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Kurzfassung

In dieser Arbeit werden eine Reihe von Experimenten an verschiedenen Arten von Flavinen in der
Gasphase mit Femtosekundenlaserpulsen vorgestellt. Der verwendete experimentelle Aufbau ist
ein Tandem Massenspektrometer (zur Selektion und Analyse der ionisierten Molekiile) kombiniert
mit einer RF Hexadekapol Falle, in der die Flavine mit den Femtosekundenlaserpulsen interagieren
konnen. Die Erzeugung der gewiinschten Molekiilspezies geschieht mit Hilfe einer Elektrospray
Quelle. Das Femtosekundenlasersystem besteht aus einem Ti:Saphir Oszillator von Femtolasers
kombiniert mit einem Odin Pulsverstirker von Quantronix, das Laserpulse mit 800 nm Wellen-
lange, 35 fs Dauer und bis zu 1,2 mJ Pulsenergie bei einer Repetitionsrate von 1 kHz liefert.
Diese Pulse werden dann entweder durch Frequenzverdoppelung zu 400 nm Pulsen konvertiert,
oder fiir die Erzeugung von WeiBllicht durch Filamentierung benutzt. Die drei wichtigsten Flavine
sind Riboflavin (RBF), Flavin Mononucleotide (FMN) und Flavine Adenine Dinucleotide (FAD).
FMN und FAD werden im menschlichen Korper aus RBF (Vitamin Bs) synthetisiert, sie bilden die
funktionalen Elemente in Hunderten so genannter Flavoproteine. Die erfolgreiche Erzeugung von
entweder kationischen oder anionischen Flavinen (RBF* und FAD?") oder sogar beides (FMN™
und FMN™) mittels einer Elektrosprayquelle wird demonstriert. Die kollisionsinduzierte Dissozi-
ation ist dabei leicht unterschiedich fiir die verschiedenen Flavinarten: RBF* fragmentiert primér
in Lumichrome (LC)™ und spaltet in kleinerem AusmaBl Wasser ab; FMN™ spaltet hauptséchlich
Wasser ab, zusitzlich verliert es die Phosphatgruppe oder zerfillt in LC*; FMN™ ist dagegen sehr
stabil, die geringe beobachtbare Fragmentation besteht aus gleichen Teilen aus neutralem LC und
Lumiflavin (LF) sowie den zugehorigen geladenen Seitenketten; FAD?~ zerfillt in zwei einfach
geladene Fragmente, eines von diesen ist LF~. Die Untersuchung der Photophysik der Flavine
mit 400 nm fs Laserpulsen zeigt ein sehr dhnliches Verhalten fiir RBF* und FMN™: Es dominiert
der einphotonische Zerfall in LC™, LF" und Formylmethylflavin (FMF)", dabei zeigt LF* die
grofte relative Hiufigkeit, FMF* die geringste. Bei hohen Pulsenergien fragmentieren diese Pho-
toprodukte nach zweiphotonischer Anregung zusitzlich in eine ganze Reihe kleinerer Fragmente;
FMN™ fragmentiert fast auschliesslich in neutrales FMF sowie die zugehorige geladene Seiten-
kette. Das Ladungsumkehrspektrum ist dagegen fast identisch mit dem von FMN™; FAD?" frag-
mentiert nur schwach unter Laserlichteinwirkung, primér in LC™ und LF~ sowie den zugehdrigen
Seitenketten und Adeningruppen. Die Temperaturabhiingigkeit der laserinduzierten Dissoziation
zeigt ein entgegengesetztes Verhalten fiir die Anionen und Kationen: Kationen dissoziieren leichter
bei tiefen Temperaturen, Anionen dagegen besser bei hohen. Die Experimente mit ultrakurzen
(5 fs) WeiBlichtlaserpulsen zeigen fiir FMN™ und RBF™ ein sehr dhnliches Verhalten im Vergleich
zu den 400 nm Experimenten, mit dem Unterschied, dass die Anzahl der jeweils benotigten Pho-
tonen sich verdoppelt. Die erfolgreiche Anwendung eines genetischen Algorithmus auf die Op-
timierung der Dissoziation von FMN™ wird ebenfalls demonstriert. Die sich ergebende optimale
Pulsform ist ein kurzer Weilllichtpuls. Die Untersuchung der Chirpabhéngigkeit der Dissoziation
liefert ein dhnliches Ergebnis fiir Pulsenergien bis zu 50 uJ, die kiirzesten Pulse fragmentieren
am effizientesten. Bei Pulsenergieen von 500 uJ zeigt sich allerdings, das negative Chirps eine
starkere Fragmentation als kurze Pulse verursachen. Diese Ergebnissse gelten auch fiir die an-
deren Flavine. Die hohen Feldstirken der WeiBllichtpulse erweisen sich besonders vorteilhaft fiir
die Ladungsumkehrspektroskopie von FMN~ und FAD?~. Photofragmentationsexperimente an
[FMN+Trp]* Komplexen geben deutliche Hinweis darauf, das ein photoinduzierter Ladungstrans-
fer zwischen dem Flavin und der Aminoséiure Tryptophan stattfindet.
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Abstract

In this thesis experiments on flavins in the gas phase are presented, especially on their photophysics
when interacting with femtosecond laser light (400 nm and whitelight). The used experimental
apparatus is a tandem mass spectrometer (for mass selection and analysis) combined with a radio-
frequency hexadecapole ion trap where the interactions of the trapped ions with the laser light are
occurring. The used laser system is a femtosecond Ti:Sapphire system (Femtolasers Femtosource
oscillator, Quantronix Odin amplifier) providing 35 fs long 800 nm pulses with up to 1.2 mJ en-
ergy at an 1 kHz repetition rate. These laser pulses are used for frequency doubling and as seed
pulses for whitelight filamentation. The three major species of flavins are Riboflavin (RBF), Flavin
Mononucleotide (FMN), and Flavine Adenine Dinucleotide (FAD), of which FMN and FAD are
synthesized from RBF in organisms and act as functional groups in hundreds of different flavo-
proteins. The successful generation of gas phase ions for all three flavins with an electro-spray
ionization (ESI) source as either cations or anions (RBF" and FAD?"), or even both (for FMN)
is demonstrated. The collision induced dissociation (CID) of the flavins exhibits slightly different
behavior for each species: RBF' fragments predominantly into Lumichrome (LC)™, with a small
additional channel involving water loss; FMN™’s main CID product is the loss of water, as well
as LC" and the loss of the phosphate group; FMN™ is stable against CID, it fragments in small
amounts to neutral LC and Lumiflavin (LF), with the charged side chains remaining intact; FAD?~
fragments into two singly charged parts, the most dominant process being the one that produces
LF~ as one of the products. The investigation of the photophysics of the flavins with 400 nm fs
pulses reveals that FMN™ and RBF* show very similar laser induced dissociation (LID) behavior:
One photon fragmentation into LC*, LF", and Formylmethylfiavin (FMF)* dominates, with LF*
having the strongest intensity and FMF™ the weakest. At high pulse energies these fragments frag-
ment further via two photon excitation into numerous smaller fragments; FMN™ fragments almost
exclusively into neutral FMF and its corresponding charged side chain. The charge reversal spec-
trum of FMN™ is shown to be very similar to the LID spectrum of FMN™, indicating an additional
photo fragmentation is occurring during the photo ionization of the neutral FMF. FAD?~ exhibits
only limited LID, mostly into LF~ and LC™ and their respective singly charged counterparts. The
temperature dependence of the LID shows a different behavior for the anionic and the cationic
species: While for anions the LID yields decrease, for cations they increase. The experiments
with ultrashort ( 5 fs) whitelight (WL) fs-pulses for FMN™ and RBF* show LID patterns similar
to the 400 nm experiments, just with twice the number of required photons. The application of
a genetic algorithm optimization via a feedback loop is demonstrated for the LID of FMN™, the
resulting optimized pulse is a short pulse (5 fs). The systematic variation of the linear chirp of
the pulse yields the same result for pulses up to 50 uJ energy, the shortest laser pulses produce the
highest LID yields. The chirp dependent experiments with high pulse energies (ca. 500 uJ, with-
out shaper) reveal that for these high pulse energies the highest LID yields are actually achieved
with negatively chirped pulses. This pattern is also observed for the other flavin species. The high
intensities of the WL pulses are shown to be particularly advantageous to achieve charge reversal
spectra for FMN~ and FAD?~, with far higher ion yields than possible with 400 nm pulses. The
observed mass spectra for the charge reversal of FMN ™ are almost identical to the LID of FMN™.
The charge reversal experiments of FAD?~ are similar to those of the other flavin species, with
the additional appearance of adenine. Finally, experiments on [FMN+Trp]* complexes provide
evidence for occurrence of photo induced electron transfer between the flavin and the amino acid.
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(RBF) Mononucleotide (FMN) cleotide (FAD)

Flavins are yellow colored substances that are found in many foods, and which play vital roles
in many biological reactions. The most important members of this group are RBF (also known
as Vitamin B,), FMN (or riboflavin-5'-phosphate), which is synthesized from RBF in the human
body, and finally FAD, which is synthesized from FMN (Their corresponding chemical structures
are shown in Fig. 1.1-1.3). Flavoproteins are proteins that contain either FMN or FAD as (mostly
non-covalently bound) functional group, and they play important roles for example as (blue-light)
photoreceptors [1,2], DNA repair [3—5], and apoptosis (cell death) [6]. The main functionality of
the flavins involved in these biological processes rests on their ability to facilitate electron transfer
processes, or more generally, to act as an electron donor/acceptor system.

Since the first discovery of riboflavin in cow milk in 1879 [7], and its first synthesis [8,9], as well
as the demonstration of its role as a precursor of FAD cofactors [10, 11] in the 1930s, flavins and
flavoproteins have been the subject of intense research, which has identified hundreds of different
species of flavoproteins.

One major challenge of conducting research on biological systems is their inherent complexity, for
example a single protein alone can contain thousands or even tens of thousands of atoms. Each
protein in turn is only a small part of a biological system like a cell, and interacts, often in very
complex ways, with its environment, e.g. other proteins, solvent molecules, or other molecules
like adenosine triphosphate (ATP). This inherent complexity can make the deciphering of the ex-
act biochemical processes at work often a daunting challenge.

During the last decades mass spectrometry has developed into a major analytical tool for biochem-
istry, especially since the development of the electro-spray ionization (ESI) by John Bennett Fenn
in 1984 [12], which enabled the transfer of large biomolecules from the condensed phase into the
gas phase without fragmentation. This significantly eases the identification of the biomolecules
present in a given solution. A quadrupole mass spectrometer (QMS) can act not only as an identi-
fication tool, but also as a filter for molecules of a specific mass to charge ratio. Combined with the
ability to trap these molecules in a radio frequency (RF) ion trap for a prolonged time this opens up
the possibility to investigate selected biomolecules in a controlled environment, thereby reducing
the complexity of the system under scrutiny drastically. However, an open question is always, how
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well the findings of these experiments done in the simplified gas phase environment translate into
the “real” biological world of the condensed phase, i.e. to what degree can the gas phase serve as
model for the condensed phase. This work will attempt to answer a few of those questions with
regard to the flavin species, by comparing the wealth of research already done on the photophysics
of flavins in the condensed phase with the newly obtained gas phase data, where so far very few
experimental data existed for the different flavins. Of particular interest regarding this question
are the photophysics of flavins with 400 nm fs pulses (experiments which will be presented in
Part I'V), since this is the wavelength range where naturally occurring flavin based photo receptors
are mostly sensitive to.

Other motifs of my thesis are the methods of coherent control with femtosecond laser pulses,
and their potential to control and guide molecular systems along certain potential energy surfaces.
While there has been considerable success in controlling the behavior of small molecules like
NaK [13], K5 [14], or Rb, [15], expanding the possibilities of these tools towards larger systems
remains an ongoing experimental challenge. A particular promising avenue for optimal control is
the application of so called whitelight filamentation, providing a drastically increased wavelength
range (500 nm - 950 nm), compared to the normally used 800 nm fs pulses delivered by commer-
cially available Ti:Sa amplifier systems. Exploring the opportunities of these spectrally very broad
and very short (down to 5 fs) pulses for investigating the photophysics of flavins will be the theme
of Part V.

Concerning the structure of my thesis, the experimental apparatus will be presented first in Part I,
followed by a detailed introduction of the different flavin species and their photophysics in the
condensed phase (Part II), their kinetic interactions with the thin atmosphere of the trap (Part I1I),
and finally the experiments with 400 nm and whitelight femtosecond laser pulses in Part IV and
V, respectively.
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Experimental Setup
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Molecular Beam Apparatus

The experimental setup used for all experiments consists of an ion guiding tandem mass spectrom-
eter housed in an ultra high vacuum chamber, in which ionic molecules and clusters are generated,
mass selected, and trapped for spectroscopic investigations. Fig. 2.1 shows a schematic overview
of the main instrument. The generation of the vacuum is performed by several turbo molecular
pumps from Pfeiffer Vacuum: A large (1600 1/s) one for the source chamber, and four smaller
(520 1/s) ones for the main chamber. As most turbo molecular pumps cannot work against atmo-
spheric pressure, two rotary vane pumps (one for the source chamber and one for the main cham-
ber) are employed to generate the rough vacuum, providing an outlet pressure of around 0.1 mbar.
The pressure in the chamber itself ranges from 10~7 mbar in the source area to 10~? mbar in the
main chamber.

The ionic species are produced in the source chamber. This area can be separated from the main
chamber via a gate valve (designated SV in Fig. 2.1, the source chamber itself is not shown) to
enable an easy exchange of different types of ion sources while the main chamber remains under
vacuum. The ion sources available at the moment are a laser vaporization source, a plasma sputter-
ing source, and an ESI source [16]. The ESI source was the main source utilized during the course
of the work presented here.

After being produced in the source, the stream of ionic molecules/clusters gets skimmed and then
focused by an electrostatic lens (see section 2.3 for details) into a deca(10-)pole (element QO in
Fig. 2.1). The decapole is used both as a guiding element and as a phase space compressor:
Through collisions with a thin helium or argon (which is inserted into the decapole) atmosphere
the ion beam is compressed in its spatial and kinetic distribution [17].

After passing the decapole, the ions are deflected in an electrostatic quadrupole ion deflector (DO)
at a 90° angle and focused into the first QMS (Q1, see section 2.5). Here the incoming ion beam,
which, depending on the source, usually consists of many different molecular species, is both ana-
lyzed and mass selected for the desired parent ions.
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Figure 2.1: Schematic overview of the main vacuum chamber.
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the tip of the capillary deforms the con-  analyte (sample) dissolved in an easily evap-
ductive liquid until a jet is formed above  orating solvent, which is charged by a high
a certain threshold voltage. [18] voltage (several kV) applied to the needle.

Charged droplets detach from the tip which are
progressively reduced in size until single free
molecules remain. Afterwards these molecules
enter the vacuum chamber through a small
skimmer. [19]

Behind the QMS a second deflector D1 is placed, which guides the ions into the ion trap. The ion
trap (see section 2.6) consists of a hexadecapole (16 poles arranged in a circle inside a cylindrical
housing, element H in Fig. 2.1), terminated with electrostatic lenses at both its entrance and exit.
Additionally there are einzel lenses (electrostatic focusing elements, E1 - E4) placed in front and
back of the trap, enabling a further focusing of the ion beam going into the trap and coming out of
it. The incoming ions lose their energy via inelastic collisions with a buffer gas, and if the potential
at the entrance and exit lenses are chosen correctly, they can be trapped for up to a few minutes.
The interaction of the mass selected ions with the incoming laser light occurs inside the ion trap.
The laser passes the trap via two (exchangeable) vacuum windows, which are positioned at both
sides of the chamber. The material of the windows used depends on the laser wavelength required
by the corresponding experiment (for example CaF, or fused silica (FS) in the ultraviolet (UV),
sapphire or FS in the visible spectrum (VIS) to near infrared range (NIR), NaCl in the IR ranges).
After the laser interaction with the trapped parent ions the products are extracted via the exit lens
and bent into the second QMS (Q2) by the deflector D2, for mass analysis. The detection is per-
formed by a channeltron (section 2.8, placed after second QMS). Each of these elements shall be
described in more detail in the following sections.

2.1 Electrospray lIonization Source (ESI)

The ion source used in this work is an ESI source. The term electrospray ionization goes back to
works done by Dole in 1968 [21] and was fully established by John Bennett Fenn (June 15, 1917 -
December 10, 2010) in 1984 [12], an accomplishment for which he was awarded the Nobel Prize
in Chemistry 2002. It is, together with techniques like Fast Atom Bombardment (FAB) [22], and
Matrix-assisted laser desorption/ionization (MALDI) [23], one of the most widely used techniques
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Figure 2.4: Picture of the needle assembly of the used ESI source. [20]

to produce ionic species of large biological molecules in the gas phase (Recently developed
alternatives include such methods as Direct Analysis in Real Time (DART) [24] or Desorption
Electrospray Ionization (DESI) [25]).

The term electrospray is employed generally to describe a device that is used to generate a fine
aerosol from a liquid with the help of electricity. When a capillary containing a small quantity of
a conductive liquid is exposed to a high electric field, a so called Taylor cone is formed at the tip.
Above a certain threshold voltage the cone angle surpasses the so called Taylor angle and a jet is
formed which emits a small amount of liquid [26] (see Fig. 2.2 on the preceding page). This is the
starting point of the electrospray process. The liquid consists of the analyte dissolved in a solvent
with a low boiling point (like methanol or tetrahydrofuran (THF), but water is also suitable), where
optionally also a small quantity of acetic acid or trifluorocetic acid (TFA) can be added to increase
the number of charge carriers in the liquid. After formation of the jet a number of small droplets
are formed which are reduced in size until free charged analyte molecules remain (see Fig. 2.3 on
the previous page).

As for the exact nature of these reduction processes there exist two competing theories: The ion
evaporation model (IEM) [27], and the charged residue model (CRM) [21]. The IEM proposes that
below a certain droplet size the field strength at the surface of the droplets is high enough to force
the charged molecules out of the droplet, while the CRM holds that the droplets undergo a series
of cycles: Solvent molecules evaporate from the droplet until the charge per mass ratio of a single
droplet gets so large that a so called Coulomb explosion occurs, generating many smaller droplets,
which in turn restarts the cycle. This is repeated multiple times until only the bare molecules
remain. The actual process might be a mixture of both processes, with the IEM favoring smaller
analyte molecules, while the CRM might be a more suitable model for very large species.

The ion source used in the experiments presented in this work is a commercial electrospray from
Perkin Elmer. It is not a micro or nano spray, so therefore has a relatively large flow rate (the
normally used capillaries have an inner diameter of 100 um), but for the compounds used here this
presented no problem. To optimize the ion flow into the vacuum chamber there exists a number of
parameters that can be changed: The position of the needle (x,y,z and angle), the voltages applied
to the needle, on the backplate of the source, and on the small skimmer at the interface between
atmosphere and vacuum, as well as the gas flow rates of both the needle flow and the back flow
coming from the skimmer.
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Figure 2.5: 3D rendering of the ion guide setup: The ion beam coming from the source is focused
into the RF decapole guide, where it is thermalized by collisions with helium atoms. The desired
ions are then mass-selected with the first QMS, and afterwards captured in the RF-HDIT, where
collision and photo induced processes like fragmentation, electron detachment, and ionization oc-
cur. Subsequently the resulting products are mass analyzed with a second QMS and detected with
a conversion dynode and a channeltron.

2.2 Ion Guiding

Fig. 2.5 shows the entire ion guiding setup as 3D rendering. On the left hand side there is the
conical skimmer. Its main task is to collimate the incoming ion beam, provided by the source, by
allowing only the molecules with a low enough transversal velocity component to pass through
[28]. Behind the skimmer are the previously mentioned elements: The decapole, the deflectors,
the QMS, the RF-HDIT, and finally the channeltron detector unit. Additionally there are sets of
electrostatic lenses mounted between all these units. The working principles behind these elements
shall be explained briefly in the following sections.

2.3 Electrostatic Lenses

Three electrode lenses are a special form of electrostatic lenses, made up of three circular elec-
trodes, each set to different potential U1-U3. If the potential of the middle electrode is set to a
value outside the range of the two outer electrodes the potential takes a saddle form. Of special
interest is the case where the two outer electrodes are at the same potential (U1 = U3): In this
case the ’lens’ is surrounded by a “'medium’ with a constant refractive index (analogue to an op-
tical lens), so it becomes possible to focus or defocus an ion beam without changing its energetic
properties. This setup is called an einzel lens. The focal length of an einzel lens depends on the
fraction between the two applied voltages U /U. [29]
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Figure 2.6: SIMION simulation of anions with 16 eV Kkinetic energy passing a einzel lens at dif-
ferent voltage settings (from the diploma thesis of Janusz Kiittner).

Fig. 2.6 shows simulations of ion trajectories of anions in an einzel lens for different voltage
settings, both in accelerating and in decelerating mode. It also demonstrates that for a given mag-
nitude of U, /U, the accelerating mode provides a shorter focal length of the einzel lens.

2.4 90° Ion Deflector

To be able to shine with the laser parallel to the length axis of the ion trap into the RF-HDIT,
the ion beam has to be redirected several times at a 90°angle. This has the advantage of avoiding
exposure of the QMS and detector to laser light, while still allowing for the full irradiation of
the trap volume by the laser. Redirection is achieved with the help of 90°-deflectors. A deflector
consist of four cylindrical elements, of which the opposing pairs are put on an equal electrostatic
potential. Fig. 2.7 shows the setup for such a deflector together with simulated ion trajectories for
different ion energies.

Figure 2.7: Schematic of a quadrupole ion deflector with different ion trajectories simulated with
SIMION (from the diploma thesis of Daniel Lockau [30]).
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2.5 Quadrupole Mass Spectrometer (QMS)

A QMS ideally consists of four parallel electrodes with hyperbolic surfaces. The electrodes op-
posite to each other are electrically connected, and on both of these pairs a voltage of the form
V(t) = U + Vg cos(wot) is applied, with each pair having an opposite polarity respective to the
other one. The potential energy surfaces are then symmetric hyperbolic cylinders and the potential
along the z-axis is constant (see Fig. 2.8). The resulting equations of motion

€ T

= QET—[%(U + V cos(wpt)) (1)
ji=—2"Yw+v / 2
y=- Er_g( + V cos(wot)) 2)

mz =0 3)

are of the form of a Mathieu’s differential equation for the x-y plane:

i+ (@ + 2q cos(26))u = 0. 4)
el 4eV

= — e 5

@ mriwd g mréwd )

The solutions of these equations can, depending on the value of the quotient a/q, take either
exponential or oscillatory forms. This means that for ions in the filter both unstable and stable
trajectories are possible. An example for an area containing stable pathways within the g-a plane
is shown in Fig. 2.9. [33]

Depending on the chosen values of a and ¢, respectively U and V, ions with a mass m and a charge
z can either pass the filter on stable trajectories, or they hit one of the rods and lose their charge.
These particular mass filters were manufactured by ABB Extrel and use circular rods instead of
hyperbolic ones. This is done because true hyperbolic surfaces can only be produced at a high
cost, while circular surfaces provide a very good approximation for well chosen values for radius
and distance between the rods.
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Figure 2.10: High resolution mass spectrum of xenon, obtained through whitelight photo ionization

of neutral xenon in the RF-HDIT. The 9 stable isotopes of xenon are clearly resolved, even the
two very rare ones (with 0.095% and 0.089% relative natural abundance) '?*Xe and '?°Xe.

2.5.1 Resolution, Calibration, Peak Shape

The resolution that can be achieved with these spectrometers depends on the voltage settings of
the mass filters and ion optics surrounding them, and is always a compromise between a high res-
olution and a high signal strength. Accordingly, the actually achieved resolution varies between
different experiments. An example for the high resolution possible under optimal circumstances is
shown in Fig. 2.10 for the photo ionization of neutral xenon in the trap. As it can be seen, under
optimal conditions a resolution significantly better than 1 amu is possible (the m/Am value in
this case is ca. 500). But, in most experiments an emphasis will be put on higher ion through-
put to achieve a better signal to noise ratio and lower scanning times, which usually results in a
significantly lower mass resolution. This emphasis on signal strength can lead to other potential
issues, like the appearance of unusual peak shapes in the mass spectra: Figures 2.11, 2.12, and 2.13
show a few of the peak shapes possible. They are mass spectra for the same species, Au~ (mass
197 atomic mass units (amu)), produced just by varying the various potentials in the vicinity of
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Figure 2.11: QMS scan of  Figure 2.12: QMS scan of  Figure 2.13: QMS scan of

Au~ with a pronounced left ~ Au~ with a sharp secondary =~ Au~ exhibiting a rather ex-

shoulder. peak on the right hand side. treme case with a prominent
double peak.
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Figure 2.14: The concept of trapping molecular ions via elastic collision with a buffer gas. [36]

the respective QMS (These distortions normally appear when a large difference between the pole
bias of the quadrupole and its grounded casing leads to higher order distortions of the quadrupole
field [34,35]). As these examples demonstrate, a single mass could be mistaken for several differ-
ent masses if this possibility is not taken into account. Another matter to consider is the calibration
of the QMS. The value for m/z derived from the uncalibrated data is usually a bit lower than the
true mass (less than 1 amu difference for Q1, between 0.7 and 3.5 amu for Q3). The precise value
of this correction depends on the chosen resolution as well as the applied potentials and can be
determined for example by measuring a species with a known mass with the same settings as the
test samples.

2.6 Radio-Frequency Hexadecapole Ion Trap (RF-HDIT)

The RF-HDIT consists of a 22 cm long linear hexadecapole to guide the ions along the z-axis,
which is terminated at both ends by electrostatic lenses (called entrance and exit lens, see Fig.
2.14). To fill the trap with ions the entrance lens is set on a potential that is somewhat lower than
the kinetic energy of the incoming ions, while the exit lens is set on a potential that is much higher
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Figure 2.17: The mean free path length of a molecule in the helium atmosphere of the trap as a
function of pressure and temperature.

than this energy. The ions can now cross the entrance lens but get turned back at the exit lens.
The hexadecapole is enclosed in a metal casing and can be filled with a buffer gas (usually helium
of high purity (6.0, i.e. 99.9999% purity), at a pressure of ca. 0.2 mbar). On their way through the
trap the ions perform inelastic collisions with this buffer gas, losing both kinetic and internal energy
in the process. If the potential for the entrance lens is chosen correctly, the returning ions do not
have enough energy anymore to cross the potential wall of the entrance lens, and are thus trapped
and ready to be experimented on. Furthermore the trap can be cooled with a two stage helium
cryostat (CTI-Cryogenics, Head 350 CP; Compressor 8200) down to temperatures of about 17 K.
Used in combination with an electronically adjustable heating element (max. power 50 W), the
trap temperature can be varied in a range from 17 K up to 330 K and even more. [37]

2.7 Pressure Measurement

The pressure in the vacuum chamber is measured by 5 different cold cathode gauges: In the source
area, around the first deflector, at the second deflector, the ion trap area, and finally in the vicinity
of the detector. Additionally there is a capacitance manometer (MKS Baratron, Model 627B)
connected to the ion trap casing via a 20 cm long tube with a diameter of 1 mm, to allow accurate
measurements of the gas pressure in the trap itself. The working principle of a Baratron rests on
the measurement of the capacitance of a membrane held at a constant temperature of 318 K, which
deforms when the pressure on one side of the membrane is changed. If the trap itself is cooled
down, there will be a temperature gradient between the trap and the heated membrane, which might
necessitate an adjustment of the read out pressure. This depends on the kind of the movement of
the gas molecules: Either through pressure differentials in a viscous regime, or through diffusion in
a statistical molecular regime. Whether either of these models or maybe a mixture of both apply is
decided by the so called Knudsen number \/L, with A the mean free path length of the molecules
and L the respective characteristic length scale. If the Knudsen number is = 1 the molecular
regime is dominant, while for numbers < 1 it is the viscous behavior. Figure 2.17 plots the mean
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path lengths for helium in a range of typical pressure and temperature readings, derived from the
formula

N
V2rd2 P

with k5 the Boltzmann constant, 7" the temperature, d the diameter of the atom (2.58 A for helium,
and P the pressure. These numbers indicate either a pure molecular regime or a transition regime.
For a molecular regime the pressure reading from the Baratron would have to be adjusted according

to the formula
[ Tr
PTrap = PMeasured : — (7)
TBaratron

while in the viscous regime the pressure would not have to be adjusted at all. This can actually be
measured by comparing the measured pressures at 318 K trap temperatures (where no adjustment
is necessary) with pressure readings at lower trap temperatures as a function of a constant gas flow
(controlled by a mass flow controller). Exactly this measurement is shown in Fig. 2.18: It shows
that for low flow rates the pressure readings are indeed identical, indicating a pure molecular
regime. For higher flow rates a divergence of the curves is observable, showing the onset of the
transitional zone between the two possible regimes. But compared to the maximal correction factor
of 0.25 for a trap temperature of 20 K, the measured difference is still rather low even at the highest
measured helium flow rates. At the typically used flow rate of 9 sccm the difference is less than 5%
at 20 K, proving that the pressure has indeed to be corrected by the factor mentioned above. [20]

(6)

2.8 The Channeltron Multiplier

Contrary to a regular electron multiplier, a channeltron multiplier is not built from a series of
discrete dynodes, but as a single continuous dynode. These dynodes are shaped like a tube and are
made from a special lead silicate glass, which is both conductive and able to generate secondary



14

Molecular Beam Apparatus

Semiconducling
layer

Electroding

lon Sacondary Glass Qutput
electrons ::h:lannel- electronsa
weall

Figure 2.19: Working principle of a channeltron dynode [38].

electrons (see Fig. 2.19). If an ion hits the entrance of this tube it produces 2-3 secondary electrons,
which are accelerated towards the exit (due to the existing potential difference between the entrance
and the exit) until they hit the walls of the tube again and generate further secondary electrons. This
process generates an avalanche of electrons (around 107 to 10® for each incoming ion) which are
registered at the exit as a current. The entrance of the tube is shaped like a horn to enhance the
capture of the ions and the tube itself is not straight, but curved. This is done to suppress the
so called ion feedback. This effect stems from the ionization of residual gas molecules on the
surface of the channeltron, where positive charged species are accelerated towards the entrance of
the channeltron and without the curved shape would be able to acquire enough energy to generate
further secondary electrons and thus generate a false signal. [38]

Fig. 2.20 shows the actually used setup for both cations and anions. The exit of the channeltron is
connected to ground, while the entrance is on a high negative potential (-2.4 kV). The ions are not
accelerated directly towards the entrance of the channeltron, but are first converted into secondary
electrons with a conversion dynode, which is, depending on the species to be detected, set on either
+4 kV or -4 kV. Afterwards the generated electrons go from the conversion dynode towards the
entrance of the channeltron, where they are amplified as previously described.

- 4 KV
- 2KV

cCD

SIGMAL

Figure 2.20: Schematic view of a conversion dynode (CD) channeltron. [39]
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Figure 3.1: Schematic view of the fs oscillator and CPA amplifier system used to generate the 35 fs
seed pulses.

The laser system used for the experiments (see Fig. 3.1 for a schematic overview) is a commer-
cially available chirped pulse amplification (CPA) system from Quantronix fed by a fs-oscillator
(femtosource compact) from Femtolasers. The oscillator is a Ti:Sapphire crystal (housed in an
optical cavity) which gets optically pumped by a 532 nm cw laser at 5 W power. The very broad
emission characteristics of Ti:Sapphire allow for the formation of many different modes within the
cavity, which in turn produce, when they are in a constant phase relation to each other (through a
process called mode-locking), extremely short laser pulses. These, while being very short, have
still very low pulse energies and need to be further amplified. This happens in the CPA system:
The input pulses are temporally stretched (via a gratings setup which separates the different spec-
tral components in the time domain), afterwards amplified by sending them multiple times through
a Nd:YLF pumped Ti:Sa crystal, and finally recompressed again (in a setup that is symmetrical to
the initial stretcher). The stretching and recompressing is necessary due to the high powers reached
by fs pulses which would otherwise destroy the crystal. The whole system delivers laser pulses
with an energy of 1.2 mJ per pulse centered around 800 nm at a 1 kHz repetition rate. These pulses
can then be used either directly for experiments or as seed pulses for further nonlinear processes
like frequency doubling within a BBO crystal (see Sec. 14 on page 62) or whitelight filamentation
in a gaseous medium (Sec. 20.1 on page 99).
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3.1. Introduction

Introduction

Flavins are in general yellow colored substances which are ubiquitous in nature and have in com-
mon the basic structural element of 7,8-dimethyl-10-alkylisoalloxazine. They take part in many
biological reactions as coenzymes and photo receptors. This is due to the fact that they have the
ability to undergo both one and two electron reduction processes, meaning that they can assume
three different redox states: Fully oxidized, one electron reduced, and two electron reduced (See
Fig. 3.2). This makes them able to act as a one or two electron mediator in many redox reactions
with differing substrates and catalyzed reaction types. Flavins in free solution generally undergo
an irreversible oxidation process when in aerobic conditions, so all experiments presented in this
thesis will deal with the fully oxidized forms. [40]

This chapter will introduce the different species of flavins which are investigated in this thesis, give
an overview about the state of the current research for each flavin, and additionally will show how
the ESI can be used to transport these molecules into the gas phase.
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Figure 3.2: The possible different redox states of flavins according to Heelis et al. [41]
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Riboflavin

Figure 4.1: Ball and Stick Model of RBF.! Figure 4.2: Chemical structure of RBF.?

Riboflavin (RBF), also known as vitamin By (or as food additive E101), is the main structural
component of both Flavin Mononucleotide (FMN) and Flavine Adenine Dinucleotide (FAD). Its
chemical formula is C;7H5oN4Og (Fig. 4.2) and it has a molar mass of 376.36 g/mol. Itis an orange
colored powder that has a low solubility both in water and methanol, and it slowly decays under
exposure to light. The recommended dietary allowance (RDA) for the intake of vitamin By is 1.3
mg/day for an adult male [43]. Good sources of RBF in food are cheese, leafy green vegetables,
milk, liver, kidneys, legumes, almonds, yeast, mushrooms, and tomatoes [44]. It is fluorescent in
the UV range (see Fig. 4.3), a fact that is also used in the leak detection at chemical plants with
very dilute solutions of RBF. The conversion of RBF into FMN in a biological system is occurring

'All B&S models were generated with Avogadro [42]
2 All chemical formulas were typeset with XTMTEX

1 I
200 300 400 500 600
X /o

Figure 4.3: The absorption and fluorescence emission spectra of RBF in aqueous solution. [41]
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Figure 4.4: Various identified RBF photo products in aqueous solution. [47,48]

with the help of the enzyme riboflavin kinase. This enzyme catalyzes the reaction
ATP + RBF = ADP + FMN 8)

in organisms like bacteria, yeast, or mammals [45]. It belongs to the group of phosphotransferases,
which are those which transfer phosphorus-containing groups with an alcohol group as acceptor.
The industrial synthesis of RBF is done with the help of biotechnological processes which involve
the utilization of organisms like Ashbya gossypii (a fungus, which overproduces RBF to protect its
spores against UV), Candida famata (a yeast), or Bacillus subtilis (a bacterium) [46].

4.1 The Photophysics and Photochemistry of RBF in Aqueous
Solution

There have been numerous studies on the photophysics and photochemistry of RBF in aqueous
solution and other solvents, regarding topics such as fluorescence [41, 49, 50], photo degrada-
tion [47,51-58], femtosecond dynamics [59] (including attempts of its coherent control [60—-62])
ultrafast intra- [63] and inter- [64] molecular electron transfer processes. But contrasting to this
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Figure 4.5: pH dependency of the RBF
photo products in aqueous solution accord-
ing to [47].

very extensive research on RBF in the liquid phase is the paucity of experimental data on its be-
havior in the gas phase.

Of particular interest in the context of this work is the photo degradation of RBF in the aqueous
phase: Figure 4.4 on the previous page list a number of photo products which have been identified
in solution. The major photo products are FMF, LF, and LC, with the rest playing only a minor
role. The relative abundances of these products depend strongly on the pH value of the solution
(see Fig. 4.5), with FMF and LC dominating at low pH, and LF becoming the major fragment at
high pH values. [47]

4.2 Theory

RBF has also been the topic of theoretical research, for example its electronic [65] and vibra-
tional [66] characteristics. Especially noteworthy are here the density functional theory (DFT)
calculations perfomed by Sikorska et al. on RBF in the gas phase [65]. Fig. 4.6 lists the cal-
culated electronic transition energies and strengths, both for singlet and triplet excitations. The

Table 2
Predicted (B3LYP/6-31G(d)) singlet (Sg — S;) and triplet (So — T;) excitation energies starting from the ground state and calculated (UB3LYP/6-
31G(d)) triplet (T, — T;) excitation energies starting from the lowest triplet state of riboflavin with their corresponding oscillator strengths, f

So— S Ex107 (em™) f Sy — T; Ex 1073 (em™) f T, — T, Ex 1073 (em™) f
%) 24.8 0.142 3(,m%) 17.3 0 2T 6.4 0.006
22,5
'(n,m*) 25.7 0.019 (%) 21.7 0 »Ts 7.7 0
'(n,m*) 276 0.001 (%) 228 0 2Ta 8.3 0
Y(m,m*) 29.6 0.172 }(n,m%) 24.4 0 »Ts 12.9 0.010
27.8
(n.*) 31.6 0 dmm*) 27.7 0 2Ty 13.9 0
'(n,m*) 31.9 0.003 T, 14.3 0.030
(%) 32.8 0.009 3Ty 15.4 0.002
'(n,m*) 335 0.005 \Ty 16.6 0.018
'(n,m*) 36.2 0.004 Tho 17.8 0.046
(m,m*) 38.3 0.050 Ty 18.6 0.066
(m,m*) 38.9 0.089 vThs 21.0 0.006
Y% 39.4 0.287 »Tha 22.6 0
%) 40.0 0.071 vTha 23.6 0.030
() 40.3 0.036 2Ts 25.1 0.001
() 41.6 0.045 vThe 26.4 0.001

Energy of the first triplet state calculated with respect to the ground state is 16.5 x 10° em .

Experimental values taken in methanol are listed in bold type for comparison.

Figure 4.6: Calculated electronic transitions of RBF in the gas phase according to DFT calculations
from Sikorska et al. [65]
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Figure 4.7: Mass spectrum of a fresh RBF solution in cationic ESI mode. The spectrum is domi-
nated by the protonated RBF and RBF plus sodium attached to it.

strongest transitions are all of a (n-7*) type, corresponding to excitation wavelengths of 403 nm
(Sg > S1), 337 nm (Sg -> S;5), and 253 nm (Sy -> S13). All of these are blue shifted compared to
the absorption spectra recorded in solution, an effect that can be attributed to the influence of the
solvent molecules. The potential shift of the excitation wavelengths is one of the major differences
between gas and condensed phase and has always to be taken into account when one wants to
compare experimental data.

4.3 ESI of RBF

The RBF used for these experiments was commercial RBF powder (purity > 98%) obtained from
Sigma-Aldrich. Due to the fact that RBF powder is only weakly soluble in water, each probe
was dissolved directly in methanol (at a concentration of around 150 uM, effectively a saturated
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Figure 4.8: The same spectrum as in Fig. 4.7, this time of a several months old RBF solution. It
shows that the ambient light has already led to a significant decay of RBF solved in methanol. As
the solution was slightly acidic, LC and FMF make up the majority of the smaller fragments, while
there is only little LF visible.
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Figure 4.9: Mass spectrum of a RBF solution in anionic ESI mode. The deprotonated RBF anion
is clearly visible, but its overall signal strength is insufficient for further experiments.

solution) prior to experimentation. 1 ul/ml TFA was added to enhance the protonation yield in
solution. Fig. 4.7 shows a mass spectrum of the ESI process in cationic mode for such a solution.
The protonated RBF (mass 376 amu) clearly dominates the spectrum while the majority of the rest
of the signal is made up by the sodiated RBF (+23 amu) peak. The sodium comes from small
impurities in the sample and is often present in cationic ESI spectra. To demonstrate that RBF is
indeed unstable under natural light, an ESI mass spectrum of a several months old probe (which
was subjected to the rather low ambient natural light conditions in the lab) is plotted in Fig. 4.8:
Here we see a range of additional masses in the probe, but RBF is still the dominant component.
While the spraying process of protonated positively charged RBF is rather easy and straightfor-
ward, producing the deprotonated anionic species poses a considerably more challenging problem.
The mass spectrum in Fig. 4.9 demonstrates that this is indeed doable in principle, however the
strength of the resulting signal was too low for further experiment (in this case, a mixture of of
50%/50% methanol/chloroform was used, which resulted, after considerable effort, in a stable
enough signal to record a mass spectrum). This is the reason why only cationic RBF was used in
the experiments.
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Figure 4.10: Mass spectrum of a RBF solution with silver nitrate added to it.

4.4 RBF plus AgNO;

Many flavoenzymes contain metals such as iron or molybdenum as additional prosthetic groups, for
example xanthine oxidase [69], so metal flavin complexes in the gas phase represent good model
systems for such interactions in proteins. RBF-metal complexes have been reported for example
for copper [70], molybdenum [71], and silver [67, 68]. Figure 4.10 shows the mass spectrum
obtained by ESI of an 1:1 solution of RBF and silver nitrate in methanol. While the RBF-Ag
complex is not the largest peak in the mass spectrum, it is still quite prominent, being the second
largest mass peak.

C

Figure 4.11: RBF with Ag™ at its preferred position according to [67,68].
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Figure 5.1: Ball and Stick Model of FMN. Figure 5.2: Chemical structure of FMN.

Flavin Mononucleotide (FMN), also known as riboflavin-5’-phosphate, is a biomolecule that is
produced in biological systems primarily from RBF. Its main biological functions are to work as
a cofactor! both in various oxidoreductases (e.g. to facilitate electron transfer reactions) and in
biological blue-light photo receptors. One of the keys to its versatility lies in the fact that it can act
as a cofactor in both one and two electron transfer reactions. It is also used as a food dye with the

designation E101a.
The chemical formula of FMN is C;7H5;N4OgP, its molecular mass is 456.3 amu and its chemical

ICofactors are (non-protein) molecules bound to proteins that take essential roles in the biochemical processes

performed by these proteins.

3
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Figure 5.3: Absorption spectrum of FMN in water (figure taken from [72]).
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Figure 5.4: The two electron transfer reaction from fully oxidized FMN to its reduced form
FMNH,.

structure (see Fig. 5.2 on the facing page) is characterized by an isoalloxazine group functioning
as chromophore, which is substituted in one of the central nitrogen atoms with a ribityl side chain
(ribitol is a sugar alcohol derived from the reduction of ribose, a naturally occurring pentose sugar).
The name FMN is technically not correct, because it is not a nucleotide, as the sugar group is not
aribose, and the isoalloxazine ring is neither a purine nor a pyrimidine. [75]

In organisms FMN is produced from RBF in the reaction

ATP + RBF = ADP + FMN 9)

which is facilitated by the enzyme riboflavin kinase [76] (the back reaction by acid phosphate [77]),
while it is further used to produce FAD in a second step involving ATP again and the enzyme FAD
synthetase:

ATP + FMN = diphosphate + FAD (10)

Chemically the main role of FMN lies in the (reversible) reduction of the oxidized (aromatic) FMN
into the reduced (non aromatic) form FMNHs, a reaction involving the transfer of two electrons
and two protons (see Fig. 5.4), and the reduction to FMNH, a process involving only a single
electron transfer. These steps can also be driven by photo reduction. The most prominent example
for the biological function of FMN is the enzyme NADH Dehydrogenase (also called complex
I, view figure 5.5 on the following page) which is the first enzyme in the mitochondrial electron
transfer chain and is located in the inner mitochondrial membrane. Mitochondria are a central
component found in most eukaryotic cells and are responsible for the generation of ATP, which
is the main source of chemical energy in a biological cell. This transfer chain is composed of a
linked set of proteins which drives the oxidative phosphorylation, a metabolic pathway that uses
energy released by the oxidation of nutrients to produce the ATP. Complex I is by far the largest
and most complicated of the enzymes involved in this transfer chain and its function is to catalyze
the transfer of electrons from NADH to the coenzyme Q (CoQ). FMN acts as a prosthetic group (a
covalently bound group with a catalytic function) within the enzyme: NADH initially binds to the
NADH dehydrogenase, transfers two electrons to the FMN group, creating FMNH, in the process.
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Figure 5.5: Rendering of the structure of the hydrophilic domain of respiratory complex I from
Thermus Thermophilus. The FMN ligand is visible in the left area of the structure. Generated with
VMD [73] with data taken from [74].

The electrons are then further transported in a series of steps until they finally reach the CoQ. In this
process, the complex translocates four protons per molecule of involved oxidized NADH across
the inner membrane, helping to generate the electrochemical potential which is used to produce
ATP. [78,79]

Other examples of proteins containing FMN are E. coli nitroreductase [80], glutamate synthase
[81], and nitric oxide synthase [82].

5.1 Photophysics and Photochemistry of FMN in Aqueous
Solution

While not quite reaching the extent of the research done on RBF, due to its biological importance
the photo physics of free FMN has already been subject of numerous studies, also primarily in the
liquid phase [53,83-87], but there is one study on FMN™ molecules in the gas phase, which were
subjected to 400 nm and 800 nm laser pulses of around 150 fs length [72]. The main focus of these
mentioned studies was the photo degradation of FMN, but its ultrafast dynamics [60, 62, 88, 89]
has also been a focus of research.

Also of particular interest are the various products identified in studies on the photolysis and hy-
drolysis of FMN. As Figure 5.6 on the next page shows these are broadly similar to those of RBF,
particularly concerning the identity of the main photo products (FMF, LF, and LC), as well as the
pH dependency of the main fragmentation pathways.
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Figure 5.6: Various products of FMN hydro- and photolysis in aqueous solution. [53,85,90]

5.2 ESI of FMN

The sample used in the ESI ion source was not containing FMN directly, but instead its closely
related mono sodium salt. The reason for this are the far better solubility of the salt in both water
and methanol, as well as its commercial availability. For the samples used in the experiments
Riboflavin 5’-mono phosphate sodium salt dihydrate obtained from Sigma-Aldrich was dissolved
in water with a concentration of 200 mM as a base solution, and on each respective day diluted with
methanol to a final concentration of 1 mM. For anionic spraying mode this solution was directly
used, for cationic mode around 0.1% trifluorocetic acid (TFA) was added to enhance the protonated
ion yield, which is normally in competition with the [FMN+Na]* signal in the solution. Fig. 5.9
on the following page shows the resulting mass spectrum for anions, while Fig. 5.7 on the next
page shows an enlargement of the mass spectrum at higher masses. Almost the entire spectrum is
made up by the deprotonated FMN™ (455 amu). This very clean spectrum can be attributed to the
fact that the source material is a (sodium) salt which in solution is normally present as FMN™ and
Na™. Fig. 5.10 on page 29 shows the corresponding spectrum for the positively charged species.
Here we see quite a few more masses in addition to the main peak. Most of them can be identified
as derivatives of FMN or RBF, with the addition of one or more Na or the loss of H,O. The visible
RBF™ stems most likely from impurities already present in the source material, or it is produced
through naturally occurring photo degradation. In conclusion these spectra demonstrate that FMN
is well suited for ESI both for anions and cations. Further experiments can thus be carried out on
the trapped FMN species.
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Figure 5.7: A mass spectrum like in Fig. 5.9
with the relevant range around 455 amu shown
in high resolution. In anionic mode the deproto-
nated FMN™ (455 amu) is by far the dominant
mass (the left shoulder of the peak is primarily
an artifact of the mass spectrometer).

5.3 FMN+Trp
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Figure 5.8: The cation mass spectrum from
Fig. 5.10 on the next page, with the range
around FMN™ shown in high resolution. While
it seems that there are two major peaks presents,
that is also an artifact of the mass spectrome-
ter (this point will be discussed more detailed
in Sec. 9.1).

When looking at electron transfer processes in flavoproteins, in many cases one finds tryptophan
(Trp) or tyrosine (Tyr) residues to be located close to the prosthetic flavin group, acting as the
electron donors, while the flavins constitute the corresponding acceptors [91-93]. The timescale
of these processes can be very short, on the order of femtoseconds up to picoseconds [94, 95].
Additionally, the tendency of flavins to form stable complexes with indole, purines, or phenol
based molecules in free solution is already well documented in the literature [96,97], especially for
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Figure 5.9: Mass spectrum of a FMN solution in anionic mode. The negatively charged (deproto-
nated) FMN™ at 455 amu is making up the vast bulk of the detectable anions in solution, all other

peaks are very small compared to it.
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Figure 5.10: Mass spectrum of a FMN solution (with TFA added) in cationic mode. While the
main peak around the FMN (456 amu) mass is by far the largest, a whole range of further peaks
is visible. These are explainable as derivatives of the main components FMN and RBF, either by
adding Na (23 amu), or subtracting H,O (18 amu).
Trp, which has an indole ring as its functional group [98]. As for the structural properties of these
complexes, these have been reported at least for the flavin-adenine (a purine) complex [99, 100].
Also noteworthy are reports on theoretical investigations of the flavin-indole group [101].
Therefore gas phase FMN+Trp complexes should constitute good model systems for the study of
electron transfer processes in flavoenzymes. Fig. 5.11 demonstrates that it is indeed possible to
produce such a complex quite easily. The solution used for the ESI was a mixture of 2.5 mM Trp,
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Figure 5.11: Typical mass spectrum of a FMN-Trp solution (with TFA added) in cationic mode.
Prominently visible are the mass peaks for Trp, FMN, and the combined FMN+Trp complex.
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750 uM FMN, and 3 ul TFA dissolved in 4 ml methanol. The resulting mass spectrum shows both
the constituents Trp* and FMN™, as well as the combined complex [FMN+Trp]* with only few
additional products.

Flavine Adenine Dinucleotide
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Figure 6.1: Ball and Stick Model of Flavine Figure 6.2: Chemical structure of FAD

Adenine Dinucleotide (FAD).

Flavine Adenine Dinucleotide (FAD) is another important flavin based redox cofactor. The chem-
ical formula of the molecule is Co7H31NgO15P5, and its molar mass is 785.55 g/mol. The struc-
ture consists of a RBF group bound to the phosphate group of an adenosine diphosphate (ADP)
molecule (see Fig. 6.2 for the chemical structure). Similar to FMN, the term dinucleotide is strictly
speaking incorrect, as the molecule contains only a single true nucleotide, the adenosine (because
the RBF group constitutes not a true nucleotide). In living organisms FAD is produced with the
help of the enzyme FAD synthetase (also called FMN-Adenylyltransferase [102]) which facilitates
the reaction

ATP + FMN = diphosphate + FAD (11)

The back reaction from FAD to FMN is catalyzed by the enzyme nucleotide diphosphatase [103].
The chemical role of FAD rests on the fact that it can be reduced to FADH,, in a process where
it accepts two hydrogen atoms (involving a net gain of two electrons). While FAD is a triple
aromatic ring system, FADHs is not (see Fig. 6.3 on the facing page). Without the stabilization
that the aromatic structure provides, FADHs is significantly higher in energy, meaning that FADH,
is an energy-carrying molecule.
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Figure 6.3: The two electron transfer reaction from fully oxidized FAD to the reduced form
FADHs.

FAD constitutes a prosthetic group in numerous enzymes, including monoamine oxidase [104]
(view Figure 6.4), D-amino acid oxidase [105], ferredoxin-NADP+ reductase (plays a role in
photosynthesis) [106], glucose oxidase [107], acyl CoA dehydrogenase [108], and xanthine ox-
idase [69]. Another example would be succinate dehydrogenase (also known as complex II), the
second enzyme in the mitochondrial electron transfer chain, which additionally plays a role in the
citric acid cycle [109, 110].

Figure 6.4: Rendering of the structure of human monoamine oxidase B. This protein is attached to
the outer membrane of the mitochondrion and facilitates the oxidative deamination of neurotrans-
mitters. The FAD ligands are located in the center of each monomer of the dimer. Generated with
VMD [73] with data taken from [111].
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6.1 Photophysics and Photochemistry of FAD in Aqueous
Solution

As FAD is the actual cofactor for the majority of flavoenzymes, the study of its dynamics on very
short time scales has already attracted considerable interest [88, 89,95, 112], but for the identifica-
tion of the products of its photo degradation exist considerably less data compared to its smaller
cousins [85,113,114]. At least it can be said that the photo stability of FAD is an order of mag-
nitude larger than for FMN (which itself is a bit more stable than RBF), while the major photo
products are the same as for the other two.
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Riboflavin-4’,5’-cyclic Lumiflavin 256.3 amu Lumichrome 242.2 amu
phosphate 438.3 amu

Figure 6.5: Identified products of FAD photolysis in aqueous solution. [85,113, 114]
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Figure 6.6: Typical ESI mass spectrum of a FAD solution in anionic mode. The solution was 1 mM
FAD in methanol with 0.5% water content. The voltage at the tip of the needle was -1.8 kV, at the
backplate -740 V, and -420 V at the orifice, without any nitrogen flow either at the needle or at the
orifice. The spectrum is dominated by FAD?~, FAD™ is also visible but is very small.
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The FAD used in the experiments was procured from Sigma-Aldrich, and it actually was the dis-
odium salt of flavin adenine dinucleotide (purity > 95%). The source solution was FAD-Na, dis-
solved in water at a concentration of 200 mM, which was diluted in methanol to a concentration of
1 mM on the experiment days. Fig. 6.6 on the facing page presents the resulting mass spectrum:
There are numerous masses visible, with the doubly charged FAD?~ as the largest peak by a large
margin, making up 40% of the entire signal. The singly charged FAD™ exists as well, but consti-
tutes less than 1% of the overall signal. This indicates that the following experiments will have to
focus on the doubly charged species.

For spraying cationic FAD, the situation is even more difficult: Fig. 6.7 shows such a mass spec-
trum in cationic mode for a solution of I mM FAD in methanol with around 1%o concentrated TFA
added to enhance protonation. While there are numerous peaks visible in the lower mass range,
there is almost no signal at all around the mass where the protonated FAD should appear (around
786 amu). The only peaks which probably contain unfragmented FAD are those with multiple
sodium (and probably H,O) attached to it in the range between 830-860 amu. But the vast ma-
jority of the signal is made up out of fragments, meaning that FAD is most likely not stable as a
cation.

This leaves FAD?~ as the only ion with sufficient signal strength for experiments in the RF-HDIT,
and consequently the next sections will deal exclusively with FAD?~.
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Figure 6.7: Typical ESI mass spectrum of a FAD solution in cationic mode. The solution was
1 mM FAD in methanol with 0.5% water content with 1%o concentrated TFA added to enhance the
protonation. Voltages involved are +2.5 kV at the needle, +1 kV at the backplate, and +80 V at the
orifice, with low to moderate nitrogen flow rates at needle and orifice.
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Lumichrome 1-2-dihydro-2-keto- 2-methoxy-6-7-dimethyl-
242 amu 1-6-7-trimethyl-quinoxaline-3-  quinoxaline-3-carboxylic
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Figure 7.1: Products of LF hydrolysis in aqueous solution. [117]

Photochemistry of the Major
Flavin Photo Products

Because the reported main photo products of the larger flavins are themselves flavin species with
absorption characteristics similar to their parent species, their own photochemistry warrants a fur-
ther look, as these products might themselves also interact with the laser pulses.

7.1 Formylmethylflavin (FMF)

Formylmethylflavin degrades under light primarily into LC and also, depending on the solvent,
into LF. It is also known to be involved as a major intermediate in the photo degradation process
of RBF. [48,115,116]

7.2 Lumiflavin (LF)

Lumiflavin is an important photo product of Riboflavin and it and its photochemistry have received
considerable attention on its own [50, 85,119-121]. It degrades under light primarily into LC, but
its hydrolysis under high concentrations of NaOH yields a range of additional products [117].
Additionally some theoretical studies were performed on the electronic structure of this system
[118, 122, 123]. DFT Calculations for LF ( [118], Fig. 7.2 on the facing page) reveal that the
strongest transitions are at 408 nm(Sp->S1), 321 nm(Sp->S5), 252 nm(Sp->Sg), and 210 nm(S¢-
>S15).
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TABLE 2: Calculated (B3LYP/6-31G¥) Singlet Energies, E, Starting from the Ground State and Corresponding Oscillator

Strengths, f°

lumiflavin 3-methyllumiflavin lumichrome I-methyllumichrome 3-methyllumichrome 1,3-dimethyllumichrome
So—S; 10 *E/em™! f 107 3E/cm™! f 103E/em™! ! 10 3E/cm™! f 1073E/cm™! f 10 3E/cm™! f
—Si 24.5p 0.191 24.4 0.188 27.6 0.002 275 0.001 27.7 0.002 275 0.083

22.68 22.62 26.18
-5 249 <0.001 24.7 <0.001 27.8 0.066 27.6 0.080 27.7 0.071 275 0.003
26.39 26.25 26.39
—5; 26.6 0.001 26.5 <0.001 317 0.190 316 0.166 316 0.205 314 =0.002
30.58 30.49 30.49
—S, 31.0 0 29.6 0.053 31.9 <0.001 31.7 <0.001 317 <0.003 316 0.177
30.49
—Ss 311 0.134 30.7 0 38.6 0.015 382 0.047 36.0 0.007 358 0.003
30.12
—S¢ 322 0.011 313 0.115 39.0 0 38.8 0 38.8 0 387 0
29.94

—57 373 <0.001 36.9 <0.001 39.7 0 39.5 0.043 39.7 0 394 0
—Ss 38.0 0.071 37.9 0.083 40.5 0.266 39.5 0 40.5 0.273 395 0.098
—5 39.6 0.592 39.5 0.594 41.4 0 40.9 <0.001 41.5 0 40.9 0.583
—Si0 40.0 0 40.1 0 42.1 0.284 412 0.538 41.9 0.353 41.0 <0.001
—Su 413 0.021 412 0.016 432 0.581 429 0.549 43.1 0.566 429 0.543
—Si2 41.4 <0.001 41.4 <0.001 44.7 <0.001 44.4 <0.001 44.6 <0.001 442 <0.001
—S13 45.7 <0.001 44.3 0.007 48.0 0 47.7 0.153 47.6 <0.001 47.4 0.019
—Su 46.5 0.034 45.7 <0.001 48.1 0.139 47.9 <0.001 47.9 <0.001 475 0.158
—Sis 47.6 0.633 47.3 0 49.8 <0.001 49.5 <0.001 48.0 0.169 47.8 <0.001

“ Experimental values taken in 1,4-dioxane solutions are listed in bold type for comparison.

Figure 7.2: Calculated electronic transitions of LC and LF in the gas phase according to DFT
calculations from Sikorska et al. [118]

7.3 Lumichrome (LC)

Lumichrome has been the focus of several studies (for example [119, 124, 125]), in part because
it can serve as model for flavins in general and it is, compared to the other flavins, stable against
light. This can be a desirable characteristic in cases where photo degradation is to be avoided or
additional photo products would complicate the measurement. Like the other photo products, the
electronic structure of LC has also been analyzed by DFT calculations ( [118, 126], Fig. 7.2). For
LC are the dominant transitions at located at wavelengths of 359 nm(Sy->S5), 315 nm(Sy->S3),
246 nm(S->Sg), 237 nm(Sp->S1g), 231 nm(Sy->S11), and 207 nm(Sy->S14).

Summary

This part presented the different flavors of flavins (RBF, FMN, and FAD), the current state of
research concerning their photophysics in the condensed phase, as well as the results of the efforts
to bring them into the gas phase via ESI.

The two most characteristic features of the flavin photophysics are a) their ability for one or two
electron photo-reduction and b) their predominant decay under light into LC, LF, and FMF. FMF
in particular seems additionally to be an intermediate product of the fragmentation into LC and
LF. Further noteworthy is the strong pH dependency of these photo products, with basic solutions
favoring LF, whereas under acidic conditions the decay into LC dominates.

The creation of molecular beams of sufficient strength via ESI was achieved for RBF", FMN™,
FMN-, as well as FAD?~. Consequently these are the species that the rest of this thesis will focus
on.
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Introduction

After successfully generating the desired ionic molecular species with the ESI and filtering out
any unwanted byproducts with the first QMS, the next step is then to trap the parent ions in the
RF-HDIT (see also Section 2.6 on page 11). The trapping process via collisions with a buffer gas
results in so called collision induced dissociation (CID) of the trapped ions. The magnitude of this
fragmentation process depends on a number of parameters like the kinetic energy of the ions when
they enter the trap, the nature of the buffer gas, or the temperature of the gas in the trap. This
chapter will discuss the behavior of the different flavins in the ion trap as a function of a few of
these parameters.

FMN Cations

9.1 What Species of FMN is Actually in the Trap?
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Figure 9.1: CID of FMN™ with helium, at 300 K trap temperature and 0.2 mbar pressure for
multiple settings of the Q1 mass command.

As it was shown in section 5.2 on page 27, the FMN cation mass peak as measured by the Q1
QMS seems to consist of several masses of roughly equal size, while in section 2.5 on page 9 it
was demonstrated that this kind of peak shapes can actually be an artifact of the respective QMS.
To answer the question if there are several different protonation states of FMN in the trap or only a
single one, the Q3 QMS behind the trap was used to measure the content of the trap as a function
of different range settings for the first QMS filter (see Fig. 9.1). Owing to the fact that the ions
exiting the trap have a far sharper energy distribution than the ions entering the first QMS (see
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Figure 9.2: Comparison of a high resolution helium CID mass spectrum for FMN™ with a Q1 mass
filter setting of 456 m/z with the theoretically expected isotope mass distribution for FMN.

also section 9.2), it is possible to achieve a far higher mass resolution with the second QMS and
distinguish between peaks which are only a single amu apart. As these mass spectra show, the
parent ion signal in the trap actually consists of one major peak with a few smaller peaks following
at +1, +2, and +3 amu. The relative sizes of the peaks stay the same even when the mass set
at the Q1 QMS is changed by several amu, which indicates that the suspected multiple masses
are in fact all the same species. The nature of the additional peaks at the right side of the main
band at 456 amu can be explained by looking at the isotope distribution of FMN: Its chemical
formula C;7H21N4OgP contains numerous elements with naturally occurring isotopes (3C 1.1%,
15N 0.37%, 80 0.2% 70 0.04% , *H 0.015%), with probabilities that, although small on their
own, taken together make a significant contribution. As Fig. 9.2 shows the theoretical expected
isotope composition for FMN is in very good agreement with the measured mass spectrum for a
QI mass settings of 456 amu, showing that there is indeed only a single species captured in the
trap.

9.2 Determining the Kinetic Energy of the Ions

One of the major questions when looking at the interactions of the respective molecular species
with the atoms of the buffer gas in the trap is: What is the actual kinetic energy of the molecules?
One of the possible methods to determine this kinetic energy is to apply a retarding voltage on the
entrance lens of the RF-HDIT and record the overall number of ions still capable of passing this
potential wall, i.e. having an energy higher than this applied potential. This method results in a
cumulative curve with a sigmoidal shape. After fitting the measured curve and taking the derivative
of this fit one should arrive (after taking into account the charge multiplicity of the particular ions)
at a good representation of the energy distribution of the molecular beam at that particular point in
the machine. [127, 128]
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Figure 9.3: Overall ion yield of FMNT as a function of the retarding voltage applied to the entrance
and exit lens in fly-through mode at 295 K trap temperature and 0.2 mbar helium pressure.

Fig. 9.3 depicts these kind of scans for FMN™ both at the entrance and at the exit lens of the
RF-HDIT in “fly-through” mode but with buffer gas in the trap. It demonstrates how the ions
are decelerated from about 17 electron Volt (eV) to 4 eV during a single pass through the trap.
Fig. 9.4 shows the same type of scan at the trap exit lens after the ions have gone through one
trapping cycle: Here the result indicates a mean kinetic energy of around 0.2 eV with a width of
0.18 eV. For comparison, the thermal energy of FMN at 295 K after full thermal equilibration
would be around 0.03 eV, which is still in reasonable agreement considering the method used.
According to various studies [129—131] on the thermal cooling of ion clusters with rare gas atoms,
the thermalization process needs on the order of 1000-3000 collisions to reach even very low
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Figure 9.4: Overall ion yield of FMN™ as a function of the retarding voltage applied to the exit
lens at 295 K trap temperature and 0.2 mbar helium pressure after the ions have gone through one

full trapping cycle (950 ms fill time/50 ms extract time).
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Figure 9.5: Main fragments of the CID of FMN™ with helium: Phosphate loss, water loss, and
sidechain loss into LC.

temperatures, a number of collisions which, at the given atom density in the trap, should take 1 ms
at most. So it can be assumed that the ions are in fact almost completely in thermal equilibrium
and the majority of the discrepancy stems from systematic errors of the method, as for example the
influence of external fields originating from other electrostatic elements (or even the accumulated
ions of the trap), which may shift the line of the effective neutral potential, leading to a systematic
offset in the measurement. An incomplete emptying of the trap content during each cycle might
also introduce a bias towards higher energies, as the ions with the lowest kinetic energy should
preferably remain in the trap.

9.3 CID with Helium as a Function of the Kinetic Energy

After having measured the kinetic energy of the FMN™ molecules as they enter the trap, we will
analyze their interactions with the helium buffer gas, which can lead to collision induced disso-
ciation (CID). Fig. 9.6 on the facing page shows such a CID spectrum for FMN™ with helium
as the buffer gas at room temperatures (296 K) for 13 eV and 17 eV ion energies. It can be seen
that, while the majority of the ions in the trap survive the capturing process intact, there are still a
number of fragments detectable, originating from the collisions with the He atoms. The lower plot
shows the same mass spectra with the y-axis enlarged to emphasize the smaller fragments. Here
we see that the largest fragment peak corresponds to a mass loss of 18 amu, indicating a water
loss. The second largest peak is at a mass of 359 amu, a loss of 97 mass units compared to the
parent mass, which is probably caused by the loss of the phosphate group at the end of the side
chain. The next largest peak at 243 amu corresponds to the loss of the entire side chain, and is most
likely Lumichrome™. There are numerous other peaks visible in this range, but these are extremely
small compared both to the size of the parent ion peak and also to that of the major CID fragments.
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Mass/amu Name  CID helium/% CID argon/% CID xenon/%

456 FMN* 90.7 8.5 1.0
438 6.2 25.1 8.1
421 0.1 4.6 3.0
413 0.2 1.7 1.3
395 0.1 4.5 4.6
376 0.1 1.8 2.0
359 0.7 17.1 14.8
341 0.2 5.6 7.1
333 0.1 1.9 22
322 0.0 1.9 3.0
315 0.1 1.2 23
298 0.1 23 35
286 FMF* 0.1 2.7 3.2
270 0.1 0.6 1.7
257 LF* 0.1 1.8 4.1
243 LC* 0.2 9.6 17.1
227 0.1 0.8 3.7
215 0.1 1.5 39
199 0.1 0.8 24
185 0.1 0.3 1.2
171 0.0 0.7 1.3

Table 9.1: Comparison of the CID of FMN™ with helium, argon, and xenon at room tempera-
ture with approximately 13 eV kinetic energy. Listed are the relative fragmentation yields of the
different masses in percent, with the data taken from Fig. 9.7 on the facing page.

Comparing the mass spectra for the different kinetic energies the most striking difference is the
large increase of water loss at higher collision energies, but also the phosphate loss peak and the
LC™* fragments show large increases in size.

9.4 CID with Different Buffer Gases

In order to study the CID processes a bit more in depth, the helium in the trap can be replaced
by heavier gases to increase the fragmentation yield. Suitable candidates are any of the heavier
rare gases. In this case 40Ar, which has 10 times the mass of *He, and the even heavier xenon
(Xenon has 7 naturally occurring isotopes with masses between 124 and 136 amu) were used. For
FMNT this leads to far greater fragmentation, as the mass spectra in Fig. 9.7 on the next page
demonstrate. Table 9.1 lists the relative fragmentation yields of the scans from Fig. 9.7 for the
different observed masses. Compared to the CID with helium as buffer gas, the CID with argon
and xenon show a drastically increased fragmentation. We see an almost complete depletion of the
parent ions for the CID with argon and a complete depletion with xenon. The main three fragment
masses for the argon CID are essentially the same as for the helium CID, but drastically increased.
The fragmentation pattern for the xenon CID shows a whole range of additional fragments, but
LC™ and phosphate loss still constitute the largest products. So the nature of the CID processes
seems to be essentially the same for the collisions with the heavier target atoms, however with a
large increase in the fragmentation yields.
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Figure 9.8: CID of FMNT™ with argon, at 295 K trap temperature and 0.07 mbar argon pressure in
the trap. Depicted are the ion yields as a function of the retarding potentials at the entrance lens of
the trap for the major CID fragments. Additionally plotted are the fitted sigmoidal curves and the
derivatives for each respective mass to derive the energy distribution of the parts of the parent ions
which actually contributed to each fragment.

Mass/amu Name  energy/eV — width/eV Table 9.2: Results of the Fits of the scans from
456 EMN-+ 95 8.9 Fig.' 9.8 showing the energy distributions of the par-
438 12.4 10.0 ent ions whose fragmentation lead to the respective
359 16.2 10.6 observed masses.

243 LCt 18.7 14.3

172 20.4 9.9

9.5 Kinetic Energies of the Fragmentation Pathways

The method of applying retarding potentials on different lenses can not only be used to determine
the distribution of the kinetic energies of the incoming ions, but also to gain insight into the frag-
mentation processes. This can be done by looking at the ion yields of the different CID fragments
as a function of the kinetic energy of the incoming parent ions, which can also be varied by ap-
plying different retarding potentials on the entrance lens. This way the resulting fragments get
detected as a function of the kinetic energies of the incoming parent ions. Fig. 9.8 depicts this kind
of scan for the CID of FMN™ with argon (with the resulting fits tabulated in Table 9.2), showing
that these energy distributions vary considerably for the various fragments. As a general trend it
can be stated that the smaller the resulting fragment is, the larger was the kinetic energy of the
parent ion which produced the fragment, while those ions with the lowest energy (about 9 eV on
average) have a good chance to survive the collisions with the argon undamaged.
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Figure 9.9: CID of FMN™ with helium, both at 300 K trap temperature and 0.2 mbar He pressure
and 20 K and 0.05 mbar He pressure.!

9.6 The Influence of the Trap Temperature on CID

Another question that arises when looking at the kinetics in the trap is how the CID changes when
varying the temperature of the gas in the trap. For FMN™ the answer is not too surprising: The
fragmentation yield is decreasing with lower temperatures, as the collisions will get less energetic
on average. Fig. 9.9 demonstrates this by comparing two mass spectra taken under the same
conditions, the only difference between them being that one was taken with the gas at 300 K
and the other at 20 K. It shows that the CID is considerably reduced for very low temperatures,
especially the fragment due to water loss is halved compared to room temperature. This makes
low temperatures more suitable when the goal is to trap the ions with minimal CID for further
experiments.

9.7 CID of [FMN+Trp]*

When looking at the CID spectra of the [FMN-Trp]™ complex for both helium and argon (Fig. 9.10
on the following page), there are a number of notable points: First of all the low amount of overall
fragmentation. With helium as buffer gas the majority of the complexes remains intact within the
trap, the only major fragmentation channel is into FMN™, and a very small amount of Trp™. Even
with argon as buffer gas, while almost the entire complex disintegrates into FMN™, FMN™ itself
fragments only to a very small degree. This is especially striking compared to the wide array of
fragments observable for the CID of pure FMN™. Another very important point is the specificity
of the fragmentation channel: FMN™ dominates by far, while Trp™ is only detectable in very small
amounts. This implies that the positive charge of the combined complex resides almost exclusively

'The flow rates of helium gas into the trap were actually the same 9 sccm, the pressure difference comes from the
previously explained temperature corrections (see Sec. 2.7 on page 12).
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Figure 9.10: CID mass spectra of [FMN+Trp]™ for both helium and argon as buffer gases. The
trap temperature was 100 K and the kinetic energy of the ions around 12.5 eV.

on the flavin and not the amino acid, a fact that should help considerably when it comes to interpret
any photo induced charge transfer reaction.

FMN Anions 1 0

After having analyzed the CID of FMN cations, this section will take a look at the FMN anions.

10.1 Kinetic Energy

Fig. 10.1 on the next page shows a typical lens scan for the entrance and exit lens of the trap to
investigate the kinetic energies. As we have seen in the previous section, different fragments can
show different behavior in this type of measurement, so it is important to look at the entire ion yield
to figure out the overall energy distribution of the parent ions. This can be done by mass selecting
only with the Q1 QMS and having the Q3 QMS in non selecting mode during the measurement.
The resulting sigmoidal fits show the anions entering the trap with an energy of around 10 eV and
exiting it (without having been trapped) after one pass through it at around 3.5 eV. This value
is a bit lower than that for the respective cations (at identical values for the backplate and orifice
voltages as well as the pressure in the first guiding decapole which can also influence the kinetic
energy) and might reflect the fact that anions usually need lower voltages applied on the needle
during the ESI process.

10.2 CID with Helium and Argon

Analogous to the cations first we study the CID of FMIN™ at room temperature by using different
buffer gases in the trap (Fig. 10.3 on page 48), in this case helium and argon. Xenon was also
used briefly as a buffer gas but proved to be not feasible (which was also true for the other anionic
species), due to the fact that it led to very large signal losses during the trapping process. The
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Figure 10.1: Ion yield of FMN™ as a function of the retarding voltage applied to the entrance and
exit lens at 295 K trap temperature and 0.2 mbar helium pressure.

spectra demonstrate that the anionic species seems to be considerably more stable against CID
than the cationic species (compare Fig. 9.7 on page 43). We see that even with argon in the trap the
parent mass is by far the dominant peak. Another striking feature in comparison to FMN™ is that
the number of fragments is considerably smaller. The two most important features are the peaks at
200 amu and 214 amu, both attributable to the FMN phosphate side chains matching the LF and
LC fragments, respectively. Furthermore there are small amounts of LC and LF detectable, but
apart from that the spectrum is almost empty. Taken together this shows that FMN™ survives the
trapping process very well, and the small amounts that do show CID fragment predominantly into
neutral LC and LF (which are not detectable), with the negative charge residing on the respective
phosphate side chains.

OH
0
H3C XN‘\/E HOJ\L“OH
0
H3C SN0 0—Pb_oH
3 ~OH -LF / H
Ho? - OH [200 amu]~
LOH
0 -LC
0—p—oH \ Hoj\ﬁ‘OH
HO o
_ 0—b_0H
FMN~ 455 amu HO
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Figure 10.2: Main pathways of the FMN™ CID: Loss of either neutral LC or LF with the respective
charged side chains remaining.
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Figure 10.3: CID mass spectra of FMN ™ with helium and argon as buffer gases. The temperature in the trap was 300 K, the pressures 0.21 mbar
and 0.07 mbar respectively. The upper plot shows the whole range of the y-axis, while in the lower plot the y-axis is enlarged to increase the
smaller fragment peaks. It shows that FMN™ is very stable against collisions with helium, as the large majority of ions survive the capturing
process undamaged.
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10.3 Temperature Dependence

As for the influence that the trap temperature has on the FMN™ CID process, Fig. 10.4 on the
preceding page presents CID mass spectra for a wide range of temperatures of the buffer gas.
While for lower temperatures there is the expected trend towards lower CID yields observable,
at temperatures just above room temperature something surprising happens: At 330 K almost
all parent ions have been converted into a complex with a mass of 518 amu (FMN +63 amu).
This complex seems to be rather stable, as the only CID fragments visible are the side chains
fragments already known from the parent ion with +63 amu added to them. This shows that the
additional mass has to have been added to the side chain and not to the chromophore. As no
major fragmentation occurs in the trap, which could potentially provide the reaction partners for
FMN, the only remaining possibility to explain the complex formation seem to be trace gases
existent in the trap. As water and oxygen are among the most obvious candidates, 180, and D;O
were introduced into the trap to see if there is any change in complexation: However at these
temperatures no van der Waals cluster creation was observed. Taken together, both the total lack
of van der Waals cluster formation at these trap temperatures and the already noted stability of the
mystery complex against CID seem to be indicators for the existence of stable bonds within these
newly formed molecules. A potential candidate could be PO, which would have exactly the right
mass of 63, but it would have to have been drifted from the ESI source into the trap and only be
present in extreme low concentrations, as there are no fragments in the right mass range visible in
photo ionization spectra of the trap content.

Riboflavin Cations

This section will deal with RBF' and its interactions with the gas in the RF-HDIT.
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Figure 10.5: Ion yield for Riboflavin™ (selected at the Q1 mass filter with the Q3 mass filter in non
selecting mode) as a function of the retarding voltage applied to the entrance and exit lens at 295 K
trap temperature and 0.2 mbar helium pressure.
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Mass/amu Name  CID helium/% CID argon/% CID xenon/%

376 RBF" 90.8 25.5 5.2
367 3.7 7.5 33
342 0.6 2.7 2.8
330 0.2 0.9 1.1
314 0.2 1.8 23
299 0.2 34 6.5
285 FMF* 0.3 4.5 3.6
270 0.1 1.7 3.8
257 LF* 0.1 1.9 4.6
242 LCT 2.7 38.8 32.1
228 0.0 1.2 4.9
215 0.0 1.3 8.9
199 0.0 24 53
185 0.0 0.3 2.9
172 0.0 1.9 9.2
157 0.0 0.2 1.3
145 0.0 0.1 0.4
134 0.1 0.5 0.0
117 0.1 0.7 0.0
99 0.1 0.5 0.0

Table 11.1: Comparison of the CID of RBF" with helium, argon, and xenon at room temperature
with around 13 eV kinetic energy. Listed are the relative fragmentation yields of the different
masses in percent. The data is taken from 11.1 on the next page

11.1 Kinetic Energy

Fig. 10.5 on the preceding page demonstrates a typical energy distribution for RBF*, with the ions
entering the trap having an average kinetic energy of 13 eV, losing about 2/3 of it during the first
pass through the 0.2 mbar helium atmosphere.

11.2 CID with Different Gases

Fig. 11.1 on the following page shows the mass spectra for the CID of RBF" with helium, argon,
and xenon at room temperature, while Table 11.1 lists the relative yields for each fragment. For
helium the stability of RBF* is pretty similar to that of FMN™, while the mass spectra with the
heavier gases indicate a higher stability than for FMN™. Again similar to FMN™ the favored
dissociation pathways are water loss and loss of the complete side chain, but with the crucial
difference that LC" is considerably more favored.

11.3 Temperature Influence

The next parameter to look at is the temperature dependence of the CID. As Fig. 11.3 on page 53
demonstrates, there is no difference between the CID at 20 K and 330 K. One thing to consider
though, is the fact that these two mass spectra were recorded 7 hours apart. During this time there
was a shift in the kinetic energies of the ions delivered by the ESI with the result that for the
mass spectrum at 20 K the ions had an kinetic energy 5-6 eV higher than at 330 K. So taking this
effect into consideration, the fragmentation yield at equivalent energies would have been somewhat
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Figure 11.1: CID mass spectra of RBF™ with helium, argon, and xenon as buffer gases. The temperature in the trap was 295 K, the pressures
0.21 mbar, 0.07 mbar, and 0.027 mbar respectively, the kinetic energy of the ions around 13 eV. The upper plot shows the whole range of the
y-axis, while in the lower plot the y-axis is enlarged to increase the smaller fragment peaks.
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Figure 11.2: Main pathway of the RBF" CID: Loss of the ribityl sidechain with Lumichrome™
remaining.

lower. But the low amount of fragmentation for both of these spectra shows that RBF" is indeed
quite stable against CID with helium.

114 [RBF-Ag]*

After having looked at the CID of pure RBF™ it is time for an analysis of the RBF-Ag™ complex
(see Fig. 11.4 on the next page for the CID with helium, argon, and xenon, together with the CID
of pure RBF" with xenon as comparison). The overall stability of the complex is quite high, sim-
ilar to RBF", with only low fragmentation yields when helium is the buffer gas. However, the
CID with argon and xenon yield considerably more fragments, the largest peaks are those with the
chromophore and silver still attached to each other ([LC-Ag]™, [LF-Ag]", and alloxazine™ (the
pure chromophore) with silver). Pure silver (107 and 109 amu) is only visible in small amounts
in the argon spectrum, while there is almost no pure RBF* detectable. Only the smaller fragment
masses from LF™ downwards show a good match to the CID mass spectrum of pure RBF, likely
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Figure 11.3: CID mass spectra with helium for RBFT at 20 K and 330 K trap temperatures.
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Figure 11.4: CID mass spectra of Riboflavin-Ag cation complexes with helium, argon, and xenon as buffer gases (upper plot). The temperature in
the trap was 295 K, the pressures 0.21 mbar, 0.07 mbar, and 0.027 mbar respectively, the kinetic energy of the ions around 13 eV. The lower plot
compares the mass spectrum for xenon with the respective CID mass spectrum of RBF (also with xenon as buffer gas).
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Figure 12.1: Overall ion yield of FAD?~ as a function of the retarding potentials applied to the
entrance for different settings of the trap pole bias.

originating from the parent ions with the highest kinetic energies within the overall energy distri-
bution. While smaller in size compared to the complex fragments, combined they far outnumber
the pure silver fragment, so it can be assumed that the charge remains at the chromophore in most
cases.

FAD Dianions

12.1 Kinetic Energy

The first thing to note when measuring the kinetic energy of FAD?~ with the method of retarding
potentials, is that it is a doubly charged species, so all the derived kinetic energies have to be
multiplied by 2.

A question that arises when assessing the quality of the method is how well is the point of zero
retardance (the point where the ions see no electric field coming from the lenses) defined, and how
much does it affect the measurement? Fig. 12.1 tries to shed some light on this matter by comparing
four scans for the entrance lens with different pole bias settings of the trap (which defines the size
of the offset at the trap potentials, a value which has to be subtracted from each measurements to

. distribution relative yield 5 Table 12.1: Results of
ole bias/V  energy/eV . R” of the fits )
P & width/eV  at voltage 0/% the Fits of the scans from
21 25.2 30 92.9 0.96 Fig. 12.1 comparing the
23 23.4 16 99.1 0.94 resulting kinetic energies
26 20.2 20 95.5 0.99 and the qualities of the
30 15.2 17 93.2 0.98

respective fits.
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arrive at the true value for the retarding potential). By varying this pole bias one effectively shifts
the influences of eventual external fields that might distort this kind of measurement. Table 12.1
compares the resulting fits and the energy distributions which can be derived from these fits. It lists
the resulting average energy and the width of the distributions (both in eV). Additionally it shows
how much of the overall ion distribution has passed the entrance lens at each respective 0 potential
as percentage of the overall distribution. At last the R? of each fit is also listed to give an indicator
for the general quality of each measurement.

As a general trend it can be observed that the higher the pole bias settings, the smaller the indicated
energy seems to be. This demonstrates that an incorrect pole bias setting could indeed be a source
of systematic error if one is not careful. On the other hand, a “perfect” pole bias setting, i.e.
one without any external fields, would mean that all ions should be able to pass the threshold at
0 V. Consequently the derived energy distribution should be entirely above this threshold in the
optimal case. Comparing this ideal case with the actual achieved values reveals that the pole bias
setting with 23 Volt seems to agree best with this model (99 % of all ions are above the zero
threshold), and the scan for pole bias 26 Volt follows with 95 %. The fits for the 21 and the 30 Volt
measurements are considerable worse than the other two. When comparing pole bias 23 and 26
it is difficult to say which is actually better: While the energy distribution criterion speaks for 23,
it is also the noisier measurement, with a considerably worse value for R? than the fit for 26 Volt.
But both measurements result in energy values that are reasonably close (they are within 15 % of
each other).

This demonstrates that care has to be taken while doing this kind of measurements, but also that
the methods seems fairly robust against large errors when properly done (for example the fit with
a pole bias 30 has an offset immediately visible to the naked eye). But it also shows that it can be
rather difficult to measure absolute values with a high precision with this method.

ozéi;fo\) o
HOO=P-O N
. = H3C " “NH
H OHN, ) NH, H3C:©i \N/KO
N\ + bHs
[528 amu]™ LF~ 256 amu]

O
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_N
H OH Q NH; + LLHO
FAD?~ (m/z 392, 784 amu) [346 amu]™ [438 amu]~

Figure 12.2: The main fragmentation pathway of the CID of FAD?~ with helium is shown at the
top, while the (probable) second minor one is at the bottom.
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Figure 12.3: CID of FAD?*~ with helium and argon at 295 K trap temperature, the pressure was
0.2 mbar and 0.07 mbar respectively. The kinetic energy was in both cases ca. 22 eV.

12.2 CID with Helium and Argon

The CID mass spectrum of FAD?~ (Fig. 12.3) shows that FAD?~ seems to be quite stable against
CID with helium: The majority of the parent ions (m/z 392) remain unchanged. The major visible
fragments are those with a mass to charge ratio of 528, 256, and 346, as well as the singly charged
parent mass at 784. The fact that 528 is larger than 392 points to a singly charged molecule with
a mass of 528 amu. The fragments with a m/z value below 392 are naturally more ambiguous
in their interpretation, as both singly and doubly charged fragments are possible. But the sum
of the two largest fragments 528 and 256 is equal to the FAD mass of 784 amu, meaning that
the most prominent fragmentation pathway is the breaking of the doubly charged parent ion into
singly charged LF and its corresponding residue (see the upper part of Fig. 12.2 on the facing
page). Assuming a single charge, the matching fragment for the CID fragment with 346 amu
would have to have a mass of 438 amu, which is also (but only in small amounts) visible in the
mass spectrum (see also the lower part of Fig. 12.2 on the preceding page). Another open question
are the differences in the relative intensities of the respective breakup partners: After all, one could
expect that these should be about equal in size when each partner carries one charge. This could
be an indication that the CID process involves also some form of electron loss, for example from
FAD?~ into FAD".

The CID with argon (Fig. 12.3) on the other hand shows a complete disintegration of the FAD?~
ions into numerous constituents. In addition to the already known fragments there are a number of
fragments visible in the 100-200 amu mass range, among them being LC~, FMF~ and alloxazine™.
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Figure 12.4: CID of FAD?*~ with helium, at 300 K trap temperature and 0.2 mbar pressure. De-
picted are the ion yields as a function of the retarding potentials at the entrance lens of the trap for
the major CID fragments. Additionally plotted are the fitted sigmoidal curves and the derivatives
for each respective mass to derive the energy distribution of the parts of the parent ions which
contributed to each fragment.

12.3 Kinetic Energies of Different Fragmentation Pathways

To elucidate the kinetics of the different fragmentation pathways, the method of applying retard-
ing voltages to the entrance lens of the RF-HDIT is done with mass selection applied at the Q3
QMS (see Fig. 12.4, compare also Sec. 9.5 on page 44). Table 12.2 lists the resulting fits for a
few products of the CID in helium buffer gas. The masses chosen were of those fragments with
sufficient signal strength for this kind of measurement. One of the first things to be noted is the
considerable stability of the parent ions: Even at 21 eV they survive the collision process intact
(the large mass difference between the collision partners is probably also helpful in this regard).
The derived energies of the 528 amu and 256 amu fragments lie close together, lending further
credence to the hypothesis that these come from the same fragmentation process. And finally, the
loss of an electron is linked to high energy collisions, as the corresponding fragment (784 amu)
shows the highest originating kinetic energy (33 eV).

m/z name  energy/eV  width/eV Table 12.2: Results of the scan fits from Fig. 12.4 giv-
392 FAD2- 1.1 38 ing the energy distributions of the respective parent ions
346 32.7 115 whose fragmentation lead to the observed masses.

244 LC™ 26.0 13.8

256 LF~ 25.6 16.1

528 27.1 19.7

784 FAD™ 332 9.4
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Figure 12.5: CID of FAD?~ with helium at temperatures between 295 K and 330 K. Depicted are
the 1on yields for the major CID fragments over time ,while the trap is being heated from 295 K to
330 K.

12.4 Temperature Dependence

This chapter will conclude with an analysis of the temperature dependence of FAD?~’s CID: The
diagram in Fig. 12.5 plots the yield of the major fragments against time while the temperature in
the trap (plotted against the right y-axis) was raised from 295 K to 330 K. It is striking to see
that the parent ion signal completely vanishes at higher temperatures, while the fragments remain
largely unaffected. A conversion into other masses does not seem to occur, so it seems that we are
looking at a mechanism involving the loss of two electrons, maybe similar to FMN ™ with some
trace elements residing in the trap. While the exact mechanism remains unexplained, it follows
that all experiments involving FAD?~ should be conducted at room temperatures or less to avoid
unnecessary ion losses.



Summary

Summary 1 3

In summary, Part III analyzed the processes that occur during the capturing process of the different
ion species in the trap, which are primarily collisions with the atoms of the buffer gas which
facilitate the capture. It was demonstrated that most flavins survive the process indeed intact, at
least when helium is used as buffer gas. This unfragmented capture of the ions is a necessary
prerequisite for any experiments with laser light, which will be presented in the following parts.
Analysis of the CID itself reveals a few subtle differences between the different species: RBF*
fragments predominantly into LC", with a small additional channel involving water loss.
FMN™’s main CID channel is the loss of water, additional channels are LC* and the loss of the
phosphate group, processes that become more prominent at higher collision energies. FMN™ on
the other hand is considerably more stable than its cationic counterpart: The CID that is detectable
shows the (exclusive) fragmentation into (undetectable) neutral LC and LF in almost equal parts,
with the charged side chains remaining in the trap.

Finally, FAD?~ fragments into two singly charged parts, the most dominant process being the one
that produces LF~ as one of the products.

Heavier gases than helium, like argon or xenon, increase the CID yields, often substantially, but
the fragmentation patterns themselves remain mostly the same. Lowering the trap temperature
has the opposite effect, it generally decreases the CID yields. Raising the trap temperature above
room temperature induces changes in the observed CID patterns of the anionic species (FMN™
and FAD?") that are not completely understood yet, a behavior which might warrant additional
research.
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Optical Setup for 400 nm fs Pulses

Introduction

After having investigated the behavior of flavin ions in the trap without any involvement of the
laser, this chapter will analyze their interactions with 50 fs laser pulses at 400 nm wavelength.
This analysis will focus on the fragmentation behavior and the potential for charge reversal spec-
troscopy.

Optical Setup for 400 nm fs 1 4
Pulses

Frequency doubling or second harmonic generation (SHG) is a special case of sum frequency
generation. It is a nonlinear optical process in which two photons interact with each other in
a nonlinear material, in this case beta-barium borat (BBO), to generate a photon with doubled
frequency. BBO is well suited for this task due to its strong negative uniaxial birefringence, which
enables it to be phase matched for a wide range of frequencies, as well as a high damage threshold.
The optical setup used to convert the 800 nm pulses provided by the Odin multi-pass amplifier into
400 nm SHG pulses is shown in Fig. 14.1. The transient grating (TG)-FROG trace of the resulting
pulse is provided in Fig. 14.2 on the facing page, showing 45 fs long pulses, centered around
403 nm with a good temporal Gaussian beam profile (Accordingly this means, as was shown in
section 4.2 on page 20, that these kind of pulses are optimally suited for resonant excitation of
the Sy -> S; transitions of the various flavin species). Any attenuation of the pulse energies was

2]

y 1Iris
2 800nm Dielectrical Mirror 45°

3 800nm Dielectrical Mirror 45°
4 Spherical Mirror 200cm rcc

5 800nm Dielectrical Mirror 0°
8 6 BBO 0.3mm
/ 7 Spherical Mirror 75cm rcc
/ 8 400nm Dielectrical Mirror 45°

p 9 9 Spherical Mirror 300cm rcc
! 10 CaF2 Window 2mm

A

Figure 14.1: The optical setup used for frequency doubling of the 800 nm pulses provided by the
CPA amplifier. Essentially, the 800 nm beam is focused into a 0.3 mm thin Type I BBO crystal to
generate a 400 nm pulse with high conversion efficiency and a broad spectral width. Afterwards
the beam is recollimated and focused with a spherical silver coated mirror (150 cm focal length)
through a CaF,; vacuum window into the ion trap.
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achieved by introducing gray filter glasses of varying opacity into the beam path. This means that
the resulting pulse is somewhat longer than originally measured due to the additional dispersion
(this could potentially be compensated by imposing a larger prechirp on the seed pulse coming
from the compressor). However due to the rather limited bandwidth of the pulse this should be
only a minor factor. To calculate the peak field intensities within the focus first we calculate the
maximal pulse power for the unfocused beam. For a Gaussian pulse this is

pulse enerqgy

Pmax: V2

12
7Ttempoml pulse width (12)

w

Laser Power /mW  Pulse Energy / uJ  Peak Intensity /

cm?
1 1 2.45x10!
3 3 7.38x 10!
4 4 1.06x10"2
8 8 1.98x 1012
9 9 2.21x1012
12 12 2.95%1012
15 15 3.67x10'2
28 28 6.89x10'2
29 29 7.12x1012
34 34 8.35x1012
36 36 8.84x 1012
38 38 9.33x10'2
42 42 1.01x10%3
45 45 1.10x 103
46 46 1.13x1013
57 57 1.40%x103
75 75 1.84x10'3
100 100 2.46x1013

Table 14.1: Laser power and peak intensity values for typical average laser powers at 400 nm
wavelength.
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Figure 15.1: Laser Induced Dissociation (LID) mass spectrum of FMN cations. The temperature
of the trap was at 298 K, the length of trap cycle 1700 ms (1400 ms fill time/0 ms storage time/300
ms extract time). The wavelength of the used pulses is centered around 400 nm, the pulse energies
are around 45 uJ at a 1 kHz repetition rate.

The other factor one needs to know is the size of the beam in the center of the focus. For a pure
Gaussian pulse the minimal size for this focal width would be

Af

dbeam

dfocus = 0.84 (13)
where )\ is the wavelength of the light, f the focal length of the setup and dy.,, the diameter of
the beam at the focusing mirror. It is important to note that this represents the best case without
any diffraction: The beam profile at the focal plane would then also be Gaussian. If diffraction
occurs (either due to an iris in the beampath or simply at the edges of a mirror) the factor in
formula 13 changes from 0.84 to 2.44 (assuming a uniform intensity at the point of the aperture).
The experimental situation at hand lies between these extremes: For a mirror size 2.8 times larger
than the beam size the factor becomes 1.27. [132]

This means that for A = 400 nm, f = 150 cm, and dpeq,, = 0.9 cm the lower boundary of the focal
size would be 85 ym. The real value will always be a bit higher due to the fact that the beam does
not have a perfect Gaussian profile and the wavefront will always be slightly distorted, especially
through diffraction at damaged spots in the BBO crystal. Table 14.1 on the preceding page lists
the resulting peak intensities for a range of used laser power settings at 400 nm wavelength.

FMN™

15.1 Photo Fragmentation

The first species to be analyzed will again be FMN™: The trapped ions are irradiated with 400 nm
pulses. This is done by focusing the frequency doubled laser pulses along the z-axis of the trap
(see also Fig. 14.1 on page 62 and 2.5 on page 7 for details) into a spot in the trap, usually slightly
shifted along the x-axis. This is to make use of the fact that the ion concentration is normally
largest along the sides of the trap due to the Coulomb interactions between the equally charged
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ions. The length of a single trap cycle, consisting of filling the trap, storing the ions, and emptying
the trap, can be varied, but generally it is on the order of tenths of a second to several seconds.
That means, at least for cations, that the resulting mass spectra are the result of the interactions of
hundreds to thousands individual fs pulses with the ions in the trap. The initial process of CID and
equilibration of the ions with the gas in the trap needs only a few ms at most, while on the other
hand the ion interactions with the laser take place on far longer timescales: The two processes
can thus be assumed, with good approximation, as occurring sequentially and not simultaneously.
These facts should be kept in in mind when looking at a typical photo fragmentation mass spec-
trum of FMN™ irradiated by 400 nm fs pulses (see Fig. 15.1). In addition to the CID peaks there
are numerous additional mass peaks visible: Among the most prominent peaks are the already
expected photo products, LC™ (mass 243), LF" (mass 257), and FMF' (mass 286). But addi-
tionally, multiple peaks at lower mass ranges are observable also: The most intense are those at
187 amu and 172 amu, but there are altogether ten prominent new mass peaks notable in the range
from 100 amu to 240 amu. It seems plausible that these constitute a further fragmentation of the
chromophore unit, but without further analysis (which shall be done in the following section) this
cannot be stated with certainty.

Another thing to take note of is the reversal of the relative sizes of the LC* and LF* peaks com-
pared to the CID: While LC* is the dominant product in the CID mass spectrum (with only very
little LF* detectable), the LID spectrum is dominated by LF™.

15.2 Power Dependence of the Fragmentation

A more in-depth analysis of the photo fragmentation processes can be done by varying the pulse
energies. This allows the study not only of the fragmentation masses like in a single experiment,
but also allows an insight into the underlying dynamics of the fragmentation processes.

To achieve a good comparison between mass spectra for different pulse strengths, each of which
takes a considerable amount of time (normally between 30-60 min for a typical spectrum), the
measured data was first normalized against a simultaneously measured signal for a fixed mass
(in this case the parent mass measured after every Sth mass step). This is performed to account
for long term variations in the ESI signal strength. The resulting spectra are then once more
normalized, this time against their respective integrated signals over the whole mass range. The
fact that we are looking at the fragmentation of a positively charged species means that there are
no processes (e.g. electron detachment) that could potentially lead to the formation of fragments
which are all undetectable by the machine. Therefore the signal depletion measured for one mass
(for example the parent ion mass) should be fully accounted for in the respective fragmentation
channels, irrespective of the laser pulse strength. Comparisons between mass spectra done in
short succession during times when the FMN™ signal was very stable show that this is indeed

Mass Name Fits up Fits for the range
to 9 mW/9 uJ  from 9 mW/9 puJ to 45 mW/45 pJ
243 LC* 1.09 -0.04
257  LF* 0.66 -0.27
286  FMF™ 0.76 -0.01
Average 0.84 -0.11

Table 15.1: Tabulated values of the linear fits from Fig. 15.4 on page 67.
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Figure 15.2: Power dependent mass spectra of LID of FMN cations for laser powers from 1 mW (1 uJ/pulse) to 45 mW (45 uJ/pulse). The lower
mass spectrum has the y-axis enlarged to allow a better view of the behavior of the smaller fragment peaks.
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Figure 15.3: Log-log plot of the power dependence of the depletion yield for the parent mass
456 amu (FMN™) and the main CID mass 438 amu (FMN™ minus H5O, all data taken from the
measurements for Fig. 15.2 on the facing page). Plotted is not the signal itself, but the respec-
tive differences between the original CID signal and the measured laser depletion. Additionally
there are plots added, each with a slope of 1, for both masses to show the extent of the linear
fragmentation regime for these masses.

true. For mass spectra done during different days a further correction is applied by subtracting the
underlying CID signal from the LID peaks to account for small differences in this “offset” signal
caused by day to day variations in the ion kinetics during the trapping process. Taken together
these corrections should provide for enough robustness in the data to compare even mass spectra
recorded a considerable time apart.

Fig. 15.2 shows the results for the power dependent fragmentation of FMN cations in a range
between O uJ per pulse (pure CID) and 45 uJ per pulse with the previously described corrections
applied. Here we observe a strikingly different behavior for different ranges of fragment masses.
First of all of course there is the parent ion FMN™ itself (mass 456 amu) which is progressively
more depleted with increasing laser intensities. The dominant CID fragment (438 amu) shows also
a very similar depletion pattern.

To be able to assess how many photons each fragmentation step actually involves, one can plot the
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Figure 15.4: Log-log plot of the power dependence of the fragmentation yield for fragments with
the masses 243 (LC™), 257 (LF"), and FMF™ (mass 286, all data taken from the measurements
used for Fig. 15.2 on the facing page).
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Figure 15.5: Log-log plot of the power dependence of the fragmentation yield for the masses in the
range below 240 amu (all data taken from the measurements for Fig. 15.2 on page 66). Additionally
the linear fits for each mass over the whole power range are plotted.

logarithm of the measured ion signal against the logarithm of the laser power: The slope sizes of
the respective linear fits gives the number of photons. This of course holds only true as long as the
number of target ions does not change substantially during the fragmentation process (a potential
issue at high pulse intensities) and as long as the method of power attenuation does not change the
effective focal size for different energies. [133]
Fig. 15.3 on the previous page shows such a double logarithmic plot of the power dependence of
this depletion. What these plots show is that for small pulse energies the fragmentation of the

Mass  Fits for whole Fits up Fits for the range
power range  to 20 mW/20 uJ  from 3 mW/3 pJ to 20 mW/20 uJ

104 1.79 1.77 2.49
118 1.25 1.3 1.42
132 1.41 1.29 2.34
145 1.85 2.13 2.54
159 1.39 1.46 1.84
172 1.46 1.81 1.26
187 1.36 1.63 1.69
199 1.52 1.89 1.67
215 1.11 1.35 1.48
Average 1.46 1.62 1.86

Table 15.2: Tabulated values of the linear fits from Fig. 15.5. Together these values indicate a clear
nonlinear fragmentation behavior for the fragments in this mass range.
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Mass/amu Identity Comments

456 FMNT  FMN Mother Ion

438 [Riboflavin-4’,5’-cyclic]™  H,O loss, CID

421 very small, CID

413 very small, CID

395 very small, CID

376 RBF™  very small CID

359 [FMN minus phosphate]t  medium sized, CID & LID

341 CID & LID, probably additional OH group
loss

329 small, CID

323 very small, CID

315 LFHAT CID & LID, small

298 CID, small

286 FMFT™ medium to large sized one-photonic LID
fragment

270 CID, small

257 LFT large one photonic LID fragment

243 LC* large, predominantly one photonic LID

229 7(8)-methyl-isoalloxazine (MIA)*™ LID, probably loss of additional CHj
group

215 alloxazine™  two photon LID, core chromophore ring
group

199 two photon LID, chromophore piece

187 two photon LID, chromophore piece

172 two photon LID, chromophore piece

159 two photon LID, chromophore piece

145 two photon LID, chromophore piece

132 two photon LID, chromophore piece

118 two photon LID, chromophore piece

104 two photon LID, chromophore piece

98 (maybe) phosphate  CID

91 pure CID

82 pure CID

Table 15.3: Overview of the observed photo fragments of FMN cations at 400 nm wavelength.

parent ions follow a linear pattern, which quickly levels off for higher pulse energies. This is most
likely due to the fact that the LID is quickly reaching a saturation regime where there are simply
not enough ions left in the trap to fragment.

The next mass range that shows a particular behavior are the fragments in the range between
240 amu and 300 amu: LC", LF', and FMF". Fig. 15.4 on page 67 shows the corresponding
log-log plots for these masses. Here we see again different fragmentation patterns for low and
high energies. For low energies there is a close to linear response in the fragment ion yield with
increasing energy, while towards higher energies the previously linear response is not only leveling
off, but these masses themselves are depleted as well. Table 15.1 on page 65 shows the tabulated
values for these various linear fits. Further worth noting is the difference in the behavior of LF"
(mass 257) compared to LC* and FMF*. FMN™ photo fragments mainly into LF*, it saturates
faster and goes into steeper further depletion than do LC™ and FMF™, so we see a marked change
in the size relation between these fragments with the change in pulse energy.

While at low pulse energies it seems like a straightforward one photon excitation and subsequent
fragmentation from FMN™ towards these three main fragments is dominating the picture, at higher
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energies additional processes seem to come into play. To get an idea about these additionally
occurring processes, an investigation of the lower mass range (100-215 amu) can be helpful. The
fragment yields for the masses from 100 amu to 215 amu are plotted in Fig. 15.5 on page 68: The
resulting linear fits give values between 1.11 (for mass 215) and 1.85 (mass 145) with an average
of 1.46 for the entire energy range. But looking at the plots in detail it becomes clear that at pulse
energies above 20 uJ the power dependence leaves its dynamic range due to the already mentioned
saturation effects: There are simply not enough parent ions left to fragment. If we fit the curves
only for the energies up to 20 uJ we get values between 1.29 (mass 132) and 2.13 (mass 145) with
an average of 1.62 (see table 15.2 on page 68 for details). Furthermore the data points at the lowest
energies (1 and 3 mW) have larger errors attached to it than the rest due to the errors in the power
measurements (around +1-2 mW) and the lower fragment ion counts at very low pulse energies. If
we go one step further and exclude the points for 1 mW due to their larger errors we get an average
value of 1.86 for these fits. So it is clear that these fragmentations cannot stem from one photon
excitations, as all the fragments in this mass range exhibit a clear nonlinear fragmentation pattern.
Table 15.3 on the preceding page provides an overview over the various LID and CID fragments
observed in the mass spectra together with their respective identification, where this is possible.

15.3 Storage Time Scans at Different Pulse Energies

The measurements performed so far show that by using 400 nm pulses and low pulse energies a
single photon fragmentation process into LC™, LF", and FMF™ occurs. At higher pulse energies
a two photon fragmentation into a whole range of smaller fragments takes place. To check if this
model is actually correct another independent measurement was performed: This time the pulse
energy was constant while the fragmentation yield of certain fragment masses was monitored as
a function of the trapping time itself, which means the total exposure time to the laser light is
increased with an increase in storage time.

Fig. 15.6 and Fig. 15.8 on page 72 show such storage time scans for very low pulse energies
(3 wl/pulse) for storage times of up to 20 and 80 seconds, respectively. For comparison, the total
exposure time for the ions in the trap at 20 s storage time would be equivalent to that provided
by 38 uJ pulses under the same trapping conditions as the previous experiments, and equivalent to
144 uJ pulse energy for 80 seconds irradiation time. In Fig. 15.6 the progressing photo decay of
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Figure 15.6: Storage time scan of FMN™ at 3 uJ pulse energy with an up to 20 s exposure time.
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Figure 15.8: Storage time scan of FMN™ at 3 uJ pulse energy with an up to 80 s exposure time.

FMNT into LC*, LF", and FMF™ can be traced nicely. In contrast, the channel with mass 172
exhibits almost no increase at all, even at an exposure time of 20 s. To illuminate this point further,
Fig. 15.8 shows a scan up to 80 seconds for the three main photo fragments and the parent mass.
Here all the signals level off after around 40 s and remain at the same level for the rest of the scan,
so we observe no further decay into a different channel. Thus these measurements recorded at low
pulse energies provide further proof of the linear nature of the fragmentation process of FMN™
into its three “natural” photo fragments. The same experiment has also been done for higher pulse
energies. Fig. 15.7 on the previous page shows such a scan for all observed LID fragments of
FMN™ at 75 pJ/pulse. Here we see nicely how the parent ions decay over time into LF*, LC™,
and FMF*, which as intermediate products then fragment further into a host of smaller masses
as the final products. The two photonic LID products 199 amu, 215 amu, and 228 amu seem
also to be some intermediate step, as they show signs of further photo decay. Overall these mass
spectra corroborate very well the conclusions from the energy dependent measurements, but raise
a few additional questions: The role and character of the smallest observed masses (mainly 99 and
82 amu) remain unclear, they exhibit no typical LID behavior (no intensity dependence, and also
have no smaller fragmentation pathways detectable). Nonetheless they decline in the storage time
scans. A possible explanation might be that these are phosphate related side chains which lose
their charge by proton transfer reactions in collisions with neutral fragments still lingering in the
trap.

15.4 Temperature Dependence of the LID

The upper plot in Fig. 15.9 on the facing page shows LID spectra for FMN™ for different temper-
atures ranging from 18 K to 280 K for pulse energies of around 30 uJ, while the lower plot shows
the same kind of spectra for slightly higher pulse energies of around 40 uJ. They show that the
LID of FMN* with 400 nm fs pulses exhibits a marked temperature dependence: At lower trap
temperatures the fragmentation yield increases significantly, especially for the two photonic LID
fragments in the lower mass ranges, but also for the one photonic photo products. Another inter-
esting temperature effect, beside the increases in overall ion yield, is the change of the intensity
ratio of the different peaks. One hypothesis to explain the intensity increase might be that the ions
are simply slower at these temperatures, so that they would need more time between subsequent
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Figure 15.10: Relative size of the LC™, LF', and FMF" yields dependent on the trap temperature.

pulses (or even during a single pulse) to leave the focus volume. But looking at the mean thermal
velocity of an 456 amu ion at 18 K, which is about 50 m/s (compared to around 200 m/s at room
temperature), it becomes clear that this cannot be a likely explanation. An ion traveling at 50 m/s
would travel around 5 cm between single laser shots (1 ms at 1 kHz laser repetition rate), while
getting only as far as a few picometers during a single pulse. Compared to a focal size of around
100 um there is a clear mismatch of several orders of magnitude in either case, so this could be
only an explanation for the very few particles at the extreme lower end of the energy distribution.
While this could potentially account for an enhancement of the two photon fragmentation prod-
ucts, it would fail to explain the increase in the single step, one-photon fragmentation species.
Accordingly, the changes of the ion velocity in the trap cannot be the explanation for this observed
effect. Additionally, the following chapters will show that the LID of the anions exhibits the exact
opposite temperature dependence, so this kind of trivial explanation can be ruled out. So it seems
that this effect could indeed be intrinsic to the electronic structure of the cationic species.
Another interesting observation is the change in the relative fragmentation yields of the one photon
fragments for different temperatures (Fig. 15.10). While the data is admittedly rather noisy, there
is overall a clear trend showing the preferential formation of LC™ at low temperatures, while the
fragmentation into LF' seems to dominate at room temperature.

FMN~—

After the LID of FMN™ with 400 nm pulses, this section will deal with FMN™ under the same
experimental conditions as the cations.

16.1 Photo Fragmentation

Fig. 16.1 on the facing page shows a typical LID QMS mass spectrum for FMN~. Compared to
the LID of FMN™ it exhibits a completely different pattern. Additionally to the already known
CID fragments there are a couple of new fragments, most prominently the mass at 170 amu, which
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Figure 16.1: LID mass spectrum of deprotonated FMN™ with 57 uJ pulses at 400 nm. The trap
temperature was 296 K, the trap cycle 1000 ms (700 ms fill time/0 ms storage time/300 ms extract
time). The different fragment peaks are annotated with their respective masses.
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Figure 16.2: Model of the LID pattern of FMN™ for the most prominent fragments: FMN™ breaks
at a point of the side chain, leaving two similar sized fragments. In most cases the negative charge
remains at the phosphate group, so that these fragments show up predominantly in the spectrum.
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dominates the mass spectrum almost completely, while LC~, LF~, and FMF~ are visible only as
very small peaks.

The direct comparison of the LID spectrum to the CID spectrum (compare also Fig. 10.3) reveals a
number of interesting points: The fragment mass 170 (which can be attributed to the corresponding
side chain of FMF) does not show up at all in the CID spectrum, while the most important peaks
at 200 and 214 amu (the corresponding side chains of LF and LC) show only a very modest
increase in strength compared to the CID spectrum. A similar pattern (on a smaller scale) can be
seen for the corresponding chromophore pieces: LC~, which is almost completely absent in the
CID mass spectrum, in the LID spectrum makes up the majority of the chromophore fragments,
while (charged) LF~ is only produced in very small amounts with LID. Fig 16.2 on the previous
page depicts the main fragmentation pathways for FMN™: It shows how the large majority of
fragmentation products can be attributed to photo fragmentation of FMN™ into neutral LC, LF,
and FMF, as well as their corresponding charged side chains. It should not be surprising that
the charged side chain fragments dominate the spectrum in the anionic mode, as the strongly
electronegative phosphate group can be expected to retain the charge in most of the cases. But
a fact that is indeed surprising is the observation that the fragmentation into neutral FMF and its
charged side chain is favored to such a large degree, a strong contrast to the observed cationic
fragmentation behavior, but similar to what was already reported for the photo degradation of RBF
in solution in the literature [115].

16.2 Power Dependence of the Fragmentation

The next step is the investigation of the energy dependence of the LID. Fig. 16.4 on the facing
page shows this dependence for pulse energies in the range from 4 mW (4 pJ/pulse) (0 uJ/pulse
if we include the CID mass spectrum) to 57 mW (57 ulJ/pulse). The data processing was done
similar to the cations (see section 15.2 on page 65), but with one crucial difference: The fact
that we are now looking at a negatively charged molecule means that electron detachment into
(undetectable) neutral states via photo excitation becomes a potentially viable mechanism. This
would mean that the overall integrated ion signal might not be constant anymore. This in turn
means that the previously done final normalization step of dividing each data set with its integrated
signal risks introducing a potentially serious error. A way to address this problem is linking each
LID mass spectrum to the corresponding CID mass spectrum via the strength of the depletion of
the respective parent signals for each laser power (which was recorded prior to each measurement).

Sum of Fraction of Fraction of Potential loss to

Pul J
ulse energy [w] all masses parent signal remaining  Fragments other channels

0 (CID) 14393 95% 5% 0%
4 14902 94% 10% -4%
12 13254 71% 22% 7%
29 14615 65% 36% -1%
39 12080 34% 50% 16%
57 11792 34% 48% 18%

Figure 16.3: Comparisons of the (according to eq. 14 on page 78) normalized sums of the fragment
yield for different energies and the fractions of parent and fragment ions as percentage of the CID
signal (all data from Fig. 16.4 on the next page)
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Figure 16.5: Log-log plot of the power dependence of the fragmentation yield of FMN™ for all
major fragment masses (all data taken from the measurements for Fig. 16.4 on the previous page).
Additionally the linear fits for each mass are plotted

So for each mass spectrum, a scaling factor was calculated according to the following formula:

Calibration Signalprp " FMN Peak Sizecip
Calibration Signalc;p FMN Peak Sizerrp

Scaling Factor = (14)
For each mass spectrum the calibration signal was the strength of the FMN™ signal, which was
recorded every fifth mass step, while the relative peak sizes are indicating the strength of the
depletion known from prior measurement. Afterwards each mass spectrum was finally normalized
with the integrated sum of the CID mass spectrum. These steps should allow for a good comparison
of the spectra, especially to answer the question if electron detachment is actually occurring and
if it is indeed constituting a major loss channel for the ions. Table 16.3 on page 76 displays the
resulting values for the different energies. The resulting integrated sums are indeed very similar
for all mass spectra, thus making electron detachment, at least for the smallest pulse energies used,
a minor channel, if occurring at all. As one can see from the negative values for the potential
’loss’ the contribution of electron detachment would be well within the margin of error for these
smaller laser powers. The only regime were electron detachment might be occurring is at the higher
energies (39 uJ and 57 uJ), where the depletion of the parent ion signal seems to have reached a
saturation. But even there the LID remains the dominating pathway for FMN™. Fig. 16.4 on
the previous page shows the actual LID mass spectra: Due to the fact that most fragments (other
than mass 170) are very small, the mass spectra are plotted in two graphs with different scales for
the y-axis. At first glance it seems that the dynamic response of the fragmentation yield to the

Mass/amu Name  Slope size of linear fit Table 16.1: Table of the major frag-
455 FMN™ 0.97 ment mass and the size of their fitted
285 FMEF~ 0.62 slope from Fig. 16.5.

256 LF~ 0.81

242 LC™ 1.22

214 0.45

200 0.59

170 0.80

140 0.86

98 0.63




16.3. Temperature Dependence

change in energy is fundamentally the same for all major fragments. To look more thoroughly into
this matter, the log-log plots for the different fragment masses are plotted in Fig. 16.5, while the
resulting values for the linear fits are tabulated in Table 16.1. FMN™~ shows a very close to linear
depletion, indicating a one photon excitation and fragmentation process for this species. This
fits very well with the close to linear (a bit less actually) log-log fit for the main fragment mass
170 amu. Curiously enough both of the largest CID fragments (the side chains corresponding to
LC and LF) exhibit the smallest response to the increase in pulse energy.

16.3 Temperature Dependence

Fig. 16.6 plots the LID yields at 50 mW laser power of the most important fragments while the
trap was heated up from 20 K to 320 K. It shows that the fragmentation yields decrease at lower
temperatures (in contrast to the behavior of the cations). This effect might be explainable rather
trivially by the lower thermal energies of the ions at low temperatures which would thus lead to
a lower fragmentation probability, but stands in contrast to the opposite effect observed for the
cations. Another question is the nature of the LID at the high end of the temperature range, espe-
cially regarding the +63 amu complex forming at above room temperatures: Fig. 16.7 shows the
resulting QMS mass spectrum at a trap temperature of 330 K. It shows both that the “mystery”
complex is both very stable against LID and also that the observed fragmentation pattern is funda-
mentally the same as it is the case for pure FMN™, just that the majority of fragments are shifted
by 63 amu. Furthermore it can be stated with certainty that the addition of the extra mass has to
occur at the side chain, as there are no chromophore fragments with further additions detectable.
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Figure 16.6: Temperature dependent scan of the LID of FMN™ at 50 mW laser power. Plotted are
the ion yields of different fragments masses over time while the temperature (right axis) in the trap
was slowly raised from 20 K to 320 K.
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Figure 16.7: Mass spectrum of the LID of FMN™ with 400nm @ 160mW at 330 K trap temperature.
Additionally to the normal LID fragments all the peaks show an complex peak with +63 amu
added.

16.4 Charge Reversal (NeNePo)

A point of particular interest when looking at the interaction of fs-laser pulses with anionic species
is the possibility for negative-neutral-positive (NeNePo) spectroscopy: The major attraction of
NeNePo charge reversal experiments is that it actually involves accessing the neutral state of a
molecule, which is otherwise very difficult to do in gas phase experiments. The laser pulses have
to reverse the charge of the target anions into cations by stripping two electrons from the molecule:
First by photo detachment into the neutral form and in a further step photo ionization into cations.
This has to happen during a very short time frame, as the neutral species cannot be trapped by
the RF-HDIT, so any photo detachment without further ionization would lead to the loss of the re-
spective molecule from the trap. This is the major experimental difficulty for NeNePo experiments,

158 171
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0 ) R R R R D R 0
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Figure 16.8: FMN™ Charge Reversal: Cation mass spectrum done with 400 nm@15 mW
(15 pJ/pulse).
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Figure 16.9: FMN~ NeNePo: Log-log plot of the overall ion yield against the laser power.

especially with wavelengths where single photon excitation is possible: The laser intensities nec-
essary to induce charge reversal in a single step are present only in the small volume of the laser
focus, while intensities sufficient to induce only photo detachment are present in a considerably
larger volume of the trap. This complicates the experiments and makes any measurement very
sensitive to the exact positioning of the focal volume (and of course the quality of the wavefront
which produces the focus). For FMN™ it was possible to achieve charge reversal with 400 nm
pulses. It involved the careful adjustment of both the focus position within the trap and of the
various trap potentials, as well as making sure the laser mode was very homogeneous to ensure a
small focus size with high peak intensities. If these conditions are not met, the ions just fragment
after absorption of a single photon. Fig. 16.8 on the preceding page plots a mass spectrum of the
cationic products of this NeNePo process. Masses were detectable in a range of up to 300 amu:
Remarkably in this range the spectrum looks almost identical to a LID spectrum of FMN™. Due to
the overall low signal strength it was not feasible to measure the power dependence of the charge
reversal process for each fragment separately, but it was possible to measure the overall ion yield
without mass selection as a function of the laser power (Fig. 16.9): The resulting log-log plot gives
a slope size of 3.6 £ 0.5, indicating a process involving 3-4 photons. As a note of caution for this

0
HsC \N/J*o
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0 LFt 255 amu

H3C
HaC \N/J\O 1 hv H3C:©i " “NH ho e 0
~OH HsC \N/Ko S 3 :@i X “NH
N H5C \N/J\o
FMF 285 amu LC*t 243 amu

O
o—b—on \
HO

FMN™ 455 amu
Figure 16.10: Tentative model of the NeNePo process of FMN ™ at 400 nm.

Ho? e O

numerous smaller fragments



82 FMN~ with 400 nm Pulses

kind of measurements it is important to acknowledge the sizable systematic errors involved, for
example the efficiency of the electron detachment outside the focus should also increase with the
laser power. Additionally there exists no reliable signal to normalize the different measurements
and account for the various fluctuations in the signal. Combined with the previous results for the
LID this leads to the possible reaction mechanism for the NeNePo process shown in Fig. 16.10 on
the preceding page: First a single photon fragmentation step into neutral FMF followed by a multi
photonic ionization and fragmentation into various fragments.
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Figure 17.1: LID mass spectrum of RBF' with 32 uJ pulses at 400 nm wavelength. The trap
temperature was 295 K, the trap cycle 500 ms (400 ms fill time/0 ms storage time/100 ms extract
time). The different fragment peaks are annotated with their respective masses.

Riboflavin* 1 7

17.1 LID

Fig. 17.1 presents a typical LID QMS mass spectrum at pulse energies of 32 uJ at 295 K trap
temperature. Compared to the CID with its low fragmentation yield the majority (74%) of the
parent ions have fragmented into a whole range of masses, while 26% of the original signal remains
unfragmented. Of these fragments, LF* (mass 257) with 17% and LC™* (mass 244) with 9% are
among the the most prominent peaks, but also mass 230 with 11% relative peak strength is a major
fragment. Other noticeable masses are mass 215 (2.6%), mass 202 (4.3%), mass 187 (5.4%),
mass 172 (6.2%), and mass 152 (6.5%). These compounds altogether make up 78% of the mass
spectrum, while the rest (22%) is distributed among at least 14 minor fragments.

17.2 Power Dependence of the Fragmentation

To analyze the fragmentation behavior further, the LID of RBF' was measured as a function of
laser power. Similar to the FMN™ measurements the recorded spectra were afterwards adjusted for
their temporal variations and normalized with their respective sums. They are plotted together in
Fig. 17.2 on the following page for pulse energies between 4 uJ and 32 uJ, corresponding to peak
field strengths between 1.06x 102 and 8.35x 102 according to Table 14.1 on page 63. Here
we see that for small pulse energies the three largest fragments 230 amu, 244 amu, and 255 amu
make up the bulk of the photofragments, while towards the higher laser powers the smaller frag-
ment masses (especially those in the range between 159 amu and 215 amu) become more and more
prominent and the parent ions are almost completely fragmented. Table 17.1 on page 85 is a list of
all the relative sizes of the photofragments in percent as a function of the different pulse intensities,
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Figure 17.2: Power dependent mass spectra of LID (plus the CID mass spectrum as comparison) of RBF* for pulse energies ranging from 4 mW
(4 wl/pulse) to 32 mW (32 ul/pulse). The upper plot shows the whole range of the y-axis, while in the lower plot the y-axis is enlarged to increase
the smaller fragment peaks.
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Mass/amu Name CID 4mW 8mW 15mW 32mW
377 RBF+ 928 79.3 59.5 34 26.1
359 1.2 3.5 3.2 2.8 2.1
345 0.1 0.5 0.6 0.4 0.2
342 0.1 0.3 0.5 0.7 0.6
329 0.0 0.2 0.3 0.6 0.5
323 0.0 0.2 0.5 0.9 0.7
315 0.1 1.0 2.1 2.3 1.7
301 0.1 0.1 0.4 0.5 0.5
286 FMF+ 0.1 0.5 1.1 1.6 1.2
257 LF+ 0.2 34 9.9 16.1 16.7
244 LCt 3.0 7.5 9.8 13.7 8.9
230 0.1 1.3 7.3 13.7 11
215 0.1 0.1 0.8 1.6 2.6
202 0.1 0.1 0.7 1.6 4.3
187 0.1 0.1 0.2 1.6 5.5
172 0.1 0.1 0.5 2.2 6.2
159 0.1 0.1 0.6 2.5 6.5
147 0.0 0.0 0.0 0.2 1.2
132 0.0 0.1 0.1 0.3 0.9
118 0.2 0.2 0.3 0.5 0.6
100 0.3 0.4 0.4 0.6 0.4

Table 17.1: Relative yields of the photo fragments from Fig. 17.2 at different laser powers in
percent of the sum of all fragments, starting from the largest mass and ending with the smallest.

providing further proof for these described trends.
To have a more detailed look into the nature of these fragmentation processes, Fig. 17.3, Fig. 17.4,
and Fig. 17.5 on the next page show the power dependence of the ion yields of these photo frag-
mentation products as double logarithmic plots, each with its respective linear fit, for the largest
masses down to mass 230 amu, the medium sized masses between 159 amu and 215 amu, and
finally the smallest mass range below 159 amu. Table 17.2 on page 87 provides the numeric values
for the fits for all these fragments. The linear fits for the fragments in Fig. 17.3 are only for the
data points up to a laser power of 15 mW, due to the fact that for this mass range there is already a
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Figure 17.3: Log-log plots of the power dependence of the LID of RBF' (with data from the mass
spectra for Fig. 17.2 on the preceding page) for the depletion of RBF" parent ions signal and the
yield of the photo fragments LC" (244 amu), LC" (257 amu), FMF™' (286 amu), and additionally
the mass 230.



86 Riboflavin™ with 400 nm Pulses

-1 . | . -1
=20 -2
=T Mass 215
=T Fit Mass 215
s [ « Mass 202 [
=3 Fit Mass 202 -3
St C Miae s L
2 I — Fit Mass

,,4/ Mass 172 :

4L — Fit Mass 172 [ 4

) - Mass 159 L
Fit Mass 159
-5 - ' ; ! | ! | ' | T 1 T [ -5
04 0.6 0.8 1 1 1

log (Laser Power [mW])

Figure 17.4: The same plots as in Fig. 17.3 on the previous page for the photofragments with
masses between 159 amu and 215 amu.
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Figure 17.5: Again similar plots as in Fig. 17.3 on the previous page, this time for the photofrag-
ments with masses between 100 amu and 147 amu.

clear saturation effect visible at 32 mW power.

The depletion signal of the parent mass (which is basically the measured CID signal minus the
respective LID ion yield) exhibits a clear linear, one photonic depletion pattern. The same linear
behavior (this time showing as an increase in ion yield) is visible for the photo fragments FMF*,
LF", and LC*, with LC™" having a smaller slope (0.66) than the other two fragments (both close
to 1), which may be an indicator for a more active secondary fragmentation pathway of LC* com-
pared to the secondary fragmentation of LF™ and FMF". As for the dynamic behavior of the
fragments in the range from 147 amu to 230 amu, these exhibit nonlinear trends indicating a prob-
able involution of a two photon process for most of these masses. The fragment with 230 amu
seems to be a special case: Despite its relative large mass it shows a clear nonlinear power de-
pendence (with a fitted slope of 1.474-0.17), while also exhibiting signs of further decay at large
pulse energies (also indicated by the size of the slope which is considerably smaller than 2). The
nonlinear fragmentation pattern extends down to the mass 147 amu, the fragments smaller than
147 amu have a close to linear power dependence again.
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Mass/amu Name  Linear Slope first three points Linear Slope whole range
377 RBF* 1.12 +£0.10 0.87 £0.07
286 FMF+ 0.93 +0.10 0.60 £0.93
257 LFt 1.04 +0.17 0.62 +0.11
244 LCt 0.66 £0.03 0.18 +£0.27
230 MIAT 1.47 £0.17 0.77 £0.11
215 1.65 +0.20 1.14 +0.12
202 1.78 £0.22 1.53 +0.13
187 2.77 £0.13
172 2.04 +0.22
159 2.00 +£0.13
147 1.87 £0.19
132 1.24 +0.19
118 0.58 £0.19

Table 17.2: The tabulated values for the values of the linear slopes of the fits from figs. 17.3, 17.4,
and 17.5, each with its respective fit error.

17.3 Storage Time Scan

Overall RBF" seems to show a very similar LID pattern as FMN™, as the storage time scan in
Fig. 17.6 further demonstrates: RBF™ depletes almost completely in several seconds, while LF*,
LC*, and MIA™ are being first formed, then fragment further, mainly into the fragments with
158 amu and 171 amu.

17.4 Temperature Dependence

Fig. 17.7 on the next page plots the ion yield of the various LID fragments of RBF' over time while
the trap was cooled down to 20 K. The yield of the RBF" goes down at very low temperature while
the fragments in the range from 158 amu to 214 amu experience a moderate increase. Overall the
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Figure 17.6: RBF" LID storage time scan of 400 nm@50 mW and 296 K. Depicted are the major
fragment masses as a function of the interaction time with the laser in the trap.
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Figure 17.7: The LID temperature dependence of RBF" with 400 nm@ 100 mW. Plotted are the yields of the various fragments against time while
the trap temperature was lowered to 20 K.
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Figure 17.8: A direct comparison of the fragmentation with 400 nm of FMN* and RBF* at similar

energies. While broadly similar in size and distribution of the fragment masses, there are a few
notable differences between both cases.

temperature dependence seems to be similar to the one observed for FMN™: At low temperatures
there is a significant increase of the LID yields observable.

17.5 Comparison of the LID of RBF" and FMN™"

As the previous sections have shown, the LID of RBF* and FMN™ seems to be quite similar, so it
might be useful to compare LID mass spectra for both species taken under very similar conditions
(see Fig. 17.8). And indeed the direct comparison shows a high degree of similarity between
both. As for the differences, among the most noticeable are the comparably low amount of FMF™
visible in the RBF™ spectrum, while on the other hand MIA™ is an RBF* fragment while almost
nonexistent for FMN™. Another difference is that for RBF* there exists a fragment with the mass
202 amu, while the corresponding FMN™ fragment has the mass 199 amu, the only discernible
difference in this range.

17.6 Riboflavin plus Silver

Finally, the interaction of the RBF-Ag complex with the laser shall be investigated. Depicted in
Fig. 17.9 on the next page are a range of LID mass spectra with different laser intensities. The
dominant LID pattern is fragmentation into [LC+Ag]* and [LF+Ag]™ followed closely by LC™*
and LF' without the silver atom. At the highest pulse intensities there seems to be a small amount
of Ag™ visible, but overall the observed fragmentation behavior is rather similar to the pure RBF*.

FAD2- 18

18.1 LID

Fig. 18.1 on the following page shows a LID mass spectrum of the photo products produced by
pulses with 54 uJ energy. Comparing it to the corresponding CID mass spectrum, there are many
more fragments visible in the LID mass spectrum, which are arranged symmetrically around the
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Figure 17.9: LID of the [RBF-Ag]* complex at different pulse energies.

parent peak. This implies that a split into two charged fragments is the favored fragmentation
process, quite similar to the CID. And indeed most fragments have a matching counterpart which
combined gives the mass of the parent ions:

242 amu + 542 amu = 784 amu (15)
256 amu + 528 amu = 784 amu (16)
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Figure 18.1: LID mass spectrum of FAD?~. The temperature of the trap was at 295 K, the length
of trap cycle 500 ms (400 ms fill time/0 ms storage time/100 ms extract time). The wavelength of
the used pulses is centered around 400 nm, the pulse energies are around 54 uJ.
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Figure 18.2: Model of the fragmentation patterns of the LID fragments of FAD?~, additionally to
those already discovered for the CID (Fig. 12.2 on page 56).

285 amu + 498 amu = 783 amu (17)
314 amu + 468 amu = 782 amu (18)
345 amu + 438 amu = 783 amu (19)

The only fragments without a matching partner are those with 782 amu (for obvious reasons) and
427 amu. So additionally to the dominant CID fragmentation pathways from Fig. 12.2 on page 56,
256 amu + 528 amu and 345 amu + 438 amu, there are at least three more fragmentation patterns
identifiable (see Fig. 18.2).

18.2 Power Dependence of the LID

A quantitative analysis of the power dependence of the LID of FAD?~ poses several potential
problems: One is the fact that photo detachment might be a potential loss channel that cannot
be directly detected. But the fact that the singly charged species (which can only be produced
via photo detachment) is only detectable in very small amounts might be an indicator that this
loss channel plays only a minor role in this process. Another potential problem is the fact that
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Figure 18.3: Power dependent mass spectra of LID (plus the CID mass spectrum as comparison) of FAD?~ for pulse energies ranging from 8 mW
(8 wl/pulse) to 54 mW (54 ul/pulse). The upper plot shows the whole range of the y-axis, while the lower plot has the y-axis enlarged as well as a
few plots removed.
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Figure 18.4: Log-log plots of the power dependence of the LID of FAD?~ for the depletion of
parent ion signal and the yield of the photofragments with masses between 242 amu and 345 amu.

the dominant process is the split of a single doubly charged molecule into two singly charged
fragments, meaning the sum of all charged fragments cannot be constant. However, this might
be only a minor problem: After all, the strength of the signal is proportional to the sum of the
secondary electrons generated in the channeltron, which in turn is a function of the kinetic energy
of the impacting particles. The kinetic energy of the detected particles is almost fully dependent
on the sum of the accelerations in the electric fields they were exposed to:

Eyin = zex U (20)

so if the sum the charges stays constant, the sum of the signals should stay constant as well. So
this effect should also not be a major problem. Looking at the sums of the integrated signals
from Fig. 18.3 on the preceding page in Table 18.3 we see that the sum of signal stays indeed
almost constant for a variety of different measurements. So, under the assumption that there are

Mass/amu  Name CID/% 8mW/% 19mW/% 34mW/% 40mW/% 54 mW/%

392 FAD?~ 79.5 68.7 61.7 62.3 60.5 53.1
242 LC™ 0.1 1.0 1.7 2.3 3.0 34
256 LF~ 2.1 11.1 12.2 11.7 7.8 9.6
285 FMF~ 0.05 0.2 0.4 0.5 0.5 0.6
314 0.00 0.2 0.3 0.6 0.7 0.9
345 1.4 1.3 1.4 1.4 1.9 1.7
427 0.3 0.6 1.0 1.1 1.4 1.4
438 0.3 0.3 0.2 0.3 0.2 0.3
468 0.2 0.4 0.7 2.0 1.7 23
498 0.1 0.3 0.7 1.2 1.4 1.8
528 14.2 12.3 15.8 13.8 14.3 19.2
542 0.3 0.8 1.0 1.7 2.1 2.7
782 FAD~  0.0002 0.0003 0.0005 0.0008 0.001 0.002

Table 18.1: Relative yields of the parent ion and the photofragments from Fig. 18.3 at different
laser powers in percent of the sum of all fragments, starting from the smallest fragment mass and
ending with the largest.
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Mass/amu  Name Slope size
392 FAD?~  0.40+0.31
242 LC™ 0.69+0.06
256 LF~ -0.15+0.08
285 FMF~ 0.71£0.09
314 0.81+0.06
345 1.1+0.29
fé; 88%182? Power/mW  Integrated Signal
468 1.340.1 8 13202
498 1.05+0.07 19 13910
528 1.25+0.68 34 13475
542 0.80+0.08 40 13039
782 FAD™ 1.84+0.11 54 13850

Table 18.2: Table of the size of the slopes Table 18.3: Comparison of the integrated
from the linear fits from the log-log plots in signals from the different power dependent
Fig. 18.4 and 18.5. mass spectra from Fig. 18.3.

no major loss channels, each measurement with a different laser power from Fig. 18.3 on page 92
was normalized with its respective integrated signal. Table 18.1 shows the resulting values as
relative signal strength in percent for the different pulse energies. Looking at this table, one notable
thing is that the overall strength of the LID of the parent ion is rather low compared to the other
flavin compounds. The FAD?~ signal goes down from 80% of the overall signal at no laser input
down to 53% for the highest pulse energies of 54 uJ per pulse. Fig. 18.4 and Fig. 18.5 show the
dynamic behavior of the photo fragments as log-log plots for the mass ranges between 242 amu and
345 amu, and between 427 amu and 528 amu. Table 18.2 lists the size of the slopes of the resulting
linear fits. For the majority of fragments these fits show a close to linear power dependence,
indicating that a one photon excitation and fragmentation is by far the dominant reaction for 400 nm
absorption. Notable exception are the fragments with a mass of 438 amu, which shows essentially
no reaction at all, 256 amu, which undergoes photo decay, and 782 amu with a close to two-
photonic characteristic (but an extremely small overall signal strength). Another thing to note is
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Figure 18.5: Log-log plots of the power dependence of the LID of FAD?~ for the yield of the photo
fragments with masses between 427 amu and 542 amu.
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the rather small slope of the depletion of the parent ions (0.4£0.31), but this might be attributable to
the rather large error connected with this fit, which is mostly due to the fact that the depletion is the
difference between the CID and the LID signals, which in this case means subtracting two similar
sized numbers resulting in a sizable potential error. The error estimations for each measurement
are the standard deviations of the signal strength of the parent ion, which was taken in parallel to
each mass spectrum.

18.3 Temperature Dependence

The temperature dependent behavior of the LID (see Fig. 18.6 on the next page) can be separated
into two different regimes: One is the temperature range above room temperature, the second is
in the range from 20 K to 270-280 K. The high range is dominated by the already noted CID
behavior, especially the complete depletion of the doubly charged parent mass, as well as the rise
in the singly charged species. Towards low temperatures there is a notable decrease in the signal
strength of most fragments: At 20 K there is only little measurable fragmentation left, both from
CID and LID.

Summary 1 9

In this part the interaction of the various flavins with 400 nm fs laser light was investigated. FMN™
and RBF* show very similar LID behavior: One photon fragmentation into LC*, LF*, and FMF*
dominates, with LF™ having the strongest intensity and FMF" the weakest. At high pulse energies
these fragments show a further two photon decay into numerous smaller fragments. FMN™ on
the other hand fragments almost exclusively into neutral FMF and its corresponding charged side
chain (170 amu). The charge reversal spectrum of FMN™ is almost identical to the LID spectrum
of FMN™, indicating a further photo fragmentation of the neutral FMF during the photo ionization
process. FAD?~ experiences, compared to the other species, only limited, mostly one photonic,
LID, with LF~ and LC™, as well as their respective singly charged counterparts, as the main
products.

The temperature dependence of the LID reveals a striking difference between the anionic and the
cationic species: While for anions the LID yields decrease, for cations they actually increase.
Overall the observed LID of the flavins with 400 nm pulses in the gas phase seem to agree very
well with the results of the photo degradation of flavins in the condensed phase already known
from the literature.
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Introduction

Introduction

For the purposes of spectroscopy and coherent control on femtosecond timescales the most widely
used lasers are Ti:Sapphire amplifier systems, providing pulses with a spectral bandwidth of around
40 nm full width half maximum (FWHM) centered on a fixed wavelength (805 nm). Such pulses
have been successfully applied in the field of coherent control on a number of systems and pro-
cesses such as small alkali or noble metal clusters by shaping the pulses in phase, amplitude, and
polarization. Prominent examples are results obtained within the framework of the Collaborative
Research Center (SFB) 450, which concluded very successfully last year (See [134-142] for a
number of results obtained within our group). However these wavelengths and bandwidths pose
limits on the systems and processes that are approachable with optimal control methods. One way
to circumvent these limitations of the parameter space is to broaden the available spectral band-
width with so called whitelight (WL) filamentation. The term “whitelight” describes spectrally
very broad laser pulses spanning the whole visible spectrum from almost UV into the NIR range.
One way to achieve this is through filamentation of high-power femtosecond (fs) laser pulses in
air or other gaseous media. The main effects responsible are Kerr-lens self-focusing caused by
the intensity-dependent refractive index of matter and a defocusing plasma lens effect caused by
multiphotonic ionization of the gas. These effects lead to the generation of a broadband white-light
continuum (see section 20.1 on the facing page).

During the course of his PhD studies Dr. Bruno Schmidt managed to generate pulses with a spectral
bandwidth of 500-950 nm and durations of less than 10 fs (Sec. 20.9 on page 114). Furthermore
he was able to characterize these pulses with a new TG frequency resolved optical gating (FROG)
setup. This technique uses a three beam correlation setup, where two overlapping beams are creat-
ing a transient phase grating and the third beam is gated by this grating, resulting in a fourth beam
which is detected by a spectrometer (Sec. 20.7 on page 110). As a first experiment it was possible
to use this new setup to optimize the charge reversal of Ag; clusters [143]. Building on these
works fellow PhD student Franz Hagemann managed to further enhance this setup by introducing
a second filamentation step resulting in an even broader and more spectrally homogeneous pulse
bandwidth with pulse lengths approaching the sub 5 fs regime (Sec. 20.8 on page 111). These pulse
with their high bandwidth and excellent temporal resolution provide a very promising avenue for
the coherent control of different molecular systems. This chapter will describe the work that has
been done to examine the usefulness of these novel experimental tools to study the behavior of
different flavin species in the gas phase. Sections 20.1 to 20.7 will introduce briefly the theoretical
background of the filamentation processes and the working principles of the used experimental
tools, while sections 20.8 and 20.9 will present the actual optical setups. Afterwards chapter 21
will deal with the experimental results obtained for the different flavins.
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Theoretical Background and
Experimental Setup

20.1 Whitelight Generation via Filamentation in a Gaseous
Medium

20.1.1 Nonlinear Optics

Filamentation is a nonlinear optical process in a medium. If we look a at the classical description
of electromagnetic waves, which are described by the Maxwell equations, the propagation of light
in a dielectric medium can be formulated as

_ LPE(r,1) FPP(E(r,t))

VE(r,t _
(T ) C(% azt Ho agt

21

where P(E(r,t)) is the polarization of the medium, a complex quantity representing the sum of
the induced (assumed as instantaneous) dipole moments in the medium. The polarization has the
following relation with the electric field:

P(E(r,1)) = e, E(r,1) (22)

with ¢, the dielectric constant and x the electronic susceptibility. For high field strengths (but still
low enough, compared to the binding energies of the electrons, to allow it to be treated as a small
perturbation), P(E(r,t)) can be split up in a linear and a nonlinear component:

P(E(’I‘,t)) _ P(linear)(E(,r’t)) + P(nonlinear)(E(,r7t)) (23)

The nonlinear component essentially represents the induced asymmetries in the (quasi)harmonic
potentials of the bound electrons in the medium at high field strengths. This equation can be written
as a power series with the field strength:

P(E(r,t) = e xXVE@, t) + ¢, E(r, ) [P E(r,t) + XY E*(rt) + ..] (24)

X(l) is the linear electric susceptibility, which is connected to the linear refractive index, while the
higher order terms x (™) are the nonlinear electric susceptibilities of the order n, which are normally
tensors of the rank n+1. But often these can be reduced in rank due to inherent symmetries in the
respective material. For example in a homogeneous medium with spatial symmetry away from any
resonance it gets reduced to a real valued scalar.

In solids with inversion symmetry and in gases where the molecules are randomly ordered all the
even ordered terms vanish due to the fact that polarizations with opposite sign cancel each other
out. Thus in those media the dominant nonlinear factor is the y(*) susceptibility. [144, 145]

If we look at nonlinear processes relevant for the generation of WL, two major contributions are
to mention: The Kerr lensing effect and Self Phase Modulation.
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20.1.2 Kaerr lensing

The term Kerr lensing describes the effect, caused by a laser pulse of sufficient strength, which
changes the refractive index of the medium that it transverses in such a way that it forms a temporal
lens in the medium which in turn focuses the pulse (see Fig. 20.1). As the refractive index n =
/1T + x depends on the susceptibility, the total refractive index n can be approximated as

1 1
n(r,t) = ng + §n'2 Bt = ne + ghe I(r,t) = no + ngerr (7, 1) (25)
The refractive index becomes intensity dependent for high field strengths, and the nonlinear part
no is connected to the susceptibility:

1
ng ~ — - Re {X(3)} (26)
Ny
It follows that the refractive index is intensity dependent, changing both in space and in time for a
propagating beam. [143,146]
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Figure 20.2: Spectra of ultrashort pulses with different peak intensities broadened by self phase
modulation. The SPM broadening is symmetrical around wy with several observable distinct peaks.
[143]
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20.1.3 Self Phase Modulation (SPM)

The Kerr lensing effect correlates to the change in the refractive index due to the spatial variations
of the beam. The self phase modulation (SPM) is induced by the change of the intensity of a
light pulse in time. If we look at the intensity profile of a beam with a Gaussian envelope and the
temporal length 7 propagating along the z-axis,

2
1) = Iy - e~ (5) 27)
then the relationship between intensity and electric field is
. 2 . 2
I(t) = ? E, - et (k(t)z — Wot)’ _ 022 ‘Eo . eld)(t)‘ (28)

with ¢(t) as the time dependent phase:

2w -n(t)

o(t) = 2 4 wot (29)

. t =

\ Z + wop b\

The time derivative of ¢(t) gives us w(t), which, with a time dependent n(t), is not the constant wq
anymore:

do(t) nowoz OI (1) nowoz Iot (£)2

t) = ——=F = — = — — T

w(t) dt “ot 2¢Ot o 1c ¢

The frequency thus depends on the traversed path z, the peak intensity /y, and the temporal

width 7 of the pulse. [143, 146, 147] Figure 20.3 shows the frequency shifts both for Gaussian and

super-Gaussian pulses as a function of the temporal intensity variation. It shows that the shifts

are strongest at the temporal edges of the pulse, red shifted at the frontal edge and blue shifted at

the trailing edge. Furthermore, the steeper the edge is, the more pronounced is the red/blue shift.

Fig. 20.2 on the facing page depicts the broadened spectra for a number of pulses with different

peak intensities.

(30)
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Figure 20.5: Setup for the filamentation of ultrashort pulses in a gas cell with a picture of the
filament. [143]

20.1.4 Plasma contribution

Another important process that occurs during filamentation is the creation of plasma. During the
propagation of the pulse the self focusing effects of the Kerr lensing described above will increase
the electric field to such strengths (above 10'* W/cm?) that the classical treatment of the process
breaks down and we enter the field of strong field nonlinear optics. This allows the laser field
to ionize the atoms of the medium in multiple ways (see Fig. 20.4). The resulting plasma has
several different effects on the beam: a) It acts as a defocusing element, counteracting the focusing
effect of the Kerr lens; b) It extends the spectrum into (and even beyond) the visible wavelength
range, due to the emission of light during the (very fast) recombination of the electrons with the
atoms. [148]
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Figure 20.4: Different ways how a very strong electromagnetic laser field can ionize atoms: a)
multi photon ionization, b) tunnel ionization, c) above threshold ionization, d) over the barrier
ionization and e) (non)-sequential multiple ionization, all ordered with rising intensity. [143]

These described effects are of course coupled to each other and combined with a few other (not
described here) smaller effects make the WL filamentation a very complex and highly nonlinear
process. Figure 20.5 shows the actual setup and a picture of the filamentation on the laser table in
the laboratory.
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20.2 Coherent Control

The term coherent control describes the goal to influence certain chemical reactions with the help
of coherent light fields, i.e. lasers. This introduces the possibility to manipulate reactions on a mi-
croscopic level, compared to classical chemistry which uses macroscopic parameters like pressure,
temperature, pH value, or concentration of the reactants to change chemical reactions towards de-
sired outcomes. For example, tunable lasers with very narrow bandwidths allow the excitation of
single vibrational modes of specific bonds in molecules with the intention to break the molecule at
a certain bond. On the other hand, vibrational modes in a molecule are normally coupled to each
other, which means that the introduced energy is rapidly distributed via intra-molecular vibrational
energy redistribution (IVR), causing the entire molecule to heat up until it breaks. To overcome
this shortcoming, femtosecond laser pulses play a useful role, due to their ultrafast durations, al-
lowing excitations on timescales faster than IVR. Thus femtochemistry emerged as an important
field of physical chemistry, as demonstrated by the award of the Nobel prize for chemistry in 1999
to Ahmed H. Zewail for his contributions to this field.

But due to the complexity of the potential energy surfaces in molecules there exist multiple ap-
proaches to optimal control. Fig. 20.6 shows several of these methods. Figure 20.6 a) depicts the
approach proposed by Brumer and Shapiro in 1986 [149], which involves the interference of differ-
ent excitation pathways into two energetically degenerate final states, each being associated with
different product channels. Changing the relative phases of the two excitation laser frequencies
causes a modulation of the population of the final states through the interference of the probability
amplitudes of the different excitation pathways involved.

Another scheme (Fig. 20.6 b)), this time working in the time domain, was developed by Tannor,
Kosloff, and Rice [150]: Here a wavepacket propagates along the potential energy surface of a
molecule excited by an initial pump pulse, until it is dissociated by a second probe pulse. Depend-
ing on the time interval between the two pulses the Franck-Condon overlaps are different for the
two different final dissociation products A + BC or AB + C.

A third method is the stimulated Raman adiabatic passage (STIRAP), developed by Bergmann et
al. [151] (Fig. 20.6 c¢)). Here the two states |1) and |3) get coupled via an intermediate state |2).
This is achieved by first coupling the states |2) and |3) via a Stokes laser pulse, followed by the
pump pulse which couples |1) and |2). Depending on the intensity and timing of the two pulses

Dy Iv) o) ABC* 2
A -0
®
© 30 _|2> Time
0 ‘. Pump v Stokes
AG=0,-0,  A{B ABrC L b T
v 1)

Figure 20.6: Comparison of different coherent control schemes: a) Brumer-Shapiro, b) Tannor,
Kosslof, and Rice, ¢) STIRAP. [138]
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Figure 20.7: Simple scheme for a pump probe experiment. [135]

one can transfer population very efficiently between |1) and |3), while making sure that the inter-
mediate state |2) stays unpopulated during the transfer, thus suppressing any loss channel on the
way. [152]

20.3 Pump-Probe Spectroscopy

One of the most popular experimental technique to access the time dependent behavior of molec-
ular systems is the pump-probe approach: In its simplest form (see Fig. 20.7) a first pump pulse
generates a coherent wave packet by excitation from a ground state into an intermediate state of
the chosen target system. This wave packet propagates during the time delay At until the second
probe pulse excites the system into a detectable final state, usually either through ionization or
by fragmentation into smaller fragments. The efficiency of these steps depend on the respective
Franck-Condon factors of the electronic transitions involved, which are of course changing with
the propagation of the wave packet. This way the measurable time delay parameter becomes linked
to the molecular dynamics of the target molecule. The actual implementation of the pump-probe
scheme for WL pulses involves the splitting of the pulses with two D-shaped mirrors, one of which
is movable against the other by putting it on a delay stage. This setup is used because the very broad
spectra of the pulses make it impossible to use normal dielectric beam-splitters. The experimental
challenge then lies in aligning these two mirrors precisely so that the two focal volumes overlap
almost perfectly.

20.4 Optimal Control with Closed Loop Feedback
Experiments

All these previously mentioned approaches towards coherent control have in common, that it gets
increasingly difficult to reach an optimal solution (or any solution at all) with increasing complexity
of the studied systems. A possible solution to this problem of rapidly increasing complexity lies in
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the application of optimization algorithms. The idea of using a closed feedback loop to manipulate
a quantum system with an optimization algorithm goes back to the work of Rabitz and Judson
[153]. Fig. 20.8 shows the basic principle: An initial electric field interacts with the target systems,
the chosen observable is then measured and is used as a fitness parameter by the optimization
algorithm to decide how the laser field should be changed in the next iteration of the feedback
loop, which in turn closes the loop.

quantum
target

20.4.1 Evolutionary Algorithms

A candidate for the choice of the optimization algorithm is the class of evolutionary algorithms.
Their inspiration comes from the principles of biological evolution, with its mechanisms of muta-
tion, recombination and selection. Analogous to nature, different sets of optimization parameters
are treated as ’individuals’. The parameters themselves take the role of genes or chromosomes, and
like their natural counterparts, they have to compete with each other according to the principle of
“survival of the fittest’. In the field of evolutionary algorithms there are three main approaches: The
genetic algorithms (GA), developed by Holland in 1975 [156], the evolutionary strategies (ES),
from Rechenberg [157] and Schwefel [158], as well as the evolutionary programming (EP).

Table 20.1 represent an overview of the similarities and differences between these optimization
approaches. The main difference between GA and ES lies in the representation of the genes of the
individuals: GA represents them as chains of binary numbers, while ES chooses vectors of real

| ES EP GA |
representation | o1 values | real values binary values
of parameters
mechanism of RMS .
) . variance none
self adaptation | and variance
representation unscaled scaled scaled
of fitness value value value
role mixed main
) . none
of mutation variances operator
methosl deterministic | stochastic stochastic
of selection

Table 20.1: Comparisons of the three different evolutionary algorithms [154, 155].
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numbers as its representation method. The main strengths of GA lie thus more in solving problems
of a discrete, combinatorial nature, while ES can be used to optimize continuous parameters. As
this is the case for our experiment (optimization of a set of real numbers representing phases and
amplitudes of our electric field), ES are our chosen optimization approach.

20.4.2 Choice of Parameters

A population consist of a number N (normally between 10-30) of individuals (I,1,...,I,n),
represented as vectors of real numbers:

I,=(P,o) 31)
P is the representation of the M parameters to be optimized:

P= {P,..., Py} (32)
and o= {o,...,0m} (33)

are strategic parameters associated with each parameter. They influence the strength of the mu-
tation during the course of an optimization. Finally the index g (¢ € N) indicates the number of
generations (iterations) completed by the algorithm. The actual representation of the parameters
in the optimization program is as continuous values with a range between 0 and 1, which have to
be mapped on the actual range of the parameter represented by these values.

20.4.3 Recombination

Recombination is the method to generate a new generation of individuals from a previous gener-
ation. The method involves cross-over of genes from two randomly chosen individuals V and M
from the previous generation to create a new ’child’. There are two ways to do this: One is the
discrete recombination, where each gene of the child is a direct copy of the gene of one of the
parents:

Pz'/ = PMﬂ' or PV,i (34)

and o, = owp; O Oy (35)

The other one is the intermediate recombination, where the new gene of the child is a randomly
chosen intermediate value lying between the values of the corresponding genes of both parents:

p/ZM

: 5 + APy — Pyy) (36)

A € (=0,5;0,5) (37)

20.4.4 Mutation

After the creation of the child individuals through cross-over, the genes of the new individuals are
mutated. This process can play a vital role in accessing new parts of the parameter space, as the
recombination of genes is primarily useful in optimizing the already known parameter space. All
genes are changed by the following operation:

P! = P, + N;(0,0;) (38)

with NV;(0, 0;) as a Gaussian distribution around 0 with o; as root mean square.
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20.4.5 Selection

The determining criteria for the selection of successful individuals is the so called fitness. The
fitness depends of course on the choice of the physical observable the experimenter wants to opti-
mize. In case of an optimization of a mass fragment filtered by the QMS the fitness would be the
strength of the observed signal at the ion counter. The selection rules are completely determinis-
tic: A certain number of individuals with the highest fitness are selected to act as parents for the
next generation. Here again there exist two approaches: One is the elitist strategy (u + \) (i is
the parent generation, A the child generation), where the best individuals are selected from a pool
containing both parents and children. Contrasting to this is the non elitist strategy (x4, A), which
replaces the parent generation completely by the new child generation. This strategy is useful for
changing environmental conditions as well as to avoid getting trapped into a local maximum before
the global maximum is reached.

20.5 The Pulse Shaper: SLM

After having examined the theoretical background of coherent and optimal control with WL, the
following sections will deal with the practical implementation of these concepts. First we intro-
duce the tool which accomplishes the manipulation of the femtosecond WL laser pulses: The
spatial light modulator (SLM). The SLM used is a commercially available model from Cambridge
Research Instruments (CRI), the SLM-640. The primary elements of the SLM are depicted in
Fig. 20.9. It basically consists of two arrays of nematic liquid crystals, with 640 pixels each, on
glass substrates that are brushed at angles of +£45°, combined with a removable polarizer at the
end. Fig. 20.10 on the following page demonstrates the optical setup used with the SLM: It is
a so called 4-f setup with the SLLM sitting in its Fourier plane, each pixel of the lc arrays being
illuminated with light of a different wavelength.

Figure 20.9: Blow up sketch of a SLM to
demonstrate its working principle. Its core con-
sists of two arrays of liquid crystals (Ics) be-
tween two transparent electrodes (ITO) embed-
ded in a glass housing. Each pixel is 98 um in
width and 500 um in height with a gap of 2 ym
between each pixel. Depending on the voltage
applied to the electrodes, each Ic changes its
birefringence and the incoming polarized light
E;n(w) is retarded in its phase and changes its
angle of polarization. The rotated light com-
ponents are filtered out by the Polarizer (P),
which in this way acts as a means of ampli-
tude reduction. For an independent modulation
of phase and amplitude one needs two arrays
(A,B) whose Ics have to be orientated perpen-
dicular to each other. [134]
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Figure 20.10: The used 4-f grating shaper setup. The filamented WL beam enters the setup from
the right through a hole below the cylindric mirror (CM1). It is reflected at 90°towards the first
grating (G1). From there the negative first diffraction order of the spectrum is reflected again
towards the first cylindrical mirror, which focuses the spectral components onto the Ic array of the
SLM. Afterwards the whole setup is mirrored to recombine the different wavelengths. [143]

20.5.1 Birefringence

The working principle of a SLM rests on the ability of Ics to change their orientation in an external
electric field. This allows for a specific manipulation of the birefringence that an incoming light
field experiences as it travels through the medium. For a electromagnetic wave traveling through a
medium the relationship between the displacement field D and the electric field E is as follows:

D = ¢E + P(E) = ¢E + ¢,y E (39)

with P the polarization and  the electric susceptibility tensor already known from section 20.1.1
on page 99. For isotropic media (at low field strengths) y becomes a scalar and the equation 39
becomes

D =¢E=¢(l+x)E (40)

But for anisotropic media with preferred directions like crystals, x remains a tensor, as P is not
necessarily anymore aligned with the direction of E, so the permittivity € in the equation above
becomes also a tensor. This means that the refractive index for such a medium is also a tensor,
leading to such phenomena as birefringence. Birefringent crystals possess both a so called ordinary
and an extraordinary axis, which are fixed. Nematic liquid crystals on the other hand, like the ones
used in the SLM, consist of elongated molecules with preferred spatial orientations (which in our
case is provided by the brushed substrate). This orientation can be changed by application of an
outside electric voltage. The phase retardance [ between the ordinary and the extraordinary beam
of a Ic can thus be manipulated to a large degree. For the wavelength )y and thickness of the
crystal d it is

2md 2md

r="="(n(0) - no) = Sn(V) (1)
0 0

with n(V) the voltage dependent refractive index of the respective Ic pixel, which has to be mea-

sured for calibration prior to any experiment. Due to the wavelength dependence of n(V) and the
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large bandwidth of the pulses involved this calibration has to be done for each pixel individually.
After passing the two lc masks and the polarizer, the electric field can be described by

Eg$p1+ph(w) = Ejp(w) .gé [Pa(w) + be(W)]/. COS (M) (42)
Phase I\Z(;iulation N 2 _

~
Amplitude Modulation

where the exponential term describes the change in phase of a given wavelength and the cosine
term the change in amplitude. [134, 136, 159]

Pixel elements per mask 640

Pixel height 5 mm

Pixel pitch 100 pm

Inter-pixel gap 2 um

Transmission (without polarizer) | > 94%

Spectral range 488 - 900 nm (400 - 1620 nm derated)
Damage threshold 200 pLJ/ch (800 nm, 50 fs, 1 kHz)
Response time 35 ms 27 @ 900 nm)

Table 20.2: Technical specifications of the SLM-640. [159]

20.5.2 Limitations of the SLM

The most important limitation for this kind of pulse shaping setup is the so called Nyquist limit.
It originates from the sampling theorem and states that for a given phase function written on the
shaper masks the phase step size between adjacent pixels cannot be larger than 7 to be still a well
defined function:

0op < (43)

Translated to the temporal domain this means that there is a limit to the range a given part of the
spectrum can be manipulated in time. This limit is mainly a function of the spectral resolution
of the shaper. On the other hand this means that, if one enlarges the spectral range of the used
pulse (assuming a fixed number of illuminated pixels in a given shaping setup) the usable temporal
range actually decreases. In practice that means for the used setup the temporal range is normally
< 500 fs (depending on the wavelength). [134, 135]

Another potentially important effect is the so called space-time coupling due to diffraction at the
pixel edges which can translate into spatial asymmetries in the focal spot in the chamber. [160]

20.6 The Linear Chirp of Laser Pulses in the Time Domain
In the time domain the electric field of a laser pulse can be described as
E(t) = F(t) - et (44)

with F(t) as a time dependent envelope function, wy as a fast oscillating carrier frequency and the
phase term ¢(¢). This is a valid description as long as the spectral width of the pulse is small
compared to its carrier frequency. The temporal phase ¢(t) can be expanded in a Taylor series:

(b(t) = ap -+ al(t — to) + %Gz(t — t0)2 + é&g(t — to)g 4+ ... (45)
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Figure 20.11: Setup and working principle of a Transient Grating FROG. The incoming beam
is split up into three beams (E; - E3) by a mask with three holes arranged on the three corners
of a square (with the signal beam E, occupying the fourth corner). E; and E; proceed to form
the transient grating by getting focused into a thin BK7 glass, while the delayed third beam gets
diffracted on this temporary grating. The signal beam E, is focused into a optical fiber leading
to a spectrometer. To acquire an actual FROG trace the measured spectra get plotted against their
respective temporal delays 7 (usually taken with a fixed step size). (Taken from [143])

The various coefficients a,, describe changes in the carrier frequency over time, they are calculated
with

dn

an, = —o(t 46
" dt”¢( ) t=to (46)
The term aq describes a constant phase shift, a; a shift in the carrier frequency w) = wy + a;.
Of particular interest is the quadratic second order term as: It causes the frequency to change
linearly over time and is called linear chirp. A negative chirp will cause the frequencies to decrease
over time, meaning that the shorter wavelengths of a pulse will arrive first, while a positive chirp
corresponds to an increase of the frequencies in time, the longer wavelengths will arrive first in

this scenario. [138]

20.7 The TG FROG Setup

Characterizing pulses on such short timescales and with such a broad (exceeding an entire octave)
spectral range is not an easy task. The approach taken in our laboratory was to use a TG-FROG
setup. FROG in general stands for a technique which combines an auto correlating process with a
spectrometer to be able to characterize an ultrafast pulse not only in the time domain but also in
the frequency domain. Mathematically it can be described simply as a spectrogram:

Lig(w,7) = ' / h Pt)G(t — 7)e ™“dt 47)

where P(t) is the probe pulse and G(t) is the gate pulse. The different kind of FROG setups are
differentiated by the form of the probe and gate pulses, which are determined by the kind of
underlying nonlinear process used in the particular setup. For example in a SHG FROG the process
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I5,7 (w,T) = '/_ E(t)E(t —T)e *“"dt (48)
The underlying process for the TG-FROG setup used in this case is a 4 wave mixing process (see
Fig. 20.11 on the preceding page, inset on the lower right side): The incoming beam gets spatially
separated into three beams by a mask, the first two E; and £ are then focused into a very thin
(0.17 mm) piece of BK7 glass to form the transient grating while the third beam (F5), which gets
delayed with respect to the transient grating with a movable mirror mounted on a delay stage, is

diffracted by this grating to form the signal beam FE,. The field of the signal beam then takes the
form

E{9(t,7) = E{(t) - Eo(t) - Es(t — 1) (49)

The main advantage of a TG-FROG in comparison for example to a SHG FROG lies in the fact
that the four wave mixing process does not face the same phase matching limitations as the SHG
process, which is limited in the spectral range that can be gated with a single crystal. [143,162]

20.8 Experimental Setup for Coherent Control with 5 fs
Whitelight Pulses

Combining all these previously introduced methods into a single optical setup results in a tool ca-
pable of manipulating molecular processes on timescales down to several femtoseconds. Fig. 20.12
depicts the fundamental layout of these kind of experiments: The output of the CPA system is first
filamented, the output of the filamentation is then guided into the 4-f shaper setup where the pulse
can be manipulated by the evolutionary algorithm in phase and amplitude, and afterwards the re-
sulting pulses are focused into the ion trap. In the ion trap the interaction of the shaped pulses
with the molecular ions occurs. The signal yield of one particular (or of several) mass(es) is then
chosen as the feedback for the algorithm and transmitted to the computer running the algorithm,
which finally closes the loop.

The actual optical setup for the filamentation is depicted in Fig. 20.13: The output of the Odin am-
plifier system (TG-FROG and spectrum of it visible in Fig. 20.14 on the following page, left hand

2For more details on different FROG techniques see [161].
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side) is focused with the focus mirror SM1 (4m rcc) into an air filled tube. The resulting filament
(output spectrum Fig. 20.14, right hand side) is recollimated with a second mirror (SM2, 3m rcc),
compressed by several reflections on a pair of chirped mirrors (CM1 and CM2, for TG-FROG trace
of the resulting pulses see Fig. 20.15 on the facing page, left hand side), and afterwards focused
with the lens SM3 into a second tube to generate a second filamentation (spectrum Fig. 20.15 on
the next page, right hand side). The broadband WL pulses are pre-chirped by a second pair of
broadband chirped mirrors (CM3 and CM4) and split up in their wavelength components with an
optical grating (G1). The phases and amplitudes of the different frequency components are then
manipulated with the SLM, and afterwards reconstituted with the second grating G2 to a shaped
pulse. These pulses can then be either sent to the vacuum chamber, or be characterized with the
TG-FROG (the optical elements after 13). The two pairs of chirped mirrors in this setup are nec-
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Figure 20.14: On the left side is the TG-FROG trace of a 800 nm pulse coming from the Odin
amplifier, on the right hand the spectrum before and after the first filamentation step.
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Figure 20.15: On the left side the pulse resulting from the first filamentation after it was com-
pressed with chirped mirrors. These already very short (10-15 fs) pulses can be used as seed
pulses for a very efficient second filamentation. The spectrum of such a filamentation is depicted
on the right.

essary due to the substantial dispersion the pulse experiences while it travels through the different
media (around 10 m of air, the SLM, and finally the window into the vacuum chamber). Other-
wise it would not be possible to compress the whole bandwidth in such a way that all spectral
components reach the focal area in the ion trap at the same time. Fig. 20.16 shows a TG-FROG
trace of the resulting pulse if one uses the shaper to optimize (minimize) the pulse length (i.e. all
wavelengths arrive at the same time in the spectrometer, giving maximal spectral signal strength
at delay time zero). The trace shows a pulse at 4.9 fs FWHM averaged over a period of about
30 minutes, with a pulse energy of around 60 pJ available for experimentation in the ion trap.
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Figure 20.17: Schematic view of the optical setup with only one filamentation stage: The filament
is created by focusing the output of the CPA system into an air filled tube (focus mirror SM1
(4 m rcc)). Afterwards the beam is recollimated with SM2 (3 m rcc) and compressed by several
reflections on the first pair of chirped mirrors (CM1 and CM2) to compensate for the different
dispersions of the pathways in air prior and after the mirrors and finally for the dispersion of the
entry window into the vacuum chamber (either 2 mm CaF, or 3 mm fused silica). The exiting
beam is then sent towards the vacuum chamber.

20.9 Generation of 600 p.J 10 fs Whitelight pulses for Single
Pulse and Pump-Probe Experiments

Another possible setup for very short high power broadband pulses arises from the characteristic
of the first filamentation, which is normally (depending on the energy and iris settings of the input
pulses) dominated by self-phase modulation contributions. These pulses have a wavelength of
600-950 nm which can be very well recompressed by the first set of chirped broadband mirrors
resulting in very clean and short pulses with a high pulse energy (600 uJ @ 10fs), which are
well suited for single pulse or pump-probe experiments (see Fig. 20.17). Essentially the input
parameters of the beam are optimized for the visible red and the NIR parts of the spectrum and,
after the re-compression and pre-chirp (to account for the dispersion of the still following pathway)
with the chirped mirrors, the beam is sent directly into the ion trap.
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Whitelight Experiments

21.1 FMN*

This section deals with the various experiments with WL pulses on FMN™: Single Pulse LID,
genetic optimizations, as well as chirp dependent measurements.

21.1.1 Single Pulse LID
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Figure 21.1: Typical LID mass spectrum of FMN™ with 5 fs WL pulses. The temperature of the
trap was at 20 K, the length of the trap cycle 1500 ms (1200 ms fill time/0 ms storage time/300 ms
extraction time). The pulse energies are ca. 36 uJ per pulse.

A simple first step in the experimentation with WL pulses on flavins is the LID with single pulses,
in complete analogy to the 400 nm experiments. These were at first done with the shaper setup with
the shortest possible pulses (ca. 5-6 fs). As it can be seen from Fig. 21.1 the typical mass spectrum
(36 uJ pulses @20 K) does look very similar to the corresponding spectrum for short 400 nm
pulses: The observed masses are essentially the same, and the relationships of the relative peak
intensities is also very similar. This particular mass spectrum (as all of the following measurements
in this chapter) was done at a trap temperature of 20 K. This was done based on the results of the
previous chapter, which have shown that for cations lower trap temperatures lead to higher LID
signals (as well as less undesired CID). Additional advantages of low trap temperatures (which
would also apply for anions) are a) the suppression of any undesired reactions with trace gases in
the trap, as at these temperatures all gases but helium freeze on the trap walls, as well as b) the
suppression of photo ionization processes of any trace gases.
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Figure 21.2: Power dependent mass spectra of the LID (plus the CID mass spectrum as comparison) of FMN™ for pulse energies ranging from
7 mW (7 yJ/pulse) to 36 mW (54 ul/pulse) with 5 fs WL pulses. The upper plot shows the whole range of the y-axis, while in the lower plot the
y-axis is enlarged to increase the smaller fragment peaks. The helium pressure in the trap was 0.02 mbar, the trap temperature around 20 K. The
length of a trapping cycle was 1.5 s (1200 ms filling/300 ms extracting).
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Laser

Mass/ Power 1 me CID 7mW 1lmW 14mW 18mW 23mW 28mW 31mW 36mW
amu

456 FMN* 87 84 86 81 82 81.6 79.4 725 66.4
438 10 12 10 13.1 11.3 8.5 6.9 11.4 11.6
413 06 07 0.6 0.9 0.7 0.6 0.4 0.8 1.0
395 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.3
376 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.3 0.3
359 0.1 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3
341 0.1 0.2 0.2 0.4 0.3 0.5 0.7 0.9 1.1
315 0.04  0.05 0.05 0.1 0.2 0.3 0.5 0.5 0.7
286 FMF+ 001  0.04 0.1 0.2 0.5 0.9 1.3 1.4 15
257 LF+ 0.009 0.1 0.3 0.6 1.0 1.8 2.5 2.5 3.6
243 LCt 04 02 0.4 0.7 1.1 2.1 3.1 3.4 5.0
229 MIAT 0.001  0.002 0.01 0.02 0.05 0.1 0.2 0.3 0.4
215 alloxazinet 0.02 0.03 0.03 0.04 0.1 0.3 04 0.5 1.0
199 0.001 0.002 0.006 0.009 0.04 0.1 0.3 0.4 0.8
187 0.001 0.002 0.005  0.007 0.02 0.07 0.1 0.2 0.4
172 0.001 0.002 0.003  0.009 0.02 0.08 0.2 0.3 0.5
159 0.001 0.002 0.003  0.003 0.02 0.07 0.1 0.2 0.4
146 0.03 0.06 0.09 0.1
132 0.01 0.03 0.04 0.1

Table 21.1: Relative yields of the photo fragments from Fig. 21.2 on the facing page at different
laser powers in percent of the sum of all fragments, starting from the largest mass and ending with
the smallest.

21.1.2 Power Dependence with Short Pulse

The pulse energy adjustments for the power dependence investigations were performed with the
SLM via amplitude shaping. This allows for fine adjustments of the pulse energies while avoid-
ing phase changes (gray filters in the beam path for example introduce additional dispersion) or
wavefront distortions (potentially an issue with the use of pinholes). Fig. 21.2 on the preceding
page shows the resulting LID mass spectra for pulse energies between 7 mW and 36 mW, while
Table 21.1 lists the relative yields for the visible fragments. The mass spectra show a very similar
fragmentation pattern compared to the 400 nm results, but the log-log plots indicate a considerably
higher degree of non-linearity for the occurring photo processes. The photo decay of FMN™ into
LC*, LF", and FMF* seems to be a two photon step, the subsequent secondary decay 3-4 photon
processes (see also Fig. 21.4 on the next page). This result is consistent with the observed LID

i Table 21.2: The major frag-

Mass/amu Name Slope size of linear fit  Error Slope size for J . g

400 nm pulses ment masses and their fitted
456 FMN+ 15 4072 slope sizes from Fig. 21.3.
286 FMF+ 225 £0.04 0.76 Additionally the respective
257 LFi 218 +0.04 0.66 values for 400 nm pulses are
243 LC 2.62 =£0.12 1.09 . .
29 333 10.05 also listed for comparison.
215 342 +£0.12 1.48
199 4.12 =£0.06 1.67
187 4.06 =£0.06 1.69
172 435 40.06 1.81

159 422 +£0.07 1.84
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Figure 21.3: Log-log plots of the power dependent mass spectra from Fig. 21.2 on page 116 for
the most prominent masses.

at 400 nm, considering that the spectrum of the WL pulses extends in the range from 500 nm to
900 nm, almost twice the wavelength range of the FMN absorption spectrum, leading to a doubling
of the number of required photons for each step compared to 400 nm.

0
H3C X NH
(. OH
0 FMF™ 285 amu
HsC X NH
34

0
HsC
3 N O NH hy numerous smaller frag-
OH \N/J\

o H3C 0 ments <243 amu

on tH

3
HO LF* 255 amu

Of(lg—OH € %NH
Hé \ HSC:@i \NAO \
FMNT™ 455 amu LC+ 243 amu

Figure 21.4: Model of the WL LID process of FMN™.
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21.1.3 Optimization of the LID via Feedback Loop

After having demonstrated both the feasibility of WL pulses for LID experiments as well as the
comparability to the results of previous experiments, the next step is the application of the feedback
loop on this target system. The optimization parameters were the phases of the WL pulse, the
observable which served as fitness criterion for the algorithm was the LID yield of LF, as this
was one of largest mass peaks and its CID background signal very low. The starting point of the
optimization was not completely random (as the signal strength was not high enough for that)
but a neutral “zero” phase mask (TG-FROG trace of it shown in Fig. 21.5). The statistics of
the resulting optimization runs are depicted in Fig. 21.6: As one optimization was taking 5-6
hours or even more, the masks of the successful runs were taken as a starting point for the next
experiment. Plotted are the ion yields for each generation of the algorithm, not as absolute values,
but relative to the signal yield of the starting SLM mask. The fitness of this starting mask was
evaluated at the start of each successive generation. The main advantage of this approach is its
ability to account for long term fluctuations during long optimizations, giving the experimenter
a more objective criterion to judge if the fitness is actually still increasing over time. For this

[

= [ T T T T =} =
=1.5[ 5;: =
S 0 = =1.5
1} £ 2
st % — Best Individual % 1
g — Best Individual . o 0. _ o
0.5h Fo. 5“0 5 ' Mean 0.5 940 s Best Individual
/ - Mean V Worst Individual ' ~ Mean
4 orst 1Individua ..
of Worst Individual 0 of 0 of Worst Individual
T T T T T T T T T T T T '
( 20 40 60 80 ) 10 20 30 0 20 40 60 80 100
Generation Generation Generation
1st optimization 2nd optimization 3rd optimization

Figure 21.6: Optimization of the yield of the LID of FMN™ into LF. Depicted are the results of
several subsequent genetic optimization experiments (each starting with the best phase mask of
the previous run as initial guess): Plotted are the ion yields of the best, the mean, and the worst
of each generation during the optimization as relative values compared to the starting mask which
was also evaluated during each generation.
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Figure 21.7: Chirp dependence of the LID of FMN™ for the various fragments at 60 uJ/pulse.

particular optimization there was indeed a substantial increase observable during the course of
several subsequent experiments. The optimized pulse was (somewhat disappointingly) shown to
be only a rather trivial solution: A short WL pulse. On the other hand it successfully demonstrated
the application of a genetic algorithm on a biological system of considerable size. One of the main
problems was the rather low fragmentation yields achievable with the laser powers delivered by the
SLM setup: This required long measurement cycles for each individual to generate reliable fitness
data (on the order of 5-10 s each), meaning that each experiment took at least several hours. A
possible way to mitigate this problem might be to generate higher pulse intensities with the SLM
setup by reducing the rather high intensity losses (particularly at the gratings) of this particular
setup.

. 2
chip/fs 300 270 240 <100 -100 -70 0 80 270
mass/amu

456 0.7738  0.793  0.785 0.73  0.745 0.75  0.782 0.775 0.8
438 0.053 0.052 0.058 0.058 0.067 0.065 0.069 0.07 0.08
359 0.02  0.017 0.02 0.027 0.025 0.028  0.027 0.028  0.031
286 0.013  0.011 0.011 0.018 0.018 0.018 0.014 0.018  0.015
257 0.029 0.022 0.021 0.032 0.037 0.036 0.031 0.034  0.021
243 0.037 0.031 0031 0.046 0.048 0.037 0.031 0.036 0.02
229 0.0031 0.0041 0.0035 0.005 0.002 0.0032 0.002 0.0017 0.0013
215 0.0068 0.0063 0.0061 0.0079  0.007 0.007 0.004 0.0028  0.002
199 0.0063  0.008 0.0054 0.0098 0.0045 0.004 0.002 0.00013 0.0007
187 0.004 0.0045 0.0038 0.0046 0.0031 0.003 0.0018 0.0015 0.0012
172 0.0082 0.0078 0.0064 0.0098 0.0044 0.0044 0.0021  0.0013  0.001
159 0.0068 0.0067 0.0062 0.0072 0.0038 0.0044 0.0018  0.0018 0.0007

Table 21.3: Relative LID yields from the chirp dependent measurements from 21.11 on page 123
at 410 mW laser power. The values for the various chirps are only approximately derived through
comparison with TG-FROG traces of equivalently chirped pulses set with the SLM.
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Figure 21.8: Chirp dependence of the LID of FMN™ for LC*, LF', and FMF™ at 410 uJ/pulse.

21.1.4 Chirp Dependence
Chirp Dependence with the SLM Setup

The SLM is also well suited for another, more parametric type of experiment, which is measuring
the effect of the variation of the laser pulse’s linear chirp on the LID yield. This is because of the
ability of the SLM to precisely adjust the size of the linear chirp, and particularly allowing negative
chirps with only little experimental effort. The chirp dependence was measured by systematically
varying the linear chirp of the WL pulses and taking separate QMS spectra for each chirp setting.
Fig. 21.7 on the facing page plots the resulting LID yields against the chirp settings for the major
fragment masses. The measurements basically confirm the results previously obtained with the
genetic algorithm: At laser powers around 60 uJ the shortest pulses generate the highest fragmen-
tation yields, which considering the high non-linearity of the underlying processes is not a very
surprising result.
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Figure 21.9: Chirp dependence
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229 amu at 410 pJ/pulse.

of the LID of FMN™ for the fragments between 159 amu and
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Figure 21.10: TG-FROG trace of pulses with the same linear chirps used in the measurements for
Fig. 21.11 on the facing page.

Chirp Dependence with High Pulse Energy

While the SLM makes it very easy to measure the chirp dependence of the LID, the large number
of photons needed to excite FMN makes this kind of measurement potentially misleading at low
pulse energies. By avoiding the use of the SLM and by using the optical setup shown in Fig. 20.17
on page 114, pulses with energies up to an order of magnitude larger can be obtained (but slightly
longer at 10 fs and with less spectral bandwidth). The main problem is that manipulating the
chirp with this kind of setup is considerably more difficult. A potential way to deal with this
problem is to use pulses with a significantly negative chirp (through numerous reflections on the
chirped mirrors), and then to introduce various dispersive elements (like FS windows with different
thicknesses) into the beam path to achieve positive chirps. This approach has the advantage that the
position of the focus in the trap does not change for different chirp settings, which would be a major
issue if one would change the chirp by varying the number of reflections on the chirped mirrors.
In Fig. 21.11 on the facing page we see the mass spectra for a range of chirp settings acquired
with this kind of approach (for 410 uJ pulses @ 20K), with Fig. 21.10 showing the corresponding
FROG traces for each used dispersive element; Starting with 4 bounces on the chirped mirrors,
which resulted in a significantly negatively chirped pulse, and ending with 15 mm FS added to
the beam path, leading to a strongly positively chirped pulse. The shortest pulse (at about 10-
13 fs length) was obtained with 5 mm FS and 3 mm CaF; as dispersive elements. The numerical
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Energy

Figure 21.12: Potential excitation
scheme for the negatively chirped
high power pulses: The vibrational
wavepackets are driven along the

potential energy surface in a series of
Pump-Dump J——L———b time two photon excitations and stimulated
emissions that follow the relaxation of

the system to efficiently populate the
state S;. (Taken from [163])

Vibrational Coordinate

Chirped Pulse

chirp was then approximated by comparing the FROG traces with corresponding traces for already
known SLM generated chirps. Table 21.3 on page 120 lists the relative yields from Fig. 21.11 on
the previous page for each fragment as a function of the chirp, which are also plotted as graphs
in Fig. 21.8 on page 121 and Fig. 21.9 on page 121. These plots are remarkably different from
those done with lower laser powers: The pulses with the highest LID yields are not any more
the shortest ones, but instead those with significant negative chirps. The difference is especially
striking for the smaller masses, with maximal yields for up to a factor of 5 (for mass 172 at a chirp
of approximately -200 fs?) better than for the 10 fs short pulse. Whatever the exact mechanism
of this improved LID of FMN might be, the fact that the negative chirp shows only better results
at high pulse energies implies that non linear excitation steps should also play a major role with
negative chirps. A very similar behavior was for example observed for the fluorescence yields
of laser dyes in solution [163]. The proposed mechanism is a nonlinear pump-dump mechanism
(Fig. 21.12): The negatively chirped pulse allows to follow the system along its potential energy
surface during its relaxation, leading to an efficient population transfer to the excited state S;.
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Figure 21.13: Pump-Probe WL spectra several of the FMN™ LID fragments for two different
measurements with pulse distances between -300 fs and 300 fs(225 mW laser power at 20 K).

21.1.5 Pump-Probe

Among the many experiments done with FMN™ there was also the attempt to conduct pump-
probe experiments with WL pulses. Fig. 21.13 provides an example for two different WL pump-
probe scans done at 225 uJ pulse energy: The fragments observed were LF*, LC*, and mass 171.
While the point where the two pulse arrive at the same time is reasonable well resolved for all
fragments, any potential coherence outside this range is dominated by the overall signal noise.
Fig. 21.14 demonstrates one of the reasons for this poor signal to noise ratio: The signal of the
mother mass itself experiences considerable changes during the course of the measurements, and
taking in account the small intensities of the individual fragments this effect may easily dominate
any actual coherent pump-probe signal. Another problem could be that the contrast observed for
the zero point overlap of the two pulses (around 2:1) might simply be too small for this kind of
experiment. Potential ways to improve this signal might include improving the physical overlap
of the two pulse at the focal point, or to average over many measurements (which would increase
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Figure 21.14: Pump-Probe WL spectra of the FMN™ mother mass for two different measurements
with pulse distances between -300 fs and 300 fs (225 mW laser power at 20 K).
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mode RR bands
ne. », cm™ PED? FMN* 8.Cl-FMN¢ label®
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656
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the time needed by a considerable amount). But as Table 21.15 demonstrates, the timescales of the
vibrational modes of FMN should at least in principle be well within the capabilities of the current
setup to resolve. But due to the large time requirements that the acquisition of decent experimental
data poses, this kind of experiment was not pursued further for the time being.

21.1.6 FMN-Trp

After having analyzed the LID of pure FMN™ it is time to go a step further in system complexity
and look at the [FMN+Trp]™ complex, which acts as our model system for interactions between
flavins and the protein backbones. Fig. 21.18 on page 128 shows the LID mass spectra for nega-
tively chirped WL pulses (around -300 fs?) at 190 mW and 345 mW laser powers together with the
corresponding CID mass spectrum. Clearly visible is the decay of the parent complex into both
FMNT and the already known fragmentation products of FMN™. But particularly noteworthy is
the appearance of a new mass peak at 205 amu and a very prominent peak at 131 amu, a range
where previously only very small peaks were detectable. The 205 amu peak is easily explainable
as Trp™, while the nature of the 131 amu peak is more ambiguous. A possibility would be that
it represents an LID product of Trp: To test that hypothesis a LID mass spectrum of Trp* was
acquired immediately afterwards under the exact same conditions as for the mass spectrum of the
complex (Fig. 21.18 on page 128): The comparison between CID and LID of Trp™ reveals that
the fragment mass 131 amu is indeed the most prominent photo product under these conditions. It
also shows that the overall LID yield of pure Trp™ is actually very small, which is not surprising
as the main absorption lines of Trp lie actually in the UV, well out of the wavelength range of the
WL pulses. So the 131 amu fragment does indeed seem to stem from the Trp part of the complex.
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Figure 21.16: LID mass spectrum of Trp™ (with its corresponding CID spectrum) at 190 mW taken
under exactly the same conditions as the spectrum in 21.18 on the next page. The y-axis is shown
on a logarithmic scale due to the small size of the LID peaks.

Another indicator for this is the fact that the LID yields for both masses 131 and 205 are essentially
the same for the higher power measurement, but the other lower (FMN derived) masses actually
do increase. This makes sense if one considers that the Trp containing masses (mostly the mother
complex) are almost completely depleted already at 190 mW laser power, so a further increase in
laser power will not result in any more Trp derived products.

These results combined with the fact that the positive charge of the [FMN+Trp]* complex resides
overwhelmingly at the FMN (as established in the CID measurements with argon) give a strong
indication that there is indeed a photo induced charge transfer from the Trp to FMN occurring,
a process which also involves predominantly a fragmentation of the Trp (Fig. 21.17 presents a
summary of the major steps of the WL LID of [FMN+Trp] ™).

LC* — smaller fragments
Trp + FMN™ — LF* — smaller fragments
[FMN*+Trp] FMF™ — smaller fragments

N\

FMN + Trp™* — [131 amu]™

Figure 21.17: Model of the WL LID process of [FMN+Trp]*.
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Figure 21.18: WL LID mass spectra for neg. chirped pulses at 190 uJ and 345 uJ pulse energy, as well as the corresponding CID spectrum.
Observable are the well already known FMN products as well as two new major peaks which are attributable to Trp.
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212 FMN~™

The following section deals with the WL charge reversal experiments on FMN™.

21.2.1 Single Pulse NeNePo

While the pulse energies of the SLM setup were not sufficient to enable charge reversal of flavins,
the high power setup proved to be particularly well suited for this kind of experiment: The com-
bination of very short pulses and high power provides very high peak intensities in the focal
area, while the non resonant nature of the incoming light is disadvantageous for photo detach-
ment outside of the focus, which is always a potential major loss channel in this kind of exper-
iment. Fig. 21.19 is a good demonstration of this: The NeNePo mass spectrum of FMN™ with
470 uJ pulses reveals all the already known fragments from the LID of FMN™ as charged reversed
species, even up to the unfragmented mother mass itself, which is a notable difference compared
to the NeNePo mass spectrum with 400 nm where the largest measurable mass was FMF™ (see
Sec. 16.4 on page 80).

21.2.2 Power Dependence

The good signal to noise ratio of the WL NeNePo mass spectra allows a more quantitative type
of analysis, for example for the power dependence. Power dependent NeNePo measurements
are experimentally challenging not only due to the normally quite low signal strengths, but also
because there exists no easy way to normalize the different mass spectra to account for long term
changes in signal strengths. That means there remains always a possibility for systematic errors
that cannot be easily identified.

Accordingly the NeNePo mass spectra in Fig. 21.24 on page 131 (tabulated values in 21.25 on
page 131) are normalized against the value for the highest pulse energies, and not the strength of

0.03 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 i 0-03
C 158 :
0.025 | 103 — 0.025
- 171 -
2002 - 79 L 0.02
= - ! -
o C ol 118 -
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= - ! -
= L 242 C
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[ 65 } FMN+ [
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Figure 21.19: Typical NeNePo mass spectrum of FMN™ with 10 fs WL pulse with 410 mW @20K.
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Figure 21.20: Log-log plots of the masses be-

Figure 21.21: Log-log plots of the masses be-

tween 314 amu and 455 amu. tween 227 amu and 398 amu.

the source signal. Figs. 21.20 to 21.23 show the corresponding log-log plots for all the detectable
masses, and finally Table 21.4 on page 132 lists the slope sizes of the linear fits of these plots.
The plots have slopes ranging from 3-6 with a trend showing an increase in size towards the
lower masses. Another thing to note is that the higher masses reach a saturation at lower pulse
energies than the smallest observed fragments, which might be a sign that above certain energies
the excited molecules start to predominantly fragment. If one looks at the power dependence of
the entire integrated NeNePo signal (see Fig. 21.26 on page 133), they result in slope sizes of
either 5 for the lowest three energies (which have a very nice linear fit), or 3.6 for the entire energy
range (which corresponds to a worse fit, in analogy to the saturation that many of the individual
fragments exhibit at higher pulse energies). The 5 photon result also corresponds reasonably well
with the 3 photon result for the 400 nm experiments, showing that the energy needed for charge
reversal seems to be quite similar in both cases.
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Figure 21.22: Log-log plots of the masses be-

tween 142 amu and 214 amu.

Figure 21.23: Log-log plots of the masses be-

tween 65 amu and 131 amu.



131

21.2. FMN~

‘Tomod 19se]

1SUSIY 9U} YIIM JUSUIAINSEAW ) JO P[AIA UOI [[BISA0 9} JO aFejuadrad se aaoqe axmyord ay) ur enoads ssewr Y Jo sanjea paje[nge], :Gg [ 2In31]

Y80 LO'T Ov'C S'IT $89 I'ST SO8 66L LY LTII TOI €L'¢ CI'E 6€C LSO L6C €CT 8C0 LOT ¥I°0 080 ¢I'0 OI'0 #1°0 CI'0 I1°0 I€0 0Ly
LEO 9€0 9L0 697 ¥0'€ 116 1€9 SC°C 19¢ TII 00I LL'E vSE€ LYC IS0 69F €€ 1 $€0 L60 CI'0 890 SCO0 IT°0 ¥C0 OI'0 OI'0 ¢C0 ooy
80°0 8I'0 ¥€0 IS8T ¥€'1 90y IST 0LT 061 1S9 059 OFC ¥v9°C S6'1 9¥0 9I'v I¢T S0 LOT LI'O 880 0£0 610 €0 800 IT'0 <CO ore
100 TO0 €00 v€0 LCO 8I'T 190 €L0 890 L8T ¥0C 980 S6'0 CLO 8I'0 TLT LSO 600 v¥#'0 900 S€0 IT'0 SO0 600 SO0 €00 900 344
10°0 100 100 ¥1'0 OT'0 0S'0 0C0 I¢€0 C¢C0 ¥80 680 ¥€'0 I+'0 820 600 890 €C0 LOO STO €00 9I'0 €00 €00 200 CO'0 CO'0 €00 Sol
10°0 100 10°0 100 100 OI'0 SO0 SO0 900 8I'0 IT0O 600 60°0 800 €00 ¥I'0 LOO 100 SO0 T00 €00 100 TOO TO0O TO0 TO0 T0O0 orl
s §9 6L 16 €OI BIT Il vl 8SI ILI 981 66l ¥IT LT < 9SC ILT 98T 86C vIL Pve 9st 89¢ [1I¥ Lev SS .0 A

sasind TA s§ 01 ynas (espnd/erl 0Lt)
MW 0Lt 01 (asnd/rn op1) MW o] woiy SurSuer sorSious asind 10] NN JO OJONON 9y} Jo enoads ssew juopuadop 1omod 47 17 9nSi]

[nure] z/u
00S 0St 00t 0S¢ 00€ 0ST 00T 0ST 001 0S
. Ll_l_l_l_l_l L1 Ll_l. 1 .
000°0 —F S S ST T T TR T e 0000
T N YT v
i NI | ( I ,\ ‘ i
- | | —
$00°0 —| G ) (0 G ¢ | — t \ —  S000
- 1 -
- - L)
| =]
. - =}
! | . <
010°0 — , — 01008
i MuoLy | i =
- i =
| MO0y +T f ] &
. o =
ST0°0 — AWObE 1 stoo m,
i MWSET ]
020°0 — Muwser — — 0200
] MWOPT ]
mNccl 1 1 1 _ 1 1 1 _ 1 1 1 1 1 1 1 1 _ 1 1 1 _ 1 1 1 1 _ 1 1 1 1 1 1 1 1 _ 1 1 1 _ _I_ MNcc




132 Whitelight Experiments

Slope size of linear fit

Mass/amu  Name Range Error Range Error Range Error
140-235 mW 140-340 mW 140-470 mW
455 FMN+ 3.45 £0.19
437 2.64 +0.19
411 2.8 £0.19
368 4.29 £0.19
356 3.21 +0.19
344 4.36 £0.19
314 3.77 £0.19
298 3.31 +0.19
286 FMF+ 3.39 £0.19
271 3.46 £0.19
256 LF* 3.65 +0.19
242 LC* 3.98 £0.19
227 3.19 £0.19
214 3.9 +0.19
199 3.93 £0.19
186 3.92 +0.19
171 3.95 £0.19
158 4.08 £0.19
142 4.31 +0.19
131 3.87 +0.09
118 4.25 +0.09
103 3.96 +0.09
91 4.95 +0.09
79 5.23 +0.09
65 5.56 +0.09
all 5.03 +0.26 3.61 +0.09

Table 21.4: Table of the fragment masses and their fitted slope sizes for the FMN~™ WL NeNePo
power dependence.

21.2.3 Chirp Dependence

The chirp dependence of the NeNePo process was another point of interest: This could only be
measured with the high laser power setup, because the pulse energies provided by the shaper
setup proved to be insufficient for actual charge reversal. Fig. 21.27 on the facing page compares
NeNePo mass spectra at 340 mW laser power done with three different linear chirps: one negative
chirp (with 1 mm CaF, as dispersive element), one with a short pulse (3 mm CaFs), and the third
with a positive chirp (5 mm FS). Fig. 21.28 on page 134 shows the same experiment for laser
powers of 460 mW. At both pulse energies the negative chirp has a clearly higher NeNePo yield
than both the short pulse and the positively chirped one, this effect being more pronounced at
higher energies. This demonstrates that just like in the case of the LID of FMN™ the NeNePo
signal of FMN™ is similarly enhanced by negative chirps at high pulse energies.
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Figure 21.26: Log-log plot of the entire integrated NeNePo signal. The fit over the whole energy
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Figure 21.29: Typical LID mass spectrum of RBF* with 10 fs WL at 360 pJ pulse energy.

21.3 RBF*

21.3.1 Single Pulse LID

The LID mass spectrum of RBFT with WL (Fig. 21.29) is very similar to the corresponding one
done with 400 nm, the few notable differences mainly concerning the relative peak intensities: The
229 amu fragment for example is noticeably smaller than its counterpart at 400 nm, but still larger
than the corresponding peak of the WL LID mass spectrum for FMN™,

21.3.2 Chirp Dependence

The chirp dependence was measured in the same way as for FMN™ (Fig. 21.30 on the next page,
the values for some masses are tabulated in Table 21.5). The results are also very similar to FMN:
At high laser powers the negative chirps result in significantly higher LID yields than short pulse
or positively chirped pulses.

chirp/Ts massfamu 350 g5 256 243 229 185 172

-300 (4 bounces) 04214 0,0113 0,0693 0,0965 0,0308 0,0216 0,0612
-270 (+1 mm CaF,;)  0,4830 0,0094 0,0595 0,087 0,029 0,0212 0,05

-240 (+2 mm CaF,;)  0,4836 0,0091  0,0667 0,1069 0,0439 0,0207 0,0446
-100 (+5 mm FS) 0,5514 0,0086 0,0837 0,1048 0,0305 0,015 0,0299
+80 (+10 mm FS) 0,7275 0,00511 0,0647 0,0711 0,0169 0,0072  0,0154
+270 (+15 mm FS) 0,71 0,00375 0,0651 0,0694 0,0230 0,01057 0,0172

Table 21.5: Relative ion yield values of different linear chirps for several masses. (Taken from
Fig. 21.30 on the following page)
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Figure 21.30: Chirp dependent LID mass spectra of RBF* with WL pulses at 390 mW and 20 K trap temperature. The lower figure has a few
plots removed to allow a better view of the smaller peaks. The mass spectra show that similar to FMN at high pulse energies negative chirps lead
to higher LID yields than short pulses or positive chirps.
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Figure 21.31: WL LID mass spectrum of the [RBF+Ag]* complex done with 240 pJ pulses both
with negative and zero linear chirp.

21.3.3 [RBF+Ag]*

The LID mass spectra (Fig. 21.31) of the RBF+Ag complex reveals a picture that is overall very
similar to the LID with 400 nm. Again, the comparison between negatively chirped pulses and
short pulses is noteworthy here: The negative chirp produces again higher LID yields, especially
an increase in naked Ag" is observable. This is particularly interesting in regard to potential
electron transfer processes that might occur between the two ligands.

21.4 FAD*"

As a last point this section will describe briefly the NeNePo experiments with WL on FAD?~.

21.4.1 Single Pulse NeNePo

While it was not possible to achieve charge reversal of FAD?*~ with 400 nm pulses, the very high
peak intensities of the WL pulses made it possible to achieve this even on the doubly charged
FAD?~ species (see Fig. 21.32 on the following page). The resulting mass spectra look similar to
the NeNePo spectra of FMN ™ (compare Fig. 21.19 on page 129), but with a few crucial differ-
ences: There are no masses detectable above 255 amu, but even more noticeable is the appearance
of several new masses, most prominent among them 137 amu and 179 amu. The most likely ex-
planation for the appearance of mass 137, which is actually the largest peak in the spectrum, is the
fragmentation into adenine (mass 135 amu, the small mass difference might be due to additional
protons or an imperfect mass calibration): As the ionization potential of pure adenine is rather low
(8.5 eV [165]), this seems to be a reasonable explanation.
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Figure 21.32: Typical NeNePo mass spectrum of FAD?~ with 10fs WL pulses (510 pJ/pulse) and
20 K trap temperature.

Summary 22

This part presented the various experiments conducted on the different flavin species with WL
fs-pulses. In general, for the cationic species FMN™ and RBF' the observed LID patterns were
very similar to those results obtained with 400 nm pulses, with the main difference that where
previously one photon was sufficient, two photons are now necessary.

The application of a genetic algorithm optimization via a feedback loop was successfully demon-
strated for the LID of FMN™, the resulting optimized pulse was shown to be a short pulse (5 fs).
The systematic variation of the size of the linear chirp of the pulse gave a very similar result for
pulses up to 50 yJ energy: The shortest laser pulses achieve the most efficient LID. On the other
hand, the chirp dependent experiments without the shaper setup and with pulse energies of up to
ca. 500 uJ reveal that for these high pulse energies the highest LID yields are actually achieved
with negatively chirped pulses. This pattern is also observed for the other flavin species.

The very high intensities obtainable with the WL pulses was shown to be particularly advantageous
in achieving charge reversal spectra of the anions FMN~ and FAD?~, giving far higher ion yields
than it was possible with 400 nm pulses. For FMN™ it was possible to directly reverse the charge
of the entire molecule into FMN™ with WL pulses, where with 400 nm pulses it was only possible
to observe FMF* as the largest fragment. The observed fragmentation pattern was overall very
similar to the LID of FMN™. Negatively chirped pulses were demonstrated to result in higher ion
yields than short pulses or positive chirps for the NeNePo measurements of FMN™ as well. The
charge reversal experiments of FAD?~ showed fragments very similar to those of the other flavin
species, the main difference was the additional appearance of adenine in the mass spectrum.

As a last point the WL experiments on the [FMN+Trp]* complex provide strong indications for a
photo induced electron transfer from the Trp to the FMN, while the evidence for electron transfer
between Ag and RBF remains inconclusive.



Part VI

Summary and Outlook

139



140 Summary

The topic of my thesis was the investigation of various flavors of flavins in the gas phase, with
an special emphasis on their photophysics when they interact with femtosecond laser light sources.
The used experimental apparatus was a tandem mass spectrometer (for mass selection and analy-
sis) combined with a radio-frequency hexadecapole ion trap where the interactions of the trapped
ions with the laser light were occurring.

The three major species of flavins are Riboflavin (RBF), Flavin Mononucleotide (FMN), and
Flavine Adenine Dinucleotide (FAD), of which FMN and FAD are synthesized from RBF in or-
ganisms and act as functional groups in hundreds of different flavoproteins. Characteristic fea-
tures of flavin photophysics in solution are a) their ability for one or two electron photo-reduction
and b) their predominant fragmentation under light into Lumichrome (LC), Lumiflavin (LF), and
Formylmethylflavin (FMF). FMF in particular seems additionally to be an intermediate product
of the fragmentation into LC and LF. Further noteworthy is the strong pH dependency of these
photo products, with basic solutions favoring LF, while under acidic conditions decay into LC
dominates.

With the ESI source it was possible to generate gas phase ions for all three flavins either as cations
or anions (RBF* and FAD?"), or even both (FMN* and FMN™). The successful mass selection
and trapping of these flavins species made then further experiments on them possible.

The trapping process itself was facilitated by collisions of the ions with a thin atmosphere (ca.
0.2 mbar) of a rare gas (normally helium). These collision processes can induce the so called col-
lision induced dissociation (CID) of the molecules. As the results have shown, CID can be a very
useful tool to study the fragmentation patterns of different molecular ions. However, in order to
investigate photophysical processes it was necessary to minimize this particular type of fragmen-
tation, which, under the right conditions, could indeed be achieved for the different flavins.
Analysis of the CID showed that the different species exhibit slightly different behavior: RBF"
fragments predominantly into LC™, with a small additional channel involving water loss; FMN™’s
main CID channel is the loss of water, additional channels are LC™ and the loss of the phos-
phate group; FMN™ is considerably more stable than its cationic counterpart, it fragments in small
amounts to neutral LC and LF, while the charged side chains remain intact (these are actually the
parts that can be detected by the mass spectrometer); FAD?~ fragments into two singly charged
parts, the most dominant process being the one that produces LF~ as one of the products.

Heavier gases than helium, like argon or xenon, increase the CID yields, often quite substantially,
but the fragmentation patterns themselves remain mostly the same. Lowering the trap temperature
has the opposite effect, it generally decreases the CID yields. Raising the trap temperature above
room temperature induces changes in the CID patterns of the anionic species (FMN~ and FAD?")
that are not yet completely understood, a behavior which might warrant further research.
Following the CID experiments, the photophysics of the different flavins was investigated with
400 nm fs pulses. In general it can be said that FMNT and RBF* show very similar LID behavior:
One photon fragmentation into LC*, LF*, and FMF" dominates, with LF" having the strongest
intensity and FMF" the weakest. At high pulse energies these fragments dissociate further via two
photon excitation into numerous smaller fragments. FMN™ on the other hand fragments almost
exclusively into neutral FMF and its corresponding charged side chain (170 amu). The charge
reversal spectrum of FMN™ is shown to be very similar to the LID spectrum of FMN™, indicating
that the neutral FMF is fragmenting further during the photo ionization process. FAD?*~ expe-
riences, compared to the other species, only limited LID, mostly into LF~ and LC™ and their
respective singly charged counterparts.

The temperature dependency of the LID reveals a striking difference between the anionic and the
cationic species: While for anions the LID yields decrease, for cations they actually increase.

One of the open questions, concerning all experiments in the gas phase in general, is how well
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the results translate into a more “natural” environment. 400 nm is one of the wavelengths where
natural occurring flavins can be resonantly excited, and the observed LID with this kind of pulses
seem indeed to agree very well with the results for the photo degradation of flavins in the con-
densed phase already known from the literature. As both LC and LF are in most cases major photo
products of almost equal intensity (with LF being slightly dominant), the photophysics of the ions
in the gas phase seems to resemble a low pH solution.

Following the 400 nm studies, I performed experiments with ultrashort (down to 5 fs) white-
light (WL) fs-pulses. As a general trend for the cationic species FMN™ and RBF*, the observed
LID patterns were very similar to those results obtained with 400 nm pulses. The main difference
to 400 nm is, where previously one photon was sufficient, now two photons are necessary to excite
the molecules.

The application of a genetic algorithm optimization via a feedback loop was successfully demon-
strated for the LID of FMN™. The resulting optimized pulse was shown to be a short WL pulse
(5 fs). The systematic variation of the linear chirp of the pulse gave a very similar result for pulses
up to 50 uJ energy: The shortest laser pulses produced the highest LID yields. On the other hand,
the chirp dependent experiments without the shaper setup and with pulse energies of up to ca.
500 uJ revealed that for these high pulse energies the highest LID yields were actually achieved
with negatively chirped pulses. This pattern was also observed for the other flavin species both for
fragmentation and charge reversal.

The very high intensities obtainable with the WL pulses were shown to be particularly advanta-
geous in achieving charge reversal spectra of the anions FMN ™~ and FAD?~, resulting in far higher
ion yields than it was possible with 400 nm pulses. For FMN ™ it was possible to directly reverse
the charge of the entire molecule into FMN* with WL pulses, whereas with 400 nm pulses it was
only possible to observe FMFT as the largest fragment. The observed fragmentation pattern was
overall very similar to the LID of FMNT. The charge reversal experiments of FAD?~ showed
fragments very similar to those of the other flavin species, the main difference was the additional
appearance of adenine in the mass spectrum.

Finally, first experiments on the [FMN+Trp]* complexes provided strong indications that a photo
induced electron transfer from the Trp to the FMN was taking place.

In summary, I could successfully demonstrate that gas phase experiments can indeed provide a
useful tool for the analysis of the photophysics of biological systems under well defined condi-
tions. Additionally, I could show that the methods of coherent control can be successfully applied
on large biomolecules to provide further insight into their behavior. Especially promising, as far as
potential future experiments are concerned, seems to be the demonstration of a photo induced elec-
tron transfer between the amino acid tryptophan (Trp) and FMN with WL pulses, as the Trp-FMN
complex can be seen as the smallest possible model system of a flavoprotein (electron transfer
between Trp and FMN is known to happen in various flavoproteins). Experiments on the optimiza-
tion and control of these electron transfer processes with the help of genetic algorithms are possible
next steps. Additionally, replacing the Trp with other amino acids like tyrosine or phenylalanine,
or increasing the complexity of our “flavoprotein” by increasing the length of the amino acid chain
are further possible ways to go forward.
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