyser has some advantages compared to
magnetic sector field instruments. It has a high resolving power compared to
its physical dimensions, is linear in a wide mass range and is fast in scan mode.
The mass–selected ion beam can either continue straight into the acceleration section or be monitored by an active field electron multiplier (AFEM)
with the aid of a quadrupole deflector (see Fig. 2.1). The operating principle of AFEM detector is the detection of secondary-electrons emitted when a
charged or an energetic neutral particle strikes a surface. The number of secondary electrons released depends on the particle energies, the incident angle,
the type of incident particles and on the intrinsic properties of the surface [41].
The AFEM detector allows us to monitor the count rate of the parent ions that
we are interested in, which have been carefully selected by the quadrupole
mass filter. We can also record a mass spectrum of the ions formed in the
source by scanning the appropriate parameters of the mass filter.
Once mass selected and optimised, the ion beam is guided to the acceleration section. The acceleration potential can be varied between 1 and 10 kV and
11

this value defines the kinetic energy in the laboratory frame [10]. The beam
position can be adjusted vertically and horizontally using a set of deflectors
and focused with a set of Einzel lenses, before entering a 4 cm long gas cell.
Neutral gas can be injected in the gas cell and its pressure is regulated by a
needle valve and measured on an absolute scale by a capacitance manometer.
After the gas cell, a set of horizontal and vertical deflectors and an Einzel
lens are used to centre and focus the ion beam. The intact and fragmented ions
exiting the collision cell have approximately the same velocity but different
masses, i.e. kinetic energies. The ions can thus be separated by using an energy analyser, formed by a pair of electrostatic deflectors (see Fig. 2.1). The
intact and fragment ions are detected by a position sensitive double stack micro
channel plate (MCP) detector. By applying a correct voltage on the deflectors,
we can separate the ions according to their energy–to–charge ratio. Due to
kinetic energy loss processes in collisions, the ions with the same mass do not
exit with the exact same velocity, leading to broad peaks in the energy spectrum. To be able to collect as many ions as possible, the energy analyser has
a large angular acceptance that, in combination with the energy spread of the
ion beam coming from the source and from the collision process itself, results
in a rather modest mass resolution.
With this set–up, it is also possible to measure the total absolute fragmentation cross section as a function of the collision energy, by measuring the
attenuation of the parent beam due to collisions in the gas cell (see Chapter 7).

2.3 Photo Induced Dissocitation Action and Luminescence
spectroscopy
We have used two different apparatus to study the photo-induced dissociation
(PID) and the action spectrum of flavins in the gas phase, the SepI accelerator mass spectrometer and the storage ring ELISA. To study the luminescence
spectrum of complex molecules we have employed a new luminescence spectrometer, LUNA. These experimental set-ups are all located at Aarhus University.

2.3.1 Sep I and ELISA
A schematic of the SepI set-up for single pass action spectrospocy experiments
is shown in Fig. 2.2. In SepI the molecular ions are injected in the apparatus
by a needle interfacing a heated capillary. After the capillary the ions reach
a skimmer which is used to collect the charged particles and as a differential
12
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Figure 2.2: Schematic of the SepI accelerator mass spectrometer at Aarhus University.

pumping stage. After the skimmer, the charged molecules enter an octupole
trap [42] and then a linear 14–pole ion trap, which both may be used for trapping the ions [42]. The ion bunch is then accelerated to 50 keV with the aid of
a set of stainless steel plates [42]. At the exit of the acceleration stage, the ions
are mass–to–charge selected by a magnet and then enter a field free region
where they are irradiated by a tunable light from a (210-700) nm EKSPLA
laser [42]-a Nd:YAG laser pumping an optical parametric oscillator (OPO).
The interaction between the ions and the light may generate photofragments
which are selected by an electrostatic analyzer and detected by a channeltron
detector. The SepI apparatus allows us to record the photo-dissociation mass
spectrum of the molecular ions after interaction with light and the yield of a
photofragment as a function of the photon energy, the so-called action spectrum.
In ELISA, the ion production and the mass selection are similar to the ones
used in SepI (see Fig. 2.2), while the ion trap and the acceleration voltage are
different. After the octupole trap, a 22–pole ion trap is placed where it is possible to accumulate the ion beam before the injection in the storage ring [43].
The acceleration stage placed after the ion trap may reach 22 kV [43]. The
accelerated ions are mass–to–charge selected by a magnet and injected in
the electrostatic storage ring where deflector and focusing elements are set to
store a specific energy–to–charge ratio. When the ion bunch reaches the other
straight section, it may interact with a laser pulse similar to the one in SepI.
Neutral fragments generated in the photodissociation processes are detected
by the MCP detector on the lower straight section in Fig. 2.3. By monitoring
the yield of neutral fragments as a function of the laser wavefunction, we are
able to record the action spectrum of the molecule.
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Figure 2.3: Schematic of the ELISA storage ring at Aarhus University. From
paper III.

2.3.2

LUNA

A schematic of the LUNA spectrometer is shown in Fig. 2.4.
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CCD
camera

Paul Notch Spectrometer
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Figure 2.4: Schematic of the LUNA fluorescence apparatus at Aarhus University.

The electrospray ion source coupled to the LUNA fluorescence spectrometer is similar to the ones used in ELISA and SepI. Indeed, after the heated
capillary, a skimmer is present which is interfaced with a ocupole. After, a set
of Einzel lenses focus the ion beam to the entrance of a cylindrical Paul ion
trap [44] where the ions are trapped. By applying RF and DC voltages, the trap
may act as a quadrupole mass filter. Perpendicularly to the ion beam, a laser
pulse enters the cylindrical ion trap and excites the ions. The laser system employed in LUNA is the same as for the SepI experiments. On the opposite side
of the ion beam entrance, a wire mesh grid electrode and an aspheric lens [44]
are placed for collecting the emitted light (see Fig.2.4). Outside the vacuum
chamber, notch filters (for reducing the scattered laser light) and a set of achromatic focusing lenses are employed to collect the radiation from the trapped
ions (see Fig. 2.4). The collected light passes through a mesh onto the entrance slit of a spectrometer, which is coupled to an electron multiplying CCD
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camera [44]. To correct the spectrum for all possible background events (e.g.
laser scattered light), we measure a set of cycles with ions in the trap followed
with the same number of cycles where the trapping voltages are turned off.
The difference between the "trap on" and "trap off" mode is the luminescence
spectrum.

2.4 Ion mobility experiments
To study the photo-isomerization of flavin molecules in the gas phase, we need
an apparatus that is able to distinguish isomers either generated in the source
or by the interaction with light. For this purpose we have employed the ion
mobility set–up present at Melbourne University (Australia). The schematic
of the apparatus is shown in Fig. 2.5. Even in this case the molecular ions
are produced with the aid of an ESI source where a needle at high voltage is
interfaced with a long heated capillary. Here, the interface region between the
heated capillary and needle is insulated by a glass tube containing N2 for better
control of the atmosphere in the region where the ions are generated.
Laser
Needle

Capillary
Drift Region

Ion
Funnel

Qudrupole
Ion
Gate 1
(IG1)

Detector
Ion
Gate 2 (IG2)

Octupole
Ion
Funnel

Figure 2.5: Schematic of Ion Mobility apparatus at Melbourne University.

After the capillary the ion beam enters an ion funnel at the end of which a
Ni mesh ion gate is placed to pulse the ions. The pulsed ion beam reaches a
high pressure double S-shaped drift region (between 5 to 20 mbar [45]) filled
with gasses (in general N2 or He) as shown in Fig. 2.5. Different isomers may
be separated by collisions with the gas resulting in different travel time depending on their actual structural form (collision cross section). In the middle
of the drift region, a second ion gate is placed which is used to select a specific isomer by its arrival time before. Ion packet is irradiated transversally
with a laser pulse from a laser system similar to the one used in the Aarhus
experiments, which allows us to study the photo-excitation for a given isomer.
After the second part of the drift region, the ions reach an octupole which acts
as a differential pumping stage between the high pressure region in the drift
region and the mass selection region. The ions are selected according to their
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mass–to–charge ratios by a quadrupole mass filter which is kept to a pressure
of around 10−6 mbar. Finally, the ions are detected by an electron multiplier.
The arrival time is an important parameter which allow us to determine
the collision cross section for different isomeres. Comparing the experimental
value of the cross section to what has been calculated for a particular molecular structure gives information about the isomeric forms of the ions either
produced in the source and/or after the absorption of light.
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3. Modelling collisions

The work presented in this thesis is to large extents the result of combined experimental and theoretical efforts to study collision processes involving molecular ions. The choice between different types of models to best simulate processes occurring during the collisions is based on a compromise between accuracy of the model and its computational cost. Using quantum mechanical
methods to study the dynamics of large molecules is often too computational
expensive, but classical models may under certain circumstances be successfully used [10]. Here, we present a brif overview of the models employed in
this thesis for studying collisions between molecular ions and atom in sub-keV
energy range.
A collision is a dynamical process where atoms move from their initial
position and bonds may be broken or formed. Molecular Dynamics (MD) simulations are designed to model such processes. In these simulations we start by
defining the spatial coordinates of the atoms in the molecule. The interaction
between the atoms are described either using classical force fields (classical
MD simulations) or by quantum mechanical models (so called ab initio MD
simulations). For each time step, we calculate the force vectors and solve the
classical equation of motion for all atoms to compute their trajectories.
Classical MD simulation have been employed to study knockout processes
in isolated molecules. In this type of simulations, the molecular structure is
built and left to relax in a classical force field (in this work we have used
the Tersoff force field [46; 47]) and for each simulation the orientation of the
molecule is chosen randomly, as in the experiments. The projectile is placed
to a desired distance from the molecule and at random x- and y- axis positions
compared to the molecule (for an example see Fig. 3.3 in paper VI). At the
beginning of the simulation, the velocity of the projectile is set according to
the center–of–mass energy of the collision system [10]. The interaction between the projectile atom and all nuclei of the target molecule is described
by using the so called ZBL (Ziegler-Biersack-Littmark) potential [48], which
is a screened Coulomb potential developed for modelling nuclear stopping in
ion-solid collisions. A time step is chosen (generally 10−17 s [10]) and events
are followed for an amount of time between hundreds of fs up to tens of ps.
To determine if bonds are broken and the amount of energy transferred in
the collision, positions and velocities of all atoms are analyzed. For a given
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collision system, we repeat these steps hundreds of times in order to collect
enough statistics. At the end of the simulations, the breaking of bonds in the
molecule are analyzed and a theoretical mass spectrum can be obtained. To determine the cross section of different fragmentation pathways (e.g. single carbon knockout cross section), we multiply the fraction of fragmentation events
leading to that pathway with the cross sectional area from which the random
impact parameters are generated [10]. From the classical MD simulations we
obtain additional information such as the energy transferred during a collision
and the energy carried away by different fragments, which may for instance be
used to determine threshold displacement energies. Classical MD simulations
have been employed in papers I, V-VIII to study energy deposition and knockout processes in collision with PAHs and biomolecules.
Although classical MD simulations have been shown to be powerful for
describing collisions when nuclear stopping is the dominant energy transfer
mechanism [7; 17; 49; 50], they have limitations that may be important to circumvent. For instance, ionized species are not straightforward to treat. This
is of minor importance for large and stable systems with delocalized electrons
such as PAHs and fullerenes, but it may be crucial to accurately describe the
stabilities of protonated and deprotonated biomolecules. For this reason, we
perform ab initio Molecular Dynamics (AIMD) simulations where quantum
chemical electronic structure calculations are performed ’on–the–fly’ as the
MD simulation proceeds [51–53]. However, due to the high computational
cost, we only use this approach to study statistical fragmentation processes for
which a given amount of energy has been deposited into the system. The latter
may be determined from the classical molecular dynamics simulations of those
collision events that do not lead to prompt atom knockout. AIMD simulations
have been used in paper I to study the statistical fragmentation of protonated
and deprotonated adenine.
AIMD simulations and classical MD provide detailed information on the
reaction pathways, which may be used as input for more accurate molecular
structure calculations of the dissociation energies and the energy barriers involved in the reactions. In this thesis, we perform such quantum chemistry
calculations using the Gaussian suite of programs [54]. We employ Density
Functional Theory (DFT) methods to calculate the total energies of the most
stable reaction products and of the transition state structures. To check if the
calculated structure is a minimum or a transition state on the potential energy
surface, vibrational frequency calculations are employed. The vibrational energies are also used to correct for zero-point energy differences.
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4. Collision induced dissociation
of complex molecules

When a molecular ion collides with a neutral atom or molecule, it might fragment through statistical or non statistical processes which occur on different
time scales. In this chapter, we will discuss the competition between such processes for a broad range of molecules: PAH molecules, hydrogenated PAHs,
porphyrins and adenine DNA nuleobases. We will present measurements of
the threshold collision energy for knockout processes for different types of
PAHs. With the aid of classical molecular dynamic simulations, we report the
value of the threshold displacement energy for PAHs, hydrogenated PAHs and
porphyrins. In the case of protonated and deprotonated adenine, results from
experiments and molecular dynamic simulations are combined to shed light on
how these molecules respond to energetic processing in the gas-phase and new
fragmentation pathways will be presented.
To our knowledge, non-statistical single atom knockout was first experimentally observed by Larsen et al. [20] in C−
60 + He collisions at a centre–
of–mass energy of 278 eV. There, the formation of C+
59 could be used as a
fingerprint for such processes as statistical fragmentation leads to the emission
of an even number of carbon atoms, which has been demonstrated through a
vast number of studies of internally heated C60 molecules [55; 56]. Indeed, the
lowest dissociation energy for C60 is about 10 eV for C2 emission [19] while it
+
is about 15 eV [10] for C-loss. Interestingly, the formation of C+
59 from C60 +
He collisions was not observed by Larsen et al. due to the higher temperature
−
for C+
60 than for C60 before the collision. It was concluded that if the knockout
of a C atom from C+
60 occurred, it was followed by secondary fragmentation
processes such that the mass spectrometric fingerprint (i.e. the C+
59 peak) was
−
lost. Later, it has been shown that the detection of C+
from
C
[19]
and from
59
60
+
C60 [11] is possible when the parent ions are formed colder by means of electrospray ionization.
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4.1 Fragmentation of PAHs
4.1.1

Knockout processes

Other systems where the energy required to knock out an atom is well separated from the lowest dissociation energy channel are Polycyclic Aromatic
Hydrocarbons (PAHs) (see Fig. 4.1). These molecules can be viewed as small

C24H12

C14H10

C16H10

Figure 4.1: Molecular structures of coronene (C24 H12 ), anthracene(C14 H10 ) and
pyrene (C16 H10 ).

graphene flakes with hydrogen atoms bonded to carbons at their outer rims.
This class of molecules are products of combustion of different sources, e.g. gasoline and diesel fuel [57; 58]. PAHs consisting of more than 50 carbon atoms are
also attributed to be responsible for the strong IR-emission features observed
from many astronomical objects [59], e.g. HII regions [59] and young stellar
objects [59]. PAHs are expected to carry around 10% of the elemental carbon
in the universe [60] and have been suggested to be important key players for
the molecular origin of life [61].
The first experimental study of keV-ions colliding with isolated PAHs was
conducted by Postma et al. [62]. In this energy range, fragmentation is predominantly due to electronic stopping and charge exchange [62] leading to a
broad distribution of singly and doubly charged species. These results were
discussed in view of energetic processing of PAHs in supernova remnant expansion [62]. Following this pioneering work, a number of keV-ion collision experiments with different PAH molecules have been performed, e.g.
coronene [63] (see Fig. 4.1 on the left), pyrene [63; 64] (see Fig. 4.1 on the
right), fluoranthene [64], anthracene [65] (see Fig. 4.1 in the centre), naphtalene [66] and PAH clusters [12; 64]. The lowest energy dissociation pathways
for isolated PAHs are the loss of H, H2 and C2 H2 (5-7 eV [67]), while the
dissociation energy for CHx -loss (x = 1,2,3,...) is 11-17 eV, depending on the
position of the carbon atom in the PAH molecule [21]. Thus, single carbon
loss is a fingerprint for knockout processes. However, such fragments were
not observed in those early experiments [63–66]. The reason for this is that
20

the knockout fragments did not survive on the experimental time scales as they
were strongly heated due to electronic stopping.
Micelotta et al. [13] modelled collisions between PAH molecules and H,
He and C atoms with kinetic energies below 1.5 keV. The aim was to study
the effects of such collisions in interstellar shock waves. They found that in
this energy range, the energy is mainly deposited through nuclear stopping and
that prompt atom knockout is the dominating destruction pathway. Stockett et
al. [21] and Gatchell et al. [11] observed such single carbon loss processes
from several types of PAH cations in collision with He in a range of energy
below 1 keV in the centre–of–mass frame. The spectra in this energy range
have different features compared to purely statistical fragmentation following
energetic photon [68], electron [69] or fast ion impact (≥ 1 keV) [62; 63].

C16H10++He
1

ECM = 70 eV
2
4
7

6 5

3

Figure 4.2: CID spectra of C16 H+
10 + He at 70 eV center–of–mass energy. The
numbers above the peaks correspond to the number of carbon atoms lost from
the pyrene molecule.

This is illustrated in the mass spectrum shown in Fig. 4.2 for C16 H+
10 +He
at 70 eV collision energy where CHx -loss dominates that is a clear fingerprint
for prompt single carbon atom knockout in PAH systems.
After knockout, the remaining energy in the system may induce secondary
statistical fragmentation processes, which together with pure statistical fragmentation processes contribute to the peaks labelled with n≥2 in Fig. 4.2 [21].
This effect, however, decreases with increasing molecular size (heat capacity) [15; 21].
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4.1.2

Threshold displacement energies for PAHs

To knockout an atom from a molecule a certain amount of energy has to be
deposited to a single atom in the collision. To determine this threshold energy, we measured the total fragmentation cross sections using the attenuation
technique described in chapter 2 and in the appendix A. In this case the absolute values for total fragmentation cross sections do not include H-loss. In
Fig. 4.3 we show the mass spectra due to collisions between pyrene cations
and He at 110 eV (top panel), at 50 eV (middle panel) and at 20 eV (bottom
panel). On the right side, we observe the shoulder of the peak due to intact
pyrene molecules that survive on the experimental microsecond time scales.
The peaks labelled with the black arrows are the result of single carbon atom
knockouts (CHx -loss with x=1,2,3,...) while the ones labelled with red arrows
correspond C2 Hx -loss. The red lines correspond to a fit of the shoulder of
the parent peak, the CHx - and C2 Hx -loss peaks using gaussian functions. We
observe that the intensity of the CHx -loss peak decreases with decreasing collision energy and it is no longer visible at 20 eV. In contrast, the C2 Hx peak
is present at all three energies, which is consistent with the lower dissociation energy required to induce statistical fragmentation for PAHs in this size
range [65]. From this plot we directly see that the threshold energy for knocking out a single carbon atom is between 50 eV and 20 eV, while the threshold
for C2 Hx -loss is below 20 eV.
Measuring the knockout cross section (see Chapter 7) for different center–
of–mass energies we obtain the CHx -loss cross section as functions of the
center–of–mass energy for anthracene (green diamonds), pyrene (black triangles) and coronene (magenta stars). In all three cases, the threshold energy
(Eth ) is around 30 eV and the cross section reaches a plateau above 60 eV. The
experimental data points in Fig. 4.4 are fitted (dashed lines in the figure) using
the analytical expression given by Chen et.al. [15]:
σKO =

A/ECoM
p
Eth /ECoM ) − 4

π 2 arccos−2 (

(4.1)

where A is a constant and is together with Eth used as fit parameters (paper VII). From the fits, we find that Eth =29.4 ± 0.3 eV for anthracene, Eth
=35.6 ± 0.4 eV for pyrene and Eth =32.0 ± 0.6 eV for coronene, the weighted
PAHs =32.5± 0.4 eV. The mean threshold energy value from
mean value is Eth
MD =41.0 ± 0.3 eV, which is larger
Molecular Dynamics (MD) simulations is Eth
than the mean value from the experimental data. This suggest that force fields
used to describe the molecular bonds are overestimating the bond strengths
when the atoms are significantly displaced from their equilibrium positions.
The amount of energy needed to knock an atom out depends on its bond22

C16H+
10 + He ECoM = 110 eV
0.2
-CHx

-C2Hx

Relative Intensity [arb. units]

0.1

C16H+
10 + He ECoM = 50 eV
0.2
-C2Hx

-CHx

0.1

0.2

C16H+
10 + He ECoM = 20 eV
-C2Hx

-CHx

0.1

0.0

170

180
190
Mass/Charge [amu/e]

200

Figure 4.3: CID spectra of C16 H+
10 + He at different center–of–mass energies:
110 eV (top panel), 50 eV (middle panel) and 20 eV (lower panel). The black
arrows indicate the positions of the knockout peak and the blue the ones corresponding to C2 Hx -loss. The black dots are the experimental data, while the red
lines are gaussian fits of the fragmentation and primary peaks. The fragmentation peaks are shifted in position as the translational energy loss increases with
decreasing the collision energy. Adapted from Supplementary Material of paper
VII.
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Figure 4.4: Experimental single carbon atom knockout cross sections as functions of the center–of–mass energy for anthracene (green diamonds), pyrene
(black triangles) and coronene (magenta stars) cations. Adapted from paper VII.

ing situation in the molecule and in which direction it is displaced [7]. In the
case of isolated molecules, the threshold displacements energy is the amount
of energy lost by the projectile at the threshold of prompt single atom knockout [7]. The cross section for knockout of a carbon atom from PAHs was
calculated by Micellotta et al. [13] using a value of the threshold displacement
energy of 7.5 eV. Later, Potsma et al. [50] calculated the displacement energies
for coronene with classical Molecular Dynamics (MD) simulations in direct
frontal collisions. The obtained value (around 27 eV) was higher compared to
what was measured in a single-layer graphene experiment (23.6 eV) [70; 71].
We find that the energy lost by the He projectile (∆EHe ) in a range of
center–of–mass collision energies between 30 eV and 150 eV is very well
described by a power law for He+PAH collisions according to our molecular dynamics simulations (paper VII). Using the calculated value for ∆EHe at
the experimental threshold energy, we obtained a semi-empirical value for the
displacement energy ESE
disp for isolated PAHs of 23.3 ± 0.3 eV (paper VII),
in very good agreement with the results obtained by electron beam-induced
carbon knockout in graphene. The corresponding value for the threshold displacement energy directly from the MD simultions is EMD
disp =27.0 ± 0.3, in good
agreement with the value calculated by Potsma et al. [50] but larger than the
experimental ones as extracted by using the mean threshold energy value from
MD simulations (paper VII).
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4.2 Hydrogenated PAHs
Adding hydrogen atoms to a PAH molecule weakens the molecular bonds and
the system changes its hybridisation from sp2 to sp3 such that the dissociation
energies for H–loss and carbon backbone fragmentation decrease compared to
the native molecule. Example of how the PAH molecular structure changes by
adding hydrogen atoms is shown in Fig. 4.5. When 16 hydrogen atoms (called
hexadecahydropyene C16 H26 ) are added to a pyrene molecule (C16 H10 ) we obtain a purely aliphatic structure that is not any more planar (aromatic) as the
native PAHs.

C16H26

C16H10
C16H10

C16H26

Figure 4.5: Examples of molecular structures (top and side view) of pyrene
(C16 H10 ), hexadecahydropyrene (C16 H26 ).

Reitsma et al. studied how hydrogenated PAHs respond to soft X-Ray radiation [72]. In that pioneering experiment, an ion beam of coronene molecules
(C24 H+
12 ) was exposed to an atomic hydrogen beam and by changing the exposure time, the degree of hydrogenation could be varied. The molecular ions
were then exposed to photons with energies around 285 eV, corresponding to
the C(1s)→ π ∗ transition that creates an inner vacancy that may be repopulated
following an Auger decay process [72]. It was found that adding hydrogens to
PAH molecules changes the fragmentation of the coronene molecule and that
the hydrogenation acts as a buffer increasing the stability of the molecule [72].
They concluded that even if the hydrogen addition weakens the coronene carbon backbone, the molecule cools down by emitting the additional hydrogens
and thus the hydrogenation protects the PAH molecules from backbone fragmentation.

4.2.1

Destruction cross section and fragmentation mass spectra

We have studied the effect of hydrogenation on the stability of the carbon backbone of smaller PAHs by measuring the absolute total fragmentation cross section in collisions with He-atoms. In Figure 4.6 we show the measurement of
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absolute total cross sections for breaking the carbon backbone in the case of
+
pyrene C16 H+
10 (black circles), hexahydropyrene C16 H16 (blue squares) and
+
hexadecahydropyrene C16 H26 (red triangles) as functions of the center–of–
mass energy.
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Figure 4.6: Absolute total fragmentation cross sections for carbon backbone
f ragm
+
fragmentation, σbackbone
, for C16 H+
10 (black circles), C16 H16 (blue squares) and
+
C16 H26 (red triangles) colliding with He as functions of the center–of–mass energy, ECoM . The lines between the points are to guide the eye. Adapted from
paper IV.

The present results clearly show that the hydrogenated PAHs are more
fragile than the native ones. This is in agreement with what was observed
by Wolf et al. following the absorption of photons at an energy of around
3 eV [73], but in contrast to what Reitsma et al. concluded from their studies
of how hydrogenated coronene molecules respond to soft X-rays [72]. A few
differences between both experiments might explain the opposite conclusions.
The fragmentation is triggered by different processes, which may indicate that
the excitation agent plays an important role. In addition, the PAH size and the
degree of hydrogenation may play important roles for whether the backbone is
protected or not.
Figure 4.7 shows mass spectra for pyrene C16 H+
10 (top panel) and hexadec+
ahydropyrene C16 H26 (low panel) molecules colliding with He at a center–of–
mass energy of 70 eV. All spectra are normalised to the total fragmentation
cross section, as described in Sec. 7. The peaks due to the intact molecular
ions are off scale and the fragmentation peaks are labelled with the number of
heavy atoms that has been lost from the parent molecular ions.
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Figure 4.7: Mass spectra of C16 H+
10 (top panel) and C16 H26 (bottom panel)
molecules in collision with He at 70 eV in the center–of–mass energy. The
number above the peaks correspond to the number of heavy atoms lost from the
molecular ions.

In the case of C16 H+
26 (lower panel in Fig. 4.7), the spectrum looks more
flat than for pyrene at the same experimental conditions. The reason for this
may be attributed to different types of molecular bonds in C16 H+
10 compared
to C16 H+
.
The
molecular
structure
of
a
native
pyrene
molecule
(shown
in top
26
panel in Fig. 4.7) is completely planar with sp2 -type bonds, while in the C16 H26
the bonds are sp3 -type, resulting in a three–dimensional structure (paper VIII).
The dissociation energies for the latter are significantly lower according to our
molecular structure calculations (see Table 4.1). This confirms that the C16 H+
26
molecule is more fragile and can thus more easily fragment than the native
PAHs.

4.2.2

Threshold displacement energies for hydrogenated PAHs

In the case of hydrogenated PAHs we measure the cross section for CHx -loss
+
in pyrene (C16 H+
10 in black), hexahydropyrene (C16 H16 in blue) and hexadecahydropyrene (C16 H+
26 in red) shown in Fig 4.8. The cross sections for hydrogenated PAHs have markedly different energy dependencies compared to the
native molecules. This may be attributed to the difference in the lowest dissociation energy channel between the hydrogenated PAHs and pyrene. In the
case of pyrene molecules, the lowest dissociation energy (after H-loss) is for
27

+
Table 4.1: The lowest dissociation energies for C16 H+
10 and C16 H26 (units in eV)
calculated at B3LYP/6-31G(d) level of theory using Gaussian 09 [54]. Adapted
from Paper VIII.

Dissociation channels
H
H+H
CHx
C2 Hx
C3 Hx

C16 H+
10
5.16
8.67
7.10 (x = 1)
6.30 (x = 2)
10.67 (x = 3)

C16 H+
26
2.02
5.13
1.60 (x = 3)
2.40 (x = 4)
2.19 (x = 6)

C2 H2 -loss while in the case of hexadecahydropyrene CH3 -loss is the lowest
dissociation energy channel (see Tab. 4.1). In the latter case, we can detect
the CHx -loss fragments far below the expected knockout threshold value since
they mainly stem from statistical fragmentation.
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Figure 4.8: Single carbon atom knockout cross sections as functions of the collision energy from experiments (top panel) and MD simulations (bottom panel)
for C16 H10 + (in black), C16 H16 + (in blue) and C16 H26 + (in red). Adapted from
paper VI.

The corresponding cross sections from our MD simulations of hydrogenated
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Exp
Table 4.2: Single carbon knockout threshold energies from experiments (Eth
)
MD
and from MD simulation (Eth ) obtained by fitting the curves in Fig. 4.8 to equation 4.1. Adapted from paper II

Projectile

Exp
(eV)
Eth

MD (eV)
Eth

C16 H10
C16 H16
C16 H26

35.8± 0.9
–
–

41.6 ± 0.6
35.4 ± 0.7
29.3 ± 0.7

PAHs are shown in the bottom panel of Fig. 4.8. By fitting the data points usMD values shown in the right column of
ing equation 4.1, we determined the Eth
Table 4.2. Note that these curves display different behaviours compared to the
experimental ones as they only include non-statistical fragmentation.
For hydrogenated PAHs, we only report MD simulation threshold displacement energies because these systems did not show a threshold behaviour in the
experimental energy range (see Fig. 4.8) due to statistical fragmentation processes. These values decrease with increasing degree of hydrogenation (see
Tab. 4.3) due to the weakening of the carbon backbone (paper VI).
Table 4.3: Semi-empirical and MD threshold displacement energies for C knockout from PAHs and hydrogenated PAHs.

Projectile

ESE
disp (eV)

EMD
disp (eV)

C16 H10
C16 H16
C16 H26

26.4 ± 0.5
–
–

28.8 ± 0.3
24.9 ± 0.4
21.1 ± 0.4

4.3 Biomolecules
Similar to the hydrogenated PAHs, biomolecular systems have typically low
dissociation energies for pathways corresponding to the loss of fragments containing single heavy atoms (carbon or nitrogen). Fragmentation of these systems then typically proceed through multiple steps when processed by energetic ions or atoms. This makes it difficult to disentangle non-statistical
(knockout) from statistical fragmentation processes.
Investigating the fragmentation of biomolecules after the interaction with
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ions or atom may help to understand their destruction processes involved in, for
example, heavy ion therapy. In this context, previous studies have suggested
that ions in the 10–100 eV energy range may contribute to damage biological
tissues [74]. These ions are created as secondary particles along the track of
the high energetic particles employed in ion therapy [74; 75], in particular at
the vicinity of the so-called Bragg peak, where the heavy energetic ions are
stopped [76].
Moreover, studying the fragmentation of biomolecules may advance the
understanding of their possible origin in various environments. For instance,
HCN has been detected in different extraterrestrial objects and has been suggested as a biomolecular precursor. Studying the fragmentation of large bimolecular systems may thus provide information on possible biomolecular
precursors [22].

4.3.1

Fragmentation of porphyrin molecules

Porphyrin molecules have more rigid structures compared to many other biomolecular systems and are therefore ideal for investigating the role of knockout processes. Porphin (left structure in Fig. 4.9) is the simplest porphyrin and is
formed by four five-membered rings containing four carbon atoms and one
nitrogen atom, and where the rings are connected to each other by carbon
bridges. When phenyl groups (C6 H5 ) are attached to the C bridges of the porphyrin molecule, the resulting molecule is called tetraphenylporphyrin (TPP)
(middle structure in Fig. 4.9) and metal tetraphenylporphyrin when one additional metal atom is added to the TPP molecule (right structure in Fig. 4.9).

Figure 4.9: Molecular structures of the porphin molecule (left), tetraphenylporphyrin (middle) and metal–tetraphenylporphyrin (right). From paper V.

Porphyrins are the central part of several important molecules, as in the
haemoglobin or chlorophyll. Due to their characteristic absorption properties [77; 78] these molecules have been suggested for use in various techno30

logical applications, for instance as photosensitizers in photodynamic therapy
(PDT) [79] or as sensitizer for solar cells [80; 81]. Porphyrins can change their
biological function depending on the functional groups attached to the molecular rim and/or by having an additional atom (in general a metal) bonded to
the inner part of the macro-cycle.
When the projectile is protonated tetraphenylporphyrin (TPP+H)+ (top
panel in Fig. 4.10), the mass spectrum looks quite different compared to those
for PAHs and hydrogenated–PAHs. For (TPP+H)+ , the most intense peak is

1

6
4
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10
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Figure 4.10: Zoom-ins of the mass spectra recorded in (TPP+H)+ + He (top
panel, in black) and FeTPP+ + He (lower panel) collisions at 50 eV the center–
of–mass energy. The corresponding results from MD simulations of TPP + He
collisions are shown in red. Adapted from paper V.

n=6 which corresponds to the loss of one phenyl group (C6 H5 ) and possibly
a few additional hydrogen atoms (-C6 Hx , x>5). This fragmentation peak is
followed in intensity by peaks separated by about 12 amu, due to the loss of
one or several heavy atoms (C, N, CHx or NHx ) from the intact molecule. Previous experiments investigated the stability of porphyrin molecules through
collision with atoms [82–84] at higher energies compared to our experiments.
There [82–84], the loss of C6 H5 is clearly visible as well as the loss of one
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Figure 4.11: Dissociation energies for losses of phenyl groups and different hydrogen atoms from protonated tetraphenylporphyrin, calculated using Density
Functional Theory at the B3LYP/CC-pVDZ level of theory. From supplementary material of paper V.

and few heavy atoms from the parent ion, but their origin were not discussed.
In collision with He at 278 eV center–of–mass energy [82], small fragments
are more abundant than in our experiment and there is a prominent peak due
to electron loss, (TPP+H)2+ . These two features may be due to the fact that
electronic stopping starts to become more important with increasing collision
energy, as observed for e.g. PAHs [10; 15]. Gozet et al. [85] measured the
fragmentation of FeTPP+ following multiple low energy collisions with air,
i.e. mainly N2 and O2 . Under these experimental conditions, they only observed the loss of one or two phenyl groups and one or several H atoms from
the parent ion. As shown in Fig. 4.11, these fragments correspond to the lowest
dissociation energy channels. For protonated TPP, the dissociation energy for
H atoms bound to carbon atoms is between 5.0 eV and 5.3 eV, around 4.0 eV
when they are bond to nitrogen atoms and 4.8 eV for the loss of a phenyl group.
As for PAHs, the loss of single heavy atoms are associated with multiple bond
cleavages and thus with significantly higher dissociation energies, suggesting
that we have significant contributions from non-statistical fragmentation processes (paper V).
To further investigate the role of knockout processes in porhyrin molecules,
we measured the fragmentation mass spectrum of FeTPP+ (bottom panel in
Fig. 4.10) and ZnTPP+ /(ZnTPP+H)+ in collisions with He at a center–of–
mass energy of 50 eV. The two spectra display similar features (see paper V)
and for this reason only the fragmentation of FeTPP+ is shown in the bottom
panel of Fig. 4.10. The presence of a central metal atom stabilizes the frag32

ments after the collision but the same fragmentation pathways are seen as in
the protonated case (upper panel in Fig. 4.10). Indeed, the dissociation energies for the loss of a H-atom and a phenyl group are rather similar for both
systems (paper V). In the top panel of the Fig. 4.10, we also see the results
from our MD simulations of 50 eV TPP+He collisions (in red). The simulated
spectrum display similar features as the experimental one, but the peak intensities are rather different. The probability to lose one heavy atom is higher in
the simulations than in the experiment. On the other hand, the experimental
mass spectrum shows a higher yield in the loss of four heavy atoms. This can
be explained by the markedly different timescales in the experiment compared
to the simulations. The latter only follows secondary fragmentation processes
on a picosecond timescale after prompt atom knockouts. In the experiments,
the timescale is much longer (microseconds) and delayed secondary fragmentation may be recorded. This suggests that in the measurements, the loss of
three heavy atoms is a preferred channel after single atom knockout.

4.3.2

Fragmentation cross section and threshold displacement energies for porphyrins

It is in general difficult to uniquely separate prompt atom knockouts from
statistical fragmentation channels in biomolecules. However, combining experimental results with those from MD simulations allow us to estimate the
importance of such processes in collisions with porphyrins. The measured
+
absolute total fragmentation cross section σTExp
OT for collisions of (TPP+H)
−15
−2
with He at 80 eV and with Ne at 110 eV are (4.1±0.5)×10 cm and
(7.3±0.9)×10−15 cm−2 respectively (see Table 4.4). From the MD simulations
we obtain the total cross section for heavy atom knockouts. The calculated
knockout cross section for He at 80 eV center–of–mass energy is
MD (C,N) = 1.7×1015 cm2 and 5.0×10−5 cm2 for Ne at 110 eV collision
σKO
energy, as reported in Table 4.4. This suggests that around 40% of the total
fragmentation cross section is due to knockout of heavy atoms in collisions
with He and around 70% for the collisions with Ne. These percentages are
close to those for PAHs under similar conditions [21].
Above some threshold value for the internal energy of the molecules there
are also statistical fragmentation processes occurring that contribute to the total
destruction cross section. In Fig 4.12, we show the sum of the calculated statistical and knockout cross sections as function of assumed values for the threshstat
old energies for statistical processes Ethresh
by solid lines and experimental
absolute total fragmentation cross sections by the circles. The blue line corresponds to collisions at 80 eV center–of–mass energy when He is the target and
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Table 4.4: Experimental absolute total fragmentation cross section (σTExp
OT ) (Hloss not included) for (TPP+H)+ + He at 80 eV and with Ne at 110 eV collision
energy (in units of 10−15 cm2 ) and knockout fragmentation (KO) cross sections
MD . The latter have been calculated for heavy atoms
from MD simulations, σKO
(C,N) and hydrogen (H) separately. From paper I.

Target

ECoM (eV)

σTExp
OT

MD (C,N)
σKO

MD (H)
σKO

He
Ne

80
110

4.1 ± 0.5
7.3 ± 0.9

1.69 ± 0.03
5.02 ± 0.05

2.72 ± 0.04
2.19 ± 0.03

T PP+Ne
MD
stat
= 110 eV
σtot
(E thresh
) : E CoM
Expt.
T PP+Ne
= 110 eV
σtot
: E CoM
T PP+He
MD
stat
= 80 eV
σtot
(E thresh
) : E CoM

8

Expt.
T PP+He
σtot
= 80 eV
: E CoM

15

cm2]

10

σstat + σKO(C,N) [10
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MD
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Figure 4.12: Measured absolute total fragmentation cross sections for (TPP+H)+
in collision with He at center–of–mass energies of 80 eV (blue circles) and with
Ne at 110 eV (red circles). The solid lines represent the corresponding calculated
total fragmentation cross sections (excluding H-loss) as functions of the assumed
values of the threshold energy for statistical fragmentation. By propagating of
the experimental errors (solid error bars), errors for the statistical thresholds have
been determined (dashed error bars). The asymptotic values of the total fragmentation cross sections correspond to the total knockout cross sections from the MD
MD inset) and are represented by dashed lines. From paper V.
simulations (σKO

the red is for Ne at 110 eV collision energy. At the experimental values of the
stat = 11.4(+2.2) eV for collisions
absolute total fragmentation cross section Ethresh
−1.8
+6.2
with He and 14.3(−4.2) eV for Ne, considering the experimental and statistical
stat is 12.8 (+4.3) eV. These enuncertainties. The weighted mean value of Ethresh
−3.1
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ergies are significantly higher than the dissociation energies (see Fig. 4.11) due
to the high heat capacity that protects the TPP molecule from fragmentation
on the experimental microsecond time scales (paper V).
The energy required to knockout a carbon, nitrogen or a hydrogen atom in a
TPP molecule was calculated using the same approach as for PAHs and hydrogenated PAHs (paper V). For N atoms the mean value of the threshold displacement energy is 24.7 eV, while for C it is 30.6 eV and 6.7 eV for H. The displacement energy for knocking out a carbon atom from TPP is 30.6 ± 0.1 eV,
comparable to the corresponding values for PAHs (see Tab. 4.3). This and the
similar values for the dissociation energies for these systems explain why the
branching ratios between statistical and non-statistical (i.e. knockout fragmentation) are comparable for TPP and PAHs [67] (paper V).

4.3.3

Collision induced dissociation of protonated and deprotonated
Adenine

Adenine (C5 H5 N5 ) is one of the four nucleobases which constitute the DNA
molecule as well as other biomolecular systems, e.g. Flavin adenine dinucleotide (see more in Chapter 5). Adenine may be viewed as five fused
HCN-molecules or as a pyrimidine (C4 H4 N2 ) fused to an imidazole (C3 H4 N2 )
molecule with a NH2 bonded to them (see Fig 4.13). It has been found to be the
most stable of the DNA nucleobases [86], suggesting that it may be the most
likely building blocks of life to survive in space. However, although its possible precursors (e.g. HCN, NH2 ) have been detected in different astronomical
objects, e.g dense molecular clouds [22], meteorites [87; 88], comets [89; 90],
Titan’s atmosphere [22; 91], adenine’s presence in space has not been confirmed yet. The HCN pentamerization has been suggested as one possible
10
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4
3

Figure 4.13: The structure of Adenine where the carbons are in grey, in blue the
nitrogen atoms and in white the hydrogens. From paper I.

formation pathway in the ISM or during the early stages of life evolution on
our planet [23; 24]. However, such a process involves high reaction barriers
in the gas phase or requires catalytic agents such as water or ammonia [23],
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or to be initiated by photoactivated processes [24]. Other formation pathways
may be possible as suggested by Merz et. al. [92] where HNCNH/H2 NCN and
C3 NH are the precursor of adenine without involving HCN molecule in the
synthesis.
In the context of studying possible formation processes of DNA nucleobases experimentally, CID experiments have been suggested as a tool to provide information on their possible precursors [93]. Previous studies have shown
that in energetic processes the fragmentation of adenine (protonated or radical cations) proceeds mainly through sequential loss of HCN molecules and
small (nitrogen containing) hydrocarbons [94–98]. The fragmentation processes, however, which result in a specific molecular structure have not yet
been fully unravelled.

4.0
KO cross section (MD)

Cross section [x 10−15 cm−2]

3.5

(Adenine + H)+ + He (Exp)
(Adenine - H)− + He (Exp)

3.0
2.5
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1.5
1.0
0.5
0.0
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Center-of-mass-Energy [eV]
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Figure 4.14: Total absolute fragmentation cross section as a function of the
center–of–mass collision energy (eV) for protonated (black dots) and deprotonated (red triangles) adenine. The green dots are the havy atoms (C and N)
knockout cross section of adenine as extracted from the classical molecular dynamic simulations. From paper I.

We have measured the absolute total fragmentation cross section for deprotonated and protonated adenine in collision with He at center–of–mass energies in the 20–240 eV range. The experimental results are shown in Fig. 4.14,
where the black dots are the values for protonated adenine and the red triangles are for the deprotonated one. From this plot it is clear that for this range
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Relative Intensity

of energies the absolute total fragmentation cross section do not strongly depend on the collision energies or on the molecular charge carrier. In Fig. 4.14
(green dots), we also show the heavy atom knockout cross sections from our
MD simulations. These suggest that heavy atom knockout is responsible for no
more than 15% of the total cross section, suggesting that statistical fragmentation is the main destruction pathway for adenine in this range of energies.
In the short (ps) timescale of the classical MD-simulations the majority of the
molecules are left intact while on the experimental timescale (µs) enough energy is deposited in the system that it may further statistically fragment. The
present results are close to those from previous experiment on nitrogen substituted PAHs [49], where the KO cross section have been shown to be 20 %
of the total cross section and for which statistical fragmentation become more
important with the number of substituted nitrogens.
In the upper panels of Fig. 4.15 (in black) we show the experimental mass
spectrum of protonated adenine in collision with He at 240 eV in the center–
of–mass energy frame. Almost all the fragmentation peaks reported in the
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Figure 4.15: Upper panel: CID fragmentation spectrum of protonated adenine
colliding with He at 240 eV in the center–of–mass energy frame. Lower panel:
Mass spectrum from the ab initio molecular dynamics (AIMD) simulation for
protonated adenine molecules having an internal energy of 20 eV. Adapted from
paper I.

experimental spectrum have been observed earlier in collision experiments at
low (below 5 eV in the center–of–mass) [93; 95; 99; 100] and high (around
1 keV) [101] energies, although with different branching ratios. Moreover,
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some peaks, to the best of our knowledge, have not been identified yet, e.g.
peaks i and peak k in Fig. 4.15.
We use ab initio molecular dynamics simulations to provide detailed information about the fragmentation dynamics, for instance about the neutral
fragments, which we can not follow in the experiments (see Chapter 2). The
simulated mass spectrum when 20 eV are deposited into protonated adenine
molecule is shown in the lower panel of Fig. 4.15. The deposited energy
in this case is significantly higher than the dissociation energies for adenine
molecules (around 5 eV [22; 102]), but it is needed to observe some fragmentation in the short (ps) timescale of the simulations. This means that we
can not compare the branching ratios between the experimental and simulated
mass spectra. However, all the peaks measured in the experiment are also observed in the simulations and we thus use the MD simulations to determine the
fragmentation pathways which lead to the peaks in the experimental spectra
shown in the upper panel of Fig. 4.15.
To the best of our knowledge, only two other experiments have been carried out for studying collision induced fragmentation of deprotonated adenine.
Cole et al. [22] reported the results of the fragmentation of deprotonated adenine in collision with He at 3 eV. Kamel et. al. [93] used a different approach
and studied the fragmentation of deprotonated adenine as a result of the dissociation of vidarabine (C10 H13 N5 O4 ) colliding with Ar at collision energies between 5 and 25 eV. Our experimental fragmentation mass spectrum of deprotonated adenine colliding with He at 240 eV in the center–of–mass energy frame
is shown in the upper panel of Fig. 4.16. Here, we detect more fragments compared to the previous experiments [22; 93], especially at low mass–to–charge
ratios. In the lower panel of Fig. 4.16, we show our simulated spectrum, which
as in the protonated case displays similar features but different branching ratios compared to the experimental spectrum (upper panel of Fig. 4.16).
In Fig. 4.17 and in Fig. 4.18 we show snapshots from the MD simulations
of protonated adenine and deprotonated adenine. From these snapshots, we
can clearly see that the peak labeled by a in protonated adenine spectrum (upper panel of Fig. 4.15) is due to the NH3 -loss as a result from a H-migration
from N1 to N10 (labelled according to Fig. 4.13). This channel is favoured
compared to NH2 -loss as confirmed by our molecular structure calculations of
the potential energy surfaces of these channels (paper I). In the case of deprotonated adenine, we attribute the peak a at mass 118 amu (see Fig. 4.16) to
NH2 -loss. This is due to a simple bond cleavage, and our molecular structure
calculations suggest that the activation energy for the loss of the NH2 fragment
is indeed much lower than in the case of NH3 . Interestingly, this fragmentation
pathway has to our knowledge never been observed before.
The loss of HCN has been observed from both charged species of adenine,
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Figure 4.16: Upper panel: CID fragmentation spectrum of deprotonated adenine
colliding with He at 240 eV in the center–of–mass energy frame. Lower panel:
Mass spectrum from the ab initio molecular dynamics (AIMD) simulation for
deprotonated adenine molecules having an internal energy of 20 eV. Adapted
from paper I.

but the AIMD simulations suggest different pathways for protonated and deprotonated adenine. Our simulations suggest that in the case of the protonated
molecule (peak b in the Fig. 4.15) HCN loss is the result of the opening of
the six–memeber ring between N1 and C2 followed by the cleavage of N3-C4
bond (see Fig. 4.17). Nelson et al. [95] suggested that this fragment is the result of an H migration which initiated the opening of the ring and the cleavage
of N1-C6 bond. Calculations have shown a similar process to be probable in
the case of deprotonated adenine by Cole et al. [22]. However, our AIMD simulations suggest that the loss of HCN (107 amu) may be initiate by breaking
the C8-N7 bond after H migration (see Fig. 4.18).
Emission of HNCNH is another process observed for both species in our
simulations (see Fig. 4.17 and Fig. 4.18). For protonated adenine the first step
for this channel is the same as for HCN-loss but the dissociation ends with
the cleavage of the N1-C6 bond, as suggested previously by isotope labelling
studies [95]. For the deprotonated adenine, HNCNH-loss (92 amu) is instead
initiated by H migration which opens the six-member ring between C1-C6,
similar to what has been calculated previously [22].
Small fragments have been detected in our experiments both for the protonated and deprotonated adenine (see Fig. 4.17 and Fig. 4.18). Interestingly,
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Figure 4.17: Snapshots of a selection of fragmentation pathways for protonated
adenine obtained from the present ab-initio molecular dynamics simulations simulations. Adapted from paper I.
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Figure 4.18: Snapshots of a selection of fragmentation pathways for deprotonated adenine obtained from the present ab-initio molecular dynamic simulations. Adapted from paper I.
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for protonated adenine the formation of the fragments at 82 amu (C3 H4 N+
3 ),
+
+
55 amu(C2 H3 N2 ) and 27 amu (HCN ) have been suggested to be due to multiple or sequential loss of HCN molecules [93; 95; 99–101]. In Fig. 4.17, we
show that other fragmentation pathways are possible where the loss of one
HCN (for the 82 amu fragment) or two HCN (for 55 amu) are combined with
the loss of one HNC. The fragment at 27 amu has been suggested as the results
of four HCN loss [93; 95; 100; 101], while our AIMD simulations suggest
that this fragment is formed by loosing HNC, HNCH and C2 H2 N2 . For the
deprotonated adenine smaller fragments than the loss of HNCNH (92 amu)
have to our knowledge not been observed before. We observe a fragment at
mass 79 amu (C3 HN−
3 ) which is the result of the loss of HCN and H2 CN. The
68 amu fragment (C2 H2 N−
3 ) is initiated by hydrogen migration from N10 to
N1 which induces the six–member ring to open and to lose C3 H2 N2 . The fragment at 66 amu (C3 H2 N−
2 ) is the result of hydrogen migration from N10 to
N7 causing the loss of HCN and subsequently the CHN2 -loss. The smallest
fragments that we have been able to detect from deprotonated adenine fragmentation is the CN− (26 amu), which stem from the break of the N3-C2 and
C4-N9 bonds and the loss of of HCN and C3 H3N3 .
The present combined experimental and theoretical approach reveals new
possible fragmentation pathways for adenine molecules, which may be important to improve our understanding of the life-cycle of this molecule and other
biomolecular systems in e.g. various astrophysical environments.
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5. Photodissociation and
Isomerisation of complex
molecules

The interaction between light and matter is one of the most powerful tools for
understanding the dynamics of complex molecules. The spectra of light absorbed and emitted by these molecules give important information on which
processes are involved when they are excited and/or de-excited with a specific
energy. These processes may lead to chemical changes in the system through
photo dissociation, isomerization and/or photon emission.
The charge distribution of a molecule may change after photo-excitation
when the molecule is isolated (in the gas phase) or in solution. The solution,
indeed, tends to stabilise the charge distribution which may be de-localized
on the entire molecule (e.g. the π orbital in the aromatic molecules) or more
concentrated on one side of the molecule (e.g. protonation or deprotonation of
a molecule). Studying the evolution of the charge distribution and molecular
structure after an excitation may for instance be important for understanding
photo-activated biochemical processes occurring in nature.
In this Chapter we present the absorption and emission spectra of different
flavins molecules in the gas phase. The action spectra of these molecules are
compared with previous results from theoretical studies and with experimental
data from flavins in solution. Finally, we will investigate photo–induced isomerization occuring in flavin systems.

5.1 Action spectra of flavin mono-anions
Flavin molecules are the active sites or "chromophores" of proteins called
flavoproteins, which are fundamental in the respiratory cycle in animals and
plants [103; 104]. Examples of flavin molecular structures are shown in Fig. 5.1.
The photochemistry of flavin molecules and flavoproteins has been studied
since the 1930s [104], as they are involved in several photochemical and photobiological processes [103]. Flavin adenine dinucleotide (FAD) molecules
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Flavin Adenine dinucleotide (FAD)

Figure 5.1: Schematic of molecular structure of flavin molecules. Flavin Adenine Dinucleotide (FAD) can be divided in several parts (highlighted with red
arrows) which correspond to different flavin molecular structures.

(chemical structure shown in Fig. 5.1) are the chromophores of photolyases
and cryptochromes, where the first is an enzyme devoted to DNA repair after UV damage while the latter has the function to regulate such biological
functions as the circadian rhythm in plants and animals [105]. Flavin mononucleotide (FMN) (see Fig. 5.1) is active in proteins found to be responsible for
the growth process in plants [106]. Indeed, flavins have been suggested to be
the unique blue light photoreceptor in nature [103], while they are thought to
be the light emitting component in bioluminescent bacteria [103]. These are
only few examples of the properties of flavin molecules and their importance
in biological systems.
Flavin molecules are in general embedded in proteins or enzymes which
are surrounded by water. This micro–environment may influence their physical and chemical behaviours [104]. When a flavin molecule bonds to the
protein it can be in different redox states and a photo-driven redox exchange
may occur between the molecule and the protein environment [107]. The
photon-absorption and fluorescence of different redox states of flavins have
been extensively studied when they are bonded to different proteins or in solutions [103; 104; 108–112]. However, studying flavins outside their natural
environment (i.e. in vacuo) may help to understand the intrinsic properties of
these complex molecules without the effect of their micro-environment. The
gas phase data of flavins are also important when compared with calculations.
Calculated structures and transition energies are in general performed for iso44

lated molecules. In the case of FAD and FMN, the presence of the flexible
sugar chain also complicates the structural calculation of the molecules. In
flavins, however, the light is predominantly absorbed by the iso-alloxazine
group. Therefore, the calculations are most often done for lumiflavine (LF)
in the gas phase.
Several studies have tried to understand the role of H-bonding in the absorption spectrum of flavin molecules [113–116], which may be important to
better understand the optical properties of this molecular family when embedded in a protein or when present in solution. However, the solvent nature may
influence the position of the absorption peaks. To study the intrinsic properties of the flavins we have measured the photo-induced dissociation (PID,
see Chapter 2) action spectrum and luminescence spectrum of Flavin Adenine Dinucleotide (FAD) mono–anion in the gas phase. The structure of the
bare molecule is shown in Fig. 5.1. The deprotonation site of the FAD has
been suggested to be on one of the phosphate groups on the chain between the
adenine base and the iso-alloxazine group [117], which is confirmed by our
calculations (paper II). We have also investigated the PID action spectrum of
Riboflavin (RB) mono–anion, where in this case the proton loss was from the
nitrogen atom between the carbonyl groups on the iso-alloxazine ring (paper
II). Moreover, the gas phase spectrum can be use to benchmark theoretical calculations as in general solvent effects are not included in the calculations.
The top panel of Fig. 5.2 shows the absorption spectrum of FAD monoanions in the gas-phase as a collection of different measurements. The red data
set has been measured previously in SepI by Stockett [117] while the green and
the blue data sets are the present results from studies at ELISA and SepI, respectively. In ELISA we have monitored the production of neutrals after the
anions interacted with the laser, while in SepI the spectra have been recorded
by monitoring the major fragmentation channel having a mass–over–charge
ratio of 542 amu/e (see photo-inducted dissociation mass spectrum in paper
III). The good agreement between different data sets is consistent with the fact
that they are not affected by any kinetic shift. On top of each feature in the PID
action spectrum of the FAD mono-anion are the final electronic excited states
labelled. At higher energy we find the transitions from the electronic ground
state S0 to S4 and S3 at 5.8 and 4.75 eV, respectively, while at lower energy the
transitions are to S2 and S1 at 3.59 and 2.74 eV.
In the lower panel of Fig. 5.2 we reported with black bars the average
for each band of previous calculations giving a consesus spectrum of lumiflavin (LF) [118–124]. Most calculations on flavins concentrated on LF as it is
mainly responsible for the optical properties of flavins and because replacing
the side–chain with a methyl group simplifies the calculations. The consensus
spectrum is in general blue shifted compare to the experimental one. Interest45
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Figure 5.2: In the top panel we show the photo-induced dissociation action spectra of FAD mono-anions . The red [117] and blue curves are recorded with the aid
of SepI by detecting the major fragmentation channel at the mass–over–charge
ratio 542 amu/e. The green curve has been recorded using the ELISA storage
ring by monitoring the neutral production as a function of the wavelength. The
lower panel shows the absorption cross section of FAD in neutral aqueous solution (in grey) and the average of several transition energy calculations reported
in the literature (black bars). From paper III.

ingly, the band S3 is reported as formed by two separate bands (S3a at 4.70 eV
and S3b at 4.88 eV), not visible in the experimental spectrum. In the lower
panel of Fig. 5.2 we also show the absorption cross section of FAD when it is
dissolved in a neutral aqueous solution.
The blue-shift of the calculated transition energies with respect to the solution spectrum has been previously attributed to solvent effects (e.g. solvatochromism and hydrogen bonding). However, it is important to notice
the usually-assumed correspondance between Desity Functional Theory calculated transition energies and experimental band maxima relies on the assumption that the maxima of the vibrational wavefunctions are at the classical
turning points of the potential energy surfaces. This is not the case in flavin
molecules, where the vertical (0-0) and adiabatic transitions are separated by
few energy quanta of the most strongly coupled vibrational modes. Therefore,
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Figure 5.3: PID action spectra of RB mono–anions in gas phase (in black) and
when a betaine molecule ((CH3 )3 N+ CH2 CO−
2 ) is bonded to the iso-alloxazine
ring (in orange). The spectra are recorded by monitoring the formation of LF
mono–anions. From paper II.

vibrational wavefunctions do not satisfy the turning-point assumption and the
band maximum may not correspond to the calculated vertical transition [125].
Comparing the gas phase spectrum with the one in solution we can see
that the band maxima coincide for the two spectra apart from the S2 band
which is red shifted in the solution case. This means that the S2 transition may
have a charge transfer characteristic which may be influenced by the presence of the solution. The S1 and S2 bands in FAD mono–anions have been
attributed respectively to the HOMO→LUMO and HOMO-1→LUMO transitions. Hasegawa et. al. [126] have shown that the HOMO-1 and HOMO
molecular orbitals of LF are quite different. The HOMO-1 molecular orbital
shows an electron distribution which is mainly located on the side where the
CH3 groups are bonded, while the HOMO and LUMO orbitals show an almost identical and homogeneus electron distribution over the iso-alloxazine
group [126]. The S0 →S2 transition, therefore, is associated with a charge
transfer while the S0 →S1 is not. Charge transfer transitions are more susceptible to solvent effects [127], leading in this case to a red-shift of the S2 band.
To better understand how the electronic properties of flavins are influenced
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by the solvent environment, we investigated absorption spectrum of riboflavin
(RB) mono–anions in the gas phase by the aid of the PID action spectroscopy
technique. In this case the PID action spectrum is recorded by monitoring the
yield of LF monoanion. We recorded the PID action spectrum also in the case
where one betaine molecule (trimethylglycine, (CH3 )3 N+ CH2 CO−
2 ) is bonded
to the RB mono-anion molecule. Betaine is a zwitterion molecule with a strong
dipole moment which allows it to bond strongly in case of a very localized
charge distribution (e.g deprotonated or protonated molecules). The experimental spectra are shown in Fig. 5.3. The experimental results show that the
PID action spectrum of RB mono–anion with a betaine molecule attached is
strongly blue–shifted with respect to the bare RB anion (the band maximum is
out of the laser range). The RB mono–anion is deprotonated by losing the hydrogen bonded to the nitrogen placed between the two carbonyl groups on the
iso-alloxazine ring (see structure on fig. 5.1). This localised charge strongly
influence the charge transfer character of the S0 →S1 transition. Indeed, the
transition moves the charge distribution from a localised part of the molecular
orbital in the ground state to a more spread out distribution in the excited state
(paper II) which is strongly influenced by the presence of the betaine bonded to
the molecule resulting in a strong blue shift. However, the shift appears to be in
the opposite direction compared to when FAD mono–anions are excited in the
water solution. We have to remember than in the case of the RB mono–anion
only one molecule is bonded to the system while in the solution the number of
molecules attached to the ion may be higher. Secondly, the type of the solvent
may play an important role in the position of the transition band. Changing
polarity and the protic ability of the solvent ( i.e. how easily the solvent may
loose an H+ ) may influence the polarizability of the excited state and the formation of H-bonds , which may change the position of the transition bands.
Another important difference between the RB and FAD mono–anion cases is
the location of the deprotonation site. In the case of the RB it is located on the
chromophore while in the case of FAD it is on the chain which may influence
the degree of charge transfer in the two systems.
The high energy transitions in FAD mono–anion are less studied both
experimentally and theoretically, as in this energy range the interpretation is
complicated by the presence of the adenine moiety. Adenine molecule absorbs
in a similar wavelength range as the flavins with band maxima at 250 and
200 nm in the gas phase [128], similar to the bands S3 and S4 in Fig. 5.2. For
better understanding the influence of the adenine DNA base in the properties
of FAD mono-anion molecule, we have also measured the PID action spectrum
of the FMN mono-anion. We have monitored the loss of formylmethylflavin
(m/z 169) from the parent ion in the wavelength range between 200–320 nm.
The action spectrum of FMN mono-anion is shown in black in Fig. 5.4, while
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Figure 5.4: PID action spectrum of FMN mono–anion as monitoring the loss of
formylmethylflavin (284 m/z) in black. In red the PID action spectrum of FAD
mono–anion is shown as reported in Fig. 5.2. From paper III.

the corresponding results for FAD mono-anion as presented are presented in
red. The FMN spectrum is red shifted compared to the FAD ones which may
indicate a stabilizing effect on the ground state when the adenine moiety is
present. The calculated spectrum is instead blue shifted compared to the FAD
mono–anion one which seems to contradict the present results. The difference
may be due to a different perturbation of the electron density for the two systems which may be a stronger effect than the loss of the adenine moiety. This
may also influence the action spectrum at lower energies [129].

5.2

Luminescence spectrum of flavins mono–anion

Fig. 5.5 shows the luminescence spectrum of FAD mono–anion in the gas
phase (in black and light grey) following excitation by 445 nm photons and
in aqueous solution following excitation by 428 nm photons [130] (in red).
The light grey line is the raw spectrum as recorded by the CCD camera of the
spectrometer in LUNA. The experimental data have been fitted with an empirical function which describes the asymmetric luminescence bands given by
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Figure 5.5: Luminescence spectrum of FAD mono–anion in gas phase excited
by 445 nm photons (in black and light grey) and in aqueous solution excited by
428 nm photons [130] (in red). From paper III.

Greisch et al. [131]:
y = y0 + A × exp[−exp(−

x − x0
x − x0
)−
]
w
w

(5.1)

where A is the amplitude, w is the width and x0 the position of the maximum.
By fitting the gas phase experimental data to the equation 5.1, we find that the
maximum of the luminescence spectrum is at x0 = 525 ± 2 nm (2.37 eV), while
it is at 541 nm in the case of the aqueous solution [130], similar to what was
observed for other flavins [132; 133]. Both correspond to the S1 →S0 transition of FAD mono–anion. In contrast to the absorption, this transition changes
position with the polarity of the solvent [132], suggesting a stabilizing effect
of the more polarizable excited state through a rearrangement of the solvent
dipole moment.
The present Stokes shift (i.e. the difference between the absorption and
emission maximum) for FAD mono–anion in the gas phase is around 3000 cm−1 ,
consistent with the RB in polar solvents [132]. It should be noted that the
emission maximum and the Stokes shift for RB are similar for the aprotic and
apolar solvents [132], suggesting again that the H-bonding plays an important role. Klaumünzer et al. [134] have calculated with the aid of TD-DFT
methods that the stretching modes in the iso-alloxazine of flavins are between
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1400–1600 cm−1 and find a Stokes shift of 3400 cm−1 , which is consistent
with our experimental results.
Although the luminescence collection efficiency of the LUNA apparatus is
high [44], the emitted radiation from FAD mono–anions was weak, as shown
by the noisy grey signal in Fig. 5.5. Determination of the absolute fluorescence
quantum yield of trapped ions are extremely challenging as it is proportional
to the number of ions in the trap and to the overlap between the ion and laser
beams, which are difficult to measure. Instead, we can estimate the gas phase
quantum yield of FAD mono–anion by comparing the total integrated luminescence signal per laser shots (i.e. brightness) of the flavin molecules with
the one of resorufin (a laser dye) at similar experimental condition. By this
method, we have obtained a gas phase quantum yield of 0.1. The present
value is lower than what have been measured for FMN and RB in neutral solutions [118; 130; 132; 135]. It has been suggested that FAD in solution may
have two different configurations: stacked and unstacked [130], which may
influence the quantum yield of the ion. In the case of FAD in stacked configuration, the adenine moiety bonds with the iso-alloxazine chromophore through
a π-π interaction which quenches the flavin excited state resulting in a lower
value of the quantum yield (0.033 [130]). It has been observed that in a pH
range between 3.5 to 11 [130] the unstacked structure dominate the spectrum
with a quantum yield that reaches a value of 0.13 [130]. Although our estimation of the quantum yield can not be use to determine the configuration of the
FAD mono–anion in the gas phase, it is between the values for the stacked and
unstacked configuations in solution. Interestingly, no fluorescence has been
observed in LUNA for FAD di–anions or FMN mono–anion, which may suggest that these ions decayed through other non-radiative channels (e.g. electron
detachment or inter-system crossing).

5.3 Isomerization of Flavin di–anions
FAD has a "complicated" structure and has a large number of possible deprotonation sites which may be different in the gas phase compared to solution
environment and affect the optical properties of the molecules [26; 136]. Moreover, several studies of flavins in gas phase [117; 137–141] have suggested the
importance of proton transfer process. Stockett [117] has found indirect evidence that proton transfer in FAD mono-anion may be an important channel in
the formation of luminochrome derivatives.
Using the ion mobility apparatus (see Chapter 2), we have investigated the
photochemistry of FAD di–anions with different de–protonation sites. Thus,
the isomers have been exposed to laser light and the products have been analysed by their mobility (paper II).
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Figure 5.6: Schematic structures of the FAD di-anion isomers with the lowest
energy. From paper II.

Calculations of the geometrical structures and energy minimization of the
FAD de-protomers have found two structures (see Fig. 5.6) which are separated by 0.021 eV. The isomer with the lowest energy is Iso 2 in Fig. 5.6, where
the de-protonation sites are on the N between the carbonyl group on the isoalloxazine chromophore (N3 in Fig. 5.6) and on one of the phosphate groups
on the chain. The second configuration (Iso 1) has both phosphate groups de–
protonated (see Fig. 5.6).
In Fig. 5.7 we show the arrival time distribution (ATD) of the FAD di–
anions (mass–over–charge 391.8). In the top panel we show the results when
the first ion gate (IG1) is pulsed at different ion funnel conditions. Two peaks
are clearly visible which correspond to the two different isomers generated. By
changing the RF voltage applied to the first ion funnel (IF1), we can change
the intensity ratio between the two isomers where the isomer with the most
stable structure will survive at higher energy (i.e. high RF potential), as shown
in the panel (a) of Fig. 5.7.
The experimental collision cross section for different arrival time has been
calculated by employing the Mason-Schamp equation [45; 142], which correlates the collision cross section to the arrival time, the geometry of the set-up,
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Figure 5.7: (a) Arrival time distribution of FAD di-anions with different condition of the first ion gate (IG1) in the ion mobility set-up. (b) Arrival time distribution of ISO1 of FAD di-anion gated with the second gate (IG2) in the apparatus
with laser off (in black) and the difference between laser on and laser off when
the ions are irradiated at 470 nm (in orange). (c) Arrival time distribution of ISO2
of FAD di-anion when laser is off (in balck) and the the difference between laser
on and laser off when the ions are irradiated at 490 nm (in orange). From paper
II.

the charge of the ions, the pressure and the temperature of the buffer gas (see
supplementary material of paper II). For the isomer having the shortest arrival
time in Fig. 5.7 (Iso 2) the collision cross section is 299 ± 10 Å2 , while for
the isomer (Iso 1) which has been detected later the collision cross section is
305 ± 10 Å2 . We also calculated the collision cross sections for unstacked
configurations of these isomers using MOBCAL, yielding 309 Å2 for Iso 1
and 293 Å2 for Iso 2 that are consistent with the experimental results. As
mentioned for the FAD mono–anion experiments, this molecule may be in a
stacked or unstacked configurations. Our calculations suggest that the FAD
di–anion in the stacked configuration is higher in energy compared to the unstacked, most likely due to the increased Coulomb energy as the two negative
charges are closer in the folded configuration giving a collision cross section
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for stacked Iso 1 and 2 of 297 Å2 and 291 Å2 , respectively. This would mean
that for each isomer we should see two peaks in the ATD spectrum, which
are not observed in our experiment. It may be possible that the two configurations have a low energetic barrier which allows the molecules to convert
from stacked to unstacked rapidly while the ions pass in the collision region,
resulting in only one peak for each isomer, as was observed before in a high
temperature ATD spectrum of deprotonated trinucleotides [143]. Therefore,
it may be difficult to compare the experimental and the calculated collision
cross sections, as in the experiment the values may be the result of an average
between different configurations for each isomer, while in the calculations we
assumed a fixed structure. As MOBCAL calculations have not been benchmarked before in the case of anions interacting with N2 , we have investigated
the photo-response of the different isomers to support the present results.
In Fig. 5.7 we show the ATD spectra of the two different isomers (panel
(b) for Iso 1 and panel (c) for Iso 2) selected in time by pulsing the second
ion gate (IG2). We report the results in the case where the laser light was off
(black lines) and the difference between laser on and laser off (orange lines).
For both isomers a depletion signal has been observed, shown by the negative
signal at the same arrival time as when the laser is off. In the case of Iso 1, the
difference between laser on and off shows a clear PhotoISomerization Action
(PISA) signal, as after the interaction with radiation the isomer changes its
structure. The position of the photoisomer is between the two peaks of panel
(a) as the Iso 1 have been gated with IG1 and photisomerized in Iso 2 in the
position of IG2. By scanning the quadrupole, we only observed FAD mono–
anions as the result from depleting both isomers, strongly suggesting that the
depletion signal ensues only by the electron detachment and not by fragmentation.
Fig. 5.8 shows the yield of photoisomerisation as a function of the laser
wavelength (i.e. photoisomerisation action spetrum) in a range between 400
and 650 nm for different flavin anions. In panel (a) we show the depletion (in
black) and the PISA (in orange) spectra of Iso 1. Both spectra have similar
features with a plateau region for wavelengths lower than 450 nm. The PISA
spectrum has been multiplied by a factor 1.2, suggesting that a fraction (20 %)
of the depletion signal is due to ion losses (perhaps by electron detachment)
rather than PISA. In panel (b), we show the depletion (in black) and PISA action spectra (in orange) for the FMN mono–anion, where the de-protonation
site is along the chain (see Fig. 5.1). The spectra are similar to the corresponding ones for the FAD di–anion Iso 1 configuration shown in Fig. 5.8. As for
the panel (a), the FMN mono-anion displays a depletion signal due to electron detachment and a small signal for isomerization (the PISA spectrum has
been multiplied by 15). The similarities between the spectra for FAD di–anion
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Figure 5.8: Photoisomerization action (PISA) and depletion spectra of different flavin anions. (a) PISA (in orange) and depletion (in black) spectra of
Iso 1 compared to the photo-induced dissociation (PD) spectrum of FAD mono–
anion [117]. (b) Depletion (in black) and PISA (in orange) spectra for FMN
mono–anions. (c) Depletion spectrum for Iso 2 (in black) and for RB mono–
anion (in orange).

and FMN mono–anion suggest that the deprotonation sites for Iso 1 are on the
phosphate groups along the chain, which is consistent with the assignment for
the two isomers in the ATD spectrum. Moreover, the action spectra of Iso 1 in
Fig. 5.8 display similar features as the photo-dissociation action spectrum of
FAD mono-anion in the gas phase [117] (in grey in panel (a)) or with the neutral FAD in solution [135]. This suggests that the negative charges are located
as for the Iso 1 structure in Fig. 5.6.
Panel (c) of Fig. 5.8 shows the depletion action spectrum for Iso 2 (in
black) due to electron detachment. The depletion signal for Iso 2 is red shifted
compared to Iso 1 and displays a long tail up to 600 nm. As mentioned before, RB is de-protonated on the N atom between the carboxyic groups on the
iso-alloxazine chromophore (N3 in Fig. 5.7) [144–147] which is one of the deprotonation sides for Iso 2. The depletion action spectrum of RB mono-anion
(in orange in panel (c)) is similar to the one for Iso 2, suggesting that one of
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de-protonation sites for FAD di-anion is similar to the one for the RB anion.
We have calculated the transition wavelengths for S0 →S1 and S0 →S2 and
the adiabatic electronic detachment energies for both isomers of FAD di–
anions by the aid of df-CC2/631G+(d) level of theory. The results of these
calculations are presented in Table 5.1, which shows that for Iso 2 the transition
energies are red shifted compared to Iso 1. The adiabatic electron detachment
Table 5.1: Transition and electron detachment energies for Iso 1 and Iso 2 calculated at the df-CC2/631G+(d) level of theory (paper II).

Isomer
Iso 1
Iso 2

S0 →S1
413 nm
469 nm

S0 →S2
330 nm
414 nm

adiabatic electron detachment energy
445 nm
540 nm

energy for Iso 2 is 540 nm, which is close to the threshold detachment energy observed in panel (c) of Fig. 5.8. This suggests that electron detachment
may be caused by the absorption of a single photon. However, we observe
an electron detachment signal below the calculated electron detached energy,
probably due to a broad distribution of the internal energy of the ions at room
temperature. A similar situation is observed in the case of Iso 1 in panel (a) in
Fig. 5.8 where the calculated adiabatic electron detachment energy is 445 nm.
In the case of FMN mono–anions the calculated adiabatic electron detachment
energy is around 300 nm, which means that at least two photons are needed
to observe electron detachment in the wavelength range shown in panel (b) in
Fig. 5.8. In general, however, isomerization occurs with the absorption of a
single photon. The fact that we observe isomerization of FMN mono–anions
in the two photon regime may suggest that the probability of multi-photon absorption depends on the wavelength.
To clearly assign the photoisomer of Iso 1 as Iso 2, we employed a technique that involved pulsing the two ion gates differently. First, we pulsed the
IG2 with laser off while IG1 was open to allow the isomers created by the
source to be clearly separated by collision in the drift region. This procedure
allows us to measure the exact arrival time on the detector of the two different isomers. In the second step, we pulsed both gates according to the correct
delay for detecting Iso 1 alone. Finally, we exposed Iso 1 to laser radiation
which generated the Iso 2 at the same arrival time as in the first step. Comparing the measurements of only IG2 with the ones when the laser is off, and
when both ion gates are pulsed and when laser is on, the arrival time of the
Iso 2 are within 0.02 ms with the same collision cross section (±0.5Å2 ). This
procedure strongly suggests that the two isomers are the same species.
Changing the configuration between Iso 1 and Iso 2 involves an intramolecular proton transfer between different sites of the molecular ion. The mecha56

nism may occur either by proton transfer at the excited state level, as proposed
previously in the case of FAD mono–anions and FMN cations [117; 137], or
from the ground state followed by statistical proton transfer, which converts
hot molecules to a more stable structure (in this case Iso 2). The first mechanism, however, requires that the Iso 1 adopts a configuration where the deprotonation sites are close. This is unlikely to occur due to the repulsive potential between the negative charge sites. Another possible mechanism is that
the proton transfer occurs one protonation site to the other in the ground state.
This may occur in a hot vibrational ground state which may be inaccessible
at room temperature. Alternatively, a proton may be transfer via sequential
steps along the chain. This will result in intermediate structures which are not
detected in the present ATD spectrum. Further studies are needed to confirm
which proton transfer mechanism occurs in flavin molecules, which may include employing Molecular Dynamic simulations to studying these processes
in details.
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6. Summary and Outlook

In this thesis, I have presented the results of collision and photo-induced processes for a range of different molecular systems in the gas phase. I have
shown that exciting a molecule through collisions or interaction with photons
may lead to fragmentation, proton-transfer or photo-induced isomerisation and
how the surrounding environment may influence the optical properties of a
molecule. We have investigated the role of the knockout processes in the fragmentation of Polycyclic Aromatic Hydrocarbons (PAHs) colliding with He in
the sub-keV center–of–mass energy range. We have measured, for the first
time, the threshold energies for prompt knockout of a single atom from such
stable molecules and, with the aid of classical molecular dynamics simulations, extracted the threshold displacement energies for isolated PAHs (paper
VII). This is an intrinsic molecular property and it is an important parameter
to gauge the significance of knockout processes in e.g. astrophysical environments [13].
In the case when hydrogens are added to a PAH molecule, its heat capacity
increases compare to the pristine system but, at the same time, the dissociation energies decrease due to the weakening of the carbon backbone of the
molecule. It has previously been concluded that additional hydrogens protect the carbon backbone from fragmentation when hydrogenated coronene
molecules are excited by soft-X Rays [72]. The results presented in this thesis
are in contradiction with these findings as we found that the carbon backbone
of hydrogenated PAHs is not protected in collision experiments with atoms
(paper VIII and VI). These results suggest that the excitation process, the degree of hydrogenation and/or the size of the systems play important roles in the
stability of the carbon backbone of such molecules. Furthermore, I have shown
that single carbon loss from hydrogenated PAHs occurs far below the calculated knockout threshold energy suggesting that the fragmentation is mainly
due to statistical processes. Further studies are needed to investigate how PAHs
and hydrogenated PAHs respond to energetic processes and their astrophysical
implications.
I have presented the first evidence of single atom knockout in isolated
biomolecules in the gas phase (paper V). The experimental results, interpreted
with the aid of classical molecular dynamic simulations, show that heavy atom
knockout is the dominant fragmentation mechanism for protonated tetraphenyl59

porphyrins in collision with noble gasses in the sub-keV center–of–mass collision energy range. The knockout contribution to the fragmentation cross section for protonated tetraphenylporphyrin is estimated to be up to 70% and 40%
in collision with Ne and He, respectively. In contrast, I have shown that in
more fragile biomolecular systems such as protonated and deprotonated adenine, statistical fragmentation is the main destruction mechanism for sub-keV
energy collisions with He (paper I). I have investigated such statistical fragmentation pathways for protonated and deprotonated adenine by comparing
the experimental mass spectra with those from ab initio molecular dynamics
simulation results. This revealed new fragmentation pathways which may be
important for understanding how nucleobases are formed and destroyed in various extraterrestrial environments.
Furthermore, the photoabsorption and emission bands of flavin mono-anion
molecules in the gas phase have been investigated (paper II and III). Discrepancies between absorption band maxima of flavins in solution and theoretical
values have previously been attributed to the influence of the surrounding environment, while our results show that the lack of appropriate description of the
vibronic structure of flavins molecules is the most plausible reason. Moreover,
photo-isomerisation of flavin di-anions has been investigated and two different
isomers have been detected (paper II). The molecular structures of the two isomers have been confirmed by PhotoIsomerisation Action (PISA) spectroscopy
and supported by electronic structure and collision cross section calculations.
This strongly suggests that the isomerization occurs through proton transfer
from the chromophore site to one phosphate group of the molecule. However,
the exact proton transfer mechanism which leads to the final structure has not
yet been unambiguously confirmed, which calls for further studies by means
of e.g. molecular dynamic simulations.
In the collisions experiments, we have established that knockout fragments
survive on microsecond timescales, however it is still not clear if they may
survive on the timescales relevant for e.g. astrophysics. This is possible to investigate by means of the Double ElectroStatic Ring ExpEriment (DESIREE)
where ions may be stored up to hours [148; 149]. Coupling an electrospray ionization source to DESIREE will also allow us to study bigger and more fragile
molecules than what is currently possible with this set-up. Furthermore, this
allow us to take advantage of the extreme high vacuum and cryogenic conditions of DESIREE to study the optical properties of large molecular systems.
Futhermore, we are constructing a new set-up to measure the luminescence
of complex molecular systems in the gas phase, similar to the LUNA set-up
at Aarhus University, but with the additional advantage of having the ion trap
cryogenically cooled. Experiments from this setup and the DESIREE facility
will provide information on photon- and collision induced dynamics of com60

plex molecular systems in unprecedented detail.
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7. Appendix A

In this section we report how the data analysis of the collision induced experiments done in EIS-LAB have been done. We explain how from the raw data
we extract the mass–over–charge fragmentation spectrum, its normalization
and how the measurements of the absolute and knockout cross sections.

7.1 Data Analysis in EIS-LAB
When an energy spectrum is recorded, we count the number of particles with
a given energy that hit the MCP screen at different positions on the detector.
In the range of energies selected by the analyser, the particles with the lowest
energy will appear on one side of the detector while those with the highest
energy will be on the opposite side. We use a self written Labview program
that extracts the intensity of the beam for each energy. A raw data spectrum is
shown in the top panel in Fig. 7.1.
To compare different processes, it is important to know how much energy
is available for chemical reactions [57]. The energy accessible for the reaction
is the centre–of–mass energy (ECoM ) [150] which is linked to the energy in the
laboratory frame ELAB by the equation 7.1:
parent
ECoM = ELAB

mtarget
mtarget + m pro j

(7.1)

where mtarget corresponds to the mass of the neutral target, m pro j is the mass
parent
of the molecular ion and ELAB
corresponds to the energy of parent ions in the
laboratory frame.
To separate fragments according to their energy after collisions in the gas
cell, we apply a voltage to the electrostatic deflectors (V) and change it (∆V)
by a constant step size in time (∆t) such that ∆V
∆t =const. The ratio between the
voltage steps (∆V) and the electric potential applied to the deflectors in order
to detect the beam is also constant ( ∆V
V =const). This means that a high energy
ion-beam component deflected by a high potential spends more time on the
detector than a low energy ion-beam component and this needs to be corrected
for in the analysis. We correct the intensity of the fragmentation mass spectra
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Figure 7.1: Collision–induced–dissociation spectrum of pyrene molecular
cations (C16 H+
10 )) following collisions with He at a center–of–mass energy of
110 eV. In the figure we show the raw data (top panel), when the energy correction factor is applied from Eq. 7.2 (middle panel) and when the energy spectrum
has been converted to mass/charge spectrum (bottom panel). The numbers listed
in the top panel correspond to the number of carbon atoms (nC ) that are part of
the charged fragment.
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parent
using the ratio between energy of the parent ion (ELAB
) and the fragment
f ragment
(ELAB
) in the laboratory frame:

Icorr = I

parent
∆tLAB
f ragment
∆tLAB

=I

parent
VLAB
f ragment
VLAB

=I

parent
ELAB
f ragment
ELAB

(7.2)

An example of this correction is shown in the middel pannel of Fig. 7.1 of the
corrected spectrum of C16 H10 + + He at 110 eV in the centre–of–mass frame.
Neglecting small difference in projectile fragment velocities, we can then
convert the energy spectrum (assuming that all of the fragments have the same
velocity as the parent ion beam) to a mass spectrum using the relation:
f ragment m pro j
m = ELAB
(7.3)
parent
ELAB
as shown in the lower panel in Fig. 7.1.
With this set–up, it is also possible to measure the total absolute fragmentation cross section (σTExp
OT ) by attenuation measurements and, by using the
Lambert–Beer law, we can extract the value of this cross section at a given
collision energy:
Exp
IMCP = IAFEM e(−ρrσT OT )
(7.4)
where IMCP correspond to the intensity of the beam after it has passed through
the gas cell (in our case detected by the MCP), IAFEM correspond to the intensity of the ion beam before the interaction region (measured by the AFEM), ρ
is the number density of the neutral gas, r is the effective length of the gas cell
(4.0 ± 0.2) cm and σTExp
OT is the absolute total fragmentation cross section to be
determined. The number density of the neutral gas is related to gas pressure (P)
and the temperature T inside the gas cell by the equation: ρ = P/T kB , where
kB is the Boltzmann constant. The pressure is measured by the capacitance
manometer and the reactions occur at room temperature (300 K). Because we
know all the parameters of equation 7.4, we determine the value of σTExp
OT with
an estimated statistical and systematic error of 5%. For positively charged ions,
to be able to compare different collision–induced–dissociation (CID) spectra,
we need a way to normalise them. One way is to use the integrated mass
spectrum, AT OT (the grey area in the Fig. 7.3), that is proportional to the total
absolute fragmentation cross section σTEXP
OT measured by the beam attenuation
method. The intensity of a single peak in the mass spectrum, AP (the hatched
area in Fig. 7.3), is related to the partial fragmentation cross section σPEXP by:
σPEXP = σTExp
OT

AP
AT OT

(7.5)

Now we can compare the production of different fragmentation channels at
the same energy or how the σPEXP changes as function of the collision energy.
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Figure 7.2: Attenuation measurements of pyrene cations (C16 H+
10 )in collision
with He at 110 eV (red line) and at 170 eV (blue line) in the centre–of–mass
energy. The relative intensities are normalised to the mean intensity recorded by
the AFEM detector.

This allows threshold energy measurements for different products, which we
have used in our studies of knockout processes in PAH and hydrogenated–PAH
molecules (papers VI and VII).
In the case of negative ions this procedure can not be used. In fact, the probability to remove a weakly bond electron is high for negative ions which may
decay by the emission of electrons or by collision, leading in the formation
of neutral species with higher rate than for positive ions. In EIS-LAB we are
able to detect only charge particle, although the attenuation measurements of
the absolute total fragmentation cross section are still correct, the integrate
fragmentation mass spectrum is not proportional to σTEXP
OT , as for positive ions.
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Figure 7.3: Collision–induced–dissociation mass spectrum of singly charged
pyrene molecules (C16 H+
10 ) molecules recorded in collisions with He at 110 eV
centre–of–mass collision energy. The grey area corresponds to the absolute total
fragmentation cross section, while the hatched area is the partial fragmentation
cross section corresponding to the loss of a single carbon atom (-CHx labelled in
the figure). From Paper IV.
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8. Additional Publications

My work has also resulted in additional publications, not discussed in this
thesis.
i. Photodetachment and Photoreactions of Substituted Naphthalene Anions in a Tandem Ion Mobility Spectrometer
J. N. Bull, J. Buntine, M. Scholz, E. Carrascosa, L. Giacomozzi, M. H. Stockett, E. Bieske, Faraday Discuss. (2019)
DOI: 10.1039/C8FD00217G
ii. Selective Generation of the Radical Cation Isomers [CH3 CN]•+ and
[CH2 CNH]•+ via VUV Photoionization of Different Neutral Precursors and Their Reactivity with C2 H4
P. Miroslav, E.-L. Zins, C. Alcaraz, J. Žabka, V. Křížová, L. Giacomozzi,
P. Tosi, D. Ascenzi, The Journal of Physical Chemistry A, 120, (2016).
DOI: 10.1021/acs.jpca.5b12757
iii. Isomer effects in fragmentation of Polycyclic Aromatic Hydrocarbons
M. H. Stockett, M. Gatchell, N. de Ruette, L. Giacomozzi, T. Chen, P. Rousseau,
S. Maclot, J. -Y. Chesnel, L. Adoui, B.A. Huber, U. Bērzņš, H.T. Schmidt,
H. Zettergren and H. Cederquist , International Journal of Mass Spectroscopy, 392, 58 (2015) .
DOI: 10.1016/j.ijms.2015.09.005
iv. Non-Statistical fragmentation of large molecules in collision with atoms
M. H. Stockett, L. Adoui, E.K. Anderson, T. Chen, J. -Y. Chesnel, N. de Ruette,
M. Gatchell, L. Giacomozzi, B.A. Huber, K. Kulyk, S. Maclot, P. Rousseau,
M. Wolf, H. Zettergren, H.T. Schmidt and H. Cederquist , Journal of
Physics: Conference Series, 635, 012036 (2015) .
DOI: 10.1088/1742-6596/635/1/012036
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Sammanfattning

Den här avhandlingen berör experiment som undersöker vad som händer då en
molekyl absorberar fotoner eller kolliderar med en atom eller jon. Molekylen
kan då exciteras och därefter återgå till sitt grundtillstånd genom en rad olika
processer som att till exempel avge en eller flera fotoner eller elektroner, byta struktur eller gå sönder. För komplexa molekyler inträffar dessa processer
vanligtvis efter att excitationsenergin statistiskt sprids ut över alla molekylens
frihetsgrader. I kollisioner med atomer och joner kan molekylen dock gå sönder genom att en enskild atom slås ut innan den överförda energin fördelats
jämt. Detta är ett exempel på en icke-statistisk process som sker på en femtosekundstidsskala, mycket snabbare än en statistisk process. Ett annat sådant
exempel är protonöverföringsprocesser som inducerats av fotonabsorption.
I den här avhandlingen visas att de icke-statistiska sönderfallsprocesserna
dominerar då aromatiska molekyler som till exempel PAH-molekyler (polycykliska aromatiska kolväten) eller porfyriner kolliderar med helium vid energier som understiger 1 keV i kollisionsystemets masscentrum. Statistiska processer dominerar däremot sönderfallet av mer ömtåliga system som hydrogenerade PAH-molekyler eller DNA-byggstenen adenin. De experimentella resultaten som presenteras i denna avhandling tolkas med hjälp av molekyldynamiksimuleringar, vilket ger information som kan bidra till att öka kunskapen om
hur komplexa molekyler skapas och överlever i t.ex. astrofysikaliska miljöer.
Dessutom presenteras resultat från experimentella studier av fotodissociation och luminiscens av flavinmolekyler i gasfas. Resultaten jämförs med
tidigare beräkningar och experiment där molekylerna varit i en lösning. Vidare visas hur vibrationsnivåer och påverkan från den omgivande miljön (lösningsmolekyler) är viktiga att inkludera för att förstå absorption och emission
hos enskilda flavinmolekyler, samt hur protonöverföringsprocesser förändrar
de optiska egenskaperna hos denna familj av molekyler.
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