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Abstract

Biomolecules and their reactions are of great interest because they are important for the
functions in our body and thus for health. The structure of a molecule defines its function,
and in this work we demonstrate the crucial steps that will allow direct recording of
structural information from large biological molecules through gas-phase x-ray diffraction.
This requires a source of intact biomolecules in the gas-phase, as well as the ability to
ensure all molecules in the x-ray focus are structurally identical. In this thesis it is shown
how this can be achieved using a laser desorption molecular beam source in combination
with electrostatic deflection.

Following an introduction into the subject and a brief review of the theoretical background
in the first two chapters, chapter 3 contains the details of our new laser desorption source
for thermally labile biomolecules, that is fully compatible with use at central facilities.
Afterwards, a characterisation of the laser-desorption molecular beam source is presented in
chapter 4. Utilizing strong-field ionisation, we characterised the produced molecular beam
and evaluated the influence of various experimental parameters. Strong-field ionisation
acted as a universal probe and enabled us to analyse the purity of the produced molecular
beam, including molecular fragments. The optimised source was then combined with an
electrostatic deflector for species separation. In chapter 5 it is shown that a cold molecular
beam of Ac-Phe-Cys-NH, is produced and the conformers are spatially separated. This is
the first demonstration of conformer-selected and rotationally cold molecular beams of
peptides, which is a crucial step towards the implementation of single-molecule diffractive
imaging experiments of biological systems. Additionally, it was possible to produce a
molecular beam of glycine with the laser desorption source. Combined with the electrostatic
deflector one of the conformers of glycine could be separated from the other two, shown in
chapter 6, enabling novel conformer-resolved ultrafast dynamics experiments. In chapter 7
the applicability of the source to even larger biomolecules, through first measurements of
insulin, is demonstrated. In the last two chapters a summary and outlook is given and

several improvements and follow-up experiments are suggested.







Zusammenfassung

Biomolekiile und ihre Reaktionen sind von groflem Interesse, weil sie wichtig fiir die
Funktionen in unserem Korper und damit auch fiir die Gesundheit sind. Die Struktur
eines Molekiils definiert seine Funktion. In dieser Arbeit demonstrieren wir die erforderli-
chen experimentellen Grundlagen zur Durchfithrung von Strukturmessungen an isolierten
biologischen Molekiilen mittels Rontgenbeugung. Dafiir wird eine Quelle benétigt die
Biomolekiile unbeschédigt in die Gasphase iiberfiithrt und zusétzlich ermoglicht, dass alle
Molekiile im Rontgenfokus eine identische Struktur aufweisen. Unter Benutzung einer
Laserdesorptionsquelle in Kombination mit einem elektrostatischen Deflektor wurde dieses

erreicht.

Nach einer kurzen Einleitung und einer Ubersicht iiber den theoretischen Hintergrund
in den ersten beiden Kapiteln folgt in Kapitel 3 eine Beschreibung des Aufbaus und der
Funktionen der neuen Quelle, die des Weiteren fiir den Einsatz an Freie-Elektronen Lasern
ausgelegt wurde. Anschliefend wird eine Charakterisierung der Laserdesorptionsquelle
in Kapitel 4 gezeigt. Mit Hilfe der Starkfeldionisation wird der erhaltene Molekiilstrahl
charakterisiert und der Einfluss verschiedener Faktoren untersucht. Die Starkfeldionisa-
tion ionisiert alle Spezien in dem Molekiilstrahl, dies beinhaltet auch die vorhandenden
Fragmente und ermoglichte deswegen die Reinheit des Molekiilstrahls zu analysieren. Die
optimierte Quelle wird anschliefend mit dem elektrostatischen Deflektor zur Trennung
der vorhanden Spezien kombiniert. In Kapitel 5 wird gezeigt dass ein kalter Molekiilstrahl
des Dipeptides Ac-Phe-Cys-NH, erzeugt und die Konformere rdumlich getrennt werden
konnten. Das ist die erste Demonstration von konformerausgewéhlten und rotationskal-
ten Molekiilstrahlen von Peptiden und ein kritischer Schritt fiir die Durchfithrung von
Rontgenbeugungsexperimenten an isolierten Molekiilen in der Gasphase. Zusétzlich war es
moglich einen kalten Molekiilstrahl von Glycin zu erzeugen. Ein Konformer von Glycin
konnte ebenfalls mit elektrostischer Ablenkung von den anderen beiden Konformeren
rdumlich getrennt werden, wie dargestellt in Kapitel 6. In Kapitel 7 wird am Beispiel von

Insulin gezeigt, dass die Quelle auch mit gréfferen Proteinen verwendet werden kann. In




ZUSAMMENFASSUNG

den letzten beiden Kapiteln ist eine Zusammfassung und Perspektive beschrieben, die

mogliche Verbesserungsvorschlége und zukiinftige Experimente enthélt.




1 Introduction

1.1 Motivation

Chemical reactions are taking place all around us. The ubiquity of chemical reactions makes
it so important and interesting to study and understand every step of them. To understand
a chemical reaction, the structures of the involved reactants, products and, if possible,
of transition states need to be known, because the structure defines the function of a
molecule. This is confirmed by the large role structure determination and the development
of novel structure determination methods plays in chemistry and biology. For example,
the 2009 noble price for chemistry was awarded to V. Ramakrishnan, T. A. Steitz, and
A. E. Yonath for their studies of the structure and function of a ribosome. In this example
the structure of a bacteria ribosome was determined and thus the interaction of antibiotics
with it could be understood, aiding the production of new antibiotics. This connection
exemplifies the importance of structural determination in chemistry and biology. Typical
methods to gain structural information are nuclear magnetic resonance (NMR)-spectroscopy,
rotational spectroscopy, infrared (IR)-spectroscopy, cryogenic-electron microscopy, x-ray
crystallography, or mass spectrometry.

Even more interesting than the static molecular structure are the dynamics of a molecule
or a molecular reaction. Here, the ultimate goal is to measure a so called molecular
movie with femtosecond temporal and picometer spatial resolution, i.e., to measure the
position of all atoms within a molecule and how their positions change in real-time during

a reaction. No currently available technique can achieve this resolution in both spatial and
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Figure 1.1: A measurement of a molecular movie using a pump-probe experiment is
shown. A molecular beam is crossed with a pump pulse which triggers the reaction.
Afterwards a probe pulse makes a snapshot of the structure exactly at one certain time
after the pump pulse, for example by a short x-ray pulse. Figure adapted from MPIbpc,
DESY Photon Science.

temporal domains. A proposed way to record a molecular movie is through pump-probe
measurements of isolated molecules in the gas-phase. For a pump-probe measurement a
reaction is, for example, started with an ultrashort laser pulse (this acts as the pump).
After certain time delays the molecule is probed, e. g., via x-ray diffraction. For each time
delay the molecular structure can be reconstructed from the recorded diffraction pattern
and thus the structure of the molecule can be measured as a function of time. Putting
together many such snapshots creates a stop-motion movie of the molecular movement, as
shown in Figure 1.1. For example, intra-molecular movements like torsions or inversions can
be observed in this fashion [1]. Such data can, furthermore, give direct information about
structures of molecules at their transition state and this knowledge could subsequently be
used to control or steer a chemical reaction.

Free-electron lasers offer, due to their short wavelength, high intensity and short pulses, a

tool to record diffraction patterns from single gas-phase molecules with sufficient temporal
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and spatial resolution [2]. From the measured diffraction pattern the structure of a gas-
phase molecule can be determined. This has been demonstrated for ultrafast dynamics in
nanocrystals, such as the cis-trans isomerisation of photoactive yellow protein [3], however
the dynamics in crystals are limited and thus it is preferable to measure dynamics in
a gas-phase sample. To realise x-ray diffractive imaging of isolated molecules several

requirements need to be fulfilled.

Firstly, every molecule is destroyed by the high intensity of the few femtosecond x-ray
pulse of the free-electron laser [4]. However, it has been proposed and demonstrated that
because of the short pulse duration the x-ray beam is diffracted before the molecules are
destroyed (diffraction before destruction) and hence a pattern of the intact molecule can
be recorded [2, 4-6]. This furthermore requires the delivery of new molecules into the
interaction region for each x-ray shot. This can be achieved using a molecular beam, so
that the destruction of the molecules is not an issue any more as every shot probes a fresh
sample of molecules. However, electronic damage induced by a free-electron laser pulse can
be much faster than the pulse duration and needs to be considered in electronic structure

studies [7, 8.

Secondly, it needs to be considered that a single molecule is not diffracting sufficiently
to record a full diffraction pattern. Since the diffracted photons in a single pulse are not
enough to determine which molecule diffracted them it is important to have identical
molecules interacting with the x-ray beam. Especially if several molecules present in the
interaction region are hit by the x-ray beam in a single shot, it is important that this
molecular ensemble consists of identical molecules. Otherwise the structural information
encoded in the diffraction pattern would not lead to a well defined molecular structure.
This requires that even different structural conformers present in the molecular beam need

to be separated before the interaction with the x-ray beam.

Lastly, the orientation of the molecules within the molecular ensemble being probed
is important. If the molecules are isotropically (i.e., randomly) oriented in space, the
diffracted signal from each individual molecule cannot be added together since the molecular

orientation is not identical. This leads essentially to a blurring of the diffraction pattern
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Particle stream %‘

Pulse monitor

X-ray beam e

Diffraction pattern
recorded on a
pixellated detector

Figure 1.2: Sketch of a single-molecule diffraction experiment. A stream of identical
particles is crossed by an x-ray beam. The diffraction of the x-ray beam is recorded by a
large area pixel detector, which has a hole for the direct beam, whose intensity is recorded

on a pulse monitor. Figure adapted from [9)].

over all possible molecular orientations. This can be overcome by aligning or orienting the
molecules in space during the interaction with the x-ray pulse [5, 10, 11]. This allows the
diffraction signal to be averaged over many molecules and hence a better signal-to-noise
ratio is achieved [5]. Furthermore, diffraction patterns need to be added for many successive
x-ray laser pulses, all containing diffraction from identically aligned molecules. To align
and orient molecules a very cold molecular ensemble is required.

In Figure 1.2 this principle, termed “single-molecule diffraction” is shown schematically. A
particle stream delivers new sample for each x-ray shot. The particle is destroyed after
the x-ray beam hit it, with a large area detector recording the diffraction pattern. A hole
in the detector lets the un-diffracted x-ray beam pass, which is monitored behind the
detector. The possibility to gain structural information by x-ray diffraction of gas-phase
samples has recently been shown in a proof-of-principle experiment [6], using controlled
molecular beams of small molecules [12, 13].

To unravel how life works and how human bodies function, biological molecules are of
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significant interest. But it is not trivial to solve the complete structure of a biological
molecule, for example it is often difficult to produce crystals in sufficient size and purity
for x-ray crystallography. So we want to investigate individual biological molecules in the
gas-phase, resolve their structure and learn about their reactions. But, as described above,
for these experiments a cold and conformer-selected molecular beam of biological molecules
is required. At the moment there is no system which can achieve this and that delivers
large, controlled, and isolated biological gas-phase molecules to the interaction point of
a free-electron laser. In this thesis the above mentioned experiments will be enabled
by developing, constructing and implementing a source, for cold, conformer separated

molecular beams of biological molecules.

1.2 Laser Desorption

-

Al
e

Figure 1.3: Sketch of a laser desorption source. A pulsed laser (red) shoots onto a sample
bar (black). Desorbed molecules - here, phenylalanine - are entrained in a supersonic

expansion of noble gas (green).

For many biomolecules it is not trivial to produce crystals [2] and they are often also
thermally labile, therefore, transferring them into the gas-phase is challenging. Several
different techniques have been developed to transfer thermally labile molecules into the
gas-phase, for example, matrix assisted laser desorption ionisation (MALDI) [14, 15],

laser-induced acoustic desorption (LIAD) [16], and laser desorption (LD) [17, 18]. The
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latter is closely related to laser ablation [19, 20]. In laser desorption the sample (e.g.,
a biological molecule such as a peptide) is mixed with a graphite matrix, placed on a
substrate and hit by the desorption laser. This is absorbed by the matrix and induces a
fast and instant heating on the order of 101 — 102 K/s, such that the sample preferentially

vaporises instead of fragmenting [21].

Already in 1968 aromatic hydrocarbons and the amino acid Leucin were laser-desorbed
and analysed via mass spectrometry [17]. Later on laser desorption was combined with
pulsed molecular beam sources to directly cool the intact desorbed molecules [22-25].
Furthermore larger molecules, like a nonapeptide [26] or a pentapeptide [27], have been
investigated using laser desorption. A detailed characterisation of a laser desorption
source was conducted in 1990 by Meijer et al.. They used anthracene, diphenylamine,
and perylene entrained in a supersonic expansion after desorption and determined a
rotational temperature of 5-10 K and a vibrational temperature of < 15 K [23]. The
rotational temperature was determined by the rotational contour of a resonance-enhanced
multi-photon ionisation (REMPI) process for anthracene. The vibrational temperature
was derived from the relative intensity of a measured hot band in the REMPI spectrum
of diphenylamine. For our planed experiments a rotationally colder molecular beam is

required and several technical considerations need to be fulfilled, see chapter 3.

The existing laser desorption sources have a huge variety in terms of experimental parame-
ters, such as molecular beam valves, laser parameters and sample preparation. For example
the sample can be pressed [17], mixed with graphite [27], or desorbed from metal [23].
Similarly, different lasers have been used to desorb molecules, including wavelengths from
the ultraviolet to the infrared [22, 23, 27]. Laser desorption is routinely used in combination
with different spectroscopic techniques, for example, resonance-enhanced multi-photon
ionisation [24] and infrared-ultraviolet double resonance techniques [28]. These are species-
specific spectroscopic techniques and thus are only sensitive to the molecule of interest in
the molecular beam. What has to date not been investigated, however, is that in a laser
desorbed molecular beam many different species can be present. For example, fragments

of the sample produced during the desorption process or material from the matrix in
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1.3. CONTROLLING MOLECULES

which the molecule of interest was embedded. For the matrix material mentioned above
this would be carbon or metal atoms or clusters. The species composition of a laser
desorbed molecular beam has never been studied because the impurities in the beam were
essentially invisible with the used spectroscopic techniques. We are here for the first time
combining laser desorption with strong-field ionisation, which is a non-species-specific
universal ionisation technique and allows us to assess the contribution of carbon and sample
fragments in the molecular beam. Furthermore, even at the low temperatures achieved
using supersonic molecular beams, different structural conformers of biomolecules are
present, as they are essentially frozen in their local potential minimum. If laser desorption
is to be combined with a non-species-specific technique, for example x-ray diffraction, a
separation of these different species in the beam is necessary. This allows the investigation
of the structure-function-relationship, for example, of different conformers of a biomolecule.
This can be achieved using controlled molecules techniques as outlined in the next section.
However, the approaches require rotationally extremely cold molecular beams. Using a
special conically-shaped supersonic expansion nozzle we demonstrate the production of
molecular beams with rotational temperatures of ~ 2.3 K from laser desorption. This is
the coldest temperature to date reported from a laser desorption source and ideally suited

for molecular control approaches.

1.3 Controlling Molecules

X-ray diffraction or strong-field ionisation are inherently non-species-selective techniques.
In order to gain conformer-specific information requires the different conformers to be
separated in space, such that they can be investigated separately. For polar molecules,
such as nearly all biological molecules, this can be achieved with strong inhomogeneous
electric fields [13, 29-31]. The interaction of the effective dipole moment of a molecule with
the electric field leads to a force acting on the molecule, given by F = — et (€) - Ve [29].
The force F depends on the effective dipole moment u.g and the electric field gradient
Ve. Species with a different effective dipole moment-to-mass-ratio peg/m will experience

different forces in the field and can thus be spatially separated.

11
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y (mm) E (kV/cm)
120

100

Figure 1.4: Spatial separation of two conformers by the electrostatic deflector and the
inhomogeneous electric field throughout the deflector. The molecule shown is the dipeptide
Ac-Phe-Cys-NH,, which has two conformers, indicated in red and blue, with different
dipole moments. Figure adapted from [13]

This spatial separation can be achieved with an electrostatic deflector producing an in-
homogeneous electric field, as shown in Figure 1.4. Additionally, two conformers are
depicted with blue and red spheres, and how their trajectory through the deflector is
influenced by the electric field. The molecules in the spheres correspond to the dipep-
tide Ac-Phe-Cys-NH,, which was spatially separated as part of this work. This is the
first demonstration of electrostatic deflection and conformer separation of a biologically
relevant and thermally labile molecule. Previous conformer separation experiments were
all conducted using thermally evaporated molecules, with the largest example prior to
this work the separation of the conformers of 3-fluorophenol [32] or hydroquinone [33]. So
Ac-Phe-Cys-NH, is the most complex molecule to be separated with a deflector to date
and the first time electrostatic deflection has been combined with laser desorption of a
biomolecule. It further represents the first production of a conformer-selected molecular

beam of neutral peptides.

In addition to conformer selection molecules can be aligned or oriented in space. Alignment
is induced by the interaction of the anisotropic polarisability of a molecule with an AC
electric field and alignment, therefore, refers to the fixing of an axis in space, i.e., with

no preferred direction. The electric field utilised for alignment is typically provided by

12



1.4. OVERVIEW

a non-resonant laser pulse, which is linearly polarised for 1D alignment or elliptically
polarised for 3D alignment [11]. Molecular orientation, furthermore, refers to the definition
of a preferred direction of the dipole moment vector, i. e., breaking the up/down symmetry
induced by the AC alignment field. Orientation can be achieved with a strong static
electric field, this is termed brute force orientation [34, 35], a combination of a dynamic and
a static electric field [36, 37|, or with multiple AC fields [38, 39]. The degree of alignment
or orientation of a molecular ensemble can be determined, for instance, through Coulomb
explosion imaging [36, 40]. Alignment and orientation are illustrated in Figure 1.5 for
the molecule 2,6-difluoroiodobenzene, showing how isotropic, 1D aligned, and 1D oriented

molecules are arranged in space.

Isotrop 1 D Alignment 1 D Orientation

Toety
420

Figure 1.5: Molecular ensembles of 2,6-difluoroiodobenzene molecules for the cases of

isotropically distributed molecules, 1D alignment and 1D orientation.

The key advantage of aligned or oriented molecules is that they allow the measure-
ment of molecular-frame data. It enables, for example, diffractive imaging of molecular
ensembles [6, 41] or the collection of molecular-frame photoelectron angular distribu-
tions [42, 43]. Alignment and orientation also requires rotationally extremely cold molecular

samples [36, 44].

1.4 Overview

The first challenge for this thesis was to build a laser desorption source which produces

a molecular beam of intact biological systems with a rotational temperature well below

13
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5 K. Such a rotationally cold molecular beam is essential for the implementation of the
control techniques described above. The rotational temperature measured previously from
a laser desorbed molecular beam was 5-10 K [23]. The second challenge was to apply the
electrostatic deflection approach to the produced cold molecular beam of a prototypical
biomolecule, and to fully spatially separate the different conformers. Additionally, with
this technique all non-polar species in the molecular beam were filtered out and a pure
conformer-selected molecular beam of biological molecules was produced. The final
challenge was to use a real protein with the novel design of the laser desorption source

and to produce a molecular beam of an intact protein.

The theory underlying molecular beams and electrostatic deflection will be briefly intro-
duced in chapter 2. Followed by chapter 3, where the laser desorption source is described
in detail with all its functionality and also the considerations that led to the final design
are given. Afterwards the laser desorption source is characterised in chapter 4. For the
characterisation of the produced molecular beam we used, for the first time, strong-field
ionisation, which allowed us to monitor the fragmentation and the entrainment of the
desorbed molecules in the molecular beam. This was the first such characterisation of a
laser desorption source and these results have been published in the Journal of Chemical

Physics, details are given in the publication list.

Following from this, the laser desorption source was combined with electrostatic deflection,
as described in chapter 5, to spatially separate the two conformers of a dipeptide from each
other and from other molecules and carrier gas in the molecular beam. The advantage of
this separation is that now the conformers can be investigated individually with non-species-
specific techniques and this represents a milestone towards diffractive imaging of individual
biomolecules. To our knowledge this was the first time that conformers of neutral peptides
have been separated from each other and a conformer-pure molecular beam was produced.
Through detailed modelling and simulation of our results we furthermore extracted the
rotational temperature from our laser desorption source as ~ 2.3 K, significantly colder
than previously reported. These results are submitted to Angewandte Chemie International

Edition, details are given in the publication list. Furthermore, we have been granted beam
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time at the FLASH free-electron laser to investigate the conformer specific fragmentation
of peptides.

In chapter 6 experiments on glycine are presented. Glycine is the smallest amino acid and
an important model system for, e. g., ultrafast electron and charge migration dynamics.
Such experiments have long been proposed and have been studied theoretically already in
detail [45]. For the proposed experiments, a conformer-pure beam of glycine is needed.
This has been achieved for the first time and one conformer of glycine could be spatially
separated from the other conformers in the molecular beam. The separation enables novel
experiments to investigate the charge migration on glycine, or other conformer-specific
interactions, and a manuscript of these results is in preparation.

In chapter 7 the laser desorption source is used to desorb bovine insulin, an intact
functional protein. A time-of-flight mass spectrum of the molecular beam is recorded and
clear indications for the presence of desorbed insulin were measured.

In the final chapters some improvements for the experimental setup, based on the experience
gained, are suggested, a summary of experiments performed is given, as well as an outlook
with suggestions for new experiments enabled by the novel combination of laser desorption

with electrostatic deflection.
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2 Fundamental Concepts

In this short theory section a brief overview of the fundamental concepts needed to
understand the work in this thesis is given. In particular, the rotational states of molecules,
supersonic molecular beams and the behaviour of molecules in electric fields are described.

Further details can be found in textbooks [46-50] and recent reviews [29, 51].

2.1 Rotational States of Molecules

For the measurements performed in this thesis the rotational state population of a molecule
plays an important role. Given here is a basic treatment of molecular rotations, always
assuming the approximation of the rigid rotor model. This assumes that the nuclei are
connected by a weightless and rigid rod and thus the distance between the nuclei is not
changing during the rotation. The rotation is performed around the molecular centre of
mass and can be described with the moments of inertia, I, and reduced mass u. For the

simple case of a diatomic molecule, these are given by:

mim
my + Mo

In general, molecules can possess three distinct moments of inertia around their three

principal axis. These are characterised by their corresponding rotational constants A, B

and C' of a molecule,

= — B=— C=—-.
8m2l,’ 82l 821,
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Here a, b and ¢ denote the principal axes of the molecule.

Molecules can be classified as one of four kinds of molecular rotors depending on their
symmetry and thus also on the moment of inertia for the three principal axis. The four
kinds of rotors are the linear rotor, the spherical rotor, the symmetric rotor and the
asymmetric rotor, as shown in Figure 2.1. The linear rotor, e. g., a diatomic, is the simplest
one and the moments of inertia in this case are I. = I, I, = 0. For a linear rotor there
is only one distinct rotation; we use the total rotational angular momentum quantum

number J, to label the states.

Linear I 0 . ‘ ‘ o

rotor

Spherlcal
rotor

Symmetrlc
rotor

Asymmetric I, I

- .

Figure 2.1: The four different kinds of molecular rotors, with their principal axes and

corresponding moments of inertia indicated. Figure adapted from [52]

The molecules investigated in this thesis are asymmetric rotor molecules, as are most
molecules. This means that the three principal moments of inertia have different values,
and by convention I. > [, > I,. Water, for example, is an asymmetric rotor molecule and
is shown in Figure 2.2 with its three principal axes and the corresponding moments of
inertia highlighted. [48-50]

Describing the rotations of an asymmetric rotor is a complex problem and no general

18



2.1. ROTATIONAL STATES OF MOLECULES

ht
- )
I, i

Figure 2.2: A water molecule, an asymmetric rotor, with its principal axis (a, b, ¢) and

the principal moments of inertia around them (I, I, I.). Figure adapted from [50]

analytic solution exists. To describe the rotational states of a asymmetric top molecule we
typically use the quantum number J for the total rotational angular momentum and two
pseudo quantum numbers K, and K.. The latter are projections of the total rotational
angular momentum onto the principal molecular a and ¢ axes. Note that, although
not discussed here in detail, these projections correspond to the approximation of an
asymmetric rotor to the limiting cases of an oblate or prolate symmetric rotor. The
density of rotational states for each rotational angular momentum J is much higher for

the asymmetric rotor than for the linear rotor, namely 2J + 1 distinct states exist. [54, 55]

Additionally to the higher number of rotational states for each J in an asymmetric rotor,
the rotational states for larger molecules are also closer together due to the larger inertia
and hence smaller rotational constants. This means that significantly more rotational
states are populated at the same rotational temperature for larger molecules than for
small molecules. For example, Figure 2.3 shows the relative population of the different
J states for one conformer of the dipeptide Ac-Phe-Cys-NH,, investigated in chapter 5
for four different temperatures. These were calculated assuming a Maxwell-Boltzmann
distribution of rotational energy and using the rotational constants for Ac-Phe-Cys-NH,
of A =340.18 Mhz, B = 203.44 Mhz and C' = 159.88 Mhz, for more details see chapter 5.
It is clear that even with a slight increase of the temperature the relative population gets

significant broader and more states are populated. Taking into account that there are
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2J + 1 distinct states for each J, there is a total of 2601 rotational states in the range
of J =0 — 50 (in the absence of external fields). This can be compared with, e.g., OCS,
which is a linear rotor with B = 6081.49 Mhz [53]. In this case at 2.5 K 95% of the
population is in the J = 0 — 5 states. [29, 54]

o —_
oo o
1 1

Relative Population
o
o

1
0 10 20 30 40 50
J state

Figure 2.3: The relative population of J states for four different rotational temperatures

of the dipeptide Ac-Phe-Cys-NH,.

Furthermore, in the presence of an external field the degeneracy of the quantum number
M, the projection of the rotational angular momentum on the field axis, is lifted and
each rotational state splits into 2J + 1 states with M = —J,..., J. For the case of an
electrostatic field, as used in this thesis, states with —M and +M are still degenerate, i.e.,
states are split with [M|. This splitting means that for the case of the dipeptide considered
above 89726 distinct states exist in the range J = 0 — 50 in the presence of an electric

field. [48, 49, 54, 55]

2.2 Supersonic Molecular Beams

Due to the large number of rotational states that become populated with increasing
temperature, the efficient cooling of molecules in the gas-phase is highly desirable to

simplify molecular spectra and to enable conformer separation utilising the Stark effect.
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2.2. SUPERSONIC MOLECULAR BEAMS

One way to achieve this is using supersonic molecular beams. A molecular beam is
produced with a gas reservoir held at a certain pressure, usually several bar, which has an
orifice larger than the mean free path of the molecules in the gas reservoir. On the outside
of the reservoir is high vacuum, typically below 10~® mbar. The molecules now expand
from the reservoir into the high vacuum region. As they fly through the orifice, and in a
short distance behind the orifice, they collide with each other, transferring the internal

energy of the molecules to kinetic energy, as shown in Figure 2.4. [49, 56-58|

P~ 10% mbar

P ~ 6 bar P ~10° mbar

Molecular beam seeded
in Argon

Thermal velocity
distribution

0 500 1000 1500”
Velocity (m/s)

Figure 2.4: Sketch of a supersonic expansion molecular beam source. Molecules, typically

mixed with a noble seed gas, expand from a high-pressure reservoir into vacuum. In the

vicinity around the orifice the molecules internal energy is converted into directed forward

motion, forming a fast molecular beam with a high velocity but narrow velocity spread.

Additionally the thermal velocity distribution inside the reservoir before the expansion

and of a molecular beam seeded in argon is shown.

The random thermal motion in the reservoir is thus converted to directed forward motion
in the molecular beam. The translational temperature is defined by the width of the
velocity distribution of the molecular beam and not by its total velocity. Due to the

collisions in the molecular beam the velocity distribution of the molecules in the molecular
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beam is narrow, i.e., all molecules are travelling with the same velocity, and typically
corresponds to translational temperatures of <1 K [56]. Due to the inelastic collisions
during the expansion the internal degrees of freedom are also cooled, i.e., the vibrational
and rotational temperature decreases. The achievable rotational temperature of the beam
is close to the translational temperature, but the vibrations of the molecules are cooled
less efficient and thus the achievable vibrational temperature is typically <15 K [23] in
laser desorption. A colder temperature for the vibrations and rotations means that fewer
states are populated, which leads to simpler spectroscopic spectra, reduces the Doppler
broadening of the spectral lines and in our case the colder rotational temperature leads to
better conformer separation in space. How cold a molecular beam can be is limited by
the cluster formation of the cooled molecule [59]. To shift this limitation towards colder
molecular beams the molecules can be mixed with a noble gas, which reduces the cluster
formation. [49, 56-58]. In this work pulsed molecular beams with a repetition rate of 20 Hz

are used, with helium or argon as seed gas.

2.3 Electrostatic Deflection

Controlling neutral molecules in the gas-phase, such as the separation of different confor-
mations in space, requires a ‘handle’ on these molecules. One possibility is the use of the
distinct molecular dipole moments which can interact with external fields [13]. In this
work the separation of molecular conformers is performed using the Stark effect, which is
the interaction of a molecular dipole moment with an external electric field.

First the classical behaviour of a molecular dipole in an inhomogeneous electric field is
considered and shown in Figure 2.5. A force acts on the molecule with the permanent
dipole and it will orient in the field. But the forces pulling the molecule towards the
electrodes cancel out and thus the molecule is moving to neither of the electrodes. However,
due to the curvature of the electric field lines in an inhomogeneous field the forces acting
on the molecule do not cancel out fully and there is a net force which is dragging the
molecule towards the stronger fields. The classical dipole is a so called ‘strong-field-seeker’

and will always move towards higher field strengths.
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2.3. ELECTROSTATIC DEFLECTION

Figure 2.5: A classical picture of the forces acting on a molecular dipole in an inhomoge-

neous electric field.

This is a simple classical picture and in reality molecules exhibit a quantum-state specific
behaviour, for example there are also states which are weak field seekers for which there is
no classical equivalent. However, large molecules in strong fields approach the classical
limit and are strong-field-seekers, much like the classical picture.

In quantum mechanics the Stark interaction for rigid-rotor molecules can be described by
only considering the rotational degrees of freedom of a molecule. We describe the overall
rotational Hamiltonian as the sum of the rigid-rotor Hamiltonian, H,.;, and the Stark

Hamiltonian, Hggak, leading to: [54]:

H= Hrot + Hrot

Where H,; can be described, using the total rotational angular momentum operator J

around the principal axes a, b and ¢, as [54]:

H,.. = h(AJ2 + BJ; + CJ2)
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For an asymmetric rotor molecule this equation cannot generally be solved analytically. To
solve these issue a numerical calculation is performed using symmetric top wave functions
to obtain asymmetric top eigenfunctions.

The Stark interaction Hgq,p is predominantly determined by the interaction of the electric

field € with the dipole moment i and given by [54]:

Hgparx = —¢€ Z He®z,

g:x’yVZ

where x,y, z represent a molecule-fixed coordinate system, p, represents the dipole moment
components along the molecule-fixed axes x,y, z and ¢z, are the direction cosines of the
molecular axes with reference to the space-fixed X,Y, Z-axes, with Z being oriented along
the electric field direction. The influence of higher order effects is very minor and is thus
neglected.

To solve the Hamiltonian H for the rotation including the Stark interaction, it is transformed
to a symmetrised matrix using the Wang transformation, diagonalised for different field
strength to obtain the eigenstates and afterwards interpolated between the calculated
energies. [54]

The Stark effect for molecules can be calculated as outlined above using the freely available
CMIstark package [54], developed and maintained by our group. Two examples of Stark
calculations are shown in Figure 2.6 for the linear rotor OCS (a) and the asymmetric rotor
indole (b).

The left side of Figure 2.6 shows the dependence of the Stark energy Wsia given as

Wetark = —fi - € = —pe{cos 0) = — piege

on the applied electric field, €. here (i is the permanent dipole moment, € is the applied
electric field, and 6 the angle between the two vectors. Quantum mechanically, (cos ) acts

as a mixing operator and couples rotational states with equal M but J + 1, resulting in the
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Figure 2.6: The energy shift W and the effective dipole moment p.g in dependence of
the electric field € for the linear rotor OCS (a) and the asymmetric rotor indole (b). The
J =0 — 2 states are plotted with the corresponding M = 0 (black), 1 (blue) and 2 (red)
states. Figure adapted from [29]

formation of so-called pendular states. Since the expectation value (cosf) is quantum-state

dependent, so is the effective dipole moment, p.g, the dipole moment projected on the

field axis.

On the right side of Figure 2.6 the dependence of the effective dipole moment, pg on the

applied electric field is shown. The effective dipole moment is defined as the first derivative
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of the Stark shift with respect to the field and is given as [29]

ow
Meff(ﬁ) = T o

In the absence of external fields, all M states of a molecule, i.e., the projection of the
angular momentum onto the field axis, are degenerate. This leads to a spherical angular
probability density and hence (cos ) = 0. Therefore there is no effective dipole moment in
field-free space.

The presence of an electric field removes this degeneracy of M states. For relatively weak
fields, for example as commonly used in Stark spectroscopy, the Stark interaction can be
treated perturbatively and approximate analytical expressions derived [48]. This is not the
case for the strong fields used in this thesis, where the Stark effect mixes, or hybridizes,
different wave functions leading to (cos#) # 0. Therefore, in dependence of the strengths
of the inhomogeneous electric field molecules will feel a force and move. The force acting

on the molecule is given by [29]

F: —ﬁW = —eff * 66

Therefore, using appropriate inhomogeneous electric fields allows us to manipulate molecules
in space, such as spatially separating different conformers. [29]

In Figure 2.6 the J = 0 — 2 rotational states are shown. On the left side of the plot the
field-free states, i.e., ¢ = 0 are shown. For the linear rotor OCS this means a single energy
level for each given J. Increasing the electric field splits up the J states according to
the projection quantum number M. The different M states are indicated with different
colours, were M = 0 is black, M = 41 is blue and M = 42 is red. It is clearly visible that
the energies for the rotational states shift considerably in the electric field, which cannot
be considered a small perturbation any more. In the case of OCS there are some states
which, over the range of field strengths, lower their energy at higher field strength, which

means they are so-called strong-field-seekers. Therefore, these molecules will move towards
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stronger field strength in an inhomogeneous electric field. Conversely, some states have
higher energies in the stronger electric fields making them weak-field-seekers. [29]

For the case of the asymmetric rotor indole the Stark curves become much more complicated,
due to the much higher density of states, as shown in Figure 2.6 b. Here again the states
with J =0 — 2 and M = 0 — 2 are shown. Due to the much higher density of states in
larger asymmetric rotor molecules, the separation of single quantum states is not feasible
any more. However, different conformer structures, possessing differing permanent dipole

moments, can still be separated. [29, 54]
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Figure 2.7: Stark calculations for the two conformers of the dipeptide Ac-Phe-Cys-NH,
for the J = 0 —4 states. The different conformers are shown in red and blue, while different

opacities indicate the corresponding J state.

In the following Stark plots in this thesis the different conformers are therefore coloured
differently. The different J states are indicated by a different opacity and the different
M states are shown in the same colour and opacity as the J state they originated from,
as depicted in Figure 2.7, for the two conformers of Ac-Phe-Cys-NH, (see chapter 4 and
chapter 5 for more details). Even though it is not possible to distinguish every quantum
state, a clearly different behaviour for the two conformers depicted in red and blue is
visible and they can thus be separated. Additionally it is evident that the lower lying

rotational states, shown with higher opacity, experience a larger influence of the electric
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field than the higher rotational states.

28



3 Experimental Setup

In this work a new laser desorption source was designed, set up and characterised. Several
important requirements had to be fulfilled with the new design. These requirements are
given in the first part of this chapter. Additionally, the experimental setup and the sample

bar preparation is described in detail.

3.1 Laser Desorption Source Design —

Considerations

Our laser desorption source needed to fulfil different requirements than previous designs,
because we want to perform diffraction experiments. As this is a non-species-specific
technique it is sensitive to all contaminants in the beam. Therefore, a cold molecular beam
of identical molecules intersecting the x-ray beam is needed. In this section the design,
functions, and characteristics of our new source are described in detail. Furthermore, some
background information for the considerations taken into account for the design of the

source are given.

3.1.1 Source Mobility

For diffraction experiments at free-electron lasers, the molecular beam needs to be fully
translatable in the zyz-direction, because the x-ray beam cannot be moved easily, hence

the molecular beam needs to be adjusted to the x-ray beam. Additionally if conformers
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are spatially separated they are at different positions in the molecular beam and need to
be adjusted to the x-ray beam, accordingly. To ensure this adjustment the complete laser
desorption source was fixed on a rod connected to a 3D-manipulator and is, therefore,
moveable in zyz from outside vacuum. Furthermore, the desorption laser was coupled into
a fibre, which was fed into vacuum and connected to a collimator fixed at the source. Thus
the desorption laser and the source move together and no more adjustment of the laser is

needed for new source positions.

3.1.2 Sample Bar Height

The sample bar was adjusted approximately 200 pm in front of the molecular beam valve
and is partially blocking the exit of the valve. The molecules desorbed from the sample
bar are picked up by the expansion of a noble gas from the valve and transported through
the chamber, forming a molecular beam. So the height of the sample bar with respect to
the valve is a crucial parameter to achieve stable signal. Hence a straight sample bar and
not a rod or pellet is used. The sample bar was ground after each use, see section 3.4,
to ensure it had the same height everywhere. Since the height is so crucial and needs to
be optimised on signal during the measurement, the movement of the sample bar in the

z-direction is motorised.

3.1.3 Sample Bar Replenishment

As molecules on the sample bar are vaporised after interaction with the desorption laser,
the molecules need to be replenished continuously to continue the measurement. A long
sample bar was build, which was continuously moved to ensure fresh molecules were
desorbed for each laser spot. For a slow and steady movement of the sample bar the

y-direction is also motorised.
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3.1.4 Sample Bar Exchange

Since the sample bar is moved during the whole measurement in the y-direction, it
eventually needs to be exchanged with a fresh one. To minimise the number of exchanges
the sample bar should be as long as possible considering the travelling distance and size
of the vacuum chamber. This led to a 80 mm long sample bar. Furthermore, sample
bar exchange should be as fast as possible, as no data can be recorded during this time.
Therefore, a load-lock system was build, which allows a faster sample bar exchange into
and out of vacuum. The load-lock is a small chamber connected to the source chamber.
Thus only the small load-lock chamber needs to be vented, ensuring the required vacuum

conditions in the molecular beam machine shortly after exchange.

3.1.5 Cold Beam

To separate different conformers in a molecular beam requires a low rotational temperature,
typically of a few Kelvin [29]. Additionally, for diffraction experiments a molecular beam
with high density is desirable to enable a measurement in a realistic time. For measurements
at the Linac Coherent Light Source (LCLS) it has been demonstrated that a density of
approximately 10® cm™ is sufficient [6, 60]. To achieve a cold and dense molecular beam
of a biomolecule a pulsed valve was mounted behind the sample bar. The supersonic
expansion of a noble gas from this molecular beam valve entrains the laser desorbed
biomolecules and cools them down. We use a piezo electric valve with a conical shaped

front plate, which has been shown to provide colder and denser beams [61].

3.1.6 Desorption Laser

Since the desorption laser should be mainly absorbed by the graphite and not by the
biomolecule of interest, the wavelength should be chosen accordingly. The combination
of a Nd:YAG laser at the fundamental wavelength of 1064 nm with a sample-graphite
mixture has proven to be functional before [62]. Additionally, the shot-to-shot fluctuations

should be as low as possible to ensure signal stability, which makes a diode-pumped laser
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more suitable. The repetition rate is strongly coupled to the sample bar length and thus
the measurement time for one sample bar, we have used 20 Hz as a good compromise and

because this fits to existing laser systems.

3.2 New Source Design - Technical Realisation

An overview of the entire new source assembly is shown in Figure 3.1. For better visibility
and understanding, the laser desorption source is split up in five sub-assemblies: the sample
bar assembly, the supersonic expansion valve, the laser fibre coupling, the mechanical
hinge, and the load-lock and sample bar exchange mechanism, which are described in the

following sections.

Figure 3.1: Complete design of the new laser desorption source. At the following explosion
images the functions are described in detail. This setup is always shown at the top right

corner, with the exploded detail highlighted in red.
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3.2.1 Sample Bar Assembly

X
L
Z

Figure 3.2: The sample bar assembly consisting of the sample bar unit (a), a SmarAct

translation stage (b), the bronze angle movement piece (c) and the platform with gear and

spiral (d). Additionally a cross section of the graphite for the sample bar (a’) is shown.

The sample bar assembly consists of four parts, shown in Figure 3.2, and was mounted in
front of the valve. The sample bar unit itself (a) also consists of four parts. A graphite
sample bar made from POCO EDMI1 graphite, a really fine and hard type of graphite,
that was previously used for laser desorption [63]. The cross sectional area of the sample
bar is shown in Figure 3.2 a’. On the left side the valve is placed, with the sample bar
blocking the orifice at approximately the centre. The sample is deposited on top on a
1.2 mm wide channel. From the top downwards the sample bar broadens with an angle of
20°, as indicated in Figure 3.2 a’. This chamfered shape of the sample bar is designed
to minimise disturbance of the supersonic expansion from the valve [63]. On the lower
left side the sample bar was fixed to an aluminium angle, such that the two are flush

at the left side. This allows adjustment of the sample bar unit very close to the valve,
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to approximately two hundred micrometer, which ensures more efficient cooling of the
desorbed molecular plume. The aluminium angle itself was fixed on a bronce rail. For fast
and easy exchange a bayonet catch was mounted on the aluminium angle.

The second part of the sample bar assembly is a SmarAct translation stage (SLC-24120-
S-HV), Figure 3.2 b, which provides motorised movement in the y-direction. On the
SmarAct stage a rail was mounted, fitting to the rail on the sample bar unit, allowing
removal of the sample bar in the y-direction.

The SmarAct stage itself was mounted on a bronze piece, which permits an angle movement
in the YZ-plane, Figure 3.2 ¢. This movement allows one to adjust the sample bar parallel
to the valve front plate, to ensure constant distance between the valve and sample bar
during y-translation.

The last part of the sample bar assembly is a platform, Figure 3.2 d, which all parts
were mounted onto. It furthermore contains a gear connected to an Owis stepper motor
(SM.255.V6), Figure 3.7 d, which allows motion of the entire platform in the z-direction,
thereby adjusting the height of the desorbed molecular plume relative to the expanding
noble gas and influencing the cooling and entrainment in the molecular beam. One turn of

the motor equates to 0.2 mm linear movement of the platform.

3.2.2 Supersonic Expansion Valve

The valve used is an Amsterdam Cantilever Piezo valve [64], Figure 3.3 ¢, with a 300 pm
orifice followed by a conical shaped front plate with a conical opening of 4 mm diameter
and 40° opening angle. The valve was fixed with a bronze clamping ring, Figure 3.3
b, to a holder, which was mounted with three rods, Figure 3.3 a, to the front plate of
the mechanical hinge, Figure 3.7 c. On the two upper rods the laser fibre coupling unit
was fixed. Additionally, the holder has been designed such that the valve can be quickly
exchanged for an Even-Lavie valve, as shown in Figure 3.3 d, which produces colder

supersonic expansion beams [65].
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Figure 3.3: Supersonic expansion valve assembly. A piezo valve (c) is held by a bronze
clamping ring (b) in a holder with three rods (a). Alternatively, an Even-Lavie valve (d)

can be mounted onto the same three rods.

3.2.3 Laser Fibre Coupling

Figure 3.4: The fibre feedthrough with the SwageLock CF40 flange (a), the PTFE plug
(b), the SwageLock nut (c¢) and the optical fibre (d).

The desorption laser is a nanosecond Nd:YAG laser (Innolas, DPPS10) operating at 20 Hz.
The power was reduced to less than 1 mJ/pulse, as required for laser desorption, and the
laser was coupled into a 400 pm (CeramOptec WF 400/440P) fibre. The fibre is transferred
into vacuum with a custom made feedthrough, Figure 3.4 [66]. This consists of a SwageLock

nut, a custom made PTFE plug and a CF40 flange containing a corresponding SwageLock
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connection. This fibre feedthrough allowed us to reach pressures below 5 x 10~% mbar.

Laser desorption requires a laser beam loosely focused to a diameter of around 1 mm,
nearly matching the width of the sample bar. This was achieved by first collimating the
output from the fibre with two lenses (NA = 0.25, f = 36.6 mm, Thorlabs) and afterwards
focusing with an aspherical lens (NA = 0.4, f = 31.25 mm, Edmund Optics, 49115). This

collimator assembly is shown in Figure 3.5.

< SMA plug

«
V|

g |
< Collimation lenses, NA = 0.25, f= 36.6 mm
< Aspherical focus lens, NA = 0.4, f=31.25 mm
Figure 3.5: A cross-section of the fibre collimator and used optics.

The fibre collimator was fixed on a Y’Z’-translational stage, Figure 3.6 ¢, such that the
desorption laser spot can be adjusted to the centre of the noble gas expansion and the
sample bar channel. This is important to optimise entrainment of desorbed molecules in
the supersonic gas expansion. The desorption laser focus can be manually adjusted by
moving the fibre collimator in the z’-direction as shown in Figure 3.6.

The laser fibre collimator assembly was fixed to a plate with curved rails at either side. The
angle of the desorption laser shooting on the sample bar can be varied in the X’Y’-plane
by manual movement along the curved rails. As the laser cone emitted from the collimator
is very broad, the angle needs to be adjusted, such that the laser is not hitting the valve.
The complete laser fibre coupling unit was fixed to two of the rods holding the valve,
Figure 3.3 a, and can be translated along them in the z-direction, providing an approximate

adjustment of the desorption laser to the centre of the sample bar.
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Figure 3.6: Explosion image of the laser fibre coupling unit containing a device to install
the fibre (a), a plate with a spiral and gear (b), a Y’Z’-translational stage with a thread
on top (c), a fibre collimator (d) and a holder for the fibre coupling (e). The coordinate
system X'Y’Z’ is rotated with respect to the coordinate system XYZ used before.

3.2.4 Mechanical Hinge

The entire laser desorption source was fixed to a rod, see Figure 3.1, which can be moved in
the xyz-direction with a 3-axis linear manipulator. On this rod three plates, Figure 3.7 a - c,
were mounted, which allow an angle movement of the source in the XZ and YZ-planes.
The complete laser desorption source can thus be adjusted in 5 axis, without changing
any alignment of the source itself so that it can be aligned to the x-ray beam in future

measurements.

The sample bar assembly was mounted on the third plate using a retainer, Figure 3.7 e. The
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Figure 3.7: The mechanical hinge consists of three plates (a,b,c), which can be moved
with respect to each other, an Owis stepper motor (d) and a holding construction for the

sample bar assembly (e).

use of elongated holes allows the sample bar assembly some play in the z-direction, giving
the possibility to align the sample bar as close as possible to the molecular beam valve.
This is important to ensure optimal cooling by entrainment of the desorbed molecules in

the densest part of the molecular beam.

3.2.5 Load-lock and Sample Bar Exchange

The load-lock chamber is attached to the source chamber and is separated from it by a
mechanical gate valve, as shown in Figure 3.8. This allows a fast sample bar exchange
by using a transfer-rod with a bayonet catch which can be engaged to the corresponding
part of the sample bar. The sample bar can thus be transferred in the load-lock, which
is then isolated from the source chamber, vented, and the sample bar is exchanged. The

turn-around time for a sample bar exchange is around 15 min.
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Figure 3.8: Laser desorption source during sample bar exchange, shown from the front.
The gate valve is opened and the sample bar unit is shown already connected to the

transfer-rod with the bayonet catch and is pulled out of the rail on the SmarAct stage.

3.3 Integration in the Molecular Beam Setup

The overall molecular beam setup consists of three differentially pumped vacuum chambers;
a source chamber containing the laser desorption source and a 2 mm skimmer (Beam
Dynamics, Model 50.8) mounted 75.1 mm downstream the laser desorption source. Through
the skimmer the molecular beam enters the differentially pumped deflection chamber.
After a second skimmer of 1 mm diameter (Beam Dynamics, Model 2) the molecular beam
enters the 15 cm long deflector [29]. Then the third and last skimmer (Beam Dynamics,
1.5 mm diameter, Model 2) is reached, which separates the differentially pumped deflection
and detection chambers. In the detection chamber the molecules are ionised via either
strong-field ionisation induced by a 35-fs laser system or via resonance-enhanced multi-
photon ionisation using ultraviolet light from a dye laser system. The produced positively
charged ions are accelerated to the detector by the electric field of the velocity-map imaging
electrodes [67, 68]. The current produced by the impact of the ion on the micro-channel

plate is detected as a function of the ion time-of-flight, which yields the mass spectrum of
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LD source

Deflector . .
REMPI laser Interaction region \‘

ion detector

Figure 3.9: Sketch of the complete experimental molecular beam setup. Shown inset is a

cross-section of the electrostatic deflector showing typical field strengths inside.

the ionised species.

The electrostatic deflector consists of two electrodes commonly referred to as trough and
rod, between them is a 1.4 mm channel for the molecular beam to pass through. A voltage
up to 15 kV is applied to the rod while the trough is at ground potential. The resulting
strong inhomogeneous static electric field is illustrated in Figure 3.9 [13]. The molecular
beam travels through this electric field and the trajectories of molecules are influenced in

dependence of their effective dipole moment-to-mass ratio [29].

To record deflection profiles of the molecular beam, the ionisation laser is scanned in
z-direction and at each position a time-of-flight mass spectrum is recorded. From these
measurements the relative molecular beam density in the z-direction is obtained for all

ions in the mass spectrum.
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3.4 Sample Preparation

Here, we detail the sample preparation of fresh solid samples onto the sample bar. Therefore,
old sample needs to be removed, the surface needs to be roughened and new sample needs
to be rubbed on. For the roughening of the surface the tool shown in Figure 3.10 was
used, to ensure the sample bar has the same height across its entire length of 80 mm.
Additionally, all sample bars prepared with the same settings of the tool have identical
height. This means that the height of the sample bar does not need to be realigned upon

-l

—

change.

|

'
-

Figure 3.10: Cross-section of the sample bar grinding tool. The sand paper is emphasized
in red. Right and left are rails so that the sand paper can easily be moved back and forth
along the 80 mm of the sample bar. With the big black adjustment screw on top the

height of the sand paper can be adjusted.

Afterwards the molecular sample needs to be prepared and rubbed on the sample bar, as
shown in Figure 3.11. The molecular sample was mixed with graphite powder with the
concentration of ~ 1:1 graphite : sample by volume, the mixture was ground in a mortar,

placed on a weighing paper along a line, and the sample bar was pressed and rubbed with
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gentle force into the mixture, until a thin layer of sample sticks to the sample bar, as

shown in Figure 3.12.

Figure 3.11: Preparation of a sample bar. First, the sample and graphite were taken in
the same amount by volume and placed in the mortar (a), afterwards sample was mixed
and ground together (b), then the mixture was placed in a line on a weighing paper (c),
finally the sample bar was turned up side down and rubbed into the sample (d,e) until the

sample stuck in an even and thin layer on the sample bar.

Figure 3.12: A microscope image of the thin sample layer on the sample bar. On picture

(a) not the entire sample bar is covered with sample. The edge of the sample is marked

with red arrows.

A thin and even sample layer is important for signal stability from the laser desorption
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source. A thick sample layer tends to stick better to itself than to the sample bar. This leads
to large pieces of sample dropping off during laser desorption measurements. Additionally,
experience showed that more graphite in the mixture made the sample stick better, as did

a finer ground sample.
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4 Characterising and Optimising a

Laser-Desorption Molecular Beam

Source!

4.1 Introduction

Laser desorption (LD) is a widely used technique to vaporise non-volatile organic molecules
for gas-phase studies. The concept of laser desorption is a rapid heating of the sample to be
vaporised, at around 10'9-10'2 K /s, such that a fraction of molecules desorb intact instead
of fragmenting [17, 21]. Later studies combined laser desorption with pulsed molecular
beams to directly cool the desorbed molecules, enabling the investigation of intact neutral
molecules in the gas-phase at low vibrational temperatures [22-25]. The main advantage
of laser desorption over other vaporisation techniques, such as thermal vaporisation, is
the ability to introduce intact thermally labile organic molecules, including peptides and
proteins, into a cold molecular beam. This has been demonstrated, e. g., for a pentapeptide
(Ser-Ile-Val-Ser-Phe-NHy) [27] or the delta sleep inducing nonapeptide [26].

A first detailed characterisation of a laser desorption source coupled to a molecular beam

IThis chapter is based on the publication Characterizing and optimizing a laser desorption molecular
beam source, N. Teschmit, K. Dhugotecki, D. Gusa, I. Rubinsky, D. A. Horke, J. Kiipper, Journal of
Chemical Physics 147, 144204 (2017)

I was conducting the experiments, the data analysis and wrote the paper under the supervision of D.

Horke and J. Kiipper.
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(MB) valve was conducted nearly 30 years ago. Using anthracene, diphenylamine, and pery-
lene, combined with resonance-enhanced multi-photon ionisation (REMPI) spectroscopy,
approximate vibrational temperatures of <15 K and rotational temperatures of 5-10 K
were determined [23]. This demonstrated the ability of laser desorbed molecular beams to
gently vaporise large, thermally labile molecules and to efficiently cool them. Since then
various spectroscopic techniques have been combined with laser desorption molecular beam
sources and recent experiments have included resonance-enhanced multi-photon ionisation
studies [24], (far) infrared (IR)-ultraviolet (UV) double resonance techniques [28], IR multi-

photon dissociation [69], and zero-kinetic-energy-photoelectron (ZEKE) spectroscopy [70].

In recent years, x-ray free-electron lasers (XFELs) have emerged as powerful tools for struc-
ture determination of gas-phase systems, with the potential to achieve atomic-resolution
structures with femtosecond temporal resolution, recording so-called molecular movies [2].
The ultrashort pulse duration available at XFELs enables the recording of a diffraction
pattern from a molecule prior to destruction by the high intensity of the x-ray pulses [4].
This diffraction-before-destruction paradigm, albeit still discussed [7, 8, 71], has recently
also been demonstrated for isolated gas-phase molecules [6, 60, 72]. Similar to the time-
resolved nuclear dynamics that can be recorded at XFEL sources, modern laboratory
based attosecond light sources allow the measurement of real-time electron dynamics in

isolated molecules [73].

These experiments, however, are themselves inherently not species specific, i.e., all
molecules within the interaction region will be probed. Therefore, combination of laser
desorption with XFEL and attosecond experiments requires a pure molecular sample in
the gas-phase. Furthermore, to be compatible with central facility light sources, the laser
desorption source needs to be translatable in three axes to adjust the molecular beam to
the fixed XFEL beam. Additionally, the continuous measurement time should be as long

as possible and the sample quickly exchangeable.

Here, we detail the characterisation, and optimisation of our novel laser desorption molecular
beam source design, constructed to be compatible with central facilities, such as XFELs or

attoscience centers. Using the dipeptide Ac-Phe-Cys-NH; as a prototypical labile biological
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molecule, which has first been laser desorbed and studied by the Rijs group [62, 74|, we
characterise the created beam using strong-field ionisation with a femtosecond laser pulse.
This allows us to monitor all species present in the interaction region, including the carrier
gas of the supersonic expansion. We show the optimisation of experimental parameters to
reduce fragmentation, to improve cooling of desorbed molecules and, thereby, to maximise
the phase-space density of intact parent molecules in the interaction region. The created
molecular beams are well-suited to further manipulation and purification, e.g., using
electrostatic deflection techniques [29], an important step towards recording temporally

and spatially resolved nuclear and electronic dynamics of isolated biomolecules.

4.2 Experimental Setup

The mechanical design and construction of this laser desorption source is based on compat-
ibility with large-scale-facility-based photon sources. The laser desorption source consists
of a single central mechanical unit containing all necessary parts (molecular beam valve,
sample bar with motors, and desorption laser optics). It is mounted on a three axis
manipulator on a single flange for independent motion in the source chamber, which is
pumped with a turbo molecular pump (Pfeiffer Vacuum HiPace 700P) to operating pres-
sures typically around 10™° mbar. It contains a cantilever piezo valve [64] operated at 6 bar
backing pressure of argon. The valve has a 300 pm orifice, followed by a conical opening
of 4 mm length and 40° opening angle. Conical nozzle shapes are well known to produce
molecular beams with more efficient translational cooling and greater directionality, and
hence densities, than simple pinhole sources [61]. A graphite (Poco EDM-1) sample bar
(80 mm long, sample channel width 1.2 mm) is placed approximately 200 pm in front
of the valve, see Figure 5.2. The sample bar height (y axis) can be translated using an
in-vacuum two-phase stepper motor (Owis SM.255.V6). To replenish the molecular sample,
the sample bar can be moved along the z-direction using an in-vacuum linear piezo-stage
(SmarAct SLC-24120-S-HV), typically operated at 0.02 mm/s. This results in measurement
times of around 70 min per sample bar. For longer measurement periods the sample bar

can be quickly exchanged with a load-lock system, pumped by a Pfeiffer Vacuum HiCube
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Figure 4.1: (a) Experimental setup for characterising a laser desorption source. The source
chamber contains the laser desorption source and and is separated from the detection
chamber by a 2 mm conical skimmer. The detection chamber houses a velocity-map
imaging setup and micro-channel plate detector. (b) Experimental timing diagram. The
master trigger is given by the ionisation laser, a kHz-repetition-rate femtosecond-pulse
laser system that cannot trivially be externally triggered, and the molecular beam valve is
triggered relative to this with delay ... The desorption laser trigger is defined relative
to the valve with delay tqesorption, While the energy of the desorption laser can be changed

by modifying the Q-switch timing fepergy-

80 Eco pumpstand (typical turn-around time 10 minutes). The entire molecule source
(valve, sample-bar holder with motors, and desorption-laser optics) is placed on a three axis
manipulator and can furthermore be adjusted for tip and tilt angle, allowing independent
five-axes motion of the device within the vacuum chamber, as required for experiments at
XFEL facilities. It is generally useful for operation of the source in molecular-beam setups
were accurate alignment of the source is crucial, e. g., multi-skimmer setups or electrostatic

manipulation devices [29, 75].

Molecules on the sample bar are desorbed by pulses from a fiber-coupled, diode-pumped

Nd:YAG laser at 1064 nm (Innolas Spitlight Compact DPSS10), operating at 20 Hz with
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a pulse duration (full width at half maximum) of 9 ns and pulse energy up to 0.8 mJ.
This is coupled into a multimode fiber (CeramOptec WF 400/440P) with core diameter
400 pm and numerical aperture of 0.22. The fiber is coupled into the vacuum chamber
with a custom-made Swagelock connection and polytetrafluoroethylene (PTFE) plug [66].
Inside the chamber the fiber is out-coupled with a custom made vacuum compatible fiber
collimator and the laser beam is focused to a spot size of approximately 0.6 mm on the
sample bar. Custom mounting of the collimator allows variation of the laser spot size on
the sample, as well as translation of the laser beam along the x and z axes, and tilting in

the yz plane.

Following desorption, molecules are picked up by the supersonic argon jet from the valve
and rapidly cooled down. The resulting molecular beam is skimmed with a 2 mm diameter
skimmer (Beam Dynamics Inc. Model 50.8), located approximately 5 cm downstream the
valve. Following the skimmer the molecular beam enters the differentially pumped (Pfeiffer
Vacuum HiPace 2300) detection chamber, maintained at pressures around 3 x 10~7 mbar.
The detection chamber contains a velocity-map imaging (VMI) setup with a classic Eppink
and Parker 3-plate design [68]. The distance from the molecular beam valve to the
interaction point is around 45 cm. For the results presented here, the VMI setup was

operated as a time-of-flight mass spectrometer, with typical mass resolution m/Am = 100.

The molecular beam is probed via strong-field ionisation using a femtosecond Ti:Sapphire
laser system (Spectra Physics Spitfire Ace) with a central wavelength of 800 nm, a pulse
duration of 40 fs and pulse energies up to 300 uJ. It is focused into the vacuum chamber
with a f = 800 mm lens to a spotsize (FWHM) of 80 pm in the interaction region between
the VMI electrodes.

The timing scheme for our experimental setup is shown in Figure 5.2. The femtosecond
ionisation laser is used as the master trigger in the experiment. Its native repetition rate
of 1 kHz is electronically reduced to provide a trigger signal at 20 Hz. The molecular
beam valve trigger is defined, relative to this fs-laser trigger, by the delay ¢, ... This
delay defines which (longitudinal) part of the molecular beam we are probing with the

ionisation laser. The desorption laser is now triggered relative to the valve trigger and
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Figure 4.2: Time-of-flight mass spectrum of laser desorbed Ac-Phe-Cys-NH, following
strong-field ionisation. Peaks resulting from carbon or carbon clusters are labeled with
x. 1 corresponds to the parent ion, and 2—6 to molecular fragments. A small signal from
Ac-Phe-Cys-NH, dimer is also observed, 7. Grey shading marks the peak from argon
carrier gas, which appears much smaller than molecular fragments due to the much higher

ionisation potential.

defined by the delay fgesorption, Which controls where within the gas pulse the desorbed
molecules are placed. This setup enables us to change tyave Without changing fgesorption-
We note that the timing values given should be seen as relative, not absolute values, as
they are susceptible to electronic delays within the valve and laser controls used.

The velocity of the molecular beam is measured by recording the temporal profile of the
beam, i.e., scanning ..y, for different longitudinal positions of the valve, i.e., its distance
from the first skimmer. We then evaluate the beam velocity from the temporal shift in the
peak of the parent ion for different valve positions to be approximately 670 m/s.

The dipeptide Ac-Phe-Cys-NH, ( 95% purity, antibodies-online GmbH) is used in this
study without further purification. The sample powder is mixed with graphite powder
(0.44:1 by weight) and ground with pestle and mortar to a fine powder. The top surface
of the graphite sample bar is roughened with sand paper and pushed into the prepared
sample mixture. Gentle force is used to ensure the mixture sticks to the sample bar and

an even sample layer is formed.
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4.3 Results and Discussion

4.3.1 Molecular fragmentation

A measured time-of-flight mass spectrum of laser desorbed and strong-field ionized
Ac-Phe-Cys-NH, is shown in Figure 4.2. It shows clear signals from parent ions (1
in Figure 4.2), fragment ions (2-6) and parent dimer (7). Furthermore, we observe several
peaks from carbon and carbon clusters consisting of up to 11 atoms (highlighted with an
asterisk in Figure 4.2). These are present due to their direct desorption from the graphite
matrix material within which the sample is embedded, as well as due to the formation of
higher-order carbon clusters within the desorption plasma created by the laser pulse [76].
The molecular fragments originating from the Ac-Phe-Cys-NH, sample identified in the
spectrum are shown in Figure 4.2. Strong-field ionisation is a non-species-selective method
and thus allows the identification of all species present within the molecular beam. This
approach, therefore, allows us to optimize the yield and fraction of intact parent molecules
contained within the molecular beam. For further analysis of the contributing parameters
for laser desorption, we identify four characteristic fragments; the Ac-Phe-Cys-NH, parent
ion (m/z = 309, peak labeled 1), the C;gH3NO fragment ion (m/z = 162, 3), the argon
ion peak (m/z = 40), and the carbon peak (m/z = 12). The particular molecular fragment
(3) is chosen as it provides the largest-intensity clean signal, i.e., it does not overlap with
a carbon cluster fragment.

In order to evaluate the effect of the femtosecond ionisation laser on the observed molecular
fragmentation, we scan the laser pulse energy between 60 pJ and 220 nJ. The observed
integrated ion intensities for the 4 characteristic peaks are shown in Figure 4.3 b. The
solid lines are a power-law fit of the form A x z™ 4 ¢. Additionally, in panel (a) we plot
the ratio of observed parent ions to the selected fragment ions for the probed intensity
region. This nearly constant ratio indicates that the strong-field ionisation process has
little influence on the fragmentation of the parent ion. This is in agreement with previous
studies that indicated that the fragmentation of complex molecules in intense laser fields

is very sensitive to the laser pulse duration, but not the total energy of the pulse [77].
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Figure 4.3: Measured ion intensity for parent Ac-Phe-Cys-NH,, the characteristic frag-
ment at m/z = 162, carbon and argon as a function of ionisation laser pulse energy (a,b)
and desorption laser pulse energy (c,d). Solid lines are power law fits to the data. The
top panels (a,c) show the ratio of parent to fragment ions observed. Throughout the

manuscripts, shown error bars correspond to 1 standard error (std. err.).

Therefore, increasing the ionisation laser intensities leads to larger ion signals, but has
little effect on the fragmentation patterns observed. Hence using strong-field ionisation
with ultrashort laser pulses is a powerful tool for the full characterisation of molecular

beams containing complex molecules and fragments thereof.

To elucidate the effect of the high-power desorption laser on the molecular sample on the
graphite sample bar, we record mass spectra for various desorption laser energies in the
range ~ 350-800 pJ. In Figure 4.3 d, we plot the recorded integrated ion intensities for
the four characteristic masses as a function of desorption laser energy, with solid lines
corresponding to a power law fit to the data. As can be seen from these data, all intensities
increase with increasing laser energy. This includes, somewhat un-intuitively, the argon
seed gas signal observed in the interaction region, which will be discussed later on. The

carbon signal shows the steepest dependence on desorption laser pulse energy, which is
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consistent with the formation of isolated carbon atoms and clusters within a laser-induced
plasma [76]. Figure 4.3 ¢ shows the ratio of parent to fragment signal. A decrease in
the parent-to-fragment ratio is observed as the desorption energy is increased. Thus the
desorption process can cause fragmentation of the sample and the highest fraction of parent
ion within the molecular beam is obtained at the lowest desorption energies, albeit at the
expense of density within the beam. We furthermore note that the actual fractional yield
of parent ions within the molecular beam is significantly smaller than the numerical values
shown in Figure 4.3, since these only take into account a single characteristic fragment.
Additionally, any charged fragments produced during the desorption process will not arrive
in the detection region due to the static fields applied to the time-of-flight electrodes. All
studies below were conducted with around 670 pJ desorption laser pulse energy and 140 nJ

ionisation laser power.

4.3.2 Molecular beam properties

To probe the longitudinal (or temporal) profile of the produced molecular beam, we scan
the timing between the valve trigger and the ionisation laser, t,.ve, see Figure 5.2, probing
different portions of the molecular beam. A typical temporal profile is shown in Figure 4.4
a for the pure argon beam emerging from the valve with (purple) and without (blue) the
graphite sample bar in place. Without the sample bar, we observe a single sharp peak with
a full width at half maximum of ~ 75 ps (corresponding to a speed ratio of ~10), and a
small shoulder at longer times due to the rebounce of the piezo within the valve [64]. When
the sample bar is placed in front of the valve, as shown in the picture inset in Figure 4.4,
the argon gas flow is significantly disturbed. The overall gas-pulse is significantly broader,
the main peak intensity is decreased by a factor of ~3, and more intensity is observed at
later times. We attribute these observations to the disturbance of the argon flow by the
sample bar and possible turbulences in the flow-field within the dead volume behind the
sample bar.

By changing the relative timing of the desorption laser and valve trigger (fdesorption 11

Figure 5.2), we can now place the plume of desorbed molecules at different positions within
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Figure 4.4: Integrated ion intensity as a function of valve delay t. ., i.€., temporal
(longitudinal) profiles of the molecular beam. (a) argon profile with (purple squares)
and without (torquois pentagons) sample bar in front of the valve. The inset shows a
photograph of the sample bar in front of the valve at the optimized position; see text for
details. (b) Temporal profile for APCN parent, characteristic fragment and argon for two

different desorption laser delays, ?desorption-
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the argon beam. Changing this relative timing has significant effects on the observed
intensities of argon, parent, and fragment ions alike, as shown in Figure 4.4 b. We show
temporal molecular beam profiles for argon (diamond markers), fragment 3 (triangles),
and parent ions (circles) at two different time delays fqesorption- The relative timing of the
desorption laser and molecular beam valve significantly affects the intensity of fragment
and parent ions, and the ratio between the two. We attribute this effect to changes in the
cooling efficiency as the hot desorbed molecules are placed within the argon expansion
at different times. An efficient cooling process is required to quench the excess energy
of the desorbed molecules and prevent further fragmentation. Comparing the relative
integrated intensities of parent and fragment signals at the two timings shown in Figure 4.4
b, we observe that the combined intensity is approximately identical at the two time
points, however the ratio between the two differs significantly. This suggests that while
approximately the same density of molecules, including fragments, is present within the
initially desorbed plume, the less efficient cooling in the less-dense front of the gas pulse at
the delay of 40 ps leads to significant fragmentation occurring before or during the argon

gas pulse, i.e., the cooling occurs too late and fragmentation has already taken place.

Further to its influence on the molecular signals the timing of the desorption laser clearly
has an effect on the observed argon signal. An increase in argon signal is observed at the
timing where desorbed molecules (parent or fragments) are present within the beam. We
suspect the observed increase in the argon signal is not due to more argon arriving at the
detector, but due to signals of molecular fragments or carbon clusters overlapping with

the argon mass at 40 u in a very crowded spectrum shown in Figure 4.2.

The dependence of the observed fragmentation on the relative position in the gas pulse
is, furthermore, evident when comparing mass spectra recorded at different tgesorption, as
shown in Figure 4.5. These spectra have been recorded with %, optimized for parent
ion signal and are plotted normalized with respect to the observed parent intensity. This
shows that all molecular fragments are significantly more abundant at fgesorption = 40 118,
indicating a much higher internal temperature of the desorbed molecules, due to the less

efficient cooling, and correspondingly increased fragmentation.
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Figure 4.5: Mass spectrum for the two different desorption laser timings shown in
Figure 4.4 b, red and dark blue are the absolute intensities measured, the light blue trace
has been scaled to the parent ion intensity of the red (fgesorption = 80 1s) trace. A significant

increase in fragment ion yield is observed for t4esorption = 40 1s.

To identify the optimum placement of the desorbed plume within the gas pulse, we have
repeated these measurements for several delay points, shown in Figure 4.6, where the
curve with higher intensity always corresponds to the fragment and the curve with lower
intensity to the parent ion. For better comparison the parent intensity for each ¢gesorption;

as well as the ratio of parent to the characteristic fragment, is shown in Figure 4.7.

For our setup and under the given experimental conditions, we identify a delay of 80 ns as
providing the highest total intensity of parent signal, as well as the best parent-fragment
ratio. This ratio is very sensitive to the relative timings, and changes of 10 ps can change
this ratio by a factor of ~2. This is due to the gas pulse directly after the valve being
significantly shorter (opening time of the piezo is around 25 ps) than in the detection

region located ~0.5 m downstream where the measurements were taken. This is also
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intensity than expected, which could be due to irregularities in sample bar preparation;

see text for details.

reflected by the steep falloff of signal for later desorption laser timings.

As shown above, the sample bar has a large effect on the supersonic expansion and hence
the produced molecular beam. To investigate this further we have taken data for different
heights of the sample bar, shown in Figure 4.8. Here, we recorded the intensity of argon,
carbon, fragment and parent ions for different heights of the sample bar, as well as the
ratio of detected parent to fragment ions. We note that all this data was taken at identical
timing of tyaive = —900 1S and fqesorption = 80 11s and that the height of the sample bar does
change the desorption laser focusing conditions (since the focusing lens is fixed relative to

the valve).

It is evident from this data that the sample bar height changes not only the peak intensity,
but also the parent to fragment ratio, as shown in Figure 4.8 a. The observed intensities
are very sensitive to the height of the sample bar, with parent, fragment and carbon
ions showing maxima at different positions. This sensitivity was used in all previous
measurements to fix the height for each new sample bar measured; it was optimized prior

to taking data to obtain maximum signal from the parent ion. However, we note that due
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Figure 4.8: Measured ion intensity for parent APCN, the characteristic fragment at
m/z = 162, carbon and argon as a function of sample bar height. The top panel shows

the ratio of parent to fragment ions observed.

to the preparation method, slight differences in height can persists even across a single
sample bar?, and affect the measurement and especially the comparability between data
sets. This could be the reason for the large deviation of the data shown for 75 ps in
Figure 4.7. This sensitivity can be explained by a number of contributing factors; (i) the
efficiency with which desorbed molecules are picked up and carried by the argon beam.
Assuming that the slight differences in mass and size between parent and fragments are
negligible given the very large number of collisions with the carrier gas, this should be
comparable for all species within the beam, i.e.; a lower pressure of argon should affect all
species to a comparable extent. (ii) The degree to which the argon expansion is disturbed

by the presence of the sample bar. In Figure 4.4 a we have shown that the sample bar

2The sample preparation tool explained in section 3.4 has been designed after these measurements

were taken and clarified the importance of a more careful sample bar preparation method.
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influences the molecular beam speed and distribution; at the fixed 4. conditions used
here this will change the observed intensities. It has furthermore been shown already that
the sample bar changes the directionality of the molecular beam [78]. (iii) Changes in the
cooling efficiency of desorbed species lead to differences in the parent to fragment ratio
in the beam. (iv) The spotsize of the desorption laser on the sample bar changes with
different sample bar heights and thus the intensity of the laser and the number of molecules
interacting with the laser is influenced. From the collected data we cannot comment on
the relative importance of these different mechanisms, however, since (i) and (ii) should
influence the parent and fragment molecules nearly identically, the observed changes in the
parent to fragment ratio indicate a dependence of the cooling efficiency on the sample-bar
height. The cooling efficiency should be best within the densest part of the molecular
beam, which is on the axis of the 300 pm nozzle orifice. Therefore, a sample bar height
just below this position, i.e., covering slightly less than half the nozzle opening, should
lead to the densest plume of desorbed molecules being entrained in the densest part of
the molecular beam. This simple consideration is consistent with our observations of the
maximum parent signal and parent to fragment ratio occurring at the position labeled
1.3 mm. While we cannot disentangle all the different effects of changing the sample
bar height, it is clear that this, and the associated influence on the supersonic expansion
and molecular beam properties, is a crucial parameter for laser desorption entrainment
of molecules into supersonic expansions. This could be further investigated by either
measuring the gas flow from the nozzle directly, for example through direct visualization of
gas densities [61, 79] or by measuring spatial argon profiles through strong-field ionisation

mass-spectrometry at various distances from the nozzle.

Despite the wide use of laser desorption sources, very few studies have looked into the
fundamental underlying processes. Furthermore, the vastly different source designs in use,
e.g., different desorption laser wavelengths, intensities, pulse durations, different models of
supersonic valves, etc., make comparison to previous studies difficult. While we believe this
is the first study of laser desorption using strong-field ionisation, previous experiments have

utilized electron impact ionisation and have similarly observed a large amount of neutral
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fragments produced by the desorption processes [17]. Our finding that the molecular
packet of desorbed molecules is much shorter than the envelope of the seeding-gas pulse is
also consistent with previous measurements [78]. Lastly, we point out that the use of a
fiber-coupled desorption laser has been demonstrated before [80], albeit without refocusing

inside the vacuum chamber that we have introduced here for greater control.

4.4 Conclusion

We have presented a novel laser desorption setup designed for use in advanced imaging
experiments of ultrafast molecular dynamics and we have carefully characterised and
optimised the laser desorption and molecular-beam-entrainment conditions. The setup
consists of a single central mechanical unit containing all necessary parts (molecular
beam valve, sample bar with motors and desorption laser optics) that is mounted on
an XYZ manipulator on a single flange for independent motion. Furthermore, we have
presented a detailed characterisation of our new laser-desorption source as well as molecular
beams produced using laser desorption in general. By utilizing strong-field ionisation,
we were able to probe all species contained within the beam. Under normal operating
conditions we found that the molecular beam contains, in addition to parent molecules,
significant amounts of molecular fragments, as well as carbon clusters from the desorption
process. We investigated the role of the desorption laser fluence, the relative timing of valve
opening and desorption laser, the sample bar height, and which part of the molecular packet
is probed. While increased desorption laser fluence leads to more molecules contained
within the molecular beam, it was found to induce fragmentation of the sample and leads
to enhanced contamination of the beam with carbon and its clusters. The placement of
the desorbed plume of molecules within the gas pulse from the supersonic expansion has
a profound effect on the cooling efficiency, and thus the fragmentation observed. The
best timing was found to be approximately in the center of the gas pulse, and is quite
sensitive compared to the gas pulse duration in the detection region. The relative height
of the sample bar in front of the valve orifice significantly affects the molecular beam

expansion conditions, and hence the intensity of observed signals, as well as the parent
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to fragment ratio. However, finding the optimum position for the sample bar height is
difficult, due to the number of competing effects taking place, and every sample bar being
unique. Furthermore, parameters might be dependent on the employed molecular-beam
nozzle, and our exact findings are specific to the used conical nozzle shape.

From our detailed investigation we found that the optimal settings for building a laser
desorption source very much depend on the planned experimental scheme. While some
parameters, such as the relative timing of desorption laser and the molecular beam valve,
should always be optimized as shown here, other parameters are not critical. For example
the pulse energy of the desorption laser should be chosen according to the application. For
techniques that are only sensitive to intact parent molecule signal, like resonance-enhanced
multi-photon ionisation, the pulse energy of the desorption laser should be kept high
because this increases the number density of parent molecules in the interaction region.
But for non-species-specific techniques, such as x-ray diffraction, the pulse energy should
be reduced to minimise the contamination with fragments and carbon. However, even at
the lowest desorption energy used here, we still observe a significant amount of molecular
fragments and carbon clusters in the beam. While the former originate to some extent
from the strong-field ionisation probing, the carbon and carbon clusters are certainly in
the beam due to the desorption process. In order to produce a pure beam of intact parent
molecules in the gas-phase, one can consider coupling a laser desorption source with other
species separation techniques for neutral molecules, such as electrostatic deflection or

alternating gradient focusing [12, 29].
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5 Spatially separated conformers of

the dipeptide Ac-Phe-Cys-NH,1

5.1 Introduction

Proteins are the workhorses of biological functionality in living cells and are at the
heart of, for instance, the transport of oxygen, the catalysis of biochemical reactions
and interactions, or the reproduction of cells and replication of DNA. This wide-ranging
functionality is enabled by the unique and specific 3-dimensional (3D) structures of
these systems. While every protein is composed of a sequence of the 20 amino acids
encoded in RNA, the exact sequence and resulting intra-molecular interactions lead to a
specific and unique 3D structure, determining a proteins functionality. Changes in this
3D structure, such as misfolding, can dramatically alter protein function with potentially
wide-ranging consequences, such as neurodegenerative diseases [81-83]. Especially the
strong hydrogen bonding between amino acids within the sequence has a profound effect
on the resulting protein structure [84-87]. In order to study the underlying intra-molecular
and hydrogen-bonding interaction in detail, one often turns to studying isolated small
peptide fragments in the gas-phase [25, 88-91]. However, even single amino acids and

dipeptides often populate several conformational states [62, 87, 92-94], e. g., rotational

IThis chapter is based on the manuscript Spatially separated conformers of a dipeptide, N. Teschmit,
D. A. Horke, J. Kiipper, submitted to Angew. Chem. Int. Ed.
I was conducting the experiments, the data analysis and wrote the paper under the supervision of D.

Horke and J. Kiipper.
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structural isomers, complicating detailed analysis and the extrapolation from small model
data to entire protein complexes. Mapping the structure-function relationship of these
biomolecular machines thus requires reproducible samples in the gas-phase in well-defined
initial states [95-98]. More generally, species- and conformer-pure samples of peptides in
the gas-phase would open the door for novel non-species-specific experimental techniques,
such as atomic-resolution diffractive imaging with x-rays [2, 4-6, 99] or electrons [41, 100],
attosecond-electron-dynamics experiments [73], or kinetic studies of the chemical reactivity
of a single conformer [96]. Such experiments inherently do not distinguish which conformer
was probed, making it very difficult or even impossible to interpret data collected with

more than one conformer present in the interaction volume.

To investigate biomolecules in the gas-phase requires their vaporisation without fragmenta-
tion or ionisation. Laser desorption has been demonstrated as a technique to vaporise such
thermally labile molecules [17, 21], and the combination with supersonic expansion allows
for rapid cooling of the desorbed molecules [21, 23, 28, 101]. However, even in such cold
molecular beams different conformers, which differ by rotations about single bonds, can
coexist. In order to produce a pure beam containing only a single conformer, we combine
laser desorption with electrostatic deflection [29]. This allows the spatial separation of
molecular species based on their distinct interaction with the applied electric field. This so-
called Stark effect is dependent on the quantum-state specific effective dipole moment and
this technique has been demonstrated to spatially separate conformers of small aromatic
molecules [12, 13], and for very small molecules it can even produce single-quantum-state
samples [102-104]. Furthermore, due to the rotational-state-dependence of the Stark
effect [29, 54, 105], deflection allows the creation of very cold (75, < 100 mK) molecular
ensembles. This can significantly improve the degrees of laser alignment and mixed-field
orientation of molecules in space [36] and thus enable ensemble-averaged single-molecule

imaging [2, 10].

Here, we present the first combination of laser desorbed biomolecules with electrostatic
deflection and demonstrate the spatial separation of the two main conformers of the

dipeptide Ac-Phe-Cys-NH,, shown in Figure 5.1 a. These two conformers differ in their
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Figure 5.1: a: The two main conformers of the dipeptide Ac-Phe-Cys-NH, with their
distinct hydrogen-bonding interactions of the cystine sidechain indicated. b: The Stark
energy curves (left) and effective dipole moments (right) for the lowest rotational states of

the two conformers.

hydrogen-bonding interactions and, hence, 3D structure. One conformer, indicated by red
colour throughout this chapter, forms a hydrogen bond from the SH group to the oxygen
on the carboxamide group, while the other conformer, blue colour, forms a hydrogen
bond from the SH to the delocalised 7-system. These two “beautiful molecules” [106] have
been previously identified using vibrational and electronic spectroscopy [62]. 2 In a cold
molecular beam these two conformers cannot interconvert, however, their significantly
different dipole moments of 3.2 D and 8.1 D result in different Stark interactions, see

Figure 5.1 b. This allows for their spatial separation with the electrostatic deflector if a

2A third conformer was detected by the Mons group [74], but with a population so minor that it is

not considered in our study.
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sufficiently cold molecular ensemble can be created [29]. This would, furthermore, also
separate the sample of interest from unwanted fragments or contaminants present in the
beam, such as carbon clusters from the laser desorption process [101]. Compared to the
separation of molecular ions in ion mobility measurements [107, 108], our method enables
the separation of neutral species, avoiding space-charge density limitations that severely
affect diffractive-imaging experiments [6, 41]. Furthermore, the low temperatures of the
generated molecular ensembles allow for strongly fixing the molecules in space [36] — two

prerequisites for the recording of atomically resolved molecular movies [2, 5].

5.2 Results and Discussion

Our implementation of the combination of laser desorption with electrostatic deflection is
shown schematically in Figure 5.2; details are given in Methods. Briefly, the laser desorbed
molecular beam enters a 15 cm long deflector sustaining electric field strengths on the
order of 150 kV/em™". The different conformers experience a different vertical deflection
within this field, which originates from the Stark-effect interaction between the molecules’
space-fixed dipole moment g, Figure 5.1 b, and the applied electric field e. This leads to
a force F = —pieg(€) - Ve acting on the molecules [29, 54]. Thus, the observed deflection
depends on the effective-dipole moment-to-mass ratio and the two conformers experience
different forces, i.e., transverse accelerations, in the electric field, leading to their spatial
separation. The molecular beam and the separation of conformers was characterised by
recording spatial profiles of the beam. This was achieved by vertically translating the
ionisation laser beam through the horizontal molecular beam, and recording the relative
density as a function of laser height. The ionisation laser was tuned to specific resonances
to selectively detect a single conformer.

Such spatial molecular beam profiles for the individual conformers in the absence of an
electric field, i.e., with the deflector at 0 kV, are shown in Figure 5.3 a, to which all
beam-profile intensities have been normalised. These show that both conformers are
centered around y = 0 mm and exhibit the same spatial distribution. The measured width

of the molecular beam is predominately defined by the apertures of skimmers and the
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Figure 5.2: Schematic of the experimental setup combining the laser desorption with
electrostatic deflection. The inset shows a cross-section of the deflector and the electric-field

strength inside.

electrostatic deflector placed in the molecular beam, see Methods. The relative population
of the two conformers in the beam was assessed by placing the ionisation laser focus at
the center of the profile, as indicated by the black arrow in Figure 5.3 a, and scanning the
ionisation wavelength across the electronic-origin transitions of the two conformers around
37325 cm~! and 37450 cm ™!, respectively. The resulting resonance-enhanced multi-photon
ionisation (REMPI) spectrum is shown in Figure 5.3 d and yielded an intensity ratio
of ~2 : 1 for the SH-O and SH-7 bound conformers, respectively. Assuming identical
ionisation probabilities for the REMPI process, this ratio can be taken as a measure of the

relative conformer populations in the molecular beam.

Charging of the electrostatic deflector lead to deflection of the molecular beam in the
positive, upward direction, as shown in Figure 5.3 b,c. Application of 4 kV to the deflector,
Figure 5.3 b, lead to a clear shift of both spatial profiles, with the more polar SH-7-bound
conformer shifting significantly more. This created an area, between ~1.7-2.5 mm, were
a highly enriched sample of this conformer was obtained, as confirmed by the REMPI
spectrum collected at position y = 1.75 mm and shown in Figure 5.3 e. To separate

and create a pure sample of the SH-O-bound conformer, a voltage of 10 kV was applied,

67



CHAPTER 5. SPATIALLY SEPARATED CONFORMERS OF A DIPEPTIDE

10 a 3 0 kV okv F 1.0

i - 0.8

T L L 0.6

0.5 o4

A‘/\"‘- (92
0.0 4 eeses” Lo -
2] ' ' ' 5 =1
=104 b 4KV e 4kV )
S : | oz §
i) ) l - - 0.15 <
2054 : - - 0.10 o
=y T S - 005 O
L C
GC) 00 ] i Wu 1 1 1 1 000 2-
= ! ! I 7+ 7

=104 ¢ 10kvV || f 10KV [ o3

Il L 0.2

0.5 :
(%
m LA B
O.O b i ‘t 1 1 1 1 vy 1 1 1 1 B 0.0
1 (') 1' é 37324 37326 37449 37451
Deflection / mm Wavenumber / cm™

Figure 5.3: Spatial molecular beam profiles (a—c) and corresponding REMPI spectra
(d—f) for the two main conformers of Ac-Phe-Cys-NH,. These are collected at deflector
voltages of 0 kV (a,d), 4 kV (b,e) and 10 kV (c,e). Solid lines in the deflection profile plots
(a—c) are taken from quantum-state resolved trajectory simulations with a 2.3 K thermal
state weighting. REMPI spectra are taken at the spatial position indicated by the black

arrow in the spatial profiles.

leading to depletion of the SH-m-bound system from the interaction region, as shown in
Figure 5.3 c. This is due to the large deflection experienced by this more polar conformer,
such that these molecules collided with the deflector or following apertures and no clear
beam was observable anymore. Instead, a position-independent small background signal
was present. A REMPI spectrum recorded in the deflected beam is shown in Figure 5.3 f,
confirming the highly-enriched sample of the SH—O-bound conformer created under these

conditions.

Using a calibrated ion detector, we estimated the number of ions produced per laser

shot to be ~1 for REMPI ionisation. By using more efficient strong-field ionisation
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(SFI) we extracted a lower limit for the absolute number density of 107 ecm™3. For the
density determination a time-of-flight mass spectrum using strong-field ionisation by
femtosecond laser pulses (800 nm central wavelength, 40 fs duration, typical pulse energies
of 100 pJ) is recorded [101]. In the time-of-flight mass spectrum all peaks originating from
the Ac-Phe-Cys-NH, molecule are integrated and the total ion current on the detector
determined. This is compared to the known calibrated current for a single ion hit, which
leads to approximately 18 ions/shot in the wy = 50 pm focus of the laser. Assuming an
ionisation efficiency of 1 for strong-field ionisation and a molecular-beam width of 1 mm,

3. Derivation of this density assumes an ionisation

this yields a density of 9 x 10 cm
efficiency of 1 for SFI and only takes into account the major assigned fragmentation

channels for Ac-Phe-Cys-NH, [101] and thus strictly represent a lower limit of the density.

SH—O isomer SH-—m isomer
A (Mhz) 340.181593 345.067516
B (MHz)  203.443113 215.965933
C (MHz)  159.877010 175.850323

1ia (D) 0.768 6.789
u (D) 2.406 -2.701
pic (D) 1.975 3.406

Table 5.1: Rotational constants and dipole moment vectors used for calculating the Stark

effect.

Further to the deflection of the molecular beam, we observed a significant broadening of
the spatial profiles. This is due to the dispersion of the different rotational states in the
electric field, arising from the rotational-state-dependence of the Stark effect [29, 54]. This
is shown in Figure 5.1 b for J = 0 — 3 states, indicating the larger effective dipole moment
of lower-lying rotational states, leading to these states being deflected more, and hence

the creation of a rotationally colder sample in the deflected beam [5, 105]. To extract
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approximate rotational temperatures and quantum-state distributions in the deflected
beam, we have simulated particle trajectories through our setup for the different populated
rotational states [29]. Spatial molecular-beam profiles were simulated by first calculating
the Stark energies for each conformer for all rotational states up to J = 50, including
all states up to J = 70 in the calculation, using the freely available CMIstark software
package [54]. Rotational constants and dipole moment vectors were taken from the DFT

calculations and are summarised in Table 5.1.
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Figure 5.4: Residuals from fitting deflection profiles for different voltages and conformers
as a function of temperature. Data for the SH—mn conformer at 10 kV are not shown as
only a constant background was observed. The sum of these residuals (black line) yielded

a rotational temperature of 2.3 K.

Subsequently, for molecules in each quantum state we carried out classical trajectory
simulations through the experimental setup, taking into account apertures and applying
the appropriate forces when molecules are within the electrostatic deflector [29]. Finally,
histograms of the final particle-position densities were determined at the interaction
point and the contributions from each quantum state weighted by a Maxwell-Boltzmann

distribution for a given initial temperature [105]. Simulated intensities for given conditions
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— species and deflector voltage — were scaled with a single amplitude-scaling factor to
compare with experimental data to account for additional losses and detection efficiency
in the setup. The temperature that best described the experimental observations was
determined by comparing the combined residuals, that is the absolute deviation between
simulation and data, from all deflected data sets, excluding the SH—mn conformer at 10 kV
where only a constant low background was observed experimentally, for different rotational
temperatures. These are shown in Figure 5.4 and from the combined residuals (black
trace) a rotational temperature of 2.3 K for our molecular beam was extracted. Since the
minima for individual deflection profiles deviate by ~0.5 K, conservative error bounds for
the rotational temperature are £0.5 K. Resulting simulated deflection profiles are shown
as solid lines in Figure 5.3 a—c, which were obtained by applying a thermal-distribution
weighting to the individual-state simulations, corresponding to the rotational temperature
distribution from our laser desorption molecular beam source. We extract an approximate

rotational temperature of 2.3 + 0.5 K for the laser desorbed molecular beam.

Furthermore, we extract the quantum-state distribution within the deflected beam in
Figure 5.3 e,f. These are shown in Figure 5.5 and indicate that the deflector creates a
significantly colder ensemble. While this has a non-thermal rotational state distribution, the
highest rotational states populated are approximately corresponding to a 1.5 K distribution.
Even colder ensembles can be probed by moving the interaction region further into the
deflected beam, this is indicated by the magenta and cyan distributions in Figure 5.5,
evaluated at position 2.2 mm in the deflected beam, which are comparable to a 1.0 K

average.

These results highlight the quantum-state sensitivity of the electrostatic deflection tech-
nique, allowing us to control conformer populations and rotational state distributions
within the interaction region and creating samples well-suited for further control techniques
such as alignment and orientation [5, 36, 44]. Moreover, ultrafast imaging experiments
benefit from the significantly, typically several orders of magnitude, reduced density of

carrier gas in the interaction region, which does not experience deflection in the electric

field.
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The presented approach is generally applicable to any polar molecule that can be vaporised
by laser desorption and entrained in a molecular beam. The achievable degree of species
separation depends crucially on the difference in dipole moment-to-mass-ratio [29, 109],
and for small peptide systems we estimate that a difference of ~20 % is sufficient for
creating pure samples of the more polar species, whereas differences above ~50 % should
allow creation of a pure sample of either species, with improved setups enabling the
separation for even smaller differences [110, 111]. The main limitation here is the creation
of initially rotationally-cold samples in the desorption and entrainment process, such that
an appreciable fraction of population is in the lower lying rotational states that exhibit the
largest Stark shift. If this can be further improved, for example through the use of specially
designed and higher pressure supersonic expansion valves [65], higher state purities or the

separation of species with smaller dipole-moment differences will be achievable.
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Figure 5.5: Relative population of rotational states in the molecular beam for the
conformer-pure samples at two deflected positions, 1.75 mm (as in Figure 5.3) and 2.2 mm.
Shown in grey are thermal distributions at various temperatures, as indicated. The
red/magenta and blue/cyan lines indicate distributions for the SH-O and SH-7 conformer,

respectively.
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5.3 Conclusion

We demonstrated the combination of laser desorption for the vaporisation of labile biological
molecules with the electrostatic deflector for the spatial separation of conformational states
and the creation of pure and rotationally-cold samples of individual conformers. Using
the prototypical (di)peptide Ac-Phe-Cys-NH,, as a model system, we showed that its two
conformers, in the gas-phase, can be spatially separated and samples of either conformer
can be obtained. The measured deflection was quantitatively understood using trajectory
calculations, which furthermore allowed us to assign a rotational temperature of 2.3+0.5 K
for the beam from our laser desorption source. The generally good agreement between
experiment and simulation also confirms the calculated dipole moments and that Stark
effect calculations based on the rigid-rotor approximation are sufficient even for these large

systems [112].

The created molecular samples will enable novel x-ray diffractive imaging experiments:
they are conformer-pure beams that are well-separated from carrier gas and rotationally
cold enough for strong laser alignment and orientation. The achieved densities of around
107 em~? are sufficient for high-resolution diffraction experiments at free-electron laser
sources such as the European XFEL, which will deliver up to 26,000 pulses per second,
allowing fast collection of data. This enables the collection of a diffraction image within
1 h [2], and simulated aligned-molecule diffraction patterns for the two conformers, showing
marked differences, are shown in chapter 9. Our laser desorption source, with its low
overall repetition rate, but reasonably long gas pulses of 100s of ps [101], is well-suited to
the pulse-train structure of superconducting-LINAC-based XFELs [113]. The produced
rotationally cold samples are well suited to strong-field alignment, which can be achieved

using the available in-house laser systems available at FELs [114].

Our developed technique will more generally enable experiments on conformer-selected
biological molecules with inherently non-species-specific experimental techniques, such as
(sub-)femtosecond dynamics [73], reactive collision studies [96], or diffractive imaging [6].

This will open new pathways to study the intrinsic structure-function relationship of these
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basic molecular building blocks of the complex biochemical machinery.

5.4 Methods

A laser desorption source, described in detail in chapter 3, is used to vaporise the dipeptide
Ac-Phe-Cys-NH, (APCN, 95% purity, antibodies-online GmbH), which is used without
further purification. The resulting cold supersonic molecular beam is skimmed twice before
entering the strong inhomogeneous field of the electrostatic deflector: once by a 2 mm
skimmer (Beam Dynamics Inc. Model 50.8) 75 mm downstream of the expansion, and
again by a 1 mm skimmer (Beam Dynamics Inc. Model 2) 409 mm downstream of the
expansion. Within the strong inhomogeneous electric field of the deflector, molecules are
dispersed according to their effective dipole moment-to-mass-ratio [29]. The molecular
beam is skimmed once more with a 1.5 mm skimmer (Beam Dynamics Inc. Model 2) prior
to entering the interaction region. This skimmer can be translated in height to ensure
no part of the molecular beam is cut off. During measurements, data is collected for two
skimmer positions and subsequently combined by keeping the highest intensity measured.
The relative density of the conformers is probed via resonance-enhanced multi-photon
ionisation (REMPI) [62]. The ultraviolet probe light is produced by frequency doubling the
output of a dye laser (Radiant Dyes NarrowScan, using Coumarin 153 dye in methanol),
pumped by the third harmonic of a Nd:YAG laser (Innolas, SpitLight 600). Typical
laser-pulse energies were around 19 uJ loosely focused to a 100 pm spot in the interaction
region.

The structures and dipole moments of Ac-Phe-Cys-NH, were calculated using the GAMESS
software suite [115] using the B3LYP functional with a 6-311(p) basis set and confirmed

against published structures [62].
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6 Spatially Separated Conformers of
Glycine

6.1 Introduction

Glycine is the smallest amino acid, and forms the back bone of every proteins structure. Its
small size allows more accurate calculations for glycine than for other biomolecular building
blocks, making it a good benchmark system for investigations toward understanding
reactions of peptides. Three different conformers of glycine have been experimentally
observed in the gas-phase [116, 117], a fourth conformer was theoretically predicted, but has
not been detected in experiments [118, 119]. The molecular structures of the conformers
are shown in Figure 6.1. Different conformers of the same structure can have different
functions in nature and thus can have, for example, dramatically different charge migration
dynamics [120]. Glycine is a good candidate for attosecond charge migration benchmark
experiments [73, 121] and calculations for this have been performed already [45]. To realise
this experiment, a cold molecular beam of glycine with spatially separated conformers, i.e.,
a conformer pure beam, is needed. Previous attempts to produce a cold beam of glycine
by thermal evaporation in an Even-Lavie valve were unsuccessful and no intact glycine
was observed in the beam [122].

Here, the laser desorption of glycine, followed by its deflection and production of a

conformer-pure molecular beam is shown and compared to trajectory simulations.
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Figure 6.1: The four different molecular structures of the glycine conformers. Figure

adapted from [118]

6.2 Stark Interaction

Table 6.1: The dipole moments [19, 118, 123], experimentally observed populations [117-

119] and the colours used in Figure 6.2 for the four conformers of glycine.

Conformer | Dipole moment in D | Experimental population in % | Colour coding
I 1.1 77(8) red
I1 5.5 10(2) green
I11 1.7 13(2) black
v 2.1 - blue

76




6.2. STARK INTERACTION

In order to separate the different glycine conformers, we make use of their distinct dipole
moments [29], as shown in Table 6.1. This dipole moment can interact with strong
inhomogeneous electric fields due to the Stark effect, and leads to the exertion of a force
F=— Hefr(€) - ﬁe, on the molecules. As with the conformers of the dipeptide, the different
forces acting on different conformers can be used to spatially separate them, as explained
in chapter 2. Calculations for the interaction of the electric field with the four different

conformers of glycine were performed using the CMIstark program [54].
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Figure 6.2: The calculated stark interactions, W, and effective dipole moments, p.g, as a
function of the electric field € for the four conformers of glycine. These are shown in red,
green, black, and blue for conformer I, I, III, and IV, respectively. Different J states are

indicated by different opacities.

The calculated Stark interaction in dependence of the electric field strength is shown in
Figure 6.2, additionally the effective dipole moment as a function of the electric field is
shown. All rotational states up to the total rotational angular momentum J = 2 for the four
different conformers are shown. As previously, the different conformers are indicated by
different colours (red, green, black and blue), while the total rotational angular momentum
J of each state is indicated by different opacities. It is evident that conformer II (green) has
a much larger effective dipole moment than the other three conformers. It thus experiences

the largest force in an inhomogeneous electric field and can be spatially separated. The
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conformer I has the lowest dipole moment and thus will be enriched in the least deflected

part of the molecular beam.

6.3 Glycin Time-of-Flight Mass Spectrum
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Figure 6.3: Time-of-flight mass spectrum of glycine following laser desorption. The
glycine parent ion with mass 75 u is highlighted with red shading. A glycine fragment
with mass a of 30 u is highlighted with blue shading. Other peaks correspond to carbon,

carbon clusters, argon and protons.

The time-of-flight mass spectrum of glycine is measured following laser desorption in the
experimental setup as described in section 3.3. The desorbed glycine is cooled with a
helium or argon gas expansion from the pulsed piezo valve. Since there is no accessible

resonance-enhanced multi-photon ionisation channel for glycine, all species present in the
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molecular beam are ionised via strong-field ionisation with a titanium-sapphire laser with
a central wavelength of 800 nm, a duration of ~ 40 fs and an approximate power density
of ~1x 10" W/cm?.

The observed time-of-flight mass spectrum for glycine entrained in an argon expansion is
shown in Figure 6.3. The parent mass of glycine, 75 u, is highlighted with red shading in
the spectrum. Additionally, the glycine fragment with mass 30 u is highlighted with blue
shading. The other peaks in the spectrum cannot be clearly assigned to any fragments from
glycine and seem to correspond to carbon and carbon clusters (as previously observed in
chapter 4), water, argon and protons. The time-of-flight mass spectrum clearly shows that
it is possible to create a molecular beam containing intact glycine with a laser desorption
source. However the number density of the parent ion is low, approximately 10° cm ™3,
based on the number of observed ion per ionisation laser shot and assuming an ionisation
efficiency of 1 for strong-field ionisation, see chapter 5 for details. If, however, the fragment
with 30 u was created from parent ion fragmentation during the strong-field ionisation,
and thus can be included in the density determination, the density of glycine would be

approximately 5 x 10 cm™3.

6.4 Electrostatic Deflection of Glycine

Deflection profiles of the glycine molecular beam were measured for deflector voltages of
0 kV, 4 kV and 14 kV. For these measurements the height of the ionisation laser was
scanned to record a spatial profile of the molecular beam. The time-of-flight mass spectrum
for each laser position was measured in event counting mode, i.e., an intensity threshold
was set, here to 1.9 mV which corresponds to approximately a single ion hit, and everything
above the threshold was saved as a hit and everything below was disregarded. All measured
data for a certain laser position, typically a minimum of 36,000 shots, were combined.
The total number of hits within a certain time bin, corresponding either to the parent
or fragment mass of glycine, was then evaluated as a function of deflection coordinate,
as shown in Figure 6.4 and Figure 6.5 . We, furthermore, show numerical trajectory

simulations for deflection of the three conformers together (Figure 6.4, Figure 6.5 a), and
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of individual glycine conformers (Figure 6.5 b,c) [29]. These are shown in the figures as
solid lines, and assume a rotational temperature of the molecular beam emerging from
the laser desorption source of 2.5 K. Simulated profiles were obtained by first calculating
the Stark effect and afterwards simulating particle trajectories for each conformer in each
rotational quantum state up to J = 20. For each conformer a thermally-weighted deflection
profile was then calculated, by weighting each quantum state with its thermal population
at a given temperature, assuming Maxwell-Boltzmann statistics. Afterwards, the three
populated conformers were combined into a single overall deflection profile, considering
their relative population given in Table 6.1. Simulated deflection profiles for different
temperatures were compared to the measured data, the best agreement was observed for
a rotational temperature of 2.5 K, in good agreement with the rotational temperature

extracted for the laser desorbed dipeptide (chapter 5).
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Figure 6.4: Intensity of the parent ion as a function of the deflection coordinate. The
measurement was taken for voltages of 0 kV, 4 kV and 14 kV applied to the deflector and
molecules were ionised by strong-field ionisation induced by a Ti:Sa femtosecond laser, a
non-species-specific technique. The solid lines correspond to trajectory simulations for a

rotational temperature of 2.5 K.
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6.4. ELECTROSTATIC DEFLECTION OF GLYCINE

In Figure 6.4 the parent ion intensity in dependence of the deflection coordinate is shown
for voltages of 0 kV, 4 kV, and 14 kV applied to the deflector. Points correspond to
measured data, whereas the lines correspond to simulations at 2.5 K including the three
populated conformers of glycine. The recorded deflection profiles show a clear deflection
at an applied voltage of 14 kV, whereas at 4 kV only a small part of the beam is visibly
deflected.

For the parent ion the observed signal was much lower than for the fragment with mass
30 u, as was the case in the time-of-flight mass spectrum shown in Figure 6.3. If we assume
that the fragmentation of glycine that yields this fragment is induced by the strong-field
ionisation from the femtosecond laser [124], the deflection profiles for both fragment and
parent mass should be identical. The deflection profiles in Figure 6.4 for the parent and in
Figure 6.5 a for the fragment show similar behaviour and hence indicate that the observed
fragmentation was in large parts due to the strong-field ionisation probe. Due to the larger
signal observed for the fragment the spatial profiles were much clearer than those for the
parent ion.

In Figure 6.5 a the integrated intensity of the 30 u fragment is shown. Additionally, the
simulated deflection for the individual conformers is shown for 4 kV, Figure 6.5 b, and
14 kV, Figure 6.5 c. It is evident that the deflection at 4 kV is from conformer II, which
has the largest dipole moment (Table 6.1). Since the population of this conformer is only
around 10 % of the total population, only a small part of the total intensity appears as
deflected. Therefore, at a position of 1 mm a conformer-pure beam of glycine, containing
only conformer II is created.

Furthermore, at higher applied voltages of 14 kV conformer II will be deflected out of
the measurable interaction region and hence is significantly depleted from the remaining
beam [29, 32]. At this position the molecular beam therefore predominantly contains
conformers I and III. While these two conformers could not be fully separated from each
other under current experimental conditions, the slight difference in dipole moments,

Table 6.1, will lead to the production of population ratios at different spatial positions.
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Figure 6.5: Intensity of the fragment ion (a) as a function of the deflection coordinate. The
measurement was taken for voltages of 0 kV, 4 kV and 14 kV applied to the deflector and
shown as data points. The solid lines correspond to trajectory simulations for a rotational
temperature of 2.5 K. In (a) the trajectories are combined for the three conformers, whereas

deflection profiles for the individual conformers are shown in (b) for 4 kV and in (c) for

14 kV.

6.5 Conclusion

It has been shown that intact glycine can be vaporised and entrained in a molecular
beam of a noble gas with our laser desorption source. Comparison of measured data
with numerical trajectory simulations showed that desorbed glycine molecules were cooled
down to rotational temperatures of approximately 2.5 K by the supersonic expansion.
Additionally, the spatial profile of the fragment showed a similar electrostatic deflection
as those of the parent, indicated that that the fragment is mainly produced during the
strong-field ionisation and not during the laser desorption process. It was found that
conformer II of glycine can be spatially separated from the other populated conformers
using electrostatic deflection and a conformer-pure molecular beam was produced at a
voltage of 4 kV. Using higher deflection fields, conformer II can be depleted from the
molecular beam, such that a molecular beam containing only conformers I and III was

produced. The remaining beam consists mainly of conformer I, due to its much larger
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6.5. CONCLUSION

initial population. Using higher deflection fields or slower molecular beams one could
potentially also separate conformer I and III. Already under current conditions the different
dipole moments for conformers I and III produce different conformer population ratios
at different positions in the deflected beam, such that differential analysis can be used to
unravel the behaviour of each conformer [125]. These conformer-separated beams allow
novel studies of the structure-function relationship and open the door for, e. g., attosecond

charge migration experiments [45, 73].
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7 Insulin in the Gas-Phase

In the future, we would like to vaporise and cool intact proteins with the laser desorption
source. As a first test, we performed experiments with the prototypical protein bovine
insulin. It was not necessary to be expected, that laser desorption works for such a large
protein and if the optimised parameters are different for insulin due to different behaviour
of the much higher mass. Additionally the supersonic expansion needs to provide much
more collisions to cool and entrain insulin in the beam and the strong-field ionisation will
probably not produce intact parent ions efficiently, but induce significant fragmentation.
To establish that the laser desorption source successfully transfers such large molecules into
vacuum, a time-of-flight mass spectrum was measured for insulin using the setup described
in section 3.3. Sample bars were prepared as outlined before, section 3.4. Bovine insulin
was purchased from Sigma-Aldrich and used without further purification. The sample was
mixed with graphite powder in roughly the same ratio by volume as the dipeptide, ground,
and rubbed on the sample bar.

Due to the low signal expected from insulin 135,000 single shot time-of-flight mass spectra
were recorded to see if there is any insulin present in the molecular beam. During
data analysis, the time-of-flight mass spectrum is four-fold binned, i. e., each set of four
neighbouring points is averaged. Afterwards signal discrimination and event counting were
used to convert data into events per laser shot.

The resulting time-of-flight mass spectrum is shown in Figure 7.1. In the mass region
up to 300 u a large amount of carbon and carbon clusters are visible, these carbon

contributions are marked with asterisks in the spectrum. Similar carbon clustering was
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CHAPTER 7. INSULIN IN THE GAS-PHASE

observed previously, as discussed in chapter 4. Due to the low insulin signal levels and
the large carbon contribution it is impossible to say if there is any signal from insulin
fragments in the mass region below 300 u. The inset in Figure 7.1 shows a zoom in of the
same spectrum to highlight the low intensities at higher masses. At these higher masses
some small peaks are visible, which we tentatively assign as originating from insulin. The
peaks are labelled with numbers from one to four and correspond to the approximate mass
to charge ratios of 1040 u, 5800 u, 8300 u and 9620 u, respectively. The given masses are
approximate due to the low mass resolution of the spectrometer and the lack of known
mass peaks that can be used for accurate calibration at these high masses. The parent
mass of insulin is around 5800 u, such that signal 2 might correspond to the singly charged

monomer of insulin.
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Figure 7.1: Time-of-flight mass spectrum of bovine insulin. Peaks corresponding to carbon
and carbon clusters are labelled with asterisks. The labelled peaks 1 to 4 correspond to

mass to charge ratios of 1040 u, 5800 u, 8300 u and 9620 u, respectively.

To ensure the observed signal does originate from laser desorbed insulin, a time-of-flight
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mass spectrum with 110,000 single shots is taken with the desorption laser turned off. The
data is treated in the same way and plotted on an identical scale and shown in Figure 7.2.
At low masses two signals are visible, which correspond to water and argon. At higher
masses we observe significantly less signal compared to the spectrum with desorption laser
on. The mass peaks labelled 1 and 2 in Figure 7.2 correspond to approximately 420 u
and 6140 u, respectively. The background spectrum looks very different than the insulin
spectrum, even at higher masses. This is a clear indication for vaporisation of intact
insulin, albeit at very low detected signal levels, corresponding to approximately 3 ions

within 100,000 shots.
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Figure 7.2: Time-of-flight mass spectrum under identical conditions as in Figure 7.1,
but with desorption laser off. Peaks due to water, argon and some background at higher

masses are visible.

We identify three main reasons for the low signal levels observed. First, in the setup used
the distance from the desorption source to the interaction region between the velocity
map imaging electrodes was around 74 cm, because in this machine the electrostatic

deflector was mounted. This large distance, the three skimmers of sizes 2 mm, 1 mm and
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CHAPTER 7. INSULIN IN THE GAS-PHASE

1.5 mm lead partly to the low signal levels. This distance can easily be reduced by a
factor of 3 in a different setup, which should yield approximately 9 times higher signal
levels. Secondly, the micro-channel plate detector used is operating much less efficient
at these high masses, because heavy ions do not accelerate to high enough velocities to
generate the impact needed [126]. Hence, to increase the observable signal levels the
detector could be exchanged against one more suitable for larger molecules. For example,
cryogenic microcalorimeter [127], nanomechanical resonators [128] or a nanomembrane
detector [129]. Thirdly, one should consider that the same amount of sample in the
sample-graphite-mixture by volume was used. Assuming the same density for insulin and
the dipeptide this would yield approximately 20 times fewer molecules on the sample bar
for insulin than for the dipeptide. These suggested improvements, especially the use of a
mass spectrometer and a detector optimised for higher masses, should allow the operation

and optimisation of the laser desorption source for intact proteins.
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8 Suggested Improvements of the

Laser Desorption Source

The laser desorption source build up as a part of this thesis is a prototype, but the newly
developed source is working well and allowed for the first time the characterisation of laser
desorption using strong-field ionisation, the production of rotationally very cold beams of,
for example, Ac-Phe-Cys-NH, and the spatial separation of dipeptide conformers. However,
based on the gained experience suggestions for improving the source came up. Since the
improvements require technical changes it was not possible to implement them within the
time frame of this thesis and they are briefly outlined below. Several of the developments
suggested here are currently under construction, because the machine is under preparation
for an upcoming beam time at FLASH at the moment.

One of the biggest drawbacks of laser desorption is that the sample bar needs to be
exchanged frequently and even with the load-lock system this takes around 15 to 20
minutes. In the laboratory, where the measurement time is not restricted, the sample bar
exchange time is no issue, but for beam times at central facilities with restricted time,
e.g., at free-electron lasers, it would be useful to shorten this time where not data can
be collected. To realise this it would be useful to have a stack, or at least one already
prepared sample bar, in the load-lock, so that the sample bar can be changed without
venting the load-lock system. If the last prepared sample bar of the stack is in the source
chamber and being used, the stack in the load-lock can be refilled with freshly prepared

sample bars. With this the sample bar exchange would only take around 2 min. Such a
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CHAPTER 8. SUGGESTED IMPROVEMENTS OF THE LD SOURCE

load-lock system is currently under construction in the group and will be implemented

shortly.

Another idea to solve the issue of constantly changing the sample bar is to produce the
sample bar itself out of the sample of interest, similar to an ablation source [130], or of
the sample mixed with graphite, for example, pressed to a disk [80]. In this case the
sample bar needs to be driven back and forth constantly instead of exchanged. But also
this idea has potential issues, e. g., the desorbed surface might get hot and destroy the
sample. Additionally, for a sample bar pressed out of sample a lot of sample is required
and depending on the biological molecule of interest it might be difficult to produce or
expensive to buy a sufficient amount. Hence this was not possible for Ac-Phe-Cys-NH,
and was not considered in the measurements for this thesis but the possibility of pressing

a disk should be considered depending on the molecule in use.

The deflector used in this work has only a small channel for the molecular beam to pass
through. Therefore, the molecular beam was skimmed with a 1 mm skimmer before
the deflector and the outer part of the molecular beam was cut off. With the b-type
deflector [110] recently developed in our group the distance between the rods of the deflector
is larger, such that a larger part of the molecular beam can pass the deflector and reach
the interaction region. Additionally, the field strengths that can now be reached with the
b-type deflector are larger and furthermore deflected molecules do not collide with the
deflector electrodes any more, even at large deflections. Therefore, it would be useful to
exchange the deflector against the new b-type deflector to increase the signal levels and
the achievable spatial separation. To improve the separation further a moveable knife edge
between the deflector and the detection region has been shown to increase the purity of
the deflected beam, as it cuts away undeflected sample [111]. Thus it would be useful to
implement a knife edge into the setup to improve the purity of the deflected beam. This is
beneficial if the conformers have small dipole moment differences, e. g., conformers I and
IIT of glycine. These two developments were just recently demonstrated in the group, and
an experimental setup combining laser desorption with the b-type deflector is currently

being designed.
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The required measurement times are quite long with the current laser desorption source
because of the low repetition rate of 20 Hz and the necessary sample bar exchange. If the
repetition rate is increased, much more data can be collected in a shorter time. Especially
for measurement campaigns at free-electron lasers, where the repetition rate usually is
higher and the measurement time is restricted, it would be useful to match the repetition
rate with the desorption source. While at the LCLS the repetition rate is 120 Hz, and this
could be matched with a new desorption YAG laser operating at this repetition rate, this
is not the case for FELs operating in burst mode, such as the European XFEL. However,
here the long gas pulses from the laser desorption source can be used to interact with
several pulses in the pulse train. One disadvantage of a higher repetition rate is that the
sample bar needs to be moved faster and thus needs to be changed more frequently. If the
improvements from above are considered, especially the sample bar stack in the load-lock,
it might be possible to have a reasonable duty cycle of the source and shorter measurement

times with higher repetition rates.

The above mentioned suggestions will improve the achievable molecular density and
increase the duty cycle of the laser desorption source. It is certain that these suggestions

will improve the source and several of them are currently under development.

The suggestions below are of a more experimental nature and should be considered as

potential projects for a upcoming bachelor or masters thesis at the laser desorption source.

Currently the desorption laser spot is circular with a diameter of around 0.6 mm, but this
might not be the ideal shape for laser desorption. To get the highest density the desorption
laser should be as long as the sample bar channel in the z-direction, which is 1.2 mm,
but narrow in the y-direction, which will lead to an elliptic shape. This would ensure
that all sample desorbed by the laser is fresh and not hit before by the laser and there is
no loss of molecules in the y-direction, because of inefficient picking up by the noble gas
expansion. Additionally all molecules on the sample bar are desorbed in the z-direction,
which might increase the density but, unfortunately, this might also effect the cooling as

not all molecules are desorbed at the same distance from the supersonic expansion.

It might help to increase density in the beam if more sample is desorbed. Therefore, more
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CHAPTER 8. SUGGESTED IMPROVEMENTS OF THE LD SOURCE

sample needs to be deposited on the sample bar. The issue with a thick sample layer is that
the sample clings strongly to itself, but not to the sample bar. This leads to sample being
‘shot of” by the desorption laser. A funnel shape at the top of the sample bar would help
to stop the desorption laser dropping off the sample and more sample can be deposited on
the sample bar.

The piezo valve can be exchanged against an Even-Lavie valve, which promises to produce a
denser supersonic expansion. This could lead to more efficient entrainment in the molecular
beam and collisional cooling of the biomolecule of interest [65, 131].

For the optimisation and understanding of the source it would be beneficial if the angle
movement of the source, enabled by the mechanical hinge described in subsection 3.2.4,
is additionally motorised and could be optimised to the highest signal levels during a
measurement. The same is valid for the focus size of the desorption laser spot.

In the measurements presented in this thesis the sample of interest is cooled with a pulsed
argon or helium expansion. If the biomolecule of interest gets larger the cooling is not so
efficient with light gases and heavier noble gases, for example krypton or xenon, could be
used to ensure a sufficient cooling.

Molecules after desorption are hot and have significant kinetic energy. The molecules are
entrained in the supersonic expansion and their kinetic energy in the X'Y-directions needs
to be quenched by this expansion, otherwise they will not be carried within the molecular
beam. It might be the case that a lot of desorbed molecules are lost because they have to
much kinetic energy. A new valve design where the desorption is closer to the nozzle of
the valve or even inside the valve before the expansion [132, 133] could help, as the density
of the noble gas is significantly higher here.

Despite all these suggestions for improvements the laser desorption source is working
well in its current status and enabled us to conduct the measurements described in this
thesis. But it is the nature of experimental science that even working systems can be im-

proved further and the suggestions given here could be a good starting points for the future.
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9 Summary and Outlook

One of the major goals of the controlling the motion of large and complex particles
(COMOTION) project within the controlled molecule imaging (CMI) group is to enable
structure and dynamics experiments of large and complex biological systems at x-ray free
electron lasers, with high spatial and temporal resolution. The first step to enable these
experiments is to transfer biological molecules intact into the gas-phase. The next step is
to make sure the sample contains only a single structure, i.e., is conformationally pure.
These two important milestones were realised in this thesis by a laser desorption setup
combined with electrostatic deflection.

In chapter 2 the basic theoretical background for these experiments is given, while chapter 3
describes the laser desorption source in detail, including the considerations made during
the design.

In chapter 4 the characterisation and optimisation of the source towards producing higher
densities of intact molecules is described. As a probe strong-field ionisation is used for the
first time in combination with laser desorption. This acts as a universal probe and ionises
all species present in the interaction volume, which allowed us to identify all species in
the molecular beam, including carbon clusters produced during the desorption process.
With this ionisation technique it was found that the fragmentation and thus the cooling
efficiency is influenced by the placement of the desorbed plume within the supersonic
expansion.

After the characterisation the spatial separation of two conformers of the dipeptide

Ac-Phe-Cys-NH, is shown in chapter 5. This used the combination of a laser desorption

93



CHAPTER 9. SUMMARY AND OUTLOOK

source with an electrostatic deflector and the rotational temperature of the molecular beam
is found to be 2.3 £ 0.5 K. The efficiency of the Stark calculations and the functionality of
the rigid-rotor model even for large molecules is confirmed by the good agreement of the
simulation with the experimental data. Ac-Phe-Cys-NH, is the largest molecule which
has been conformer separated by the electrostatic deflector so far. Containing nearly 3
times as many atoms as the previous largest molecule hydroquinone [33]. This separation

3 are crucial steps towards investigations of

and the achieved density of around 107 cm™
structure and dynamics experiments at free-electron lasers. Additionally, the conformer
separation was also achieved for glycine, as discussed in chapter 6.

As final demonstration bovine insulin is used as a large prototypical protein with the
laser desorption source in chapter 7. There are clear indications that a molecular beam
containing intact insulin was successfully produced.

The laser desorption source in combination with electrostatic deflection opens the door
for novel experiments, such as conformer depended studies with non-species-specific
techniques, e. g., x-ray diffraction [6] or fragmentation studies [134, 135]. Although these
measurements have not been performed during this work, the important steps that enable
these experiments were demonstrated; the characterisation and optimisation of a laser
desorption source, the production of rotationally very cold molecular beams using laser
desorption, enabling alignment and orientation, and the creation of a conformer-pure

molecular beam of a large biological molecule. In future this thesis will enable several

novel experiments, some of which are briefly outlined below.

Conformer-Resolved Fragmentation

The conformer separated molecular beams produced here contain neutral molecules, there-
fore the density is not limited by the space-charge limit and the structure is not influenced
by excess charge. This enables the study of intra-molecular interactions separately for
different conformers, which can, for example, give information about the different folding
of proteins. This can be achieved by analysing the photon-induced fragmentation patterns

following soft x-ray ionisation [134]. To conduct this experiment we have applied and
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received beam time at the free-electron laser FLASH in Hamburg to study the confor-
mational fragmentation of spatially separated conformers of Ac-Phe-Cys-NH,, shown in

Figure 9.1.

" ¢ J

Figure 9.1: The two conformers of Ac-Phe-Cys-NH, with the different hydrogen bonding
highlighted.

The tunable soft x-ray radiation at FLASH enables site-specific ionisation by setting the
photon wavelength to specific atomic resonances. In particular we will ionise at the sulphur
(2p edge) in the Cysteine residue. Since the two conformers exhibit different hydrogen
bonding at this site, as shown in Figure 9.1, we expect different fragmentation pathways
following core-ionisation at the sulphur. We can, therefore, study the influence of the

intramolecular interactions on fragmentation in detail in a bottom-up approach.

Conformational Switching Dynamics

A conformer separated beam will allow the investigation of conformational switching
dynamics [136, 137]. For these experiments one pure conformer is pumped into the
other conformation and the ensemble is probed via a species-specific technique, such as
resonance-enhanced multi-photon ionisation as used in chapter 5 or via diffractive imaging.
By varying the pump-probe temporal delay the time-scale and dynamics of the switching

can be investigated directly.
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Microsolvation of Biomolecules

Biomolecules in nature, e. g., in the cell, are not isolated but surrounded by water. To in-
vestigate water-biomolecule interactions, molecular clusters containing a single biomolecule
surrounded by water could be used. These can be produced by enriching the noble gas
expansion with water before the expansion. Most probably the produced water-biomolecule
complexes have distinct dipole moments and thus can be separated with the electrostatic
deflector, as has been demonstrated for smaller systems, such as indole-water clusters [112]
and hydroquinone-water clusters [33]. This allows them to be investigated individually, for
example, the hydrogen bond from the water to the biomolecule can be studied by looking

at the fragmentation following side-specific ionisation [122, 138].

Diffractive Imaging
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Figure 9.2: Simulated diffraction of the two conformers of Ac-Phe-Cys-NH,, (a) shows
the SH-O bonded conformer and (b) the SH-7 bonded conformer . Molecules are assumed
perfectly oriented in the most polarisable axis system, incoherent diffraction and noble gas

background are not considered. The x-ray polarisation is horizontal in the shown images.
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The production of cold and conformer separated molecular beams is the crucial first step
towards diffractive imaging of individual biomolecules. The next step is the alignment
and orientation of molecules in space. Once this is achieved, the individual diffraction
pattern could be recorded at a XFEL [2], as it has been demonstrated in a recent proof
of principal experiment with diiodobenzonitrile [6, 60]. The collection of the data for
one diffraction image will take around 1 h at the European XFEL, which will deliver up
to 26,000 pulses per second [2]. The differences in the diffraction pattern for the two
conformers of the dipeptide Ac-Phe-Cys-NH, that could be separated, see chapter 5, are
clearly observable, as shown in Figure 9.2. This shows simulated diffraction patterns
obtained with the CMIdiffract software [122]. Simulations assumed perfect orientation, no
incoherent scattering, nor noble gas background, a photon energy of 9.5 keV and typical
beamline parameters and detectors currently available (AMO beamline at LCLS). These
measurements, enabled by the new laser desorption source combined with the electrostatic
deflector, will enable the direct measurement of structural dynamics with high spatial and

temporal resolution and thus recording of true ‘molecular movies’.
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H- und P-Satze

Substanz Symbol H-Satze P-Séatze
Aceton H225, P210,
@ @ H310, P20
H336 P304+P340+P312,
Gefahr P305+P351+P338,
P3374+P313,
P403+4-P235
Ac-Phe-Cys-NH, unbekannt unbekannt unbekannt
Coumarin 153 kein Gefahrstoff | — —
Ethanol H225, P210,
@ @ H319 P20
P305+P351+P338,
Gefahr P337+P313,
P403+4-P235
Fluorescein H319 P305+P351+P338
Achtung
Glycin kein Gefahrstoff | — —
Graphit kein Gefahrstoff | — —

Insulin (vom Rind)

kein Gefahrstoff

113



H- UND P-SATZE

[sopropanol H225, P210,
@ @ H319, P305+P351+P338,
H336 P370+P378,
Gefahr P403+P235
Methanol H225, P210,
@ H301+H3114+H331, | P280,
H370 P302+P352+P312,
P304+P340+P311,
Cefahr P370+P378,
P403+4-P235
Phenylalanin kein Gefahrstoft | — —
Rhodamin 6G kein Gefahrstoft | — —
Rhodamin B H302, P273,
¥ @ H318, P280,
H412 P3054+P351+P338
Gefahr

itbernommen aus den Sicherheitsdatenbldattern auf SigmaAldrich.com
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