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Abstract

Quantum interferometry has not only enabled experimental tests of funda-
mental physics such as the wave nature of matter, it also allows for novel re-
search of complex molecules at the interface of biology and physics. The tools
of quantum-assisted metrology aim at revealing optical, electromagnetic, and
structural information of biological molecules to high precision. So far, these
measurements were limited to small biological complexes such as vitamins and
tripeptides. Because of their thermal instability, large biomolecules such as pro-
teins and DNA cannot be volatilised in thermal molecular beam sources.

This thesis describes the development of a novel beam source for soft des-
orption of electrically neutral proteins. By combining electrospray ionisation and
photocleavable molecular tags we created and studied beams of neutral peptides
and insulin in the gas phase. I discuss the developmental stages of our photo-
cleavable tags that lead to successful charge state control of biomolecules in the
gas phase with ultraviolet laser pulses.

The design can be attached to a wide range of biological macromolecules
and could lead to new studies of neutral biomolecules in vacuum. Furthermore,
I give an overview of the limitations and possible optimisations of photocleavable
tagged proteins.

i



Abstract

Materiewellen-Interferometrie hat nicht nur unser Verständnis der atomaren
Welt präzisiert, sondern uns auch für die Vermessung optischer Eigenschaften
von Makromolekülen interessiert. In Experimenten mit Materiewellen können wir
Quantenmetrologie von Biomolekülen mit hoher Präzision durchführen und un-
sere Proben zu den beststudierten Proteinen küren. Bis jetzt waren diese Mes-
sungen noch limitiert auf anorganische Moleküle und kleine biologische Kom-
plexe, wie Tripeptide und Vitamine. Wegen ihrer thermischen Instabilität konnten
wir größere Biomoleküle bisher nicht volatilisieren - mit unserer herkömmlichen
Molekülstrahlmaschine.

Meine Masterarbeit beschreibt die Entwicklung einer neuen Molekülquelle für
die sanfte Desorption von elektrisch neutralen Proteinen. Durch die Kombination
von Elekrospray Ionisation und photo-spaltbaren Molekülen konnte uns ein Strahl
an neutralem Insulin für Experimente dienen. Diese Biomolekülstrahlquelle er-
möglicht es uns zum ersten Mal Proteine im Materiewellen Interferometer zu un-
tersuchen. Ich diskutiere also die Entwicklung der photospaltbaren Moleküle mit
denen wir die Kontrolle des Ladungszustands mit ultravioletten Laserpulsen ver-
suchen.

Das Design kann an viele biologische Systeme appliziert werden und führt
zu neuen Spektroskopiestudien mit neutralen Biomolekülen. Außerdem gebe ich
einen Überblick über die Grenzen unserer Methode und mögliche Optimisierun-
gen von photospaltbaren Proteinen aus unseren Kanülen.
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1 Introduction

In 1900, Max Planck described the electromagnetic radiation of a black body by as-
suming that the energy emitted comes in discrete packets, later termed quanta [1].
His formula was not derivable within classical physics and marked the beginning of
the puzzling assumptions that underlie quantum physics. In a similar paradigmatic
change Louis de Broglie tackled the old debate if light comes in discrete units or
continuous energy. He synthesised the mass energy relation of special relativity and
Planck’s quantisation relation and postulated that every particle has a wave compo-
nent [2]. This wave property of matter was first demonstrated in 1927 by Clinton
Davisson and Lester Germer [3].

Since then, matter-wave interferometry has proved to be an important tool to study
the limits of quantum physics and to do high precision measurements of complex
molecules. In 20 years our group extended the range of interferometry from C60 with
721Da [4] to macromolecules with more than 25 kDa [5].

An additional goal of matter-wave interferometers is to study macromolecules that
play an important role in the processes of life such as peptides and proteins with the
tools of quantum assisted metrology [6]. Complex molecules such as peptides and
proteins are fragile and disintegrate in conventional particle beam sources. To launch
them into the gas phase we study novel molecular beam techniques that allow us to
manipulate, steer and detect biological molecules in vacuum. With novel interferom-
etry schemes we plan to observe a quantum superposition of insulin which enables
the study of optical, structural and electromagnetic properties in vacuum [7].

In this thesis I discuss the design of small molecular tags - the photocleavable tag
(PCTs) - that enable us to control the charge state of a protein and has the potential
to be used for a novel type of depletion grating in matter-wave interferometry.

In chapter 2 I present the history and theory of studying biological molecules in
the gas phase. Research on molecular beams in vacuum go back to the beginnings
of quantum physics and molecular chemistry and has recently been extended into the
realm of complex biological molecules.

Our motivation to create beams of peptides and proteins stems from the possibility
to do high-precision measurements on vital biological particles in quantum-assisted
metrology employing matter-wave interferometry. Chapter 3 contains the fundamen-
tals of near-field interferometry and the constraints it imposes on our protein beams.
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I discuss how to softly volatilise biological molecules into the gas phase in chapter

4. While giving an overview of soft desorption methods I discuss how we extended
them to control the charge state of molecular beams in vacuum.

In chapter 5 I present the development of the experimental setup and the results
along the way from isolated photocleavable tags over tagged peptides to the suc-
cessful neutralisation of insulin. Even though we conducted experiments with smaller
peptides and insulin, the newest iteration of photocleavable tags is designed to be
applicable to a wide range of biomolecules.

In conclusion, I discuss how electrospray ionisation can be modified into a promis-
ing beam source of neutral peptides and proteins for matter-wave interferometry in
chapter 6. In the appendix I summarise thoughts and discussions of the significance
of molecule interferometry for quantum foundations. Motivated by the experiments
of our group, I had the opportunity to discuss these different perspectives with many
researchers from the field that study interpretations of quantum physics to get new
insights about the conceptualisation of our studies.

Figure 1: Protein Neutralisation by UV absorption of photocleavable tags. In
our experiments, we modified proteins with photocleavable tags to allow for charge
state control in the gas phase. The tags attached to proteins absorb a UV photon and
fragment at a specific bond. The negative charge leaves the biomolecule with the tag
and neutralises the remaining protein. Provided by Maxime Debiossac.

2



2 Biomolecules in the Gas Phase

Since the development of molecular biology, the physical foundations of life have been
under intense investigation. By assuming that molecules and their interactions explain
important mechanisms in biology, physicist Max Delbrück, chemist Linus Pauling and
biologists such as Joshua Lederberg and Salvador Luria have motivated many inter-
disciplinary discoveries [8].

Around the same time, quantum physicists such as Erwin Schrödinger, Niels Bohr
and Pascal Jordan speculated about the implications of the new laws of the atomic
world for living organisms [9]. Even though many of the speculations that are sub-
sumed under the name of quantum biology are still out of the realm of experimentally
testable hypothesis quantum-assisted metrology opened up new possibilities for pre-
cise measurements of biological molecules. Additionally, complex molecules of high
mass can test fundamental constraints on quantum mechanics such as collapse mod-
els [10].

Since quantum-assisted metrology and testing of collapse models relies on gas
phase measurements of molecules in a vacuum, we were so far only able to study
smaller biological complexes. These can be evaporated in a ceramic oven by heat-
ing them up to 460 K thereby generating a molecular beam that can be used in the
experiment.

2.1 Molecular Beams

The creation and probing of molecular beams dates back to the theoretical work of
Hartmut Kallmann and Fritz Reiche in 1921 [11] and the experimental observations of
Erwin Wrede in 1927 [12]. Physical chemists were interested in the deflection of dipo-
lar molecules in inhomogeneous magnetic fields and tested these interactions with
beams of diatomic molecules. Motivated by these ideas Stern and Gerlach discov-
ered the spin of silver atoms that was measured as a magnetic moment arising due
to a non-classical angular momentum of atoms [13].

Early experiments on atoms and molecules provided ideal tests of quantum phe-
nomena such as space quantisation and spin [14], but they later also turned out to
be useful in probing properties of more complex molecules that are essential to the
functioning of biological organisms [15]. Molecular Beams can be created by evapo-
rating or heating particles into the gas phase and letting them pass a small opening
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slit into a vacuum chamber of low pressure. This acceleration focuses the trajectories
of the particles into a straight line which can be manipulated without interactions with
background gas. A beam of sufficient intensity and small divergence can then be ex-
posed to electric or magnetic fields that deflect the atoms or molecules according to
their electromagnetic properties [16].

For example, we use radio-frequency electric fields to guide peptides and pro-
teins as charged particles through our vacuum chamber. The movement of molecular
beams in time-varying electric fields can be described by the phase-space density
of the beam in the apparatus. The phase-space density description has the useful
property that the number of particles per unit volume stays the same which is given
by Liouville’s theorem for conservative forces - such as from an electromagnetic po-
tential. Because of this conservation, cooling or decreasing the average velocity of
particles in the beam leads also to a reduction in number density. If we start with a
high number density of the beam, we have to account for the reduction that follows
from cooling that we apply to get the molecules to the desired velocity. A low-velocity
particle beam is necessary for high precision spectroscopy and to achieve our goal of
quantum-assisted metrology.

To use peptides and proteins in quantum-assisted metrology we have to control
the charge state, velocity, angular distribution, and particle intensity of our beam to
make it compatible with currently available interferometry setups such as the LUMI
experiment that is discussed in chapter 3.

2.2 Peptides and Proteins in the Gas Phase

Small and stable particles such as the diatomic molecules of early molecular beam ex-
periments can be transferred into the gas phase by heating but more complex biologi-
cal molecules such as heavier peptides and proteins fragment under such conditions.
This high likelihood of fragmentation of labile compounds has earned these methods
the name hard desorption methods. In contrast, the rise of mass spectrometry lead to
a renewed interest in soft desorption techniques that leave biological compounds in-
tact. Because of the success in measuring molecular properties in the gas phase and
the growing interest in molecular biology we have seen novel methods that allow soft
desorption and detection of peptides in vacuum, such as mass spectrometry coupled
with Electrospray Ionisation (ESI) and Laser Desorption (LD).
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Laser desorption helped mass spectrometry to become a widely used analysis
tool from biochemistry to molecule physics and medicine. Posthumus and colleagues
showed their potential in early experiments with laser desorption dating back to the
late 1970s [17]. In their studies, nanosecond laser pulses on a metal surface volatilised
biological compounds such as digitonin with 1228 amu and left them intact in the gas
phase. Additionally, they were able to detect nucleotides - building blocks of the most
essential biomolecule on earth: DNA.

Nearly two decades after these experiments, Weinkauf and colleagues demon-
strated that femtosecond laser pulses are even better suited for desorption and sub-
sequent ionisation of larger molecules [18]. They showed that there are two pos-
sible routes to the detection of intact biomolecules in vacuum. Usually, desorption
- the transfer of molecules into the gas phase from a solvent or surface - and ioni-
sation - the creation of a charged molecule by electron detachment or attachment -
happen in the same step such as in electrospray ionisation. In the experiments of
Weinkauf and colleagues, one laser volatilises the molecules and a later laser pulse
ionises them in-flight. They argue that shorter excitation times of the ionisation laser
leads to smaller variation in the energy distribution and therefore to less fragmenta-
tion. Because longer peptide chains consist of the same building blocks in a repeating
sequence, many similar fragmentation channels can absorb the photons and break.
This is conventionally used in mass spectrometry to identify peptide chains from the
signal of the fragmentation pattern. Bigger molecules above 600 amu have more vi-
brational degrees of freedom and therefore can distribute more photon energy without
dissociating. But even if these findings seem promising for our goal of a protein beam
source there is also the observation from Schlag and colleagues that ionisation effi-
ciency decreases with increasing molecular weight [19]

In my experiments, I looked at different complexities of peptides - chains of amino
acids that are called oligopeptides if they consist of a small number of amino acids
and polypeptides if they increase in size. The most interesting polypeptides are pro-
teins that play a vital role in all biological organisms from metabolism to neuronal
communication which are ubiquitous in living systems. So ubiquitous that one protein
was actually named Ubiquitin because it is present in every eukaryotic cell. We used
insulin as protein model for our research because of its small size and well-studied
chemical properties.
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Figure 2: Identifcation of doubly charged peptides from complex mass spectra.

The figure shows the complexity of a typical mass spectrum and the main steps to
analyse the fragments of the peptide YYVTIIDAPGHR - or Tyrosine - Tyrosine - Valine
- Threonine - Isoleucine - Isoleucine - Aspartic Acid - Proline - Glycine - Histidine and
Residue. The doubly positively charged ion MH+2

2 was selected and dissociated to
yield different types of peptide fragments. b labels indicate breaking at the amide bond
or the peptide backbone with y being the complementary fragment, a indicates an
additional loss of CO with x as counter-part and c and z signals represent extensive
cleavage at the peptide backbone. In the right upper corner, the lines show derived
dissociation sites where the thickness of the line corresponds to the intensity of the
signal. Adapted from [20]

Previous experiments in our group demonstrated the intact desorption and ionisa-
tion of synthesised neutral molecules such as perfluoroalkyl-functionalised tetraphenyl-
porphyrins by laser desorption with nanosecond pulses [15]. These tests were done
in a two step process with laser desorption because in contrast to other soft desorp-
tion tools, this produces a higher amount of neutral biomolecules that are needed for
quantum-assisted metrology.

An additional advantage of gas phase measurements concerns the environmental
and solvent effects that chemistry in solution can not exclude. Optical spectroscopy
has helped to shine a light on the structure of molecules and their dynamics by ob-
serving reactivity and photo-chemistry [21]. For example pulsed-jet expansion has
been developed to extend spectroscopy to new size ranges. In such a setup, bigger
molecules travel in a pulsed cloud of low-weight molecules that enables the selection
of translational velocity and can even provide a cold environment of a few kelvins. We
employed a similar technique to volatilise different photocleavable tags (PCTs) that
were the first step of development for our novel beam source [22]. Later when study-
ing peptides and proteins we switched to electrospray ionisation for its high efficiency
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and continuous molecular beam production.
Because of their high mass-to-charge ratio, electrosprayed peptides and proteins

are not suitable for current interferometric setups. Therefore, we had to complement
our electrospray setup with a reliable and efficient mechanism to control the charge
state of biomolecules. To reduce the number of charges present on bigger peptide
chains we used small molecular tags with a photo-active group that absorbs UV pho-
tons and uses their energy to break a designated bond between tag and molecule.
This technique is called site-specific photodissociation or photocleavage [23].

In biochemistry and medicine, ion activation mass spectrometry enables researchers
to look at complex spectra arising when biological tissue is directly analysed. These
samples contain a multitude of different molecules in varying concentrations making
the identification of signals reminiscent of reading tea leaves. Collisional, optical or
thermal activation of the particle beam enables the extraction of informative molecu-
lar fingerprints of the sample. For example, peptide chains consist of repeating se-
quences that enhance the signal of each sequence after reproducible fragmentation
which amplifies the signal of the sought-after structure above the forest of background
peaks.

Collision-induced dissociation (CID) was the first method that could be applied
to a wide range of analytes and is now part of many commercially available mass
spectrometers [24]. In CID, particle beams are generated and afterwards transverse
a small cell filled with neutral low-weight gas molecules that can be cooled down to a
few kelvin in temperature. In time-of-flight mass spectrometry, the beam has a high
collision energy of typically a few kiloelectronvolt. But in spectrometers equipped with
ion traps, also low collision energies around several electronvolt are feasible. Different
collision energies are typically used to activate different ions but we employed this tool
in another way to cool the translational temperature of our tested molecules [25].

In contrast to CID, photodissociation works by absorption of either multiple low-
energy infrared photons - as observed in infrared multi-photon dissociation (IRMPD)
- or with single high-energy ultraviolet photons - methods that are summarised un-
der ultraviolet photodissociation (UVPD). The first photodissociation of molecules has
been carried out by Bomse, Woodin, and colleagues in the late 1970s and used an
infrared CO2 laser to test the fragmentation behaviour of diethyl ether [26]. These
lasers emit light with a wavelength of 10.6 µm which corresponds to a photon en-
ergy of 0.1 eV. Because many biological molecules dissociate at an absorbed energy
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of several electronvolt, the dissociation only takes place after absorption of 10 to 100
photons [23]. To reduce the charge state of our molecule beam that was softly ionised
with electrospray and cooled with collision gas, we used an ultraviolet laser emitting
high-energy photons of 4.66 eV. In contrast to CID, photodissociation efficiency has
the advantage of being independent of the molecules velocity. This is crucial for our
experiment because we aim to cool peptide chains to low velocities to make them
viable for interferometry.

Figure 3: Comparison of dissociation methods. In dissociation spectrometry the
energy level of the molecular ion M+ is raised either by absorbing of multiple infrared
photons, a single ultraviolet photon or several collisions. If it crosses the energy barrier
sketched left and right, the molecule dissociates into different fragments from F+

1 to
F+
8 . Adapted from [23]

2.3 Towards Quantum-assisted Metrology

By controlling the charge state, velocity, and phase-space density of biomolecular
beams, we aim to widen the class of particles that can be studied in quantum in-
terferometry. In addition to the applications in fundamental physics, we also want to
shine light on photochemical properties of peptides and proteins. The recent rise
of laser-based experiments on gas phase biomolecules provides a novel link be-
tween chemistry and biophysics [27]. This link could be useful in proteomics and
medicine to identify and analyse bigger biomolecules and their properties in vacuum
[28]. Quantum-assisted metrology could provide high-precision measurements that
complement studies with conventional metrology tools [29].

The novel methods of quantum-assisted metrology enable us to determine optical
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properties of peptides and proteins to a high-precision by extension of existing tech-
nologies. Recent experiments in our group measured the molecular susceptibility,
the time-averaged dynamic electric dipole moment, and the molecular optical polariz-
ability of vitamins and showed agreement with computer simulations of the molecular
dynamics [6]. Quantum-assisted metrology by deflectometry is achieved by deflecting
a molecular beam in a typical quantum interferometer with a high gradient electrode.
The visibility contrast that quantifies the typical interference pattern decreases with
increasing force acting on the particles and the known deflection force shifts the in-
terference fringes in relation to the static polarisability ↵stat and electric susceptibility
�. Gring and colleagues also demonstrated how to identify the conformal state of
interfered molecules [30].

In order to conduct quantum-assisted metrology in near-field interferometry we
have strict limits on our molecular beam source. In the next section, I will outline the
fundamentals of near-field interferometry to motivate the requirements for our novel
protein beam source.

3 Near-Field Interferometry

We developed our beam source to extend the possibilities of quantum interferome-
try into the wide range of biological molecules. Hopefully, this will not only extend the
exploration of fundamental physics at the interface of life but can also be used to mea-
sure molecular properties of vital biological compounds such as proteins and DNA. At
the moment, the best candidate interferometry setup is a near-field interferometer with
laser gratings such as the LUMI [7]. In this section, I describe the working principle of
the setup and which constraints it imposes on the necessary molecular beams.

The original double-slit setup with one grating as envisioned by Young in 1807
[31] is described in the optical far-field - where the distance from the source to the
slits is much bigger than the source Aperture A. In the far-field, the curvature of the
matter-wave fronts is neglected and the matter-waves are treated as plane waves.
This method has been explored with many different classes of particles but its res-
olution is in principle limited by signal intensity and coherence requirements for the
molecular beam [32]. To prepare more massive molecules for quantum interferometry
and overcome these limitations, we use a different optical effect that only occurs in
the near-field - where the interferometer distances are on the order of the aperture
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talbot length LA = A2/� and the curvature of the wave front plays an important role.
The Talbot-Lau effect is a self-imaging pattern in the near-field with two gratings set
at a specific distance, the Talbot length LT [33]. It consists of the combination of two
intriguing optical phenomena that are described below.

3.1 Talbot-Lau Effect

Figure 4: Talbot-Lau Setup for interference with an incoherent source.

Monochromatic spatially incoherent waves illuminate two gratings separated by one
Talbot length LT . At the same distance after the second grating, the interference
pattern is recovered on the detection screen. The use of incoherent sources for inter-
ferometry is possible through a combination of the talbot effect - the self-imaging of
the grating structure at LT - and the Lau effect - the preparation of a coherent beam
by an additional grating at the same distance. Adapted from [34]

The first grating acts as a mask that coherently illuminates the interference grating
at the Talbot length. This additional grating is needed because current molecular
sources for massive particles are neither bright nor coherent [7]. The constraint on a
coherent molecular beam source would reduce the signal intensity significantly due to
exclusion of a wide range of velocities. A self-imaging grating helps thereby to create
a coherent molecular beam from an incoherent source. This setup is shown in figure
4 the Talbot length can be calculated from the grating period d and the de Broglie
wavelength �dB by the formula
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LT =
d2

�dB
. (1)

Each slit of the first grating creates a coherent beam that illuminates the second grat-
ing if the gratings are set apart by the Talbot length LT . The second grating creates
a characteristic fractal pattern in the optical near field, the Talbot carpet. In figure 5,
this pattern was measured with photons in a gas chamber and shows the periodic
self-imaging of the grating structure [34]. To be precise, the Talbot effect refers to
the self-imaging of the grating in the optical near field and the Lau effect refers to the
preparation of a coherent beam by illuminating the first grating with spatially incoher-
ent waves. Our near-field interferometry setup combines both effects, which can be
experimentally realised with different types of gratings that are discussed in the next
section.

Figure 5: Talbot carpet measured with incoherent light source. The upper panel
gives a simulated talbot carpet after illumination of two gratings with an incoherent
light source. The calculations predict a periodic self-image after the talbot distance
LT and multiples of it are marked on the z-axis on the bottom of the graph. The lower
panel shows the measured talbot carpet in a gas chamber after incoherent illumination
of a two grating setup. The top integers m give the order of the self-images. Adapted
from [34]
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3.2 Phase Gratings

In interference experiments, material gratings are used to diffract atoms and small
molecules which consist of a thin layer of nanofabricated structures in which periodic
slits are engraved. The thickness of such a layer can even be reduced to a single
atomic sheet of carbon atoms [32].

This interaction blurs the contrast and imposes a limit on the observability of the
interference pattern in a matter-wave experiment. Another challenge arises due to the
accumulation of particles that start to block the slits and reduce the effective slit width
even further. Therefore, we need alternative grating schemes to resolve smaller de
Broglie wavelengths for interferometry of peptides and proteins.

To circumvent these limitations we can use the Kapitsa-Dirac effect – the diffraction
of matter by a standing light wave. As hypothesised by Piotr Kapitsa and Paul Dirac
in 1933, an atom or molecule beam with a de Broglie wavelength �dB = h

p can be
diffracted by a laser [35]. Optical gratings are created by back reflecting a laser beam
with a well-defined wavelength � which creates a standing light wave. This grating-like
structure has a periodicity of �/2. When the molecular beam transverses the electro-
magnetic field, the matter-wave acquires a periodic phase shift via the interaction of
light and the molecular dipole. The average phase shift is calculated by

� =

r
2

⇡
· P0 ↵

wy vz h̄ c ✏
, (2)

where P0 is the power of the standing light wave, ↵ the optical polarizability of the
molecule, wy the waist of the laser beam and vz the molecular velocity in the longi-
tudinal direction [36]. High laser power and a low velocity are therefore necessary
to induce a strong phase shift. The phase relation of molecules hitting nodes and
anti-nodes of the laser beam leads to an interference pattern at the Talbot length LT

after the phase grating. Thereby, we can indirectly observe the quantum nature of
molecules by using an optical grating that does not clog. Additionally, its periodicity
can be changed by choosing different laser wavelengths.
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3.3 Depletion Gratings

Another possible type of optical grating consists of an ultra-violet laser beam that
ionises or fragments molecules in the anti-nodes of the standing light wave [37]. The
electrically charged or fragmented molecules can then be removed from the beam by
applying an electric field or mass selecting only intact particles. This creates a periodic
pattern in the beam which shows interference fringes in the detector comparable to
phase gratings. So far, this scheme has been used to study interferometry of whole
molecule clusters in the time-domain and is promising to work for metal clusters of up
to 300 kDa [7].

For future interferometry setups, this mechanism could act as the first grating
which provides coherent illumination of the diffraction grating by the Lau effect de-
scribed befor. A standing light-wave like this circumvents the common problem of
clogging material slits. The only limitation of this type of grating is the different ionisa-
tion energies needed for depletion or fragmentation of different molecules and clus-
ters. Although this can be solved by modifying particles with a functional group that
allows to ionise or fragment all tagged compounds. In this thesis, I discuss a slight
variation of the concept with tagged polypeptides and insulin that depletes the beam
by photo-cleavage – the fragmentation of a specific bond by an UV-photon.

3.4 Detection Schemes

Through the development of a new type of interferometry that enables interference
measurements on biological molecules, another bottleneck became clear: the detec-
tion. In earlier experiments, the detection of molecules was achieved by ionisation and
counting in a quadrupole mass spectrometer (QMS). This scheme was implemented
by adding a third grating after the diffraction grating that could be moved to scan the
interference fringes. Because the mass spectrometer has no spatial resolution, the
beam intensity was further reduced by adding this third grating. Due to the low ionisa-
tion efficiency, the measurement of interference takes several times longer to record
significant visibility contrast. So far, the detection of neutral proteins in the gas phase
is still an open challenge.

Another proposed detection scheme with higher efficiency is the collection of the
molecules on a glass slide and subsequent imaging by fluorescence detection. In
this scheme, biological specimens are excited by a laser beam and emit fluorescence
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photons which can be detected with a CCD camera. Novel extensions of this method
even allow for resolution below the optical Abbé limit [38]. If the interference pattern
is recorded in the distribution of particles on the surface, the slide only needs to be
scanned by a tightly focused laser beam that stimulates fluorescence to recover a
2-dimensional image from which the visibility can be calculated. By tagging the par-
ticles with a molecular structure that always fluoresces at a specific wavelength, we
would have a more efficient and universally applicable detection scheme for neutral
biomolecules.

A recent interest in interferometric imaging lead to the development of a new de-
tection scheme called interferometric scattering microscopy (iSCAT). iSCAT imaging
works by interfering the light scattered from a sub-wavelength object with a reference
light field. The light intensity Id that hits the detector can be described by

Id /| Er + Es |2= Ir + Is + 2ErEscos� (3)

with � = �r � �s. The scattered electric field from the object is given by Es = Esei�s

and the reference field by Er = Erei�r [39]. This equation describes many different
imaging schemes by proper definition of Er. For example in the common bright-field
microscopy the reference electric field Ei consists of Ei = Eiei�i the background light
that hits the object to be imaged. An extension for iSCAT imaging employs the use of
a partially reflective plate to interfere the scattered light with a back-reflection of the
beam. In this case, the reflective index scales the illumination field by Er = rEi. iScat
schemes described with the above equation have already been used to image vital
biological functions in a non-invasive way, such as native proteins secreted from living
cells, viruses and DNA [40].

In our photocleavage experiments, we used a Time-of-Flight Mass Spectrometer
(TOF-MS) to detect ionised particles. In a TOF-MS, ions are accelerated by a fixed
potential U and then travel a distance d in free-flight [41]. For a molecule with the
charge state q, the mass can be calculated from

m = 2q U

 
d

t

!2

. (4)

Because of the fixed potential U and flight length d, ions of different mass need dif-
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ferent times t to travel to the detector. By separating the molecular beam in pulses,
a wide range of different particles can be analysed at the same time to record a
mass spectrum that gives mass-to-charge ratios m/z of the molecules. This TOF-
MS could be coupled to near-field interferometers to record the interference pattern
of biomolecules. But since interferometry of bigger molecules in our setups works
with neutral particles it would make post-ionisation of the interfered particle beams
necessary and ionisation efficiency scales inversely to particle mass [19].

3.5 Protein Interference

The goal of my thesis is to develop and describe a novel source method for neutral
protein beams in high vacuum. This would enable quantum interferometry of pro-
teins if the molecular beam fulfils certain characteristics to be compatible with current
near-field interference setups. First, the particles need to be electrically neutral to
reduce interactions with the diffraction gratings and avoid decoherence by forces from
electrical or magnetic fields in the vacuum chamber. Second, the beam has to be suf-
ficiently cold to reduce decoherence through the emission of thermal photons. Third,
the particles need to have the right velocity to create interference fringes in a spatial
interferometer. High velocities result in small de Broglie wavelengths and very slow
molecules get accelerated downwards by gravity and will not reach the detector.

15



Figure 6: Comparison of velocities needed to observe protein interference in

near-field interferometry. The colour bar represents the interferometer length, where
the white region L > 2m shows values that are not achievable with current interfer-
ometers. This figure was provided by Maxime Debiossac.

Figure 6 gives an overview of the tight constraints on a molecular beam source
for proteins with increasing mass. Small proteins such as insulin would need to be
decelerated to 800 m

s or less to show interference in matter wave interferometers below
two meters of length. With proper collision gas pressure a low velocity spread of
down to 1 eV for myoglobin is possible [42]. The internal temperature of molecules
can be cooled down by collisions of buffer gas at cryogenic temperatures of 4K [43].
This would thermalise proteins in our buffer gas cell of 10 cm length to temperatures
well below 70K. The goal is to create a protein beam with over 100 counts/s with a
divergence angle below 1mrad.

Our strategy involves starting with a beam of biomolecular ions which can be con-
trolled in velocity and collimation. Subsequently, we have to neutralise the ions to per-
form interferometry. I discuss the methods we employed to generate neutral beams
in chapter 4 and the results of our experiments in chapter 5.
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Besides metrology, there are other reasons to further push the limits of interferom-
etry with complex molecules. Through understanding the interactions of a mesoscopic
quantum state with the experimental setup, we can study how different measurements
and environmental effects influence the transition from quantum to classical states.
We can experimentally test the border at which the indeterministic and non-local laws
of quantum physics turn into the deterministic and causal world of classical mechanics
[10].
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4 Molecular Beam Sources

Quantum experiments with biological molecules so far have been limited to small com-
plexes such as tetraphenylporphirin [44] and vitamins [6]. Matter-wave experiments
have already demonstrated interference of even bigger artificial molecules [45], but
proteins have so far not been used in these setups. The problem lies in creating a
sufficiently cold and intense beam of biological molecules that can be used to observe
interference contrast. In this chapter, I describe a beam source method that we tested
with several peptide chains of different lengths and insulin, a well-studied protein that
is commercially available not only to diabetics.

Figure 7: Structure of Insulin. The protein insulin consists of two chains connected
by disulphide bridges at the amino acid cysteine. The upper A-chain is drawn in blue
and the lower B-chain in green. The inset shows the typical 3D folding structure and
the yellow bridges connect the two chains. Reprinted from [46]

Insulin is a small polypeptide with a molecular mass of 5733Da in its bovine form,
which is a good model candidate for a new protein beam source. It consists of 51
amino acids and has been detected through ionisation methods already 30 years ago
[47]. Because of its low mass and high thermal stability in contrast to larger protein
complexes, we chose it as proof of principle for our novel protein beam source. The
range of hypothetical protein candidates goes up to the biggest known natural protein
in the human body: Titin with over 34000 amino acids and a mass of more than
3.8MDa [48].

In our experiments, we manipulate the molecular beam with a UV laser of 266 nm
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to change the charge states and later plan to use it as a standing light-wave grating.
Therefore, it is important to understand the interaction between UV laser light and the
amino acids that make up proteins. Tryptophan, Tyrosin and Cystine are known to ab-
sorb photons of wavelengths in the vicinity of our used laser beam at 266 nm [49]. The
molar absorption coefficient ✏ is a useful parameter to calculate the absorption cross-
section � of a protein. From solution experiments, we know that it can be estimated
by

✏280(M
�1cm�1) = #Tryptophan · 5500 + #Tyrosine · 1490 + #Cystine · 125, (5)

where # denotes the number of the specific amino acids occurring in the polypeptide.
From ✏280 we can predict the absorption cross-section � by the relation

� =
✏ log10

NA
. (6)

We use this parameter to predict the interaction between UV laser light at 266 nm and
the peptides and proteins. The wavelength from literature is close enough to calculate
a rough estimate that we can compare to our measured data. The exact absorption
cross-section � depends on factors that we can not control in our experiment. The
most prevalent source of uncertainty is that the amino acid histidine also absorbs at
this wavelength, but only in a certain conformation. Because we can not test or con-
trol the conformation of histidine, we neglect its influence to derive an approximation
for the absorption cross-section of native insulin �Ins = 2.57 · 10�20 cm�2 for native
insulin. In comparison, our neutralisation mechanism relies on a small molecular
tag with strong absorption in the ultraviolet. This photocleavable tag has an absorp-
tion cross-section �pc = 4 · 10�17 cm�2, which is three orders of magnitude higher
and therefore absorbs most of the photons when tagged proteins are exposed to UV
radiation. Additionally, several tags on each biomolecule further increase the photo-
cleavage efficiency.

In interferometry, neutral molecules are used to reduce interactions of particles
with the gratings and with each other to avoid decoherence. If the studied parti-
cle beam is created by thermal evaporation, enough neutral molecules are desorbed

19



to perform interferometry experiments. But this source mechanism has limitations.
Heating of biomolecules leads to fragmentation of complex structures such as pro-
teins. This creates a wide distribution of substructures which reduces the signal of
the intact parent molecule.

Therefore, we investigated two well-known methods from mass spectrometry that
softly desorb particles into the gas-phase: Electrospray Ionisation and Matrix-assisted
laser desorption. Both tools create charged molecules that can be controlled, cooled
and detected in the gas-phase. This enables us to steer the ions and change the
beam parameters in vacuum. But to perform interferometry we need to neutralise the
ion beam, which we achieve by photocleavable tags as discussed in chapter 5.

4.1 Electrospray Ionisation

Mass spectrometry is a widely used detection method to determine the mass-to-
charge ratio of molecular compounds. But before the late 1980s, it was limited to
low mass molecules because of the lack of soft desorption techniques available that
allowed for intact desorption and detection of biomolecules. Electrospray ionisation
(ESI) enabled the production of molecular beams and detection of intact macro-
molecules in the gas-phase. In 1968, Malcolm Dole and colleagues demonstrated
a functional ESI [50], but it took 20 years of refinement until John Fenn and col-
leagues could detect intact biomolecular ions in the gas-phase [47]. This novel tool
was efficient in creating high-intensity beams of biological compounds and became a
standard technique for nearly every mass spectrometry department in the world and
John Fenn was awarded the Nobel prize for it in 2002 [51].

In our experiment, we use a commercial Waters electrospray ionisation mass
spectrometer (ESI-MS) to generate and detect a beam of biomolecular ions. ESI
starts with a solution of dissolved particles in a syringe, which are sprayed through
a capillary with a diameter of 500µm. A voltage of 2-3 kV is applied to the capillary
and the liquid is accelerated to a counter electrode at the entrance of the vacuum
chamber. The coulomb repulsion of the charges in the droplet is competing with the
surface tension that acts to keep the liquid in the capillary. At the right voltage, these
forces are in equilibrium and the fluid is sprayed in the form of a pointed cone. This
effect is named after Sir Geoffrey Taylor who showed that the equilibrium state can
only be maintained in a cone shape with an opening angle close to 49, 3� [52].
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Figure 8: Sketch of the Electrospray Ionisation mechanism. First, free charges
form in the capillary. Second, a Taylor cone forms and creates charged primary
droplets. Then sheath gas and a high temperature lead to solvent evaporation.
Smaller secondary droplets are generated through Coulomb fission and at the final
stage, individual ions enter the vacuum chamber. Adapted from [53].

Figure 8 shows a sketch of the ESI mechanism. At the start, electrochemical re-
actions such as oxidation and solvent create free charges inside the steel capillary.
The high voltage leads to the formation of a Taylor cone which produces charged pri-
mary droplets. A stable jet can only be maintained at a specific voltage that balances
out the surface tension.

In a systematic study, four modes of spraying have been observed [54]. At low volt-
ages and solvent flow rates, the liquid drips out irregularly. With increasing Coulomb
attraction a stable cone jet forms. If we apply an even higher voltage, the stable jet
splits into several droplet jets that still produce a detectable signal of ions. After further
increase of voltage and flow rate, the spray becomes unstable and is referred to as
entering ramified-jet mode.

The droplets in the Taylor cone only consist of a limited number of charged par-
ticles, because with the increase of charges the coulomb repulsion becomes strong
enough to disperse the droplets. The maximum number of charges q in a stable
droplet is called the Rayleigh limit and can be calculated by

q = 8⇡
p
✏0 � r3, (7)

where ✏0 is the vacuum permittivity, � is the surface tension, and r denotes the droplet
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radius. Because of surface tension ESI does not create a stable spray with water.
Therefore, other solvents such as ethanol and acetonitrile have to be used.

To evaporate solvents in the droplets, we used a sheath gas flow from 20-400 L/hr
around the capillary and the source was at a temperature of 100 �C to further assist the
evaporation. Because the solvent molecules leave the droplet neutrally, the number
of charges stays the same, but the radius decreases. This leads to a higher electric
field density, which in turn disperses the droplets in a coulomb explosion into multiple
nanodroplets that have a diameter on the order of 200 nm [55]. In comparison, the
primary droplet size is on the order of 1µm.

Even though ESI is a common molecular analysis tool, the exact mechanism of
ion formation is still debated [56]. The two most common explanations are the charge
residue model and the ion evaporation process. Right after the invention of ESI-MS,
Dole and colleagues proposed that every charged, secondary droplet contains only
a single target molecule [50]. This observation was important to construct the full
charge residue process. In their model, a micrometer-sized droplet forms directly
after spraying and the sheath gas leads to further evaporation of the solvent. If the
Rayleigh limit is reached, the droplet forms a Taylor cone and emits nanodroplets that
contain a single ion. After full evaporation of the solvent, the individual ion remains in
the mass spectrometer. To understand this mechanism, it is important to note that a
Taylor cone forms both at the end of the capillary and in each evaporating droplet.

The other proposed mechanism is called the ion evaporation model. Originally
developed by Iribarne and Thomson, it explains the ion formation by individual ions
leaving the charged droplets in flight [57]. According to their explanation, secondary
droplets emit ions to compensate for the increasing electric field strength on the sur-
face. This happens continuously at a reaction rate kreact until the droplet is fully evapo-
rated [55]. With the Boltzmann constant k, temperature T , Planck’s constant h, Gibbs
energy G and the ideal gas constant R we can calculate the rate of emission

kreact =
kT

h
· e��G

RT . (8)

The ion evaporation model proposes that ions are desorbed from a solvent droplet. In
contrast, the charge residue model assumes that droplets of solvent and a single ion
evaporate until the individual ion remains [58]. The main difference between the two
models is therefore how individual ions are formed after several stages of evaporation
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and droplet separation.
According to Wilm and colleagues, the current consensus in physical chemistry is

that small ions are generated by ion evaporation and large ions above 1000Da by the
charge residue process [55].

Another proposed mechanism compares folded and unfolded proteins of different
sizes. The so-called chain ejection model assumes that unfolded proteins and other
big polymers show different behaviour in ESI as the two processes described above.
By molecular dynamics simulations, Konermann and colleagues found that compact
polymers tend to act hydrophilic and extended chains show hydrophobic behaviour
[56]. The unfolding therefore leads to migration to the surface and subsequent ejec-
tion of the ion from the solvent.

Figure 9: Comparison of possible electrospray ionisation mechanisms. On the
left, the Ion Evaporation Model (IEM) assumes that individual ions leave the charged
primary droplet in-flight. In the middle, the Charge Residue Model (CRM) states that
secondary droplets with only a single ion inside are created and after solvent evap-
oration, the ion is isolated in the gas-phase. On the right, the Chain Ejection Model
(CEM) explains that bigger biopolymers such as unfolded proteins leave the charged
droplet because of their hydrophobic properties. Adapted from [56]

In our experiments, we studied the behaviour of peptide chains up to small proteins
such as insulin. According to the literature presented, the ions of smaller peptides are
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created by the ion evaporation mechanism and larger compact protein ions arise due
to the charge residue process. For increasingly massive proteins we expect to create
biomolecular ions that unfold according to the chain ejection model. Even though the
exact process of ESI is still discussed, which mechanism actually takes place is not
crucial for our experiments. So far, we were able to ionise and detect all possible
biomolecular candidates for interferometry.

A novel refinement of the general method is nano-electrospray, which primarily
produces nanodroplets of comparable size without relying on secondary droplet for-
mation as in conventional ESI described above. In this source mechanism, a small
capillary of 1µm and a low spraying speed of around 20 nl/hr is used to increase
ionisation efficiency up to 100% [59]. Even though, the high efficiency and low solu-
tion consumption is a big advantage of nano-electrospray, we used the classic ESI
approach for our experiments. After preliminary studies, we observed that nano-
electrospray needs more maintenance because the capillaries clog more easily and
sample consumption was not an issue for our study.

4.2 Matrix-assisted Laser Desorption Ionisation

A second soft desorption technique that we tried is Matrix-assisted laser desorption
ionisation (MALDI). In comparison to ESI it produces mainly singly-charged molecules
but also volatilise proteins with higher velocity. Karas and colleagues discovered in
the 1980s that non-absorbing amino acids such as alanine could be ionised by adding
tryptophan that absorbs laser light at 266 nm. This so-called matrix molecule is mixed
with the target molecule in solution and applied to a solid surface. The solvent evap-
orates and the matrix and target form a thin layer of particles. By irradiation with a
pulsed UV laser, the matrix absorbs energy and ablates the target molecules. By
addition or subtraction of protons, the initially neutral molecules are ionised and can
be detected in a mass spectrometer [60]. In contrast to ESI, MALDI produces mostly
singly charged molecules.

Even though MALDI is widely used in scientific and commercial applications the
mechanism behind it is not fully understood [61]. One of the proposed models ex-
plains it by looking at the combined physical and chemical interactions of the matrix
and target molecules. According to the Coupled Chemical and Physical Dynamics
(CCPD) model, the ionisation takes place in three steps: First, matrix molecules are
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in the electronic ground state S0 and get into the excited state S1 by the absorption of
a UV photon:

S0 + h⌫ �! S1 (9)

Second, the photoexcited molecules pool together in the matrix and form higher ex-
cited states Sn through collision:

S1 + S1 �! Sn + S0 (10)

Third, the higher excited states Sn collide with other excited molecules and set elec-
trons free:

Sn + S1 �! M+ + e� + S0 (11)

Free electrons are captured by matrix molecules and create additional anions. After
formation, the anions and cations form protonated/deprotonated ion pairs which are
highly reactive and ionises the target molecules.

MALDI produces a mixture of several compounds such as molecular anions, cations,
and clusters of molecules. By proper mass selection it is possible to select single
species and create a lowly-charged molecular beam. This enabled the analysis of big
proteins in the gas-phase up to 100 kDa and Tanaka shared the 2002 Nobel prize with
Fenn [62]. Interestingly, both of these methods work by addition or loss of a proton
from the molecule, also called protonation and deprotonation. Before, ionisation was
defined as acquiring a charge through losing an electron or capturing a free electron
from the environment.

In our experiments, we wanted to employ MALDI for modified Proteins such as
tryptohphan-tagged ubiquitin but did not follow up on this method because of the
low intensity of the recorded signal. But since other laboratories already reported
successful detection of ubiquitin and complex modifications, this method could be
important in future extension of our setup [63].
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4.3 Charge Reduction of Peptides and Proteins

In the previous section, I discussed different methods to volatilise and detect frag-
ile biological molecules such as peptides and proteins. Before the development and
refinement of soft ionisation methods, it was impossible to study biomolecules with-
out the interaction of a solvent or intermolecular reactions. Even though these new
methods enabled the study of gas-phase ions, we still can not use them for quan-
tum interferometry because of their electric charge. In our experiments, we combined
the advantages of soft ionisation with a new mechanism that allows us to reduce
the charge state of peptides and proteins to create a cold, collimated and electrically
neutral beam of macromolecules.

The novel design, which was developed together with the Mayor group, consists
of a small molecular tag that is attached to the target particle and interacts with a
UV laser pulse in a well-controlled manner. By splitting off a specific part of the
tag with an electric charge, we can reduce or increase the charge state of a host
molecule. Such photochemical methods are highly useful for us, because we operate
in high vacuum conditions where only a small amount of background molecules are
present and intermolecular interactions are rare. To give an overview of the different
possibilities of photochemistry, I explain different types of light-molecule interaction.
All of them can be subsumed under the term photodepletion, the reduction of beam
intensity through interaction with photons.

Mass spectrometry is a useful tool to analyse the components of a sample but is
limited by the complexity of the recorded spectra. Large biomolecules often exhibit di-
verse signal of multiple charge states in spectrometry which makes it difficult to assign
specific fragments and identify compounds. Photodissociation, or the fragmentation
of molecules by interaction with light, turned out to be a helpful tool to tackle this
problem. By coupling a laser into a mass spectrometer, it is possible to influence the
mass spectrum in real-time and fragment big biomolecules into analysable smaller
compounds.

Deterministic fragmentation channels revealed structural and sequential informa-
tion and researchers use different laser wavelengths to study optical properties of
molecules such as absorption cross-section [23]. As discussed in Chapter 2, the new
technique of photodissociation mass spectrometry became central in biochemistry
fields such as proteomics and drug discovery. The two most common applications
are Infrared Multiphoton Photodissociation (IRMPD) and Ultraviolet Photodissociation
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(UVPD).
In comparison to IRMPD, UVPD excites the target molecules much faster and

creates a richer fragmentation pattern [64]. The high energy UV photons deposit
much more energy and dissociate the analyte right after excitation. The timescale of
such a fast reaction is on the order of femtoseconds [64]. Additionally, amino acids
with aromatic side-chains such as tryptophan, tyrosine, and phenylalanine have a
high dissociation efficiency. This allows for UVPD of many peptides and proteins such
as insulin and is used to identify unknown proteins in proteomics [23].

Another method that fragments molecules for the analysis of mass spectra is Col-
lisional Induced Dissociation (CID) [65]. In contrast to photodissociation, CID is much
easier to implement because it only consists of a chamber filled with buffer gas. The
molecular beam collides with the buffer gas and dissociates through multiple colli-
sions. Usually, the buffer gas can be controlled in temperature – such as in our exper-
imental setup – which enables cooling of the target compounds.

Our group also studied a new kind of quantum interferometry grating type, which
builds upon the mechanism of UVPD: photofragmentation gratings [37]. In the OTIMA
(optical time-domain matter-wave) experiment, 157 nm vacuum ultraviolet (VUV) lasers
are used to fragment molecular clusters and biomolecules to extract charged frag-
ments from the beam. The very high photon energy of 7.9 eV is necessary so that
a single photon is sufficient to ionise or fragment the target compounds, which pass
the optical VUV grating only for a short period of time. In contrast, photoionisation
gratings do not work with large biomolecules because the particles exhibit high ion-
isation energies which cannot be reached with UV table-top lasers [37]. Such high
single photon energies can only be achieved with synchrotron radiation. In contrast,
photofragmentation gratings are not limited to small particles with low ionisation ener-
gies.

In general, photodissocation can be used for protein interferometry but is not a
deterministic way of neutralisation. The position of the charge on biomolecules can be
delocalised and the dissociating bond is different for the studied species. To develop
a reproducible neutralisation mechanism we have to localise the charge to a certain
degree and remove it from the protein with high efficiency.

Before I present the main focus of our research – the photocleavable tags – I
will discuss the steps necessary to conduct photoneutralisation by photocleavage. A
singly tagged molecule can only emit a single charge by absorption of UV photons.
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Therefore, we had to implement a method that reduces the charge state of ESI protein
beams to one.

After preliminary tests, we developed a corona discharge source that enabled us
to study singly charged insulin beams of sufficient intensity. This source is described
in the following section before I discuss alternative approaches and their limitations.

4.4 Corona Discharge

Charge Reduction Electrospray Mass Spectrometry (CREMS) was first developed
to increase peak separation and thereby decrease spectrum complexity of the ob-
served mass spectra. The goal was to reduce charge states of big proteins such as
haemoglobin with a mass of 64 kDa. In conventional ESI, such big complexes gather
approximately 16 charges during soft desorption and due to fragmentation, cluster-
ing, and background noise the observed peaks become difficult to assign to the right
compounds [66].

In our case, we experimented with smaller proteins from insulin at 5.7 kDa to myo-
globin at 17 kDa. But already these analytes acquire multiple charges in the ioni-
sation process. Intriguingly, ESI-MS detects most of the proteins in the range from
500 � 2000m/z [67]. As a simplified rule, we see that proteins acquire roughly one
charge per 1500Da. Of course, this is an oversimplification and the actual behaviour
depends on the specific compound and spraying conditions.
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Figure 10: Sketch of a corona discharge chamber. A platinum wire at the top
electrode is set to a high voltage and ionises the gas molecules which enter the ioni-
sation chamber (red). A small aperture lets ions of the right polarity into the interaction
chamber (blue). The electrosprayed biomolecule ions enter the interaction chamber
from the left and collide with ionised gas. This reduces their charge state to create
singly charged proteins that enter the mass spectrometer on the right. Adapted from
[68]

To enable photoneutralisation of proteins we studied different approaches of charge
reduction to a singly charged state. From this stage, we would be able to test the po-
tential of the PCT to create a neutral biomolecular beam.

The most promising method was charge reduction in a corona discharge cham-
ber that is described in this section. In positive ESI mode, proteins acquire charges
through protonation. Therefore, the direct way of charge reduction would consist of a
proton transfer reaction that again removes the donated protons in free-flight. In our
experiment, this is achieved through gas-phase anions that collide with the protein
cation beam and capture protons. By changing the polarity of the voltages and the
ESI mode it is also possible to charge reduce protein anions by gas cations.

Corona discharge creates gas-phase ions by a strong electric field in a small
chamber filled with gas. In our case, a platinum wire is connected to a high voltage
source set to a potential of 2 kV and a steel plate on the other side acts as counter
electrode [69]. The high voltage of the wire ionises the gas in the chamber and the
ions exit the chamber through a small pinhole in the steel plate. Behind the pinhole,
the protein beam flows from the syringe into the mass spectrometer. We call this
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interaction region the neutralisation chamber and the setup is sketched in figure 10.

Figure 11: Charge states of proteins in electrospray ionisation. On the left,
we show the multiple charges insulin molecules with a mass of 5.7 kDa acquire in
our electrospray mass spectrometer. On the right, the bigger protein ubiquitin with
a mass of 8.5 kDa is shown. Because of the high abundance of multiply charged
biomolecules, we employed corona discharge to charge reduce our analytes.

In the corona discharge chamber, a high voltage source produces a plasma by
ionising gas in the chamber. The plasma consists of positive ions and free electrons
for both positive and negative polarity but the charge reduction mechanisms are dif-
ferent. A positive wire attracts free electrons which collide with neutral gas molecules.
This creates mostly O+

2 and N+
2 , which get repelled from the positive wire and enter

the neutralisation chamber [70]. A wire on a negative voltage, in contrast, accelerates
electrons in the opposite direction. Neutral molecules capture these electrons and
enter the neutralisation chamber as O�

2 and N�
2 [68].

We designed and built the corona discharge chamber from the ground up based
on previous work which found the interaction time of ions to be around 5ms [69] nice.
For the most efficient charge reduction, we applied a voltage of 2500 � 3100V to the
platinum wire and used between 10 � 80µA. The exact values vary due to different
spraying conditions and alignment of the wire. The charge reduction efficiency also
depends on the gas flow through the ionisation chamber. Higher flow rates lead to
a lower average charge state in the molecular beam. Figure 12 shows the effective
charge reduction of the proteins GFP and myoglobin
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Figure 12: Comparison of mass spectra with and without charge reduction. On
the left, the mass spectrum without charge reduction shows multiply charged Green
Fluorescent Proteins (GFP) with a mass of 17 kDa. The cations have between 9 and
20 charges. With the corona discharge activated, the charge states reduce to between
14 and 6 charges - which is shown on the right.

In preliminary studies, we used N2 as ionisation gas and combined it with vapours
from water, ethanol and formic acid. Depending on the ionisation mode, this should
reduce additional peaks that appear due to the addition of oxygen and nitrogen atoms
to the studied molecular beam [68]. But, in later experiments with photocleavable
tagged insulin the background air of the laboratory turned out to be a low-maintenance
option that produced a beam of stable singly charged insulin.

4.5 Alternative Charge Reduction Schemes

We demonstrated corona discharge reduction of Insulin in our experiments, but for
bigger proteins and other biomolecules alternative schemes exist. Since the invention
of soft ionisation mass spectrometry, several different possibilities have been devel-
oped to obtain low-charged analytes. In this section, I will discuss the most used
techniques and recent developments in the field.

A similar approach to corona discharge is charge reduction by ↵-particle sources,
which are commercially available and easy to implement. Radioactive components
such as polonium emit He4 nuclei because of their inherent nuclear instability. These
nuclei – also called ↵-particles - are positively charged and can charge reduce molec-
ular anions through collisions. In the setup described above, it is possible to exchange
the ionisation chamber with the polonium source and use the same neutralisation
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chamber where analytes and ↵-particles interact. The opening area between the
radioactive source and the neutralisation chamber then determines the charge reduc-
tion efficiency [68]. In comparison to corona discharge, the ↵-particle source is more
efficient in reducing the charge states of insulin. However, it is so efficient that with
increasing source area most molecules get neutralised. In absolute numbers, the
polonium source creates less singly charged proteins. Another crucial disadvantage
is that the positive charge of ↵-particles makes the charge reduction mechanism only
feasible for molecular anions.

Manipulation of charge states of gas-phase ions can also be achieved as the
byproduct of electron transfer dissociation (ETD). This process is a standard pro-
cedure in biochemical analysis to decipher complex mass spectra by fragmenting
high-mass biopolymers [66]. In ETD-MS, radical anions are stored in an ion trap and
transfer electrons to the analyte cations via collisions. By changing the acceleration
potential of the molecular beam, dissociation can be minimised and charge reduction
becomes the dominant process. This method produced singly charged haemoglobin
with a mass of 64 kDa and is also promising for bigger proteins. But the need for an ion
trap and the limitation to molecular cations prevented us from applying this technique
to our experiment.

A novel charge reduction tool utilises the combination of two electrospray sources
of different polarity [71]. In a single chamber, both sprays aim at the same mass
spectrometer inlet and enable singly charged protein cations. The negative electro-
spray consists of small singly charged anions of methanol. A metallic grid decouples
the two sprays and stabilises the protein beam. By varying the distance between the
opposite-polarity sprays, it is possible to control the efficiency of charge reduction.
Even though this method has been recently reported for the first time, it was already
reported to produce singly charged high-mass proteins such as immunoglobulin G
with 150 kDa and could, in principle, be implemented in our setup.

As discussed in the following chapter, we demonstrated charge reduction of pep-
tides and proteins in vacuum with UV laser radiation [72]. Electron photodetachment
experiments showed that photo-excitation of proteins relax by electron emission [73].
But because lower charge states require higher laser energies this approach is limited
to multiple charges in tabletop UV laser setups. We have developed a process that
enables charge neutralisation of proteins in such settings: photocleavable tags.
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5 Photocleavable Tags and Peptides

In my project, I studied different methods of biomolecule charge reduction and neutral-
isation to develop a novel source for quantum interferometry of proteins. The goal was
to identify a process that creates a cold, slow and collimated beams of neutral insulin.
Our main focus was the design and optimisation of photocleavable tags (PCT) that we
attached to different peptides and proteins. This photofragmentation mechanism al-
lows us to control the charge state of compounds in vacuum after soft desorption and
ionisation by electrospray. As a result, we were able to photocleave singly charged
insulin in the gas phase and create a molecule beam of electrically neutral proteins.

5.1 Experimental Setup

Our experiments were conducted on a modified Waters Q-TOF - a commercial Elec-
trospray Ionisation Mass Spectrometer (ESI-MS) that enables us to analyse solutions
of biomolecules and control molecular beams in vacuum. The different steps of our
experimental setup are sketched in figure 13. First, a 250µL syringe sprays the an-
alyte solution into the machine at a stable rate between 2 � 10µL/min. The solution
disperses at the outlet of a 500µm capillary set to a voltage of 2-4 kV. A nebuliser gas
flow of 20-100 L/hr evaporates the solvent in the liquid droplets. After several steps of
coulomb fission and further solvent evaporation, isolated gas-phase ions get acceler-
ated into the corona discharge chamber. In the chamber, ions with opposite polarity
charge reduce the biomolecular ions by collision. The process creates a sufficient
amount of singly charged particles which can be mass selected by the subsequent
mass filter.

When the molecules enter the vacuum chamber, we collimate the beam by a
stack of ring electrodes. Then we mass select specific m/z ratios with the follow-
ing quadrupole mass filter. By controlling the radio frequency voltage applied to the
mass filter, we deflect all particles of m/z ratios that deviate from the filter setting.
Selected particles enter the collision cell in which they collide with argon gas. A cryo-
genic cooler enables us to change the temperature of the gas molecules and therefore
reduce the internal energy of the molecular beam. This process allows us to study the
temperature dependence of fragmentation processes. Ultimately, we obtain a mass-
selected and charge reduced molecular beam that can be steered and temperature
controlled in high vacuum.
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Behind the collision cell, molecules enter a hexapole region in which they interact
with the counter-propagating laser beam. The absorption of UV photons leads to
fragmentation of the photocleavable tag and subsequent separation of biomolecules
and the cleaved leaving group.

Figure 13: Setup for charge reduction of photocleavable peptides and proteins.

Molecules in solution are sprayed through a electrically charged capillary forming a
Taylor cone. After acceleration by an electric field the liquid droplets disperse due
to a nebuliser gas. Molecular ions enter the vacuum chamber through the charge
reducer. There, the particles collide with ions of opposite polarity and get charge
reduced. Then, we select a specific m/z ratio by a quadrupole mass filter and cool the
molecular beam in a temperature-controlled collision cell. A counter-propagating UV
laser beam illuminates the molecules at the following hexapole and photocleaves the
tags to neutralise the ions.

After these stages, we detect charged particles in a Time-of-Flight Mass Spec-
trometer (TOF-MS) in a V trajectory [74]. In this configuration, molecules get repelled
by a pulsed electric field into a reflectron that consists of a high voltage gradient of
opposite polarity to the repeller. The gradient, created by a stack of ring electrodes,
reduces the kinetic energy distribution of the ions and thereby increases mass resolu-
tion additionally to the longer flight path in the V configuration [75]. The ion trajectory
is depicted in figure 14.
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Figure 14: Molecule detection with time-of-flight mass spectrometry. Molecular
ions enter the time-of-flight chamber through the opening to the left and accelerate
downwards due to the pulsed repeller voltage. The reflectron is a stack of ring elec-
trodes that accelerate the ions upwards onto the multi-channel plate detector. On
top of the vacuum chamber, we inserted a window as an inlet for the UV laser beam
that is reflected into the electrospray chamber where it interacts with the molecules.
Adapted from Waters Q-TOF manual [76]

5.2 Sample Preparation and Electrospray Parameters

Electrospray ionisation disperses molecules dissolved in a liquid into an aerosol. To
prepare the sprayed solution, we added 1mg of analyte in dry form to 1ml of methanol,
then 1mL of deionised water, and at the end 1 µL ammonia for the positive mode
and formic acid in the negative mode. The last step increases or decreases the pH
value of the mixture to optimise ionisation efficiency depending on the polarity of the
ionisation process. This solution is then sprayed with a flow rate of 2-10 µL through the
electrospray capillary at a voltage of 3.5 kV in the positive and �3 kV in the negative
detection mode.

The entrance cone to the vacuum chamber produced optimal throughput at 35V
and the MCP voltage was set to the maximum of 2.4 kV. The TOF-MS acceleration
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voltage was set to 9.1 kV for all measurements with its polarity depending on the de-
tection mode. We used nitrogen as cone gas at a flow of 22 L/hr and as nebuliser gas
to dissolve aerosol droplets after the capillary at 50 L/hr. The desolvation temperature
at the vacuum entrance was set to 140 �C and the source temperature of the capillary
to 100 �C.

For the UV photofragmentation experiments we used a frequency-quadrupled,
pulsed Nd:Yag laser with a wavelength of 266 nm and a pulse width of 1 ns. The
laser beam was aligned collinear and counter-propagating to the molecular beam and
had a spot size of 2mm. The most important measurement parameters for the results
discussed in this thesis are collected in table table 1.

Table 1: Important parameters for the electrospray measurements. RF 1 is the
voltage applied to the first collimation radio frequency lens. Laser power and fre-
quency give the strength and repetition rate of the UV laser that interacts with the
molecular beam, and the measuring time depends on beam stability and intensity.
Molecules with lower count rates were recorded for a longer time to ensure sufficient
statistical power.

RF 1
(V)

Laser Power
(mW)

Laser Frequency
(Hz)

Delay
(us)

Measuring time
(s)

PCT tripeptide 30 94 250 48 120
PCT nonapeptide 30 94 250 48 120
PCT dodekapeptide 30 94 250 48 120
pos cPCT tripeptide 10 94 250 80 240
neg cPCT tripeptide 10 94 250 98 120
pos cPCT insulin 100 560 1000 100 480
neg cPCT insulin 100 560 1000 100 120

5.3 Neutral Photocleavable Tags

Our source mechanism produces high-intensity beams of singly charged peptides
and proteins but to create a neutral beam of biomolecules we had to find a way to
remove the last charge on the specimens in vacuum. This was achieved by tagging
the particles with a molecule chain that fragments under UV irradiation. The so-called
photocleavable tag (PCT) enables us to control the charge state in the gas phase and
the first version of it is shown in figure 15.
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Figure 15: Chemical structure of photocleavable tags and intermediary steps

of the photocleavage pathway in solution. The photocleavable tag absorbs UV
photons and enters a triplet state T1. Hydrogen transfer leads into the E-aci-nitro form.
After formation of a cyclic isoxazol, the molecule fragments into a phenol subunit and
2-nitrosobenzaldehyde. Adapted from [22]

The photocleavable tag is attached to the molecule at position R1. This tag is de-
signed as a universal building block that connects to a broad range of biomolecules via
easy-to-implement click chemistry reactions [22]. This class of reactions allow the fast
and effective attachment of small reporter molecules to bigger biological structures in
solution [77]. We have chosen a 2-(phenoxymethyl)-1-nitrobenzene motif because
its photochemical reaction does not depend on background molecules from solvents
but only on intramolecular exchange. This is necessary to ensure that our chosen
mechanism is applicable to molecular beams in vacuum conditions where no solvent
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molecules are present.
Photocleavage in solution consists of the absorption of UV photons, which excite

the molecule into its singlet state. By intersystem crossing, the singlet state decays
into its triplet state and in the next step, the transfer of hydrogen leads to the E-aci-
nitro form of the molecule. This form decays into cyclic isoxazol, shown in step 4 of
figure 15. In the next step, the hydrogen moves closer to the fragile oxygen bond and
because of molecular instability a phenol fragment and 2-nitrosobenzaldehyde arise
as end products.

The PCTs were designed in such a way that UV irradiation breaks the oxygen
bond between the photolinker and the leaving group. While studying the mechanism
of photocleavage in solution we observed the fragments corresponding to the ex-
pected reaction. The continuous irradiation of molecules with light from a UV lamp
lead to increasing signal of the phenol subunit. This provided evidence that our de-
sign of PCTs would enable the same mechanism in vacuum. But, it was still possible
that missing solvent background molecules would lead to different behaviour after UV
photon absorption.
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Figure 16: Mass spectrum of photocleavable tags under UV radiation. In the
black curve, the intact PC molecule appears at a mass-to-charge ratio of 461m/z.
Additionally, the photocleaved group can be seen at 229m/z. The red curve con-
sists of data after UV laser interaction with the molecular beam. The ratio between
intact and photocleaved signal changes with UV radiation. These results were part
of preliminary studies that were conducted on molecular beam machine before we
employed the ESI-MS setup. Adapted from [22].

In figure figure 16, we show the mass spectrum of PCTs isolated in the gas phase.
The results were recorded during preliminary studies with the first generation of syn-
thesised molecules in a molecular beam machine and after thermal desorption of
molecules with an infrared laser. Further details of the setup are discussed in our
article by Sezer and colleagues [22]. Even though, we were not able to demonstrate
conclusive fragmentation of the designated molecule bond we detected the particles
at the correct mass and observed a significant effect of UV laser light on the photo-
cleavable molecules. Fragments from the source mechanism hindered the quantita-
tive analysis of the photocleavage process. To overcome this limitation, we switched
to the electrospray ionisation setup that allows mass selection before UV irradiation
and therefore quantitative analysis of fragmentation yield.

In preliminary studies of PCTs in vacuum, we detected intact molecules at the cor-
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rect mass and observed a significant effect of UV radiation on the molecular tags [22].
To extend our study of the photocleavage mechanism in the gas phase, we connected
the tags to a range of model peptides and tested the modified biomolecules under
soft desorption of electrospray ionisation. The studied amino acid chains ranged from
three to twelve building blocks and allowed us to compare the behaviour of tagged
particles with different length and mass.

Figure 17: Structure of photocleavable tagged peptides. The top panel shows the
chemical structure of the photocleavable tagged tripeptide. The blue part represents
the leaving group which separates from the biomolecule, the red part consists of the
photolinker which is used to connect tags to different molecules and the three amino
acids - the tripeptide - are depicted in black. The bottom panel shows the structure of
a nonapeptide - made out of nine amino acids. The sequence consists of the same
start and end molecules - Lysine-Alanine and Leucine respectively - with a repeating
motif of Leucine-Glutamine-Alanine in-between. This motif is highlighted in the red
box.

When irradiated with the UV laser, we observe a characteristic fragmentation pat-
tern that is depicted in figure 18. The particles in solution already produce charged
leaving group signal and other fragments. With mass selection, we clean the signal
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to produce a beam of intact photocleavable peptides at a mass of 744Da. Afterwards,
this beam interacts with UV photons and produces fragments of phenolate which can
be detected at 229Da. We expect the residual molecule to be in a dipolar state, where
a negative charge sits on the peptide chain and a positive charge arises on the frag-
mentation site. Because the dipolar state does not interact electrically with our setup,
we are not able to detect the remainder of the reaction in the mass spectrometer.

Figure 18: Mass spectrum of photocleaved peptides. Negative electrospray ioni-
sation of photocleavable tripeptides produces intact and singly charged molecules at a
mass of 744Da. After absorption of UV photons, the tagged molecule fragments into
a neutral tripeptide and a negative phenolate which is detected in our time-of-flight
mass spectrometer at 229Da.

To further understand the involved photofragmentation processes, we studied pho-
todepletion - the reduction of the main peak signal in relation to UV laser power. By
comparing the photodepletion efficiency at varying laser power, we can differentiate
between single- and multi-photon depletion processes. S0 denotes the initial ion sig-
nal and S is the reduced signal when irradiated by the laser. If we assume kinetic rate
equations, the photodepletion efficiency 1� S/S0 [78] is given by

1� S

S0
= 1� ↵ + ↵ (1 + ��F ) e��F . (12)
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From this equation, we see that the photodepletion efficiency depends on the
spatio-temporal overlap ↵ of molecular beam and laser, the fraction of two-photon
processes �, the photodepletion cross section �, and the varying laser fluence F

[25]. Here we assume that the overlap ↵ is equal for the first and subsequent photon
absorption.

Figure 19: Photodepletion depending on laser fluence at different tempera-

tures. The left plot shows the depletion efficiency at room temperature of 300 K. In
comparison, the right plot presents the depletion when the molecular beam is cooled
down to 60 K. The solid lines represent the fit by kinetic rate equations and � gives
the ratio of two-photon processes involved in the depletion. Adapted from [25]

Interestingly, we observed different processes for photodepletion at 300K and
60K. As shown in figure 19, the fit at room temperature corresponds to a single-
photon process that exhibits exponential decay. In contrast, the depletion curve at
60K can be described by � = 0.7 or 70% two-photon processes. Therefore, we con-
clude that the molecular temperature changes the photodepletion behaviour of PCT
Peptides. A lower internal temperature decreases the likelihood of photocleavage pro-
cesses because more photons are needed to overcome the bond energy and trigger
the fragmentation pathway.

When we compared the fragmentation yields of the phenolate group for different
peptides, we made another interesting observation. Contrary to our expectations,
longer peptides showed a significant decrease in fragmentation yield for the leaving
group. With the longest peptide of 12 amino acids showing no phenolate signal in
our experiments at all. In figure 20, we plot the relation of the peptide length to
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the fragmentation yield. Surprisingly, the expected fragment at 229m/z is substituted
by another fragment that is higher in mass. Further analysis showed that the newly
discovered subgroups correspond to the peptide chain with a missing PCT and an
additional Hydrogen or [M - 230Da]. This implies that the charge stays on the pep-
tide and not as intended on the cleaved fragment. Another prevalent signal in this
spectrum consists of the latter molecule which loses an additional oxygen of 16Da.

Figure 20: Fragmentation yield of longer peptide chains. The upper panel shows
the fragmentation pattern of a nonapeptide chain with the expected leaving group
at 229Da. This peak is already surpassed by a proton transfer fragmentation path-
way that produces charged peptide chains at 996Da and 980Da. The bottom panel
presents the mass spectrum of a dodekapeptide or twelve-peptide chain. The leaving
group is absent and only the proton transfer fragments can be detected at 1221Da
and 1237Da.

From this observation, we conclude that the photocleavage mechanism changes
with increasing length of the polypeptide. It is therefore impossible to charge reduce
longer peptides with the presented molecular tag. Because of our experimental re-
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sults, we redesigned the PCTs to carry a fixed charge at the phenol subgroup. This
lead to the synthesis of charged Photocleavable Tags (cPCT) which are discussed in
the next section.

5.4 Charged Photocleavable Tags

In comparison to the original PCT, the second generation of molecular tags was syn-
thesised with a different goal in mind. The old tags possessed a strong electronega-
tive end that was supposed to take up an electron after photocleaving. In contrast, the
new tags have a fixed charge on the removable fragment - or leaving group - which
leads to charge reduction independent of the fragmentation pathway. Therefore, we
call them charged Photocleavable Tags (cPCT). We synthesised two different designs
for extraction of a negative or positive fragment to enable charge reduction in both
polarity modes.
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Figure 21: Fragmentation pathways of photocleavable peptides. Heterolytic frag-
mentation consists of breaking the photocleavage bond and subsequent forming of
a phenolate as negative leaving group. This process was observed for small PCT
peptides. Proton transfer fragmentation leads to an additional proton on the leaving
group and no charge reduction. It was observed for longer PCT peptides and cPCT
peptides. Another fragmentation pathway was only present with cPCT: Homolytic
fragmentation creates a radical leaving group and peptide. Because of the stabilised
charge on the leaving group, either homolysis or heterolysis enable charge reduction
of biomolecules. Adapted from [79]

As observed in studies of neutral PCTs, there are different fragmentation pathways
involved in the photocleavage process. Depending on peptide length, we detected
signals in the mass spectrum that correspond to different fragments. The short PCT
peptides undergo heterolytic photocleavage, where the removed leaving group takes
up both electrons of the broken covalent bond. This leads to a dipolar neutral peptide
and a negatively charged leaving group. In contrast, the fragmentation of long PCT
peptides takes more steps and consists of a jump of oxygen atoms to the broken bond
and proton transfer to the leaving group. In this case, no charge reduction takes place
and the leaving group is heavier by 1Da. In figure 21, the different fragmentation
pathways are sketched.
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Figure 22: Chemical structure of charged PCT peptides. The neg cPCT has a
stabilised negative charge on the sulphur trioxide SO3 and the pos cPCT consists of
an additional chain that stabilises a positive charge on the trimethylamine Me3N . The
wave on the bottom right represents the connection to the photolinker and peptide.

However, missing charge reduction under proton transfer fragmentation is a prob-
lem for designing a universal PCT for charge state control in vacuum. We therefore
kept the general composition of photocleavable molecules and adapted the leaving
group to carry a stable charge that allows for charge reduction with different fragmen-
tation pathways. The chemical structure of the new cPCTs is depicted in figure figure

22. To test the new design, we again attached the cPCT to peptide chains of different
length.

The mass spectrum in figure 23 consists of an intact molecule signal of negative
cPCT tripeptides at 761Da and positive cPCT tripeptides at 810Da. Additionally, the
absorption of UV photons leads to fragments corresponding to the negative leaving
group at 244Da and positive leaving group at 291Da.
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Figure 23: Mass Spectrum of charged photocleavable peptides after UV irradia-

tion. On the left, we show the spectrum of negative cPCT tripeptide after absorption
of UV photons. The highest peak corresponds to the intact molecule at 761Da and
the second highest peak consists of the photocleaved leaving group at 244Da. On
the right, the positive cPCT spectrum is plotted with the intact molecule appearing at
800Da and the leaving group at 291Da. Before the laser interaction, the beam is mass
selected for the intact complex and therefore all fragments are due to absorption of
UV photons.

This presents indirect evidence of the successful charge reduction of peptides, but
because we are not able to detect neutral particles in our mass spectrometer we do
not know if the biomolecules stay intact. It could also be the case that the peptides
fragment further into smaller components after photocleaving.

Luckily, the electrospray source produces additional doubly charged cPCT pep-
tides. This enabled us to charge reduce our target molecules from two to one charges
and detect both the leaving group and the whole photocleaved peptide. Because we
detected photocleavage fragments for both the negative and positive cPCT, we ap-
plied this strategy to our target of interest: the small protein insulin. With higher mass
and complexity - 1000Da of the longest peptide compared to 6000Da of insulin - it
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was not clear if this cPCT also charge reduces proteins. We attached three cPCT of
both polarities to insulin and I present the results in the next section.

5.5 Neutralisation of Insulin

After preliminary studies on peptides, we planned to attach the optimised cPCTs to
a small model protein. In our experiments, we tagged insulin with three tags and ob-
served the first charge neutralisation of a protein in the gas phase. This was achieved
in an electrospray mass spectrometer with a coupled 266 nm laser beam and the
corona discharge chamber as a preceding charge reducer.

As sketched in figure figure 24, insulin consists of 51 amino acids arranged in two
side chains connected by two disulphide bridges. Three PCTs are connected to the
insulin at the N-termini amino acids, namely glycine and phenylalanine, and an off-
centre lysine on the second chain. Four tyrosine and three phenylalanine residues of
natural insulin and the PCTs can absorb the UV photons. But adding up the extinction
coefficient of the seven amino acids in the protein amounts to ✏ ⇡ 4200M�1cm�1,
which is approximately five times lower than the combined extinction coefficient of the
PCTs ✏ ⇡ 20 000M�1cm�1 [80]. To test the photocleavage mechanism, we irradiated
multiply charged insulin ions with UV laser pulses.

Figure 24: Amino acid sequence of tagged insulin. The cPCTs are connected
to glycine of the first chain and phenylalanine and lysine of the second chain. The
chains of the protein are connected by two disulphide bridges.

Our first results demonstrate controlled charge reduction of a 6-times charged in-
sulin anion by photocleavage. Figure 25 compares the detected spectra with and
without UV irradiation. We were able to record the negatively charged leaving group
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and the charge reduced photocleaved insulin simultaneously. Additionally, we de-
tected charge reduction by electron detachment of proteins. For highly charged states,
we even observed photocleavage of two leaving groups and additionally mixtures of
electron detachment and photocleavage.

Figure 25: Charge reduction of cPCT insulin by photocleavage. On the right
we show the mass spectrum without laser influence and on the left the resulting
photofragments from UV laser radiation can be seen. A corresponds to the signal
from the cPCT leaving group [LG] 1�, B is the 6-times charged cPCT insulin signal
[Ins] 6�, C shows the 5-times charged cPCT insulin after the loss of a leaving group
[Ins - LG] 5�, D is the charge reduced Insulin after electron detachment [Ins - e] 5�,
E corresponds to a doubly photocleaved protein [Ins - 2LG] 4�, and F shows the low
probability of concurrent photocleavage and electron detachment [Ins - LG - e] 4�.

After observing charge reduction of modified insulin, we tested photoneutrali-
sation by creating a beam of singly charged proteins with corona discharge. The
molecules were reduced to the singly charged state in our corona discharge cham-
ber and we subsequently selected singly charged specimen with mass filtering. The
mass-selected molecular beam of singly charged cPCT insulin is afterwards exposed
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to UV radiation and the fragments are detected in TOF-MS. The resulting signal of
photocleaved proteins is plotted in figure 26. Here, we present the first evidence for
successful photoneutralisation of insulin.

Figure 26: Neutralisation of cPCT modified insulin in the gas phase. After charge
reduction in a corona discharge chamber, we mass select the singly charged cPCT
insulin. This protein beam interacts with a UV laser and photocleaves thereupon
creating negatively charged leaving groups. On the left, we show the photocleavage
signal after UV absorption with the leaving group at 244Da and on the right, we plot
the signal without laser interaction. Because of low signal intensities of singly charged
insulin the noise floor is significantly higher than in previous measurements.

Through detection of the leaving group at the right mass, we have indirect evidence
that UV radiation leads to controlled neutralisation of proteins. Previous studies with
multiply charged insulin also showed that insulin stays intact after charge reduction
and could, therefore, be used as a beam source for protein interferometry.

In additional measurements, we recorded the fragmentation yield depending on
the charge state of negative cPCT insulin. The comparison of the detected leaving
group, the charge reduced protein, and the depletion efficiency are plotted in 27. The
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fragmentation yield, depletion efficiency and protein counts are not consistent and
appear to peak at a medium charge state. Because of variable detection efficiency’s
for different mass-to-charge ratios, we assume that these numbers are not represen-
tative for the actual number of fragments in the beam. If we would be able to detect
all fragments created in our ESI-MS setup, we would expect a direct correspondence
between photodepletion, leaving group signal and charge reduction yield. To further
study this hypothesis, we could extend our setup with an ion trap that enables the
detection of all fragments.

The only other observed charge reduction channel included electron detachment
of highly charged insulin, but higher charge states did neither show maximum charge
reduction nor maximum leaving group yield. Additionally, the charge reduction yield
dropped significantly for lower charge states while the leaving group yield remained
present. Notwithstanding, the observed vanishing of electron detachment is consis-
tent with previous studies on native insulin from Brunet and colleagues [72]. In con-
clusion, our results indicate clearly that photocleavage is the dominant process for
lower charge states of cPCT insulin.
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Figure 27: Yield comparison for negative cPCT insulin. In A, we show the yield
of charge reduced proteins relative to the intact cPCT insulin signal. In B, we plot the
signal reduction induced by the UV laser as photodepletion percentage. And in C we
give the relation of leaving group signal to intact insulin. The error bars are calculated
from the signal fluctuation over time.

We also tested the photoneutralisation of single positively charged cPCT insulin
but due to beam stability issues, the interpretation of our results is not conclusive. The
comparison of photodepletion, charge reduction and leaving group yield is plotted in
figure 28 and overall reflects lower yields and higher error bars in comparison to
negative cPCT insulin.
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Figure 28: Yield comparison for positive cPCT insulin. In A, we show the yield
of charge reduced proteins relative to the intact cPCT insulin signal. In B, we plot the
signal reduction induced by the UV laser as photodepletion percentage. And in C we
give the relation of detected leaving group counts to the signal of intact insulin.

The fragmentation yield, depletion efficiency and protein counts peak at differ-
ent charge states and a comparison is hindered due to inherent experimental un-
certainties and the aforementioned limitation of not detecting all produced fragments.
Therefore, we conclude that further studies with cleaner synthesised material and
higher detection efficiency are required to understand the photocleavage mechanism
of positive cPCT insulin. Nonetheless, we demonstrated the first successful charge
reduction by photocleavage of a protein also in positive polarity.

53



6 Discussion and Outlook

In a series of experiments conducted over three years, we were able to demonstrate
charge state control, cooling and focusing of peptide and insulin beams in vacuum.
By extending this method into the higher mass range we hope to enable quantum in-
terferometry with complex biomolecules such as different proteins and DNA. We were
able to control the particle velocity and focus molecules by guiding the ions in a radio
frequency hexapole field down to five volt of acceleration potential. This corresponds
to a velocity of 366m/s for tagged insulin. The buffer gas cell provides further decel-
eration. The corona discharge chamber and the use of photocleavable tags allows
for the control of the charge state of peptides and proteins down to electrical neutral-
isation. Our results therefore provide evidence for the successful use of electrospray
ionisation and subsequent charge reduction to prepare neutral, cold, and collimated
biomolecular beams for a wide range of vacuum experiments in biochemistry and
molecular physics. This also opens up the possibility to perform quantum assisted
metrology on these essential molecules for life.

The next step of our research includes the application of cPCTs to bigger proteins
such as myoglobin which consists of 153 amino acids, with a total mass of 17 kDa. In
preliminary experiments, we were able to charge reduce native myoglobin and detect
a wide range of charge states in our setup. This first test of higher mass proteins is
shown in figure 29. Charge reduction by corona discharge and photoneutralisation with
presented cPCT modifications could provide a universal source for neutral proteins.
Our goal is to bridge the gap of several magnitudes of mass to ionise and control a
beam of tobacco mosaic viruses with around 40MDa [81]. Our earlier soft desorption
experiments did not create intact viruses in the gas phase but electrospray ionisation
could overcome these problems [82].
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Figure 29: Electrospray ionisation and detection of myoglobin. Native myoglobin
shows a wide range of charge states in electrospray setups, but we demonstrated ef-
fective charge reduction of these proteins in a corona discharge chamber [69]. Mod-
ifying high mass proteins with cPCT could enable a subsequent photoneutralisation
by absorption of UV photons in vacuum.

To increase the photocleavage efficiency for bigger biomolecules, we also plan to
extend the vacuum chamber before the particles enter the mass spectrometer. By
adding a separate chamber, we would be able to align the laser beam orthogonally
to the molecular beam in an optical cavity. This would enable us to use higher laser
powers in the ultraviolet and produce a higher rate of neutralised proteins.

Another tagging strategy could improve the low efficiency of neutral molecule de-
tection. Additional fluorescent tags enable the detection of biomolecules in vacuum
without the need for post-ionisation - one of the big challenges in mass spectrome-
try to date [83]. In figure 30, I show one of the first candidate molecules to study
concurrent photocleavable and fluorescent tags.
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Figure 30: Chemical structure of flourescent labeled PCT polypeptides. Addi-
tional to the photocleavable tag, we attached a rhodamine lissamine B which fluo-
resces in red at around 600 nm [84]. This tag could be used to detect a wide range of
neutral biomolecules in vacuum.

In conclusion, we gathered substantial evidence that photoactive molecular tags
enable us to overcome many limitations of quantum interferometry and quantum as-
sisted metrology of complex biomolecules. Photocleavable tags have opened many
possibilities for charge state control of peptides and proteins in the gas phase and
fluorescent tags have the potential to optimise the detection of neutral biological com-
plexes. In this thesis, I provide results that demonstrate why this strategy can be
used as a novel beam source for quantum interferometry. The study of proteins and
viruses is not only interesting to reach new mass limits in matter-wave experiments
and to study optical properties of biomolecules [85], but could also shine a light on
how the complexities of life influence mesoscopic behaviour on the edge of classical
and quantum physics.
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Appendices

A Interpretations of Quantum Interference

In this thesis, I describe the experiments and results without committing to a specific
interpretation of the equations of quantum physics. Concepts such as delocalisation,
which-path information and collapse of the wave function usually refer to the orthodox
interpretation originally developed by Bohr and Heisenberg from 1927 onwards, also
referred to as Copenhagen interpretation [86]. Even though this view is usually taught
in textbooks as well-defined, there is still an ongoing discussion about its fundamental
principles. It has been argued that Bohr and Heisenberg disagreed on many positions
such as complementarity [87].

In explaining matter-wave experiments, we often use ambiguous language to con-
nect the counter-intuitive observations to our everyday experience [88]. Statements
such as "the particle goes through both slits at once" are not only experimentally
unjustified, they also carry a lot of philosophical assumptions that have never been
explicit. To understand why it is important to point this out in an experimental master
thesis, I will give a short motivation of the discussion concerning the wave function  
and its relation to our experimental results.

In his lectures about quantum mechanics, Richard Feynman wrote the following
about the electron double-slit experiment [89]:

"Is it true, or is it not true that the electron either goes through hole 1 or it goes
through hole 2? The only answer that can be given is that we have found from exper-
iment that there is a certain special way that we have to think in order that we do not
get into inconsistencies. What we must say (to avoid making wrong predictions) is the
following. If one looks at the holes or, more accurately,if one has a piece of apparatus
which is capable of determining whether the electrons go through hole 1 or hole 2,
then one can say that it goes either through hole 1 or hole 2. But, when one does
not try to tell which way the electron goes, when there is nothing in the experiment
to disturb the electrons, then one may not say that an electron goes either through
hole 1 or hole 2. If one does say that, and starts to make any deductions from the
statement, he will make errors in the analysis. This is the logical tightrope on which
we must walk if we wish to describe nature successfully."

Feynman was fully aware of the counter-intuitive concepts of the experiment and
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the following section will discuss a few interpretations that give new insights into it.

A.1 Ontology of the wave function

As explained in Chapter 2, matter-wave experiments build on the idea that the quan-
tum wave function describes the dynamics of our particles in the interferometer. If we
do so, the question arises why we can only indirectly access the wave behaviour of
molecules. In the end, we just measure an ensemble of particles at our detector and
every additional inquiry about their position leads to decoherence. This exemplifies
a couple of open questions in quantum physics [90]. How do the wave and particle
description interact with each other? Where does the quantum world stop and the
macro world begin [91]? Why do we need to describe our particles with quantum
mechanics and our detectors as classical measuring devices?

Interpretations of quantum physics try to answer these questions by contextualis-
ing the mathematical equations and interpret how they connect to our observed reality
[92]. On the contrary, we can also apply these equations to predict outcomes of exper-
iments without assuming that they represent an entity in the world. This would imply
that quantum physics is just an epistemic tool to describe the world without any ontic
conceptions. Different interpretations of quantum physics can be split in two contra-
dicting groups. Of course, there is always heterogeneity in each group and they might
be not strictly separable but this will serve as a general overview of how to explain the
detection of an interference pattern in our experiments.

1. epistemic : the first group considers the wave function to be epistemic, mean-
ing that it is just a scientific representation of an underlying process and does not
describe a real physical state [93]. The wave function can be used to give pre-
dictions about measurement results but does not describe a real phenomenon.
This conception adopted by the Copenhagen interpretation and Qbism has
been famously criticised by Einstein, who considered such a theory to be an
incomplete description of the world [94].

2. ontic : the second group assumes that the wave function is not only a descrip-
tion of the world but also hints at deeper processes that explain wave function
collapse and the relation between the atomic and the macro world. This view

58



has been adopted by Bohmian Mechanics [95] and the Many-Worlds interpre-
tation [96].

A different way of making sense of the quantum to classical transition are non-
linear extensions to the Schrödinger equation. In contrast to other interpretations,
these models give slightly different experimental predictions and can therefore be
tested in matter-wave interferometry.

A.2 Copenhagen Interpretation

Accredited to Bohr and Heisenberg, the Copenhagen interpretation provides the text-
book way of understanding quantum physics. It assumes wave-particle complemen-
tarity and gives a straightforward way of applying this principle to our matter-wave
experiments. In this interpretation, the molecules in our apparatus are described by
probability waves that extend over multiple slits. The wave just gives a stochastic de-
scription of where the particle could be but does not say anything about the actual
position. It is assumed that the particle is delocalised over multiple slits. A linear su-
perposition of possible locations collapses in the moment of interaction with a macro-
scopic device - in our case the molecule detector. This leads to non-deterministic
evolution of the system and the irreversibility of measurements [86]. To sum up, in the
Copenhagen picture we have to treat our molecules and detectors with two different
sets of laws. The molecules are represented by the probability wave  and the de-
tector is described by classical physics. The interaction of the micro and the macro
world leads to the detection of determined particle positions. The interpretation does
not explain why both scales have to be treated differently.

Modern versions of this interpretation take information to be a crucial quantity to
understand the behaviour of matter-waves [97]. Brukner and Zeilinger assume that
which-path information - the possibility to detect through which slit the particle went
- leads to decoherence and subsequently to the disappearance of the interference
pattern.

Additionally, Feynman’s path-integral formulation can be understood as an ex-
tension of the Copenhagen interpretation [98]. It explains the wave behaviour in a
matter-wave experiment as a summation over all possible trajectories. These paths,
no matter how surreal they might look, amplify and cancel each other out to yield the
observed interference pattern in the end.

59



A.3 Relational Interpretation

In the 1990s, Rovelli proposed an extension of the copenhagen picture that high-
lights the role of the observer in quantum physics [99]. His relational interpretation
assumes every interaction to be an act of observation connecting the observer and
the observed. A measurement does not reveal a predetermined property of the ob-
served but only has meaning in relation to the observation. It is important to add that
every interaction is an observation and that everything can act as an observing agent:
a photon, a detector, and scientists.

For a matter-wave experiment, the interpretation gives a straight-forward point-
of-view. If an observation happens at one of the slits, the interaction of the photon
and the molecule includes information about which slit it went through. If the obser-
vation happened at the detector after the slits, no such information exists. But this
description also includes that the observer (photons) and the observed (molecules)
are non-separable. It is therefore meaningless to ask what happens to the particles if
we do not measure them. By only looking at relations we have to acknowledge that
space and time are not real entities but just exist in relation to our measurements. A
molecule can appear to go "through two slits at once" because the spatial relations
are identical in our experiment.

A.4 Many Worlds

Another prominent way to interpret the equations of quantum mechanics has been
devised by Everett [96]. He termed it the relative state interpretation but recent pro-
ponents usually refer to it as Many-Worlds interpretation. In this framework, the wave
function  is taken as a real description of a physical system. A linear superposi-
tion of the quantum state does not describe possible locations but actual ones. And
the measurement of a superposition does not induce wave function collapse but se-
lects a world in which the observed outcome is realised. All other outcomes are also
physically real but in different branches of the universe [100].

In this interpretation, collapse of the wave function is explained by continuous
branching of worlds. Every quantum measurement creates new branches in which all
possibilities are realised. But, experimentally we only have access to a single world.
A matter-wave interferometer would therefore be explained by different branches in-
teracting with each other. The interference pattern arises because in every branch the
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particle goes through a different slit. After detection, the branches decohere and can
not interact any more. By assuming a huge number of world branches, we can cir-
cumvent many quantum paradoxes but there is no experimental test of this speculated
multiplicity of universes. Nevertheless, Deutsch argues that the double-slit experiment
is evidence that different particles from different worlds interact with each other [100].

A.5 De Broglie-Bohm Theory

The second well-known ontic interpretation of quantum physics is called de Broglie-
Bohm Theory. First developed by de Broglie and later extended by Bohm, the model
assumes the wave function and the particles to be real physical systems [95]. In
this interpretation, the locations of particles are always clearly determined and the
velocities of particles are guided by the wave function. The dynamics are a physical
interaction of particle and wave. Because the complex wave guides the localised
particle the interpretation is also known as pilot-wave theory.

In contrast to other explanations, the model is based on the assumption of non-
local hidden variables. The position of particles are always given but can not be
measured to infinite precision.

Proponents of the interpretation highlight its deterministic and realist properties. It
is therefore possible to calculate exact trajectories of the particles in a matter-wave in-
terferometer [101]. But through the non-local interactions of particles and waves these
trajectories can only be drawn after the detection. It is therefore an open question if
such trajectories play a physical role or are just reconstructions of classical properties
that do not have any significance in quantum physics.

A.6 QBism

A novel epistemic interpretation has gained a lot of interest among physicists lately.
Fuchs explains quantum physics as a theory in the spirit of Bayesian probability the-
ory [102]. In his view, probabilities arising due to experimental descriptions with the
quantum state  do not correspond to anything objective in the world that is inde-
pendent of observation. The probabilities are descriptions of a degree of belief of an
observer [103].

Just like in Bayesian probability theory these subjective laws can be used to pre-
dict the outcome of an experiment but only on the given information that the observer
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possesses. Making a measurement at a slit or observing the disappearance of the
interference pattern is therefore an updating of our knowledge and not a real collapse
of the wave function. QBism shows that the equations of quantum physics can be
reconstructed by assuming that an observer develops a coherent picture of the ex-
perimental results [104]. If she updates her beliefs according to Bayes theorem and
creates a coherent set of predictions - also known as the Dutch Book argument - the
quantum laws are a sufficient description of her knowledge. In this view, quantum
physics is still a complete theory describing all the novel effects we observe in exper-
iments but it is more a description of how we make sense of the world than how the
world behaves independently of us [105].

A.7 Collapse Models

The last sections described different interpretations of the same mathematical equa-
tions that make up quantum physics. Even though they all give completely different
accounts of how to understand our observations, they are so far indistinguishable in
experiment. In contrast, collapse models propose modifications of the Schrödinger
equation to explain the quantum to classical transition. Continuous Spontaneous Lo-
calisation (CSL) is today the best candidate for a collapse model [10]. It explains
the quantum to classical transition by proposing a continuous process that localises
particles and destroys the superposition after a given time automatically. The bigger
the quantum system and the further the superposition spreads the faster this process
takes place.
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Figure 31: Classes of localisation theories that can be ruled out by molecule

interferometry. The grey area is the proposed regime by which interference of high-
mass particles should be forbidden. The localisation parameter �0 gives the rate at
which the quantum to classical transition takes place. Adapted from [106]

The localisation is modelled by a non-linear extension to the Schrödinger equa-
tion, which represents a stochastic field continuously interacting with the quantum
state. Because of this modification of the usual quantum laws, the theory predicts the
complete disappearance of interference fringes for bigger quantum systems. There-
fore, we can use matter-wave interferometry to test different modifications. If we are
able to observe high-mass interference we continuously rule out more and more pos-
sible parameters for CSL.

A.8 Fundamental Questions and Experiment

Even though matter-wave experiments have been performed for nearly a century,
there are still many open questions of how to interpret the interference pattern and
what the wave function  represents. Is it the description of real physical systems
or an epistemic tool to predict experimental results? Nevertheless, I tried to give an
overview over different explanations and showed how high-mass interferometry could
gather new insights into these fundamental questions. Most interpretations assume
that quantum physics is universally valid and complete. The only difference lies in
the way they describe the appearance of the classical measurement results out of the
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quantum equations.
The usual stance of researchers is that experimental progress in quantum physics

can be made without committing to a specific interpretation, but we as scientists have
to be aware about the ambiguities of our language and the open questions concerning
the foundations of interferometry. It is therefore important to be critical about one’s
assumptions and to keep asking fundamental questions even when developing new
practical applications for matter-wave experiments.
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