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Kurzfassung

In dieser Arbeit wurde lichtinduzierte Struktur- und Formverdnderungen an
fliisssigen Grenzflachen, im Speziellen von Salzl6sungen, Langmuir-Monolagen und
Flissigkristallen, mit Rontgen- und Neutronenstreumethoden unter anderem Roéntgen-
reflektometrie (XRR), Beugung unter streifendem Einfall (GID), Réntgenfluoreszenz
unter Totalreflektion (XRFNTR), Laser Pump - Rontgen Probe, Kleinwinkelront-
genstreuung (SAXS) und Neutronenreflektometrie (NR).

Die Form und Mesophase von Fliissigkristallen, bestehend aus Phospholipiden
und kinstlichen Azobenzol Amphiphile, wurde mittels in situ Kleinwinkelstreuung
untersucht. Dabei wurden lichtinduzierte Mesophaseniibergénge von einer lamellaren
zu einer kubischen Mesophase fiir Kombinationen mit dem zuckerlosen Azobenzol
Amphiphil entdeckt. Das Ausbilden und die Ubergéinge zwischen kubischen Meso-
phasen ist wichtig zum Entwerfen von Transportsystemen fiir Medikamente und zum
Verstehen von Membraneigenschaften wihrend strukturellen Ubergéingen wie zum
Beispiel bei Membranverschmelzungen.

Modellmembrane, in die photoschaltbare kiinstliche Glycolipide eingebaut sind,
zeigten Anderungen der Monolagenstruktur und die Moglichkeit die Ausrichtung der
Kopfgruppe der Glycolipide zu kontrollieren. Die Anderungen in der Membrandicke
und das Verschwinden der geordneten Ausrichtung der Kopfgruppen wurde mit
in situ XRR, GID und NR Messungen beobachtet. Damit zeigen die Ergebnisse
potenzielle Anwendungen von photoschaltbaren Glycolipiden um das Anhaften von
Proteinen und Bakterien an Lipidmembranen zu kontrollieren.

Untersuchungen der oberflichennahen Ionen in Jodsalzlosungen mit XRR und
XRENTR zeigten Abweichungen an der Oberfliche von der erwarteten Ionenkonzen-
tration im Volumen auf. Dies deutet auf eine Anreicherung von Jod-Ionen an der
Grenzfliche bei Raumtemperatur hin. Zudem deuten die Daten eine Anderung der
Ionenkonzentration unter Beleuchtung mit UV Licht an. Das Verstandnis von lonen
An- und -abreicherungsprozessen an der Grenzflache ist wichtig fiir das Verstehen
von chemischen Reaktionen an Fliissiggrenzflachen.

Des Weiteren kénnen Ionen durch Laserpulse im UV Bereich angeregt werden und
die Fotoreaktionen geschehen auf Zeitskalen von wenigen fs bis pis. In Vorbereitung auf

Messungen solcher Fotoreaktionen wurde der Laser Pump - Rontgen Probe Aufbau am



Flussigkeitsdiffraktometer (englisch: Liquid Interface Scattering Apparatus (LISA))
an dem Messplatz P08, PETRA III im Rahmen dieser Arbeit erweitert. Damit
wurden der Bereich der Zeitabstdnde zwischen Laser- und Rontgenpuls vergrofiert,
eine gleichméfige Leistungsverteilung des Laserstrahls auf hitzeempfindliche Proben
ermoglicht und die Bedienbarkeit der Instrumente verbessert.



Abstract

In this thesis light-induced structure and morphology changes at liquid interfaces,
specifically of aqueous salt solutions, Langmuir monolayers and lyotropic liquid
crystals, were investigated by utilising X-ray and neutron scattering techniques, i.e.
X-ray reflectivity (XRR), grazing incidence diffraction (GID), X-ray fluorescence near
total reflection (XRFNTR), laser pump - X-ray probe, small angle X-ray scattering
(SAXS) and neutron reflectivity (NR).

Studying the morphology of lyotropic liquid crystals formed by compositions of
phospholipids and artificial azobenzene amphiphiles with in situ SAXS identified
their shapes and mesophases. Light-induced mesophase transitions from a lamellar
to a cubic mesophase for combinations with the azobenzene amphiphiles without a
sugar group attached to the head group were revealed. The formation and transition
between cubic mesophases are of high interest for designing drug delivery systems
and to study membrane properties during membrane fusions.

Embedding photoswitchable glycolipids containing an azobenzene switch into model
membranes revealed changes of the monolayer structure and the possibility to control
the head group orientation of the glycolipid. The changes in the layer thickness and
disappearance of the head group ordering were observed with complementary in situ
XRR, GID and NR studies. These findings show high potential for photoswitchable
glycolipids to control protein and bacteria adhesion at lipid membranes.

XRR and XRENTR studies on surface near ions in aqueous sodium iodide (Nal)
salt solutions showed a deviation from the expected ion concentration in the bulk
suggesting an enrichment of iodide ions at the interface at room temperature. Under
UV laser irradiation, the data indicated a change of the iodide concentration at the
interface. Studying ion enrichment and depletion at liquid interfaces contributes to
understanding and explaining chemical reactions at liquid surfaces.

Moreover, ions can be excited by UV laser pulses and the photoreactions occur on
time scales of few fs to ps. In preparation to study such photoexcitation, the laser
pump - X-ray probe setup at the LISA endstation at PO8, PETRA III was upgraded
within this thesis to extend the range of delays between the laser and X-ray pulses,
to create a uniform laser intensity distribution for heat sensitive samples and to
enhance operability.
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1

Introduction

71% of our planet is covered with water which makes the water-air interface the

largest connected surface area on our planet. [1]

In nature, a plurality of important and fundamental processes occur at liquid
interfaces, which influence our health, climate and environment. Investigating and
characterising solid-liquid, liquid-liquid and liquid-vapour interfaces helps to better
understand atmospheric, biological, chemical and physical processes. This work dis-
cusses three aspects of light interactions at liquid interfaces: light-induced kinetics in
Langmuir monolayers at the water-air interface, light-induced mesophase transitions
in lyotropic crystals and laser-induced interaction and excitation of salt ions at the
water-air interface. In the following, I will present these fields of research and the

importance of my results.

Lipid membranes present one of the most fundamental interfaces in nature by
acting as a physical barrier separating the cell inner part from the outer environment.
Additionally, at the membrane biological, chemical and physical processes take place
such as ion transportation through the membrane [2, 3], protein (de-)activation
and attachment to glycolipids [4-6], membrane fusion or separation into two cells
[7-9]. Physical properties of the membrane such as fluidity, rigidity and functionality
are defined by the specific composition of lipids, sugars, nucleic acids and proteins
[10-12]. The main component in most biological membranes are phospholipids from
which over 1000 different kinds have been identified in mammalian cells so far [13, 14].
While the phospholipids and cholesterol define the general structure and flexibility of
the membrane [15-17], the sugar group at the head group of glycolipids is responsible
for cell signalling and attachment of proteins and other cells [18, 19]. Proteins display
selective behaviour and only attach to specific carbohydrate groups [4, 20] that
has also been shown in multiple studies on bacteria attaching to glycolipids [21, 5].
Further, by changing the angle of the glycan head a detachment of the bacteria [22—
25] and proteins [26, 27] from the glycolipid could be observed. Therefore, controlling
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the orientation of the glycan heads allows designing bespoke membranes to de- and
activate protein and bacteria attachment to cells. To determine the orientation of
the glycolipid orientation many studies employ nuclear magnetic resonance (NMR)
spectroscopy [28].

Utilising light as trigger to induce structural changes in the membrane has received
great attention [29-32]. Commonly, azobenzene switches are used which can be
switched between their trans and cis isomers with light in the visible and UV range.
Upon switching to the cis isomer, the double N=N bond of the azobenzene group
bends from 0° to a 90° angle [33, 29, 34]. Studies on Langmuir monolayers with
lipids containing azobenzene switches in their acyl chains of the tail groups found
a strong change in the layer thickness [35, 31, 36, 37] and change in the bilayer
fluidity [38] upon switching. However, only few studies investigate lipids containing a
photoswitch in their head group because of the often observed hydrophobic character
of the photoswitches and thus reduced water-solubility [23].

In this work, photoswitchable artificial glycolipids with an azobenzene switch
placed between the carbohydrate head group and the acyl chains of the tail group
are investigated in model membranes. Previous Langmuir isotherm and XRR meas-
urements on Langmuir monolayers containing two azobenzene mimetics and the
phospholipid 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) [37] revealed an
additional phase transition in the liquid condensed phase for which bidirectional
switching behaviour above and below this phase transition point with an increase
and decrease, respectively, of layer thickness and surface pressure was observed.
Though the vertical structure was characterised, no conclusion could be drawn on the
in-plane structure and subsequently on the glycan head group orientation. Following
the open question on the in-plane structure of the monolayer, my studies focus on
identifying the position and orientation of the azobenzene switch in the layer and
determining whether and how the carbohydrate head group changes its orientation
upon switching between the isomers of the azobenzene switch. To identify the
position of the azobenzene switch and the head group orientation, complementary
XRR and NR measurements in combination with GID were conducted, which are
presented in Chap. 5.

Investigating the formation of and transition between mesophases in lyotropic
liquid crystals is fundamental to understand cell fusion processes and to design drug
delivery systems. Amphiphilic lipids self-assemble to lyotropic liquid crystals upon
dispersion in aqueous solutions and their mesophase describes the morphology of
their partially ordered structure [39, 40]. The initial lipid mesophase depends on

the water content [41] and lipid composition [42]. In nature, biological cells form



mostly spherical lipid vesicles with one flexible lipid bilayer being in the lamellar
mesophase [43-45]. However, non-bilayer and non-lamellar mesophases, such as
hexagonal or cubic phases, can form from almost every type of cytomembrane
[46, 47, 45]. Furthermore, the existence of non-lamellar intermediate structures at
the contact point of the two vesicle membranes during cell fusion processes has been
demonstrated by membrane simulations [48] and experimental studies [8, 49]. This
makes the transition between mesophases highly interesting to understand cell fusion
processes. Moreover, non-lamellar lipid mesophases are of great interest for drug
delivery systems [50]. Changing between mesophases opens pores through which the
enclosed drugs can be released [51-53]. Furthermore, the release rate of enclosed
drugs depends on the lipid mesophase [54]. This allows the design of bespoke drug
delivery systems. Mesophase transitions can be induced by changes of the lipid
hydration or temperature [54, 41], also known as lyotropic polymorphism [55, 46], in
given lipid compositions. In addition, changes in the salinity [56, 57] and pH [58]
have been employed to induce mesophase transitions. Meanwhile, Wang et al. [59]
have used light as an activator to induce irreversible transition from multilamellar

vesicles to work-lime micelles.

In this work, light is introduced to induce reversible, repeatable and reproducible
mesophase transitions from lamellar to bicontinuous cubic phases in lyotropic li-
quid crystals. Data from in situ SAXS and differential scanning calorimetry (DSC)
measurements are presented in Chap. 6 which characterise and identify the lipid
mesophases and phase transition temperatures of model lipid crystals consisting of
either phospholipid DPPC or 1,2-Dilauroyl-sn-glycero-3-phosphocholine (DLPC) and
photoswitchable artificial glycolipids. Furthermore, the results from time-resolved
SAXS investigations are shown in Sec. 6.6 to follow the temporal evolution of the

mesophase transitions.

Not only lipids or surfactants in general affect the liquid interface, ions dissolved
in aqueous solutions influence the properties of the water interface and bulk. These
in water dissolved ions alter physical properties such as the surface tension [60],
the boiling point [61] and electrical conductivity [62]. Further, experimental X-ray
scattering [63] and second-harmonic generation (SHG) [64] studies in addition to
molecular dynamics (MD) calculations [65-68] have shown that ions, especially
large halides, can be attracted to the interface and enhance chemical reactions. The
experimental studies employed surface sensitive methods such as SHG, sum frequency
generation (SFG) spectroscopy and XRR or performed surface tension and potential
measurements. The phenomena of ions at the interface is of great importance to

understand chemical processes at liquid interfaces, such as water droplets, in the
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field of atmospherical chemistry. In addition to chemical reactions, the ions at the
interface absorb light and can be electronically excited. Such electronic excitation can
provoke charge-transfer-to-solvent (CT'T'S) processes and the formation of solvated
electrons. This C'T'T'S process occurs on the fs time scale and the solvated electrons
recombine within hundreds of ps [69-73]. Most studies use a laser pump - laser probe
spectrometer setup, mass spectrometry or vibrational sum frequency generation
(VSFG) to study the short time scales of the C'T'T'S photoreaction and solvated
electron dynamic. To investigate the influence of the solvated electrons on the
electronic properties and ion distribution at aqueous interfaces, laser pump - X-
ray probe experiments can be performed. A number of beamlines at synchrotron
radiation facilities all over the world offer laser pump - X-ray probe setups on
the tens of ps time scale, such as the pump - probe setup at the Liquid Interface
Scattering Apparatus (LISA) endstation [74] at Beamline P08 [75], PETRA III,
Deutsches Elektronen-Synchrotron (DESY), Germany. During this thesis, I worked
at the ErUM-Pro funded LISA instrument and femtosecond laser and performed
numerous beamtimes myself in addition to supporting other research groups during
their measurements. A detailed description of the laser pump - X-ray probe setup
available at LISA, P08, PETRA III is presented in Sec. 7.1 together with the technical
developments designed and implemented within the scope of this work.

Using the laser pump - X-ray probe setup at LISA, P08 to study the water-air
interface of aqueous salt solutions, experiments on aqueous Nal solutions with varying
concentration were performed. The ion distribution at the interface was studied with
XRR and complementary XREFNTR measurements. Both, XRR and XRFNTR are
surface sensitive methods that give information on the electron profile of the interface
and bulk. While an accumulated electron density profile is measured with XRRR, the
XRENTR spectra provide information on the ion species. Thus, combining these
two techniques holds high potential to identify the kind and concentration of the
ions present at the surface. Being interested in the effect UV light has on the ion
distribution at the interface, the laser was used to illuminate the salt solution with a
wavelength of 258 nm during the measurements. The results of these in situ studies
are presented and discussed in Sec. 7.2.1.

The general structure of this thesis is as follows: in Chap. 2, first the fundamentals
of liquid interfaces, lipid membranes and the theoretical backgrounds for X-ray and
neutron scattering techniques are presented together with the principles of laser
radiation. This is followed by the description of the materials and sample preparation
in Chap. 3. These introductory chapters are concluded with the details on the

experimental setup and methods given in Chap. 4. The main results and discussion



part of this work is divided into the three research topics: bidirectional photoswitching
in Langmuir monolayers (Chap. 5), photo-induced mesophase transition in lyotropic
liquid crystals (Chap. 6) and laser-induced dynamics at liquid interfaces (Chap. 7). In
the result chapters, at first an overview of the measured data and if applicable, results
from unpublished results are presented together with first conclusions on the sample
preparation and necessary measurement setup. This is followed by the publications
and manuscripts with a short summary each of the main findings. The whole work
is then summarised in the conclusion in Chap. 8. Two accepted and published
publications [PSH 1] and [PSH 2| are included in this dissertation. Further, two
manuscripts, [MSH 1] and [MSH 2], have been submitted and are under peer-review
at the moment of submission of this dissertation. The third manuscript [MSH 3] is

prepared for submission.






2

Fundamentals

2.1 Liquid interfaces

Liquid surfaces are found in a variety of liquid-solid, liquid-foam and liquid-liquid
systems on which chemical, biological and physical processes take place. Per definition,
the surface of a liquid is the boundary between two bulk phases with different density

[76] at which self-assembling structures can form as schematically shown in Fig. 2.1

Figure 2.1: Drawing of the water-air interfaces studied in this thesis highlighting
the corresponding focus. Left, the pure water surface with the water molecules and
in the middle a salt solution with ions showing schematically the enhanced presence
of cations (orange) and the depletion of anions (green) at the interface is illustrated.
Right, a surface containing lipids represents the phospholipids and photoswitchable
glycolipids studied in this thesis.
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for the water-air interface. The interfacial region has a typical thickness of few
nm and roughness due to capillary waves. Furthermore, the chemical and physical
properties of the interfacial region differ from the bulk phases. This provides a unique
environment for chemical and physical processes such as energy conversion processes
in living organisms, transport through lipid membranes, electrochemical processes,
drug delivery in pharmacology and emulsions. [77]

In the following sections, the main concepts of surface tension and the capillary
waves are introduced based on the textbooks [76, 78, 79]. Further, the existence of
ions in this interfacial region is discussed in Sec. 2.1.3 and the properties of lipid
membranes at the water interface are presented in Sec. 2.2.

2.1.1 Surface tension

At the liquid-vapour and liquid-liquid interfaces, cohesive and adhesive forces act
on the particles of the liquid. While adhesive forces only act on particles at the
interface of two phases, the cohesive force acts on all particles of the same phase
within the bulk and at the interface [78]. For particles in the bulk, the cohesive
forces arise from all directions of the neighbouring molecules equally, thus revoke
themselves because of the symmetry. Meanwhile, particles at the interface experience
an effective force due to the symmetry breach at the interface. If the adhesive force
is stronger than the cohesive force, the particles evaporate or mix with the other
liquid phase. Otherwise, if the cohesive force dominates, the particles are drawn
towards the bulk of the liquid and the area of the surface is minimised. To quantify
this back driving force, the surface tension I' describes the necessary energy W for
an increase of surface area A with I' = dW/dA. [76, 78].

2.1.2 Capillary waves

Waves arise at liquid interfaces and their dynamics and phase velocities depend
mainly on the gravitational force and the surface tension. Depending on which
force dominates, the waves are referred to as gravitation or capillary waves. While
gravitational waves can possess large wavelengths on the length scale of metres, the
typical wavelength of capillary waves is up to few cm [79]. At liquid surfaces in
equilibrium state and without any external perturbation such as wind, vibrations or
objects floating or falling on the surface, the capillary waves have a wavelength of
few A. These capillary waves are formed by the local surface profile and thermal
motion. The local surface profile is described by the intrinsic roughness o; and
is of the dimension of the atomic radius of the atoms at the interface. [80, 81]

Meanwhile, the thermally induced height fluctuations depend on the surface tension
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[' and temperature T'. This capillary roughness o. depends on the wavevector ¢, and
can be calculated according to [82, 83] by

kgT

2 — 71 Qmax 21

with the Boltzmann constant kg, maximum wavevector ¢n.x and the instrument
resolution d¢y,. The maximum wavevector and instrument resolution are discussed
in more detail in Sec. 2.3.1.

Utilising X-ray scattering methods, in particular XRR, the capillary roughness can
be determined experimentally. XRR measurements are sensitive to changes of few
tens of A, which enables the study of temperature [84-87] and surface tension [88, 89]
induced changes of the capillary roughness [81, 90]. For a pure water surface, the
capillary roughness increases by approximately 0.5 A upon a temperature rise from
20°C to 30°C or a reduction of the surface tension by 2.5mN m~! from 72.8 mNm™!.
Ions at the water surface increase the surface tension and therefore decrease the
capillary roughness. Meanwhile, lipid surfactants at the interface reduce the surface

tension, which can be seen in an increase of capillary roughness.

2.1.3 lon distribution

Traditional theoretical models of ions at the water surface predict a repulsion of
the ions from the interface by the image charge repulsion [91]. This theory was
experimentally supported by the rise of the surface tension with increasing salt
concentration in water solutions [92] because the increase in surface tension is
associated with a negative surface excess in the Gibbs adsorption equation [76, 78].
However, this simple model of an ion-free region at the surface had to be reworked
as experimental findings in atmospheric chemistry suggest a presence of ions at
the interface to rationalise chemical reactions [93, 94]. MD simulations modelling
polarisable ions [95, 96] indicate a possible presence of polarisable anions at the
outermost liquid layers. The anisotropy of the interface leads to a deformation of the
electron shells of these surface near ions, that results in the formation of a dipole.
Which ion is repelled or attracted to the surface depends on the polarisability of
the halide. Small halides, such as F~, are repelled from the surface while the larger
halides I~ and Br™ are likely to be found at the interface. Cl~ has a neutral prediction
of position. [66, 97] This enhanced presence of anions at the interface is reversed
a few A towards the liquid bulk. There, the anions are depleted while the cation
presence is enhanced. This results in a double layer with reversed presence of the
anions and cations as shown schematically in Fig. 2.1. Integrating over the interfacial

region shows a reduced ion concentration in this surface near region compared to
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the bulk value. The relative depletion of ions at the interface is in accordance with
the Gibbs adsorption equation and the experimentally observed increase of surface
tension. [67, 98|

The description of a double layer of anions and cations at the surface is valid for
monovalent ions which form solvent-separated ion pairs. However, MD simulations
of the divalent salt SrCl, in water show an enhancement of both Cl~ and Sr?* ions
at the interface considering polarisation of the ions [99]. This study suggests, that
both anions and cations are present at the interface due to the higher positive charge
of the Sr*" ions and subsequently larger interaction with the C1~ ions. A presence of
surface layering in SrCly has been experimentally shown in XRR studies [100] and is

in good agreement with the theoretical prediction.

2.2 Lipid membranes and their
characterisation

Lipid membranes consist of a variety of lipids, proteins and sugars as illustrated
in Fig. 2.2, which define the physical properties of the membrane [7, 10, 2| and
are responsible for physical and chemical processes at the membrane and across
the membrane [6, 18, 19]. Phospholipids are the main component and possess a
hydrophilic head group and hydrophobic tail group. This amphiphilic characteristic
leads to a self-assembly upon contact with water and so called Langmuir monolayers
form at water-air or water-oil interfaces and lyotropic lipid crystals in bulk water. In

the following sections, the lipid properties and the methods to characterise Langmuir

Outside of cell

Carbohydrate
.. Proteins chains
Lipid "“ -
B|Iayer u \\t umnm ’ X
g f///// ”’“l T SO \?{I”/m/lm
i} B ppyypy ppy DGR ”””////////
rans e
Protelg dPhOSphthldS
Inside of cell
(cytoplasm)

Figure 2.2: Illustration of a cell membrane showing a bilayer composed of phos-
pholipids, proteins and carbohydrates attached to proteins and lipids taken from
[101] ©2018 IEEE.
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monolayers and lyotropic liquid crystals are introduced based on the textbooks
(102, 10, 2, 103, 104], lecture text [105] and review articles [106, 6].

2.2.1 Amphiphilic lipids

The term lipid is commonly used to describe a large group of organic compounds. A
more concrete definition has been introduced with the LIPID MAPS classification
system [107] that defines lipids as hydrophobic or amphiphilic molecules with either
ketoacyl groups or isoprene groups. The lipids are divided into eight categories: fatty
acyls, glycerolipids, glycerophospholipids, sphingolipids, saccharolipids, polyketides,
sterol lipids and prenol lipids. The phospholipids DPPC and DLPC (see Sec. 3.1)
and the artificial amphiphilic glycolipids described in Sec. 3.2, which are examined
in this work, belong to the group of glycerophospholipids. These lipids possess a
hydrophilic head group and hydrophobic tail group, which makes them amphiphilic.
Each lipid possesses its individual phase transition temperature at which it melts
from the gel to the liquid phase. Lipids with long alkyl chains in the tail group melt
at higher temperatures than short tailed lipids due to the stronger Van der Waals
interaction within the tail group. [108] Thus, in membranes consisting of multiple
lipids, two phases can coexist in separate domains when some lipids are in the gel
while others are in the liquid phase at a given temperature.

2.2.2 Langmuir isotherms

Amphiphilic molecules self-assemble at water-air interfaces due to their hydrophilic
head group and hydrophobic tail group and form Langmuir monolayers. Charac-
terisation of these monolayers is done with Langmuir isotherms, which relate the
mean area per molecule with the surface pressure of the film. [109] These Langmuir
isotherms are collected with Langmuir troughs, which consist of a trough filled with
water, one or two movable barriers and a surface tension balance. To measure the
surface tension, a so called Wilhelmy plate is used, which consists of a spring balance
and a plate made of typically either metal or filter paper. The plate is drawn down
by the gravitation force and lifted upwards by the buoyancy forces acting on the
plate upon touching the water surface as shown in Fig. 2.3. The effective force
related to the surface tension is measured with a spring balance. Using the Wilhelmy

equation [110]
F

" L-cosd
the surface tension I' is calculated by the capillary force F' acting on the wetted plate

r (2.2)

with the perimeter L = 2[; 4 25 and under the contact angle 6 as shown in Fig. 2.3.
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Figure 2.3: Schematic of the design and function of the Wilhelmy plate to measure
the surface tension with the capillary force F acting on the wetted plate with the
perimeter L = 2[; + 2[, and under the contact angle 6.

The Langmuir monolayers are formed by spreading molecules onto the water
surface on one side of the barrier and the barriers are used to reduce or expand the
area the molecules are located on. To keep the water level at constant height, the
barrier is only reaching partially into the water to allow a flow of water from one side
of the barrier to the other side. Though the water can flow below the barrier, the
molecules stay at the interface because of their hydrophobic tail groups. Therefore,
the effective area of the molecules can be altered which affects the ordering and
interaction between the molecules. Measuring the surface tension while compressing
the area as shown in Fig. 2.4a allows quantifying the degree of ordering within the
monolayer.

Often, the surface pressure 7

=0T (2.3)

is used as relative change to the surface tension I'g of pure water. At high area per
molecule A, and low surface pressure 7 the molecules can be described as being in
a gaseous analogue phase. Compressing the area leads to a phase transition into the
liquid-expanded (LE), liquid-condensed (LC) and solid (S) phases as illustrated in
Fig. 2.4b. Further compressing results in a collapse of the monolayer at the collapse
pressure [111]. Based on the isotherm, molecules can be characterised and identified
because the existence of phase transitions is lipid specific [112, 106]. Further factors
are experimental conditions such as temperature and compression rate. For example,
a DPPC Langmuir monolayer shows a plateau at the LE to LLC phase transition,

where a coexistence of both phases can be found (see Fig. 2.4). Langmuir isotherm
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Figure 2.4: a) Schematics of the Langmuir trough used for the experiments at Kiel
University and DESY (see Sec. 4.5.1) with the movable barrier and Wilhelmy plate
and b) a recorded Langmuir isotherm of DPPC and the corresponding phases: solid
(S), liquid-condensed (LC), liquid-expanded (LE) and gaseous (G). The phases are

presented similar to [105].

measurements on mixed monolayers further allow conclusions on the miscibility of
molecules and formation of domains. The dis- and appearance of phase transitions
as well as the shift of the collapse pressure to higher or smaller values indicate how
homogeneously the molecules are distributed in the monolayer [113]|. To characterise
the size and physical form of domains Brewster-angle microscopy [114] measurements
can be performed simultaneously to the isotherm measurements. During this study,
Brewster-angle microscope test measurements were performed on mixed DPPC and
azobenzene amphiphiles monolayers to identify possible inhomogeneities and forma-
tions of domains. Within the resolution of 12 pm of the Brewster-angle microscope
from KSV NIMA MicroBAM, no domain formation for either the trans and cis state
could be observed.

2.2.3 Lyotropic liquid crystals

In solvents, lipids aggregate and form lyotropic liquid crystals with a variety of
shaped structures, also called mesophases. This ability to form different structures is
called polymorphism. Which mesophases the lyotropic liquid crystals exhibit, depend
on the individual lipid curvature, water content, temperature and pH to name a
few [115, 46, 104]. These structures show short- and long-range molecular ordering
and geometric shapes of micelles, cylinders, hexagonal aligned cylinders, vesicles
and flexible bilayers with their lamellar and bicontinuous structures as shown in
Fig. 2.5b. The water channels within the bicontinuous cubic structure are subdivided
into separate water reservoirs by the lipid bilayers.

To predict the curvature and resulting lipid geometry, the critical packing parameter
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Figure 2.5: a) Schematic presentation of the molecular shape of the lipids and the
corresponding critical packing parameter (C'PP) values and formed structures. b)

lustration of lipid mesophases that form from flexible bilayers based on [41].
(CPP) introduced by [116] and [117] is utilised and calculated with

cpp— Ve (2.4)

Qhead [ chain

where Vipain and {enain are the volume and length of the hydrophobic chain, respectively,
and ayeaq is the effective area of the hydrophilic head group. Molecules witha C/PP ~ 1
show a cylindrical shape, while molecules with a (P different from 1 exhibit a
cone-shape with positive or negative curvature causing a reformation into micellar,
hexagonal or cubic or their reversed correspondent as shown in Fig. 2.5a. Micellar
and inverse micellar structures are found for CPP < 0.3 and C'PP > 3, respectively.
When 0.3 < PP < 0.5 and 2 < (PP < 3, hexagonal and inverse hexagonal shapes,
respectively, are identified and for 0.5 < CPP < 2 flexible bilayers and inverse
flexible bilayer, respectively, are observed. Planar lipid bilayers are determined for

CPP =1.0.



2.2 Lipid membranes and their characterisation 17

2.2.4 Phase transition temperature and differential scanning
calorimetry

Similar to other substances, lipids can melt upon reaching their phase transition
temperature which results in an increase in membrane fluidity. At low temperatures
the mobility of the lipids is reduced and the membrane exhibits a crystalline-like state
which is referred to as gel phase. Upon reaching the phase transition temperature, the
lipids melt to the liquid crystalline phase, also called liquid disordered phase [106] (see
Fig. 2.6a). For some lipid bilayers an intermediate ripple phase can be observed such
as for DPPC lipids [118, 119]. Each lipid has its own characteristic phase transition
temperature which is influenced by the length and degree of unsaturation of the alkyl
chains in the tail group and the head group type and hydration [115, 108, 120, 121].
Lipids with long alkyl chains have a higher phase transition temperature than lipids

with shorter tail group due to higher van der Waals forces between the longer alkyl

a) Lipid phases
Gel phase Ripple phase Liquid crystalline phase

/2 R84
I o A 2 AAAN

temperatur
b) Differential scanning caliometry
= 40 : . . |
g : as phase
¥ 3oL pre-phase - ]
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Figure 2.6: a) Illustration of the phase transitions between lipid phases based
n [122] and b) a DSC curve of DPPC multilamellar vesiclemultilamellar vesicles
(MLVs) measured during this thesis at P08, PETRA III.
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chains. Similarly, lipids with unsaturated alkyl chains have a lower phase transition
temperature as the state of order is disrupted by the bend of the C=C double bond.

To determine the phase transition temperature, differential scanning calorimetry
(DSC) [123-126] can be performed. While heating up the sample and the pure solvent
as reference in separate capillaries, the energy needed to increase the temperature
is measured for both solutions simultaneously. Upon reaching the phase transition
temperature, the energy needed to increase the sample temperature further in- or
decreases depending on whether the phase transition is an exothermic or endothermic
process. Meanwhile, the heat capacity of the reference solution does not change.
In Fig. 2.6b the data from a DSC measurement of DPPC vesicles shows two peaks
in the heat capacity at the temperatures belonging to the pre-phase and phase
transition. In summary, DSC is used to characterise sample properties such as the
phase transition temperatures for crystallisation and glass transition as well as to
observe fusion events and to study chemical reactions.

2.3 X-ray and neutron scattering techniques

With the discovery of X-ray radiation by Wilhelm C. Rontgen in 1895 and the
formulation of diffraction laws by William L. and William H. Bragg and by Max
von Laue both in 1912 X-ray scattering techniques became known and are nowadays
widely used to investigate soft and hard matter. Meanwhile, neutron reflectometry
is a relatively new technique that became popular in the 1970s and 1980s [127].
Though, X-ray and neutron scattering methods are similar and both allow character-
isation of the sample structure and properties, both have their dis- and advantages.
The measurement time with X-rays, especially synchrotron radiation, is short and
dynamics can be probed down to the fs time scale. Whereas, with neutrons dynamics
can only be measured down to ps because of the low flux and long measurement
times. However, the sensitivity of the neutrons to the nucleus of the atoms enables
the identification of the isotope specific compositions of the sample and the magnetic
properties. Combining XRR and NR as complementary techniques allows precise
characterisation of a variety of samples.

In the following, the theoretical background for the X-ray and neutron scatter-
ing techniques utilised to study light-induced phase transitions in lipid monolayer
(Chap. 5) and in lyotropic liquid crystals in bulk water (Sec. 6.5 and 6.6) as well as
laser induced redistribution of the ions close to the water-air interface (Sec. 7.2.1) is
shortly presented. Detailed descriptions can be found in lecture notes [128], textbooks
on the general principles [129-131], textbooks with a focus on liquid surfaces [79]



2.3 X-ray and neutron scattering techniques 19

and synchrotron radiation based measurements [132] and overview articles [133-136].
The following descriptions are mainly based on [130], [131] and [128§].

2.3.1 X-ray reflectivity

An incoming X-ray wave with its reciprocal wavevector k; and angle « is partially
reflected at an interface under the same angle a with the reflected wavevector k, while
the remaining part penetrates into the material with the transmitted wavevector ki
under an angle o’ as shown in Fig. 2.7. Considering continuity as boundary conditions

for the waves and their derivatives at the interface and small angle approximation,

Snell’s law
ngycosa = ny cos o’ (2.5)
and the Fresnel equations
a—a
r=- o and
. 9% (2.6)
Cata

are derived, where ny and n; are the refractive index of the materials and r and ¢
are the amplitude reflectivity and transmittivity, respectively [128, 130]|. Based on
Snell’s law describing the change of propagation direction of electromagnetic waves
entering transparent materials, the transmitted wave is bend towards the surface
when coming from optical dense and entering optical less dense material. To describe

the optical density of the material, the complex refractive index n with its material

n=1-3+ifB

Figure 2.7: Reflection geometry on a surface with the refractive index n, the

wavevectors k;, k. and k; and corresponding angles o and o after [130].
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specific dispersion 0 and absorption [ is used

n=1—0+1if
)\2

0= % (Z)re (2.7)
A

5—EM

where \ is the X-ray wavelength, p(z) is the average electron density at position
z along the surface normal, 7, = 2.82fm is the classic electron radius and p is the
absorption coefficient. [128, 130] For X-ray radiation, materials possess n < 1 which
makes them less dense materials than air and leads to total scattering of the incoming
beam at angles smaller than the critical angle

e &~ V/20. (2.8)

During X-ray reflectivity measurements the intensity of the specular reflected wave is
determined for various incident angles o and thus reflected angles a.. The difference
between incoming and reflected wavevector is the so called wavevector transfer
or scattering wavevector Q = k, — k;. An incoming wavevector k; and reflected
wavevector k, in the yz-plane can be described as:

0 0
2 2
k; = Tﬂ Cos and k, = Tﬂ cosa’ | . (2.9)
—sin o sin o/

Under the condition that the entrance and exit angle are identically, the scattering

wavevector Q = (¢y,qy,¢-) is derived to:

4 0
T
Q=k—ki=-—+1 0 (2.10)
sin o
4
q. = %sina. (2.11)

The critical wavevector g. can be written analogue to a. (see Eq. 2.8) as ¢. =
47 /X-+/26 and will be denoted as the critical angle in the following as well. [128, 130]
For an ideal surface without any roughness, the Fresnel reflectivity formulated by
Augustin-Jean Fresnel describes the g, dependent intensity distribution as

Re(q.) = |r(q:)]* = R (2.12)

Q@+ @ — ¢
(g + /a2 — a2)
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Figure 2.8: Model XRR curves (left) and the corresponding scattering length
density (SLD) profiles (right) from a pure water-air interface (green) and a Langmuir

monolayer at the water-air interface (black) showing the typical Kiessig fringes.

For larger angles than the critical angle g, > q., the Fresnel reflectivity can be
approximated to Rr =~ (¢./ 2qz)4 and the intensity decreases with I o< ¢;* as shown
exemplarily in Fig. 2.8a for a reflectivity from a water-air surface measured at the
LISA endstation (see Sec. 4.5.1).

Studying real, rough interfaces such as liquid surfaces, the sharp step in the electron
density profile considered in the Fresnel reflectivity is not utilisable. Local surface
profile and thermally induced capillary height fluctuations shape the liquid surface
topology and electron profile. Small variations of the electron density on the atomic
length scale along the surface normal (z-direction) create a dependency of z on the
refraction index n(z). A numeric approach to take these variations into account and
to describe the measured reflectivity R(q.) is done with the so-called master formula
[137, 138]

2

M@:m%»m@%ﬂMMW%/fﬁgﬁwww (2.13)
with the averaged electron density (p(z)), the electron density p. in the bulk and
the phase information of the wavevector e 4. The structure factor ®(q.) of the
interface describes a modulation of the idealised Fresnel reflectivity with a Fourier
transformation of the normalised gradient of the averaged electron density d{p(2))/dz.
In practice, a model for the electron density profile is fitted to the measured reflectivity
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curve because the phase information of the wavevector is lost due to the dependency
of R(q.) on the square of the absolute value of the electron density and wavevector.
A common way to describe the electron density profile at the interface includes
an error function (p(z)) = erf(z/v/20) with ¢ as standard deviation to specify the
electron density declination at the interface [139, 136]. Thus, the reflected intensity
R(q.) may be written as

R(q:) = Rp(q:) e . (2.14)

Yet, this reflectivity description in Eq. 2.14 violates time reversal and was extended

by the Nevot-Croce factor [140] for a correct solution
R(g.) = Re(g:) e =%~ (2.15)

with ¢, = k- sinf and ¢, = k' - sina’ [141].

One of the surface properties investigated and discussed in this work is the
roughness of the surface. To describe the roughness of the surface, o can be written
as

with the intrinsic roughness o; and capillary wave roughness o.. The intrinsic
roughness is of the dimension of the atomic radius of the atoms at the interface.
Meanwhile, the capillary roughness describes the height fluctuations induced by the
capillary waves at the interface (see Sec. 2.1.2) and takes the temperature T', surface

tension I' and the instrument resolution dg,, into account:

kBT Gmax
2(g,) = —1 2 2.17
o2a) = e (=) 217

where kg is the Boltzmann constant.

The instrument resolution depends on the detector distance, detector pixel size
and the size of the chosen region for intensity integration on the 2D detector image.
Choosing a region of interest (ROI) of 30 x 30 pixels, as used for the data analysis
in Sec. 5.1, and the detector settings described in Sec. 4.5, a capillary roughness of
0. = 2.1 A is calculated. Together with the intrinsic roughness, a total roughness of
o = 2.8 A is determined. This corresponds well with the roughness of (2.8 +0.3) A
found with fitting the experimental XRR curves and other experimental measurements
[142, 143]. The fit routine is described in detail in Sec. 4.6.1.

To calculate the X-ray intensity from a multilayer systems, the Parratt formalism
[144] is applied, which considers the reflectivity and transmittivity at every interface
between the layers in a recursive way. The reflected waves at the top and bottom

of each layer interfere and this creates an oscillation of the intensity reflectivity
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known as Kiessig fringes as shown in Fig. 2.8 for the modelled data from a Langmuir
monolayer sample. Based on the distance Ag. between the minima of the Kiessig
fringes the thickness d of the slabs can be calculated with d = 27 /Aq,.

Conventionally, in order to characterise a material the scattering length density
(SLD) is used instead of the electron density which depends on the intrinsic scattering
length b of all N atoms inside the viewed volume V' according to

Zé\il bz _ pooNaTe Zi\il f’L

SLD =
14 o M;

(2.18)

with the bulk electron density p.., Avogadro constant N,, atomic factor f; and atomic
molar mass M; for each element i [132, 131]. For X-rays, the SLD is approximately
proportional to the atomic number Z of the elements.

2.3.2 Neutron reflectivity

While X-ray radiation interacts with the electron shell of the atoms and gives
information about the electron density of the material, neutrons scatter at the
nucleus and their cross section is isotope specific. Therefore, the scattering length b
of the atoms is isotope dependent as shown for a selection of atoms in Tab. 2.1.
Thus, for example, HyO holds an SLD of —0.56 x 1076 A% while D50 scatters
more strongly with an SLD of 6.39 x 1076 A [131]. This makes NR very powerful
for determining the isotopic properties of a material. Further, this isotope specific
scattering behaviour enables contrast matching, to highlight specific parts of the
sample while making other parts indiscernible. To match a contrast, a mixture of
H;0O and D50 at a given proportion is prepared to achieve the same SLD as parts of
the sample. If specific parts, for example the tail group of a lipid sample shall be

Table 2.1: X-ray and neutron scattering lengths in 107°A for selected atoms
taken from [145-147]. For the neutrons, the coherent nuclear scattering

length is given.

X-ray neutron
'H | 0.999974 | -3.7406
D |0.999974 | 6.671
%0 | 8.01075 | 5.803
2C | 6.00313 | 6.6460
UN | 7.006 9.36
3p 14.8 | 16.13794
329 5.13 2.847
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highlighted, the lipid can be deuterated [148]. By interchanging the hydrogen atoms
with deuterium atoms, the scattering length is changed and thus the SLD. Taking NR
of multiple contrasts with hydrogenated lipids and their deuterated counterpart on
different proportions of HoO and D50 allows determining accurately the arrangement
of the lipids within the membrane. Within this work, NR was performed on Langmuir
monolayer at the water-air interface (see Chap. 5) to identify the vertical position of
the azobenzene amphiphiles within in the monolayer. Apart from the calculation of
the SLD, the NR follows the scattering laws as described above for the XRR and can
be calculated identically. The power and complementarity of NR to XRR lies in the
ability of contrast matching and thus differentiating between parts of the monolayers
and lipids.

2.3.3 Grazing incidence X-ray diffraction

As introduced in Sec. 2.3.1 and Sec. 2.3.2, the vertical component of the wavevector
q. is measurements with XRR and NR. To obtain information of the in-plane
sample structure, in the g, and g, direction, grazing incidence diffraction (GID)
measurements are performed. In contrast to XRR measurements, the incident angle
a of the X-ray beam is kept constant and lower than the critical angle for GID studies.
At this small angle, total reflection of the primary beam occurs. However, a small
portion of the incoming beam is refracted and penetrates the medium [141, 131].
The intensity of this evanescent wave decreases exponentially as it transmits deeper
into the medium and the penetration depth A is defined as the depth at which the
intensity is reduced to 1/e with [130]

A

AN=—"—"+
47 - Im()

B h\ (2.19)
2/ [\/(0? — a2 + 45 — (0 — )

The imaginary part of the angle o/ of the transmitted wave is derived from Snell’s
law. Approximating small angles, the cosines in Snell’s law (see Eq. 2.5) can be
written as

o® =a? +a? - 2ip (2.20)

with the incident angle «, the critical angle . and the refractive index g (see Eq. 2.7)
[136, 149]. With this equation, the incident angle dependent penetration depth of
X-ray radiation with an energy of 18keV in pure water can be calculated as shown
in Fig. 2.9a. By changing the incident angles, the probed volume can be changed

from few nm to multiple tens of pm.
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Figure 2.9: a) Simulated penetration depth of 18 keV X-ray radiation into water
and b) the intensity of the evanescent wave at the water interface calculated with
Eq. 2.6 in dependence to the incident angle normalised to the critical angle. The

critical angle is marked as dashed line.

While the intensity of the evanescent wave decreases exponentially into the depth
of the material, the intensity just below the interface can be derived from the square
of the amplitude transmittivity ¢ in Eq. 2.6 [130] and is shown in Fig. 2.9b. The
amplitude of the evanescent wave is defined by the interference of the incident and
reflected wave. For angles below the critical angle, total reflection occurs and the
amplitudes of the two waves are of equal strength. At the critical angle, both waves
are in phase and the amplitude (intensity) of the evanescent wave is double (four
times) the incident wave amplitude (intensity). For smaller angles, the waves get
out of phase, which results in an attenuation of the evanescent wave amplitude.
Meanwhile, at angles larger than the critical angle, the amplitude of the reflected
wave decreases with I o< ¢;* (see Eq. 2.12) while the amplitude of the evanescent

wave approaches the incident wave amplitude. [133, 141]

For interfaces with a lateral two-dimensional order such as often observed in
Langmuir monolayers, the evanescent wave is diffracted by this two-dimensional
lattice [150, 133, 151 as schematically shown in Fig. 2.10. Due to the grazing
incident angle, the incident wave is scattered from the atomic planes perpendicularly

to the surface and thus is sensitive to the surface near in-plane structure. The
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Figure 2.10: Schematic of grazing incidence X-ray diffraction from a lipid monolayer

at the water-air interface after [151].

scattering signal is recorded with an area detector placed at a distance d. Each
detector pixel corresponds to a unique pair of scattering vectors ¢, and g,,, allowing
a transformation of the detector image into the g-space. Analysing the position
and width of the diffraction pattern allows conclusions on the lattice parameters
[150, 133, 131]. Assuming, the lipid monolayer possesses a two-dimensional long
range order the lipids are ordered on a two-dimensional lattice with the primitive cell
vectors a and b with an angle v between them. In most monolayers, the tail groups
are ordered in a hexagonal lattice. For hexagonal lattices, the conditions a = b and
~v = 120° are valid while for a distorted hexagonal lattice v # 120° applies. An
oblique lattice is found for sheared lattices with lattice lengths a # b and v # 120°.

In addition, the chains of the tail group can be approximated as a cylinder standing
at the interface with a tilt angle 7 between the cylinder direction and the z-axis
[152, 153].

From the g,, position of the Bragg peaks in the scattering pattern, the lattice

repeat distances can be calculated with

2

hk
Ty

i = (2.21)

where h and k are Miller indices [154, 155]. Different to the Bragg peak in the g,,
direction, the scattering along the ¢, direction corresponds to Bragg rods due to
the two-dimension lattice extension and the missing third dimension. Analysing the

positions and intensity profiles of the Bragg rods in ¢, direction, the tilt angle of the
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tail groups and the thickness of the ordered layer can be estimated with

27
D=09 ——— 2.22
09 FWHM (222)
where FWHM is the full width half maximum of the Bragg peak in ¢, direction
[152, 106]. The analysis steps performed in this work are presented in Sec. 4.6.2 in

detail.

To conclude, performing (GID measurements on Langmuir monolayers at the water-
air interface allows the study of the two-dimensional lattice structure of ordered lipid
monolayers [150, 133, 153]. Together with complementary XRR measurements, GID
studies are a powerful tool to describe the monolayer structure and changes in the

molecule orientation and layer structure in the vertical and in-plane direction.

2.3.4 Small angle X-ray scattering

Studying lyotropic liquid crystals in water solutions, small angle X-ray scattering
(SAXS) measurements were performed to determine their size and morphology [156].
Different to reflectometry studies, the sample is measured in transmission geometry
and the scattered beam is detected on a 2D detector and for isotropic sample the
intensity is azimuthally averaged giving a plot of scattered intensity versus scattering
wavevector. Based on the Thomson scattering formula the intensity distribution can
be described as

2

1(Q) = f(Q)?*-5(Q) ~ /prateiQrdV (2.23)

where f(Q) and S(Q) are the atomic or molecular form factor and structure factor,

respectively, and p, is the average density [130, 53, 157]. Typically, dilute solutions
of particles or molecules are analysed by applying the Guinier analysis [158], Porod
analysis [159] and determination of radius of gyration methods to investigate the
radius of the particle, the shape of the particle and the mean distance from the
particle’s centre of gravity, respectively. However, the mentioned methods cannot
be applied for polydispersed systems or high concentrated systems with interacting
particles [130]. Therefore, the SAXS data in this work was analysed by investigating
the peaks coming from repeating distances in the crystals allowing a conclusion about
their overall morphology on the nm length scale as shown in Sec. 4.6.3.

2.3.5 X-ray fluorescence near total reflection

The X-ray fluorescence near total reflection (XRFNTR) analysis of an aqueous salt

solution interface gives information on the chemical composition of the solution
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in the surface near region. An incoming angle below the critical angle is chosen
to obtain the total reflection of the X-ray beam. In aqueous salt solutions, the
penetrating X-ray radiation interacts with the electrons of the ions and can excite
the electrons from a core state to a bound state at higher energy. Upon returning to
their ground states, the electrons emit photons with the energy corresponding to the
energy difference between the two energy levels. These energy levels are unique for
each element as they are defined by the composition of protons and neutrons in the
nucleus [160, 161]. Measuring the emitted fluorescence signal allows the identification
of the elements based on their specific emission lines. Performing this fluorescence
measurement under total reflection of the X-ray beam, the chemical composition of

the surface near region can be identified.

In addition to the chemical composition, the arrangement of the ions in the solution
can be determined. The intensity of the fluorescence signal is proportional to the
intensity of the incident beam. Classical fluorescence excitation experiments are
performed with large incident angles. For these angles, the intensity of the wave
field can be described as locally constant and exponentially decreasing inside the
medium [162]. However, under shallow incident angles, especially in the region of
total reflection, the incoming monochromatic wave interferes with the reflected wave
above the surface where they cross each other. The electromagnetic field in this
cross region is defined by the interference pattern and standing waves along the
surface normal direction can be observed with an dependence on the incident angle
(163, 161]. Therefore, the fluorescence signal of the atoms is proportional to the
local intensity oscillations of the standing wave field describing the incident wave.
By analysing the fluorescence signal for multiple incident angles, the depth profile of
layered structures can be determined. In the following, the equations to calculate the
fluorescence intensity of an infinite thick and flat substrate along with the intensity
of a finite thick layer on top of a flat substrate are introduced based on [162]. For
detailed derivations of the equations please refer to [163, 160, 164, 162].

In general and if self-absorption is neglected, the intensity of the X-ray beam
within the thick substrate at a depth z can be described as

(a,z) = Iy (1 + Re(a) + 2y/Re (@) cos q;) e=2/A

712
a—

with RF (Oé) =

(2.24)

a+ o

and () = arccos (2 (2‘)2 - 1)

with the Fresnel reflectivity Rp(«) (see also Eq. 2.12), phase shift U(«), between
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Figure 2.11: Simulated fluorescence signals from a bulk substrate (blue) and layers

with multiple thicknesses (coloured) at different incident angles «.

the incoming and evanescence wave, and penetration depth A (Eq. 2.19). This
X-ray beam with its intensity I(c,z) can induce a fluorescence signal from an atom
in a depth z; of the substrate. The intensity of the emitted fluorescence signal is
proportional to the X-ray beam intensity I(a,z;) at that depth. Thus, the total
intensity from the substrate Iy is the sum of all signals and is derived by integrating
Eq. 2.24 over a depth z from zero to infinity to

In(a) = I, (1 + Re(a) + 2y/Be () cos ¢) Aa) (2.25)

where I, is a norm factor.
Considering a layer inside the substrate, the intensity of this buried layer I, can
be calculated by integrating Eq. 2.24 over the layer extent from depth z to z + d:

I(o, z) = I, (1 — Rp(a)) - % R (R ) (2.26)

Simulated intensity profiles for fluorescence signals from a substrate and layers with

multiple thicknesses at the interface of the substrate are shown in Fig. 2.11.

2.4 Laser studies

Pump - probe studies are performed to investigate excitation and relaxation dynamics

in a wide range of samples. Here, laser radiation is utilised as a pump to excite
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the sample thermally or electronically depending on the chosen wavelength. The
structural changes are studied with X-ray scattering methods such as XRR, GID
and XRFNTR as described in the previous sections. Synchronising the pump and
probe pulses enables highly time-resolved measurements. The time resolution is
then limited by the pulse lengths of the pump and probe. In the following, a short
overview on the laser functionality and properties is given based on [165].

2.4.1 Principles of laser radiation

The acronym LASER stands for Light Amplification by Stimulated Emission of
Radiation. Each laser consists of a laser medium, a pump and a resonator. Laser
radiation is produced in the laser medium, which can be in solid, liquid or gas state.
The main difference between lasers and other light sources such as lightbulbs, the
sun or stars is that the emission of photons is stimulated in the laser. The stimulated
emission of light is started by a spontaneous photon emission of the same energy by
another atom. Afterwards this stimulated emitted photon triggers another stimulated
photon emission. For the chain reaction to work, the number of atoms in the excited
states must be higher than the number of atoms in the ground state and the atoms
have to stay in the excited state for a relatively long time. The higher number of
excited atoms is called population inversion and can only be achieved in a number
of materials. The pump energy induced into the laser medium excites atoms into
higher energy levels and is responsible to build up the population inversion. The
emitted light is then reflected inside the resonator. This results in highly collimated
and amplified radiation. Part of this radiation is passing the resonator mirror and
exits the active medium. [166, 167, 165]

Generally, lasers are differentiated between continuous wave (CW) lasers and
pulsed lasers. While CW lasers produce continuous laser radiation, pulsed lasers
emit laser pulses with pulse length from as to ps. By reducing the pulse length,
higher pulse energies can be achieved. Such fs laser pulses are used in a wide range
of application fields ranging from engineering, manufacturing, pump - probe experi-
ments, metrology, medical treatments to photochemistry.

2.4.2 Femtosecond laser pulses

Most femtosecond laser pulses are created by using mode-locked oscillators. An
example for a passive mode-locking is the Kerr lens mode-locker, which is based on
the optical Kerr effect. The generated laser pulses in the resonator pass through

the saturable absorber, which is a nonlinear medium that leads to a deformation
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of the wavefronts due to an induced phase difference between the axes parallel and
perpendicular to the propagation direction resulting in a pulse focusing, the so-called
self-focusing effect. This absorber absorbs energy from the laser pulses and can
get saturated every time it is hit by a circulating pulse with high intensity. Upon
saturation, the loss inside the medium is temporarily reduced and the pulse passes
the absorber. Pulses hitting the absorber with lower intensities experience losses
and are suppressed. By this, one circulating pulse is selected inside the resonator.
[168-170]

At one of the resonator sides, this pulse is partially emitted at the output coupler
mirror which leads to a regular emitted pulse train. The pulse repetition rate is
defined by resonator length and is typically in the range of tens of MHz. In addition
to the repetition rate, the resonator length determines the mode structure and gen-
erates standing waves inside the resonator. The resulting electric field distribution
can be described by using the transversal electromagnetic modes (TEM-modes)
nomenclature. The most fundamental and typical mode is the TEM, mode, which
corresponds to a Gaussian beam profile. [165]

Another component used to modify the laser pulses is the Pockels cell. The Pockels
cell is placed inside the resonator and its refractive index depends on an external
electric field (Pockels effect). Modifications of this external electric field result in
a phase shift between the electric field components of the laser pulse along the
fast and slow axis of the medium. This changes the polarisation state of the laser
radiation from linear to elliptical or circular and leads to a reflection of the beam
at the polariser placed between the Pockels cell and output mirror. The reflected
pulse is therefore kept in the resonator and gets amplified further. Upon reaching
the maximum pulse energy, the voltage applied to the Pockels cell is reduced and
thus, the laser pulse passes trough the polariser and leaves the resonator. [165]

2.4.3 Excitation of ions with pulsed lasers

Ultra short laser pulses are known for their high pulse energies and possibility to
heat up a sample locally by up to hundreds of °C [171]. However, laser radiation can
also excite halide anions in solutions into their charge-transfer-to-solvent (CTTS)
states. This photodetachment mechanism results in the release of a photoelectron
into solution and the formation of a neutral halogen atom [172-175]. The free
electron either recombines with the charged ion or diffuse away after hundreds of
ps [69, 71, 176, 72]. To photoexcite the halide anion, light with the corresponding

wavelength is necessary. For large halide anions, such as iodide, the C'T'T'S bands
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are in the deep UV range between 190 to 260 nm. Meanwhile, lighter halides exhibit
CTTS bands at higher energies thus even smaller wavelengths [177].
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Materials and sample preparation

3.1 Phospholipids

Phospholipids are the main component of lipid membranes and significantly define
the membrane properties such as the rigidity and functionality. More than 1000
different phospholipids are found in mammalian cells [13, 178, 179, 14] and differences
in their head and tail group lead to a variety of membrane functions. Within this
study, two phospholipids, namely DPPC and DLPC, shown in Fig. 3.1, were used to
create lipid model membranes. Both, DPPC and DLPC, were purchased from Avanti
Polar (Inc.) and have an identical phosphatidylcholine head group and a tail group
consisting of two saturated acyl chains. For the NR measurements, tail-deuterated
DPPC (dg2-DPPC) was also purchased from Avanti Polar (Inc.). While DPPC has
a pamitic acid tail group (16 carbon atoms in the acyl chain), DLPC possesses a
lauric acid tail group (12 carbon atoms). The length of a straight palmitic acid
chain with n CHy groups and a terminal CH3 group can be estimated accordingly to
[180, 181] by lehain =1 - 1.265A + 1.54 A. Subsequently, DPPC posses a total chain
length of lghain = 19.21 A while the chain length of DLPC is shorter by 5.06 A. The
longer tail chained DPPC has its phase transition temperature at 41°C (as shown
in Fig. 2.6) while the DLPC acyl chains already melt at —2°C [115, 123]. Thus, at
room temperature, DLLPC lipids are in the liquid crystalline phase and DPPC lipids

are in the gel phase.

3.2 Synthetic photoswitchable lipid mimetics

In this study 14 different synthetic azobenzene amphiphiles and reference molecules,
shown in Fig. 3.1 and provided by the group of Prof. Dr. Thisbe K. Lindhorst,
Kiel University, were investigated. The lipid mimetics AZOL-C12, AZOL-C16,
AZGL-C12, AZGL-C16, AZLL-C12, AZLL-C16, OL-C12, OL-C16, GL-C12, GL-C16,
LL-C12 and LL-C16 (see Tab. 3.2) were synthesized by Dr. Franziska Reise, Kiel
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Figure 3.1: Overview of the photoswitchable and reference mimetics for their trans

and cis isomer similar to [MSH 1].

University, within the scope of her work in the SFB 677 Function through switching

following the synthesis routes published in [182]. The azobenzene mimetics differ in

the length of the acyl chain groups and the type of carbohydrate attached to the

head group. Comparing the observed switching behaviour and induced structural

changes in the lipid membranes allows conclusions on the influence of the head and

tail group composition.

All azobenzene amphiphiles possess a tail group consisting of two saturated acyl
chains with either 12 or 16 carbon atoms which is identical to DLPC or DPPC,
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respectively. Meanwhile, the head group of the amphiphiles differ in the number of
attached glycan moieties. As head groups, aside from the non-glycosylated hydroxyl
group, B-Dglucopyranosyl (glucose) and (3-D-lactosyl (lactose) moieties were chosen
(see Fig. 3.1 R?, R? and R*). The 4-Hydroxy-4-propargyloxy azobenzene (AZ-R),
a precursor in the synthesis of the azobenzene mimetics, was used for reference
measurements.

The shorter azobenzene mimetic AZGIL-S-C16 (see list of abbreviations) was
designed and synthesized by Michael Rohrl, Kiel University. The glucose head
group of the AZGL-S5-C16 mimetic is linked via a sulphur atom directly to the
azobenzene switch. This makes the mimetic AZGL-S-C16 (13.9 + 0.6) A shorter
than the corresponding mimetic AZGL-C16. Comparing the length of the straight
molecules, the AZGL-5-C16 mimetic is the shortest lipid while AZLL-C16 is the
longest. The molecular lengths were determined with the program ChemSketch and
the obtained lengths are listed in Tab. 3.1.

The azobenzene lipids possess two isomers, namely trans and cis, from which the
trans state is the thermally stable form. By illumination with 365nm the = — 7*
band of the N double bond is excited and the molecules switch into the cis isomer.
Over time or by heating, the molecule relaxes back to its thermally stable trans
isomer. In addition, the trans state can be induced by illumination with 455 nm light
that is absorbed by the m — n band. Switching the azobenzene switch between its
trans and cis isomer, the N double bond of the azobenzene rotates and bends to an
angle of about 90° [33, 31, 34].

Considering a molecule in its trans state at the water-air interface, the molecule
self-assembles and is orientated perpendicular to the water surface. Switching to the
cis isomer results in an increase of the molecules area and shortening of the molecule
length [, as shown in Fig. 3.2 exemplarily for AZGL-C16. The vertical stretching
for the cis isomer was estimated by the maximum extend of the head and tail group
with the 90° azobenzene bond between them. Thus, the values listed in Tab. 3.1
only give a range for the vertical and horizontal stretching as the molecule can be
tilted, the acyl chains are highly flexible and the head group can bend or rotate as
well. The largest change in dimension by the azobenzene mimetics is expected for
the AZLIL-C12 and AZLIL-C16 mimetics with the lactose head group.
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Table 3.1: Molecular weight and length of phospholipids, reference mimetics
and the azobenzene amphiphiles in their trans and cis state shown in
Fig. 3.1. The lengths I, and [ are defined as shown in Fig. 3.2 and were
determined with the software ChemSketch. The errors are estimated to
0.3A by measuring multiple lengths from different reference points for
comparison. The difference Al corresponds to the length change upon

switching from trans to cis.

Mimetic M/gmol™ | 1,/ A | /A
DPPC 734.053 316 | 5.0
DLPC 621.826 264 | 5.0
OL-C12 669.932 363 | 6.0
GL-C12 832.073 40,3 | 125
LL-C12 994.214 423 | 17.3
OL-C16 782.145 414 | 6.0
GL-C16 944.286 454 | 125
LL-C16 1106.426 474 | 17.3
Mimetic M/ gmol ™ |1/ A/ A1/ A 4o/ A AL/A Ay/A |
AZR 252.268 166 | 30 | 116 60 | -50 30
AZOL-C12  866.137 482 | 145 | 373 204 | -109 59
AZGL-C12  1028.278 507 | 145 | 409 250 | -99 105
AZLL-C12  1190.418 543 | 145 | 435 316 | -108  17.1
AZGL-S-C16  943.322 419 | 100 | 380 111 | -38 11
AZOL-C16  978.350 534 | 145 | 425 204 | -109 5.9
AZGL-C16  1140.490 558 | 145 | 460  25.0 | -99 105
AZLL-C16  1302.631 594 | 145 | 486 316 | -108  17.1
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Table 3.2: Abbreviations and full chemical names of the photoswitchable
glycolipids shown in Fig. 3.1.

Abbreviation | full chemical name

AZOL-C12 (E)-[p-[(1,2-Didodecanoyloxycarbonyl)propyloxy|-p'-(2-{2-[2-(1-
ethoxy-4-methoxy-1,2,3-triazolyl)|ethoxy }ethyl)|azobenzene

AZOL-C16 (E)-[p-[(1,2-Dihexadecanoyloxycarbonyl)propyloxy|-p’-(2-{2-[2-(1-
ethoxy-4-methoxy-1,2,3-triazolyl)|ethoxy }ethyl)|azobenzene

AZGL-C12 (E)-[p-[(1,2-Didodecanoyloxycarbonyl)propyloxy|-p'-[(2-{ 2-
[2-(1-ethoxy-4-methoxy-1,2,3-triazolyl)]ethoxy }ethyl)-B3-D-
glucopyranosyloxy]]azobenzene

AZGL-C16 (E)-[p-[(1,2-Dihexadecanoyloxycarbonyl)propyloxy|-p'-[(2-{2-
[2-(1-ethoxy-4-methoxy-1,2,3-triazolyl)]ethoxy }ethyl)-3-D-
glucopyranosyloxy]]azobenzene

AZGL-S-C16 | 1-O-(4-(4-(S-B-D-Glucopyranosyl)thiophenyldiazenyl)benzene)-2,3-di-
O-hexadecanoyl-rac-glycero

AZLL-C12 (E)-[p-[(1,2-Didodecanoyloxycarbonyl)propyloxy|-p'-[(2-{2-
[2-(1-ethoxy-4-methoxy-1,2,3-triazolyl)]ethoxy }ethyl)-3-D-
galactopyranosyl-(1—4)pB-D-glucopyranosyloxy||azobenzene

AZLL-C16 (E)-[p-[(1,2-Dihexadecanoyloxycarbonyl)propyloxy|-p’-[(2-{2-
[2-(1-ethoxy-4-methoxy-1,2,3-triazolyl)]ethoxy }ethyl)-B-D-
galactopyranosyl-(1—4)-D-glucopyranosyloxy||azobenzene

OL-C12 1-{2-[2-(2-Hydroxyethoxy)ethoxy|ethyl] }-4-{[(1,2-didodecanoyloxy-
carbonyl)propyloxy|methoxy}-1,2,3-triazole

OL-C16 1-{2-[2-(2-Hydroxyethoxy)ethoxy]ethyl] }-4-{[(1,2-dihexadecanoyloxy-
carbonyl)propyloxy|methoxy}-1,2,3-triazole

GL-C12 1-{2-[2-(2-(B-D-Glucopyranosyloxy)ethoxy)ethoxy|ethyl] }-4-{[(1,2-
didodecanoyloxycarbonyl)propyloxy|methoxy }-1,2,3-triazole

GL-C16 1-{2-[2-(2-(B-D-Glucopyranosyloxy)ethoxy)ethoxy|ethyl] }-4-{[(1,2-
dihexadecanoyloxycarbonyl)propyloxy|methoxy }-1,2,3-triazole

LL-C12 1-{2-[2-(2-((B-D-Galactopyranosyl-(1—4)-D-
glucopyranosyloxy)ethoxy)ethoxy]ethyl] }-4-{[(1,2-
didodecanoyloxycarbonyl) propyloxy|methoxy}-1,2,3-triazole

LL-C16 1-2-[2-(2-(B-D-Galactopyranosyl-(1—44)-D-

glucopyranosyloxy)ethoxy)ethoxyl|ethyl]-4-[(1,2-
dihexadecanoyloxycarbonyl) propyloxy|methoxy-1,2,3-triazole
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3.3 Inorganic salts

In addition to the studies on lipid membranes and in the third project of this work,
laser pump - X-ray probe measurements were performed on aqueous salt solutions
containing sodium iodide (Nal), sodium chloride (NaCl) and rubidium bromide
(RbBr). Salts were purchased from Sigma-Aldrich and Carl Roth GmbG & Co.
KG with a purity of 99.99% for Nal, 99.5% for NaCl and 99.6 % for RbBr. To
prepare the salt solutions, the salts were weighed and placed in an oven at 200°C
for over 8h before adding ultra pure Milli-Q water® (> 18 Mf2). Concentrations
were chosen between 0.1 mol and 5mol. The samples were stored in a fume hood to
allow frequent sample exchange. For preservation of the solution, the Nal solutions
were stored in brown glass bottles or bottles wrapped in aluminium foil because
Nal can decompose to triiodide under absorbance of UV light. The presence of
triiodide can be easily seen by a yellow colouring of the solution which intensifies
over time under UV irradiation. Alteration of the pH was done by adding small
amounts of sodium hydroxide (NaOH (aq)), hydrochloric acid (HCI (aq)), hydroiodic
acid (HI (aq)), rubidium hydroxide (RbOH (aq)) and hydrobromic acid (HBr (aq)),
respectively, to create acidic or alkaline solutions of Nal, NaCl and RbBr.
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Experimental setup and methods

4.1 Langmuir monolayer sample cell

For measurements in the laboratory at Kiel University or PETRA III, the Langmuir
monolayers were prepared in a Langmuir trough from Riegler & Koch. A detailed
description of the trough setup and its integration into the beamline control at P08,
PETRA III is presented in section 4.5.1. The Riegler & Koch Langmuir trough
consists of a Teflon trough with a maximum area of 399.08 cm? and a single barrier is
used to reduce the surface area to a minimum of 72.45 cm? as shown schematically in
Fig. 2.4. With this trough, a compression ratio of 5.5 of the surface area is obtained.
To measure the surface tension, a Wilhelmy plate, as described in section 2.1.1, is
placed on the movable barrier holder. Calibration of the surface tension is done via
tuning two potentiometers at the read out electronics. As reference points, the pure
water surface is calibrated to 0mN m~! and air to 72.8 mNm~! at room temperature.
Area calibration is performed by moving the barrier to its minimum and maximum
position and allocate this motor positions the corresponding minimum and maximum
surface area. As Langmuir isotherm measurements are highly temperature dependent,
the trough is water cooled. The Langmuir trough is enclosed by a metal housing
serving multiple purposes such as reducing the amount of dust falling onto the water
surface, preventing creation of turbulences or waves on the water surface by air flows
(e.g. from air conditioning) and creating a gas tight atmosphere. Measurements in
the laboratory were conducted in air atmosphere while all measurements at LISA at
P08, PETRA III were performed under helium gas to reduce background scattering
signal.

To form the Langmuir monolayer at the water - air interface, the lipids solved in
chloroform were spread onto the water surface. Monolayers with more than one type
of lipid were created by mixing the desired mol/mol percentage of lipids together
in the chloroform solution and spreading the mixture. All spreading solutions were
prepared with a molar concentration of 1mmolL~!. For a typical measurement,

50 to 60 mL lipid solution was spread onto the water surface. During experiments,
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Figure 4.1: First trans (dark blue), trans (light blue) and cis (red) Langmuir
isotherms of the mixed DPPC and AZLL-C16 monolayer with a ratio of 9:1.

the vials containing the lipid solutions were only taken out of the {reezer (stored
at —21°C) and opened for spreading the solution. The time of the open vial was
shortened to the minimum to reduce evaporation of chloroform and thus a change in
concentration of the spreading solution.

Recording the Langmuir isotherms, the speed of the barrier was set to about

2min~! for compression and expansion, respectively. For photoswitchable

40 mm
samples, a first isotherm without any illumination is taken by compressing up to
a surface pressure of 35mNm ™!, This isotherm is referred to as first trans. After
expanding the area fully, the monolayer is illuminated with UV light (365 nm) for
S5min to switch to the cis state. Another isotherm up to a surface pressure of
35mNm™* is recorded, which is the cis isotherm. This is followed by expanding
the area and illumination with blue light (455nm) for 5min to switch back to the
trans state. Again, an isotherm is measured, which is referred to as trans isotherm.
The difference between the first trans and trans isotherm is marginal compared to
the cis isotherm and can be seen exemplarily in Fig. 4.1 for a mixed monolayer of
90% DPPC and 10% AZLL-C16. Both first trans and trans isotherms show the
same trend and only differ slightly in the clarity of characteristics. This difference
can be explained by the efficiency of the light-induced trans isomerisation of about
80 %. Thus, statistically up to 20% of cis isomers are present in the trans state

while thermal relaxation reaches 100 % trans isomers. As thermal relaxation takes
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multiple hours for the studied azobenzene amphiphiles [182], all measurements were
conducted on the light switched trans state. Recording consecutive isotherms with
alternating illumination revealed, that the trans and cis isotherms are equal among
each other. Though the first trans isotherms were collected, they were disregarded
during the analysis process.

4.2 Lyotropic lipid crystal sample cell

All lyotropic lipid crystals studied within this work were prepared applying the thin-
film hydration method. First, the desired mol/mol percentage of photoswitchable
mimetics, DLPC and DPPC were mixed in chloroform with a concentration of
5mmol L~!. These solutions were dried with a Rotavapor R-300 for over an hour at a
bath temperature of 45 °C and pressure of 16 mbar. The Rotavapor is available at the
P08 beamline at PETRA III. The dried films were stored in the fridge at 5 to 10°C
for up to four weeks. On the day of the measurement, the dried films were hydrated by
adding warm (30 to 40°C) Milli-Q® water to create a concentration of 1 mmol L=! for
the DSC measurements and 5 mmol L~! and 10 mmol L™, respectively, for the SAXS
measurements at P12, EMBL and BL2, DELTA. The hydrated samples were shaken,
vortexed and placed in a water bath between 45°C and 60 °C until a homogenous
solution was formed. If necessary, the solutions were held into the ultrasonic water
bath to break larger lipid lumps. The hydrated samples were measured within
24h and stored in the fridge between measurements. As the phase of the crystals
is temperature dependent, the hydrated samples were taken out of the fridge at
least 1h before the SAXS or DSC measurements to allow the sample to reach room

temperature.

4.3 Salt solution sample cell

The liquid cell consist of a 40 mm x 90 mm PCTFE trough in a gas-tight aluminium
housing as shown in Fig. 4.2 and described in [183]. The cell is equipped with
temperature, humidity, surface tension and pH sensors to monitor in operando the
sample properties. Further, the cell can be flushed with wet nitrogen or helium to
prevent evaporation of the liquid inside the cell. A copper cooling block underneath
the PCTFE trough keeps the sample tempered and can be used to cool or heat the
sample. The X-ray windows are made of Kapton foil and on one of the sides an
adapter for the fluorescence detector is mounted, so that the fluorescence detector
is positioned perpendicular to the X-ray beam. The laser beam passes through the
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quartz glass window in the lid of the housing onto the sample under an angle of

about 30° with respect to the axis normal to the sample surface.

Figure 4.2: Sketch of the liquid cell used at the LISA endstation at the PO8 beamline,
PETRA III from [183] reproduced with permission of the International Union of
Crystallography.

4.4 Differential scanning calorimetry
measurements

Differential scanning calorimetry (DSC) measurements were performed at the Mi-
croCal PEAQ-DSC instrument from Malvern Panalytical Ltd. available at P08,
PETRA III. This microcalorimeter has two capillaries, one for the sample and one
for the reference/buffer solution with a volume each of of 150 nL.. For cleaning, the
capillaries were flushed with ethanol at least three times at a temperature of 55°C
before flushing with ultra pure Milli-Q® water three times. This procedure was
followed by a calibration measurement with pure water to verify the cleanliness of
the capillaries.

The hydrated samples were prepared as described in section 4.2 with a concentration
of 1mmol L' and filled into the sample capillary. As reference, ultra pure Milli-Q®
water was used. The calorimetry measurements were performed in the temperature
range from 25°C up to 60°C. For every sample, one run with multiple heating and
cooling cycles was recorded. Every run was started with a heating and cooling cycle
with both a heating and cooling rate of 60 °Ch ™! to ensure the sample to be in the
equilibrium state. This first cycle was discarded during the analysis. For the second

and third cycles, the heating rate was set to 12°Ch™!. Another two cycles were
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taken afterwards with a faster heating rate of 60°Ch~! to check sample stability.
The cycles were always taken in pairs to verify reproducibility. Between the cycles, a
waiting time of 10 minutes was added. At slower heating rates, the phase transition
peaks are sharper and the phase transition temperature can be determined more
accurately. Therefore, for the analysis in section 6.5 the second and third cycle with
a heating rate of 12°Ch~! were used.

The data was exported as ASCII files from the instrument control software and
analysed with self written python scripts. These scripts are available under [184] and
were published together with the raw and processed data [185] of the publication
'PSH 1] presented in section 6.5 following the FAIR principles [186] and the metadata
schemata [187] proposed by the DAPHNEANFDI project [188].

4.5 Beamline and instrumentation
description

During the course of this work, measurements at multiple X-ray and neutron facilities
have been conducted. Liquid-air interfaces were studied with X-rays at the LISA
endstation at P08, PETRA III, Germany and at ID 10 ESRF, France. Complementary
NR measurements were performed at BL16 Sofia at J-Parc, Japan. For the SAXS
measurements, beamtime was requested and granted at the SAXS beamlines BL2
at DELTA, Germany and beamline P12 at PETRA III, Germany operated by the
European Molecular Biology Laboratory (EMBL). In the following, the beamlines
and the measurement configurations are described in more detail.

4.5.1 LISA, P08, PETRA IlI

PETRA III is a 3'¢ generation storage ring operated by DESY and offers 25 beamlines
for user operations. Classically, XRR measurements on solid samples are performed
by tilting the sample to vary the incident angle of the X-ray beam. Yet, tilting
liquid samples does not change the orientation of the liquid-air interface. Therefore,
studying liquid interfaces with X-ray reflectometry requires a movable X-ray radiation
source or a beam tilter in the X-ray beam path to vary the incident angle of the X-ray
at the interface. At beamline P08 [75] the Liquid Interface Scattering Apparatus
(LISA) [74] has been designed and optimised for XRR measurements on liquid-air
and liquid-liquid interfaces. LISA is a double crystal beam tilter with two germanium
(Ge) crystals as shown in Fig. 4.3. The incoming X-ray beam, here referred to as
P08 beam, is reflected on the first Ge crystal over the Ge(111) reflection and on the
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Figure 4.3: Sketches of the LISA instrument as a 3D model (left) and the principle
of the double crystal Bragg deflection geometry (right) from two perspectives
including important angles and distances from [74]| reproduced with permission of

the International Union of Crystallography.

second Ge crystal over the Ge(220) reflection to the sample as shown in Fig. 4.3.

During the alignment procedure, the rotation axes of the crystals, sample stage
and detector stage are aligned to one pivot point on the sample. This particular
alignment allows high precision positioning of the X-ray beam on the sample and
ensures that the X-ray beam hits the sample on the same position during the XRR.
Keeping the position of the X-ray beam on the sample constant is especially crucial
for the laser pump - X-ray probe measurements during which the laser and X-ray
footprint have to overlap for the whole ¢g-range of the reflectivity.

At this beamline and instrument, Langmuir monolayer measurements and laser
pump - X-ray probe experiments were performed. The respective setups are explained
in the following paragraphs. All measurements were performed using a photon energy
of 18 keV and a beam spot size of 100 pm x 400 pm. As detector, a Lambda 750k
(X-Spectrum, Germany) detector with a pixel size of 55 pm x 55 pm was employed.

Langmuir monolayer setup

For studies of Langmuir monolayers at the water-air interface, the Langmuir trough
described in section 4.1 is placed at the sample stage of LISA. The trough is placed
on an anti-vibration table from The Table Stable Ltd. to counteract vibrations
during movement of the sample stage, detector stage or the double crystal beam
tilter. Furthermore, the trough is connected to a chiller to keep the temperature of

the water constant at 21 °C. The housing of the trough is filled with Helium gas to
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reduce background scattering and production of ozone. To monitor the gas flow, an
oximeter detects the oxygen level. During measurements, the oxygen level was kept
below 2 %.

To control the barrier movement and read out the surface pressure and area during
measurements, the cables connecting the trough with its control unit are drawn from
the experimental hutch to the control hutch. Similarly, the cables for controlling the
illumination device are installed. The illumination device, consisting of two arrays of
each three LEDs of 365nm and 455 nm, is placed on top of the Langmuir trough.
The visible and UV light then shines through the quartz glass in the trough lid onto
the sample. By this, the light can be controlled manually and remotely from the
control hutch enabling in situ measurements. Moreover, the surface pressure and
area values are recorded and saved as ASCII files. During a scan the values can
be additionally saved as metadata with the raw detector files. By monitoring the
surface pressure during measurements, the stability of the Langmuir monolayer is
verified and the light-induced surface pressure changes can be followed.

Laser pump - X-ray probe setup

For the laser pump - X-ray probe experiments, the ErUM-Pro funded fs laser Pharos
from LightConversion was used. This laser is permanently placed at the beamline
and maintained by members of the LISA group of PD Dr. Bridget M. Murphy,
Kiel University. The laser beam is directed to the sample and impacts the surface
with an angle of about 30° from the surface normal as shown schematically in
Fig. 4.4a. The laser generates infrared laser radiation with a wavelength of 1030 nm,
repetition rate between 100 kHz and 1 MHz and laser pulse length from 251 fs to
10 ps. The maximum pulse energy lies between 150 1J and 15p1J for 100 kHz and
1 MHz, respectively. In addition to the laser, the harmonics generator HIRO and
optical parametric amplifier ORPHEUS, both from LightConversion, are available.
The HIRO module is optimised for an incoming laser beam with a pulse length of
2511fs and a pulse repetition rate of 130kHz and produces the second, third and
forth harmonics. The maximum pulse energies and laser spot diameters are listed
in Tab. 1 in [PSH 2] in Sec. 7.1. In comparison to the fixed harmonics, ORPHEUS
can generate a broad spectrum from 210nm to 2600 nm. Moreover, the ORPHEUS
is optimised for a repetition rate of 1 MHz and pulse lengths of 251 fs. The pulse
energy varies for the different wavelength and its highest is obtained for 700 nm with
about 1.3J. A picture of the laser setup is presented in Fig. 4.4b.

To perform time-resolved measurement in the pump - probe measurement mode, the

phase of the laser oscillator frequency is synchronised to the reference 499.6655 MHz
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Laser Beam Tilter

Figure 4.4: a) Schematic of the LISA and laser setup installed at P08 with the
laser and X-ray beam paths indicated in red and black, respectively, from [183]
reproduced with permission of the International Union of Crystallography. b)
Picture of the Pharos laser (top) and the harmonics generator HIRO (left) and
the optical parametric amplifier ORPHEUS (right) together with labels listing the

wavelengths generated by them taken from [189] with permission.

radio frequency (RF) of the PETRA III storage ring as described in detail in [183].

At the beamline, the laser beam is guided over several mirrors from the laser in the
laser hutch onto the sample stage in the experimental hutch (see Fig. 7.1 in Sec. 7.1).
In this laser path lenses for focusing, spot size enlargement and diffractive optical
elements can be placed to modify the beam profile and spot size. To enlarge the beam
spot size, the Keplerian or the Galilean telescope design as shown in Fig. 4.5 can
be used. Both designs have advantages and disadvantages. The Keplerian telescope
uses two convex lenses with their focusing points between the lenses which allows
large magnification factors. However, the magnified image is projected upside-down.
This is in contrast to the Galilean telescope with a set of two lenses, one plan-convex
and one plan-concave lens, which creates erect images. The focusing points of the
lenses are behind the second lens. In this setup, the field of view is extremely narrow,
which restricts the magnification factor. For the magnification of the laser spot size
in the laser setup at P08, the Galilean telescope concept is beneficial. The main
advantage of this concept is the absence of a focus point in the beam path. If the
Keplerian telescope is used, the laser beam is focused on one point which results in

very high intensities that can ignite or damage objects in the beam path easily.

The Gaussian beam profile (TEMyy mode) shape is preserved during magnification
and focusing of the beam. To achieve a homogenous intensity distribution over the
beam profile, the laser beam needs to pass through a beam shaper. Such a beam
shaper is a diffractive optical element (DOE) that is especially designed for certain
wavelengths, spot sizes and input profiles to produce the desired output profile. By
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Figure 4.5: Schematics of the principle of the a) Keplerian and b) Galilean telescope.

this, a circular beam spot with a Gaussian intensity distribution can be shaped to a
rectangular beam shape with a homogenous intensity distribution, a so called flat

top.

Acquisition of X-ray reflectivity data

The XRR curves were recorded over an angular ¢ range from 0.018 to 1.0 AT
To accommodate the reduction in reflected intensity (I o< g, *) for increasing g
wavevector, the absorber factor is reduced in steps during the reflectivity. While
the direct beam is attenuated by a factor of 10°, the beam is not attenuated for
angles above ¢, = 0.2 AT Thus, multiple scans with different attenuation factors
and counting times are taken to record the whole reflectivity curve. The specular
intensity is extracted by defining a ROl on the detector image and summing the
intensity of each pixel in this region. Typically, an ROI with a dimension of 30 x 30
is used. For the background correction, two ROls of the same size are placed next to
the ROI of the specular intensity and their intensities are averaged and subtracted
from the specular intensity. This intensity extraction is done for every scan and
the intensity values are saved together with the corresponding ¢. values. Another
extraction step is the construction of the reflectivity curve. As the attenuation factor
is changed for the scans, this change in intensity has to be normalised. Normalisation
is done by matching the intensity of ¢ point in overlapping g-ranges. The extraction

script is available under [184].

Acquisition of laser pump - X-ray probe data

Laser pump - X-ray probe measurements were collected on different time scales and
in single pump - single probe and continuous pump - continuous probe mode. By
synchronising the laser oscillator frequency to the reference radio frequency of the
storage ring, time-resolved measurements on timescales of few picoseconds up to

seconds is possible. For the single pump - single probe studies, the detector was
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Figure 4.6: Graphical presentation of oscilloscope traces showing the detector gate

signal generated from the bunch clock (black), the laser reference signal (light
red) produced by one of the photodiodes in the Pharos laser unit and the laser
signal (red) and X-ray bunch signal (blue) measured with a photodiode at the
sample position from [183] reproduced with permission of the International Union

of Crystallography.

gated to only count the photons belonging to one selected X-ray pulse as shown in
Fig. 4.6. By this, a time resolution of 38 ps can be achieved [183|. By varying the
phase of the laser and moving the detector gating signal to another X-ray pulse, the
time delay between the laser and X-ray pulses can be varied. In contrast, in the
continuous pump - continuous probe mode the laser pulses accumulate and the burst
mode of the detector is used. The burst mode reduces the 24-bit mode to a 12-bit
read out mode and allows continuous data acquisition with simultaneous reading
and writing. Thus, the acquired data is taken in real time without any dead time
between the single images. The images can be recorded with a frequency of up to
1kHz. Since data is acquired with a minimum recording time of 1 ms multiple laser
pulses hit the surface of the sample and the accumulated heating or electronic effect

is investigated.

Acquisition of X-ray fluorescence near total reflection data

For the XRFNTR measurements the liquid cell described in section 4.3 was used
together with a fluorescence detector as shown in Fig. 4.7. The fluorescence data was
recorded with the XR100 FAST-SDD Amptek detector under X-ray incident angles
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between 0.016 to 0.13° probing a sample volume from 5nm to 21 pm (see Fig. 2.11).
The intensity of the elastic peak at 18keV was used as reference to normalise the
spectra to each other at different incident angles. Further, the energy channels were
calibrated by fitting the Ar and elastic peak from a reference data set, which was
taken without any sample and only contains scattering from the atoms in the air
atmosphere. The measured fluorescence peaks were assigned to the K- and L-shell
emission lines by comparison with literature values [190]. Each scan consist of a series
of collected spectra at different incident angles. The scans were performed before,
during and after laser irradiation to investigate the change in ion concentration at
the surface induced by the laser irradiation. The analysis routine of the collected

data is described in section 4.6.4.

b)
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Amptek
ﬁ detector
Figure 4.7: a) Photography of the fluorescence detector attached to the liquid cell

at the sample stage of the LISA endstation at P08, PETRA III and b) schematic

drawing of the setup with a top view.

4.5.2 1D 10, ESRF

The European Synchrotron Radiation Facility (ESRF) is a joint research facility in
France and a 4'" generation synchrotron radiation source. At the soft interface and
coherent scattering beamline ID10 [191] the double-crystal deflector is coupled to a
6 + 2 axes diffractometer to perform high-resolution XRR and GID measurements
on liquid and solid interfaces. The X-ray energy can be tuned between 7kV and
30kV. For the beamtime SC-5497 in September 2023, an energy of 22.5keV and a
beam size of 20 pm x 20 pm was chosen. As sample cell, the Langmuir trough setup
of the beamline was used. Our custom made LED illumination device was integrated
into the beamline system to allow time-resolved XRR and GID measurements. The
raw data is available under [192]. At the beginning of the beamtime, multiple XRR
measurements were taken to reduce beam damage on the sample. Based on this
initial tests, the exposure times, absorber values and necessary movement on the

sample were defined. All following XRR and GID measurement were performed on
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fresh sample spots. The Langmuir trough was flushed with wet helium to reduce the
oxygen level to below 2 %. For the XRR measurement, the auto attenuator available
at the beamline was used. This changes the attenuator value during the XRR to keep
the intensity of the reflected beam between 5000 and 60000 counts. The XRR curves
were taken up to a wavevector ¢, = 1.0 A7 As detectors, the Maxipix 1x5 developed
by ESRF and mythen2 detector from Dectris (Baden-Daettwil Switzerland) were
used for the XRR and GID measurements. The extraction of the reflectivity curve
follows the procedure described in detail above for the XRR measurements at the
LISA instrument. For the analysis of the reflectivity data, the Python package refnx
was used as discussed in Sec. 4.6.1.

4.5.3 BL16 SOFIA, J-PARC

The research reactor at Japan Proton Accelerator Research Complex (J-PARC) is a
proton accelerator which creates neutrons, neutrinos and hadrons to perform research
in the field of materials, life science and particle and nuclear physics. The beamline
BL16 Soft Interface Analyzer (SOFIA) [193, 194] offers a horizontal type reflectometer
to investigate soft matter samples such as lipid monolayers at the water-air interface.
NR measurements were performed in June 2023 using the Langmuir trough available
at the beamline. This Langmuir trough is a Japanese fabrication and has a trough
area of 80mm x 255.87mm and total volume of 100mL. The surface tension is
measured utilising a filter paper Wilhelmy plate. The 2-dimensional scintillation
counter detector was placed 17.9 m from the sample. Data was collected under the
three incident angles 6 of 0.4°, 1.0° and 2.22°. The slit size was changed accordingly
to the angle between 0.3226 mm and 8.0 mm. This results in an angle dependent
g-resolution of 1.3%, 5.1 % and 3.0 % for the different angles. For the data binning
during extraction, a constant resolution of dg/q = 2 % was chosen. As samples, three
contrasts were chosen. The contrast of D,O and tail-deuterated DPPC lipids was
chosen to match the SLD of the deuterated tail group with the water sub phase and to
highlight the head group of the lipids. Further NR data was taken from hydrogenous
DPPC on D50 to feature the whole molecule. The third contrast was tail-deuterated
DPPC on non-reflective water (NRW) which was mixed from D,O and HyO directly
before the measurement. The same contrasts were applied for the mixed monolayer
with 10 % of AZGL-C16. The photoswitchable lipid was not deuterated.

Each NR curve was reconstructed by stitching the parts measured at the three
incident angles together with a package extension for the IGOR Pro software provided
by the beamline team. Analysis of the reflectivity curves was done with the Python

based analysis package refnx [195] and is described in more detail in Sec. 4.6.1.



4.5 Beamline and instrumentation description 53

4.5.4 BL2, DELTA

SAXS measurements were performed at the beamline BL2 [196] of the 3" synchrotron
source Dortmund Electron Accelerator (DELTA). This storage ring is operated by
members of the TU Dortmund University and offers 12 endstations for in-house and
external user research. Two beamtimes, in March and December 2022, were conducted
at BL2 which is a beamline dedicated to SAXS measurements and operates at an
energy of 12keV. The data was collected with the MAR345 2D image plate detector
(marXperts, Norderstedt, Germany) and by utilising a beam size of 0.6 mmx0.6 mm.
The samples were filled into quartz capillaries and placed into a simple capillary
sample holder for in situ measurements at room temperature or in the temperature-
controlled cell from Linkam Scientific Instruments Ltd for temperature dependent
scans at temperatures between 17°C and 55°C.

For the in situ measurements, the LED illumination device was placed above the
capillary holder at a distance of 10 cm. The samples were illuminated for 5 min with
either 365 nm or 455 nm before collecting the scattering signal. The acquisition time
was 80s for each detector image. No beam-induced sample degradation could be
observed for this long exposure time. The collected detector images were processed
with the software FIT2D [197-200] and transformed from real to reciprocal space.
After the application of pixel mask and correction of the detector orientation, the
intensity was integrated azimuthally to receive the reduced 1D scattering pattern in
g-space. The typical ¢g-range is 0.25nm~! to 3nm~!. The calibration of the detector
distance and orientation was done with a standard silver behenate powder sample.
The analysis of the extracted 1D scattering pattern is described in section 4.6.3 in
detail.

4.5.5 P12, EMBL

For time-resolved SAXS measurements, one beamtime was performed at beamline
P12 at PETRA III operated by the European Molecular Biology Laboratory (EMBL).
This beamline is optimised for the structure analysis of biological samples and offers
an automatic sample change system. The samples are filled in tubes and placed
into the auto sampler. The capillary is then filled automatically with about 50 nL. of
the sample, the scattering data is collected and afterwards the capillary is flushed
with detergent and water. During the beamtime in November 2023, the data was
collected with the PILATUS 6M detector from Dectris (Baden-Daettwil, Switzerland)
at an energy of 10keV and with a beam size of 0.2 mmx0.12mm. Due to the high
brilliance of the PETRA III source, the exposure time could be reduced to 0.1s at a

transmission of 80 %. This setting reduced the beam damage significantly and up
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to 4 frames with an exposure time of 0.1s each could be collected before sample
degradation was observed. At the beamline an automated data processing pipeline
is available that reduces the 2D detector images to 1D scattering patterns and
automatically performs background correction with the collected puffer scattering
pattern. The saved 1D data was analysed using self-written Python scripts. The
analysis process is described in detail in section 4.6.3.

The fast data exposure time allowed time-resolved measurements to record the
kinetics of the mesophase transitions observed in mixed lyotropic liquid crystals
containing photoswitchable amphiphiles (see Sec. 6.6). To realise the in situ illu-
mination, the LEDs were placed on top of the quartz window facing the sample
capillary. As only the volume inside the capillary could be illuminated, the measure-
ments were performed in no-flow mode to prevent measuring non-illuminated sample
volume. The automatic sample loading was stopped and the capillary was loaded
manually before starting the illumination with either 365nm or 455nm. After a
defined illumination time, the data was collected. Then the sample was replaced
by fresh volume from the sample holder. The loading and illumination process was
repeated with different illumination times to follow the temporal evolution. During

the illumination time, the fast shutter was kept closed to avoid beam damage.

4.6 Data availability and analysis

The data analysis, storage and handling was performed following the FAIR principles
[186] and metadata standards proposed by DAPHNE4NFDI [188, 187]. All publicised
data is available under CC-BY 4.0 licence under open access in data repositories
hosted by Kiel University. The corresponding links to the raw, extracted and fit
data and the analysis scripts can be found in the respective publications under the
data availability section. Further, all samples were registered with an International
Generic Sample Number (IGSN) in the sample data bank from the international
consortium DataCite using the IGSN service provided at Kiel University (https:
//igsn.uni-kiel.de/de). Furthermore, all analysis scripts used in this thesis are
made publicly available [184]. In the following sections the analysis procedures for
the XRR, NR, GID, SAXS and XREFNTR data are described in more detail.

4.6.1 X-ray and neutron reflectivity

The reflectivity data, both X-ray and neutron, were fitted using the Python package
refnx [195] based on the Parratt formalism [144]. The structure of the sample is
described with a model consisting of slabs of uniform SLDs. Each slap is defined by
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Table 4.1: X-ray and neutron scattering lengths calculated for the DPPC,
AZOL-C16, AZGL-C16 and AZLL-C16 mimetics in A.

molecule X-ray neutron
DPPC C4HggNOgP 0.011441 | 0.000275
dea-DPPC | CyoH1sNOgPDgs 0.006730

AZOL-C16 Cs6Hg1N509 0.015056 | 0.001308
AZGL-C16 Ce2H101N5014 | 0.017482 | 0.001623
AZGL-C16* | CeaHooN5014D1y 0.002456
AZLL-C16 CesH111N5019 | 0.019907 | 0.001938

three properties, its thickness [, SLD and the roughness o at the interface to the next
slab. For a pure water solution, the model consist of two slabs, one for the water and
one for the air. Both layers have infinite thickness and only the SLD of the water
slab and its roughness to the air interface is fitted. Meanwhile the structure of a
lipid monolayer at the water-air interface is described with two additional layers,
one for the hydrophilic head and one for the hydrophobic tail group. The head layer
possesses as additional parameter a solvent factor, to account for water molecules
surrounding the lipid head groups. The parameter space was narrowed down by
setting boundaries based on physical properties such as the maximum extent the
layer can physically obtain or the SLD values. In addition to the boundaries, the
parameters can be constrained to other parameters or conditions. For example, the
the SLD and thickness of the head and tail layers have to result in the same number
of lipids inside the layer. This condition can be parametrised by calculating the
scattering lengths for the whole molecule. The scattering lengths b of a molecule were
derived with Eq. 2.18 and are listed in Tab. 4.1. Further, the scattering lengths byota)
of the mixed monolayer is then calculated by the relative amount of each molecule.
In the fit procedure, the ratio a of the azobenzene mimetics is fitted as a parameter.
Thus, biotar is derived with

btotal =a- bazo + (1 - CL) : bdppc (41)

where b,,, and bqpp. are calculated based on the chemical composition of the molecules.
Moreover, the SLD of the head group is constraint to the function

btotal

SLDhead - < - SLDtail : ltail) /lhead (42)

mol

with the fitted parameters lyead, ltail, SLDtaii and A,,q.
The fitting with refnx was performed using a Markov Chain Monte Carlo (MCMC)

approach with 200 walkers. Fach walker represents an independent Markov chain
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initialised with random starting points. After the first 1000 steps, the chains converged
towards the target distribution and 2000 additional samples per walker were collected

to estimate the posterior distributions of the model parameters.

4.6.2 Grazing incidence diffraction

The 2D detector images collected during the GGID measurements are analysed with
self-written Python scripts. As a first step, the 2D image is transformed into the
reciprocal space by assigning each pixel the corresponding reciprocal space values gy,
and ¢.. These values are calculated by first determining the distance from the primary
beam (¢,, = 0 and ¢, = 0) in real space and then transforming these distances into
the reciprocal space. This transformation is done with a script available in the group.
The following analysis steps are performed with scripts written by myself.

By analysing the GID images, structural information on the packing and orientation
of the molecule in the in-plane direction and the tilt angle of the acyl chains together
can be determined. These parameters are calculated based on the position and width
of the Bragg peaks and the intensity distribution along the Bragg rod. For this,
the intensity profiles are fitted with Gaussian curves. To reduce the influence of
background scattering, a reference measurement of a pure water/solvent interface is
subtracted from the 2D image from the sample. Further, all images are smoothened
by interpolating an area of 3 x 3 pixel. The background corrected images are then
integrated along the ¢,, or ¢. direction as shown exemplarily in Fig. 4.8 for GID
images from a DPPC monolayer measured at the LISA endstation at P08, PETRA
I11.

For a precise determination of the peak positions, the range for the integration
is limited to a region around the peak, preferably with no other peak inside that
region. From the number, position and widths of the Bragg peaks and rods the
structural information can be derived. First, the Bragg peaks and Bragg rods are
assigned using the Miller indices. In the case of this dataset, the peaks belong to the
(0,1), (1,0) and (1,I) reflections. The superimposition of the (1,0) and (0,1) peak
is evidence for a distorted hexagonal lattice structure of the acyl chains with the
lattice length a = b (see Sec. 2.3.3). Each peak is fitted with a Gaussian curve in the
¢zy and g, direction. The fitted positions and widths of the Bragg peak and rod are
listed in table Tab. 4.2.

The lattice parameters a and b and angle v can be calculated from the fitted g,
values using Eq. 2.21 to

a=0b=5358A
v = 116.6°
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Table 4.2: GIXD results of DPPC monolayer shown in Fig. 4.8 with the
Bragg peak and Bragg rod positions and the respective F'VWHM.

‘ Gy, 0),(1,0)/ (A7) ‘ Goi0,0,10)/ (A7Y) ‘ Gy, (1)) (A1) ‘ G/ (A7Y

position | 1.312 £ 0.008 0.744 £+ 0.008 1.463 £ 0.008 | 0.020 £ 0.008
width 0.078 £ 0.004 0.392 £ 0.004 0.023 £ 0.004 | 0.602 £ 0.004

and the tilt angle 7 of the tail group and thickness D of the crystalline layer using
Eq. 2.22 to

T =29.6°
D =22.14A.
1.0
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Figure 4.8: GID images of a pure DPPC monolayer at the water-air interface with
a surface pressure of 18 mN m ™! and the integrated intensity spectra along the g,,
and ¢, direction with the fits of the Bragg peaks and Bragg rod.
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4.6.3 Small angle X-ray scattering

The reduced 1D scattering pattern are analysed with self-written Python scripts to
determine the structure and repeating distance (d-spacing) of the lipid aggregates.
The fit routine is a step-wise process. As first steps, models of possible structures

are generated with multiple Gaussian-functions

fl@=>ae > (4.3)

with variable peak amplitude «a;, width o; and position p;. For each mesophase, the
theoretical positions of the peaks [201] can be calculated from the d-spacing value as
exemplarily shown in Fig. 4.9 for a d-spacing value of 6 nm. These models are first
compared visually and then fitted to the measured data to find the best match. After
identifying the matching structure, the model is fitted to the data again, allowing

small deviations ¢; of the peak position to consider small defects and distortions in
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Figure 4.9: Computed scattering models for different lipid mesophases with the
same d-spacing value of 6 nm and decreasing peak intensities for the higher order

peaks. The models are composed by a series of Gaussian peaks as described in
Eq. 4.3.
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the sample structure. Thus, the model function is extended to

_ (a=(pi+5)?

@)=Y ae = (4.4)

with a maximum allowed deviation of £0.06 nm during the fitting. Following this
fitting step, the d-spacing value is recalculated for each position p; + d; and averaged.
The error for d-spacing is determined from the deviations between the recalculated
values.

This fit routine is extended for scattering data, for which a single mesophase
cannot describe the observed structure. In those cases a superposition of two or
more models is used to fit the data. The steps described above are performed for
all combinations of two (or three) of the eight models. The resulting best matching
models are evaluated on the quality of the fit and the physical possibility.

4.6.4 X-ray fluorescence near total reflection

The collected XRFNTR scans consist of a series of images at incident angles «
between 0.016 to 0.13° around the critical angle a, taken following the measurement
description in section 4.5.1. Each image contains the energy resolved intensity
spectrum of the fluorescence signal as shown exemplarily in Fig. 4.10. The detected
fluorescence peaks can be assigned to the specific energy level transitions of chemical
elements. An exemplary classification of the detected emission lines from an aqueous
4 M Nal solution is shown in Fig. 4.10. The fluorescence peaks at energies between
3.7 to 4.9keV originate from the L,, Lg, Lgs and L, emission lines of the iodide
ions (I7) in the solution. The four peaks with much lower intensity at energies
between 2 to 3.7keV are the escape peaks of the I~ L-emission lines. These escape
peaks occur when the emitted photon (e.g. belonging to the L, transition) hits
the silicon (Si) chip of the fluorescence detector and loses energy by exciting an Si
atom. This loss in energy corresponds to the K, = 1.74keV transition of Si. Thus,
the energy of the detected photon is 1.74keV lower than originally. Whereas the
I~ emission peaks could be identified, the peak at 5keV could not be assigned. It
could originate from multi-photon counting, which means that the detector counts
two arriving photons as one and adds their energy. In addition to the I~ emission
peaks, copper (Cu), nickel (Ni) and zinc (Zn) peaks are observed. Their presence
indicate that partial scattering from the sample cell occurs. The peaks at highest
energy, arise from the elastic scattering peak at 18 keV and at slightly lower energy
the inelastic Compton scattering. Though the I~ atoms in the solution could be
detected, no peaks belonging to the Na™ ions are found. This indicates that the Na™

ions, in contrast to the I~ ions, are not present at the surface.
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Next step in the analysis is the fitting of the L emission peaks of the I7. The peaks
are fitted with a series of Gaussians functions. As the peaks are slightly overlapping,
all peaks in the range of 3.7 to 4.9keV are fitted simultaneously with one fit function
containing five Gaussian curves. Following this fit, the fit values for the intensity
of the L, peak are plotted against the incident angle and analysed further. The
shape of this intensity profile allows conclusions on the structure of the interfacial
region of the surface (see Sec. 2.3.5). The critical angle is determined by fitting the
intensity profile with Eq. 2.26. From this the critical angle «. is directly derived and
the electron density SLD is calculated with SLD = ¢?/16m = sin(a.)? - 7/ using the
X-ray wavelength A.

1.0k Lpr elastic i
La
—~ 0.8} -
S
T
> 0.6 .
‘0
C
9 04F .
£
Lg2
0.2 escape Loy i
peaks V? . compton
uJ ! NiCu Zn
00 1 1 1 ” 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18

Energy (keV)

Figure 4.10: Fluorescence spectra collected under grazing X-ray incidence angle of
a = 0.06° from a 4 M Nal solution with an X-ray energy of 18 keV and the assigned
fluorescence peaks. The L., Lg1, Lg2 and L, and escape peaks originate from

the I~ ions in the solution.
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Controlling the orientation and
morphology of glycolipids in lipids
monolayers with light

Glycolipids play a fundamental role in lipid membranes and are responsible for cell
signalling and attachment of proteins, bacteria and other cells. Studies on proteins and
bacteria attaching to glycolipids discovered a selectivity on the type and orientation of
the carbohydrate group. Therefore, identifying and controlling the orientation of the
carbohydrate group has high potential to influence the protein and bacteria activity.
In the study presented in the following section, synthetic photoswitchable glycolipids
are incorporated into Langmuir monolayers to characterise their influence on the
monolayer structure and to identify the orientation of the glycan head group. Further,
the structural changes upon switching the photoswitchable glycolipid between its trans
and cis isomer are investigated with Langmuir isotherm, grazing incidence diffraction
(GID) and X-ray reflectivity (XRR) measurements. The results are presented in
the manuscript [MSH 3] in Sec. 5.1. In addition to the manuscript, a summary
of collaborative and complementary measurements and their results related to the
Langmuir monolayer studies on mixed monolayers composed of photoswitchable
glycolipids and phospholipids is given in Sec. 5.2.
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5.1 Light-induced reorientation of the sugar
head group of photoswitchable
glycolipids in phospholipid monolayers

The following manuscript discusses the Langmuir isotherm, XRR, NR and GID
results on photoinduced structural changes and reorientation of carbohydrate groups
in Langmuir monolayers containing azobenzene amphiphiles. The data of mixed
monolayers with on of three different azobenzene amphiphiles are compared to con-
clude on the influence of the type of carbohydrate group attached to the head group.
The XRR and GID measurements were performed at the LISA endstation at P08,
PETRA III, (see Sec. 4.3) and the complementary NR data was taken at the BL16
beamline at J-PARC (see Sec. 4.5.3). Compared to the nomenclature in this thesis,
the azobenzene mimetics AZOL-C16, AZGL-C16 and AZLL-C16 are referred to as
1, 2 and 3, respectively, in the following article (compare Fig. 3.1 with Fig. 1 in the
article).
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ABSTRACT

Glycolipids play a fundamental role in cell membrane structure and for cell signalling and attachment of proteins,
bacteria and other cells. Studies on proteins and bacteria attaching to glycolipids discovered a selectivity on
the type and orientation of the carbohydrate group. In this study artificial photoswitchable glycolipids with no
sugar, a glucose or lactose group are incorporated into Langmuir monolayers. Their response to optical stimuli
is investigated to characterise their influence on the monolayer structure and to identify the orientation of the
glycan head group. X-ray and neutron scattering measurements combined with in situ Langmuir isotherms
confirm the location of the head group in the water and reveal that the photoswitching of the glycolipids induce
a reorientation of the head group of the glycolipids and affects the head group ordering. Significant structural
changes are observed in the thickness and the roughness of the monolayer. An additional phase transition for
both trans and cis isomers and bidirectional surface pressure change is seen in the Langmuir isotherms.

Keywords:  Photoswitching, X-ray and neutron scattering, Glycolipids

INTRODUCTION

Cell membranes consist of a variety of lipids, proteins, nucleic acids and sugars and the composition of these
components defines the physical properties of the membrane such as its rigidity, fluidity and functionality [1; 2; 3].
Membrane components are responsible for vital physical and chemical processes at the membrane interface and
across the membrane such as glycolipids for cell signalling [4; 5] and attachment of proteins and other cells
[6; 7]. Glycolipids have a carbohydrate group in the head group allowing selective attachment of proteins and
cells [8; 9]. Not only the type of carbohydrate group, but also its orientation is key for successful binding of
the proteins or cells to the glycolipid. Changes in the orientation of the glycan head can result in detachment
of proteins [10; 11] and bacteria [12] from the glycolipid, potentially resulting in deactivation. Controlling the
spatial orientation of the glycoligands by means of photoswitchable glycoconjugates [13; 14] for turning bacterial
and protein adhesion on and off [15; 16] has received increasing interest. Photoswitches such as the azobenzene
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group in azobenzene mimetics [17; 18; 19] with their reversible E/Z isomerisation show high reproducibility
and stability. In addition to the focus on controlling bacterial and protein adhesion, many recent studies on
membranes containing synthetic azobenzene amphiphiles concentrate on light induced structural changes in
the membrane thickness [20; 21; 22; 23] and rheology of vesicles [24]. Also the functionalisation of proteins
[25; 17; 26], nanoparticles[27] and surfaces [28] has been shown.

To induce both structural changes of the lipid monolayer morphology and the orientation of the carbohydrate
group at the water-air interface the artificial photoswitchable glycolipids 1 (no sugar), 2 (glucose) and 3 (lactose)
(see Fig. 1) are embedded in Langmuir monolayers. The photoswitchable glycolipids contain an azobenzene
switch between the carbohydrate head groups and the acyl chain tail group. These azobenzene mimetics can be
switched between their trans and cis isomer with visible (455 nm) and UV (365 nm) light as schematically shown
in Fig. 1. As model membranes, Langmuir monolayers containing one of the three azobenzene mimetics 1, 2 and
3 and the phospholipid 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) in a ratio of 1:9 are investigated.
Complementary in situ grazing incidence diffraction (GID) [29; 30], X-ray reflectivity (XRR) [31; 32] and
neutron reflectivity (NR) [33; 34] measurements were performed to determine the monolayer thickness, electron
density, roughness and tilt angle of the head and tail groups[35; 36]. Combining these measurements with
Langmuir isotherm[37] investigations allows to study the structure in the liquid expanded and liquid condensed
phase of the monolayer. Further, the switching behaviour is analysed with time-resolved surface pressure
measurements during illumination with visible and UV light to capture the kinetics of the structural changes.
Understanding and controlling the orientation of the carbohydrate group at lipid monolayers interfaces has the
potential to design bespoke model systems to induce structural changes in the monolayer and to (de-)activate
protein and bacteria attachment with light.

METHODS AND MATERIALS

Material

The phospholipids DPPC and 1,2-Dipalmitoyl-d62-sn-glycero-3-phosphocholine (dg; DPPC) were purchased
from Avanti Polar lipids (Alabaster, AL) with each a purity of > 99 % and the photoswitchable mimetics 1,
2 and 3, synthesised based on the published protocol [38] and provided by the group of Prof. Dr. Thisbe K.
Lindhorst, University Kiel, were dissolved in chloroform (> 99 % purity and ethanol as stabilser burchased
from Sigma-Aldrich) with a concentration of 1 mM. For the compression isotherms, XRR and NR studies,
compositions with a mol/mol concentration ratio of 90:10 DPPC:azobenzene mimetic were prepared.

Isomerisation

The azobenzene mimetics were photoswitched between their cis and trans isomers with an illumination device
consisting of LEDs with an wavelength of 365 nm (Nichia, NCSU033B(T)) and 455 nm (Osram, LD CQ7P),
respectively. The illumination device was placed on the quartz glass window of the Langmuir trough and at
the monolayer position fluencies of 1. mWcem~2 and 1.0mW cem~2 for both wavelengths during the X-ray
scattering measurements and neutron reflectivity measurements, respectively.

Langmuir isotherms and time resolved surface pressure measurements

The Langmuir isotherms collected during the X-ray scattering measurements, a temperature controlled Riegler
& Koch Langmuir trough (Potsdam, Germany) was used to collect Langmuir compression isotherms at 21 °C.
The isotherms from the pure DPPC and mixed monolayers with the mimetics 1 and 2 were measured with
a compression rate of 22.8(5) cm?>min~! and the mixed monolayer with the mimetic 3 with a compression
rate of 31.8(5) cm?min~!. The lipid solutions were spread on the water surface with a gas-tight microsyringe
(Hamilton). The surface pressure was measured by a film balance with a filter paper as Wilhelmy plate. For the
time-resolved surface pressure measurements, the monolayer was compressed to the desired surface pressure
with a compression rate of 10.2(5) cm? min~! and the area was kept constant while illuminating the monolayer
alternating with 365 nm and 455 nm for each 5 min while recording the surface pressure change.

X-ray reflectivity and grazing incidence X-ray diffraction

The X-ray measurements were performed at the Liquid Interface Scattering Apparatus (LISA) [39] at PO8 [40]
of PETRA III at DESY at a photon energy of 18 keV and with a beam size of 100 um x 400 um (vertical X
horizontal). A Lambda GaAs 750 k detector (X-Spectrum, Hamburg Germany) with a pixel size of 55um x 55 um
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Figure 1. Chemical structure of (a) both the trans (blue) and cis (red) isomers of the azobenzene amphiphiles
1-3 [38] and (b) DPPC. In (c) the model of the photoswitching affecting the monolayer is shown.
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was placed at a distance of 1.113 m from the sample to record 2D images. At the beginning of each beamtime
beam damage test were performed to ensure high data quality and reproducibility of the XRR and GID data.
Beam damage tests included collecting XRR and GID data while modifying the absorber values to reduce the
flux of the X-ray beam and counting times until two consecutive measured XRR and GID curves. The box
surrounding the Langmuir trough was flushed with helium to reduce the background scattering and oxygen
induced radiation damage. Further, after each XRR and GID measurement the sample position was changed by a
transverse increment to allow measuring from a fresh sample spots. For the extraction of the XRR the intensity, a
region of interest of 30 x 30 pixels was chosen to integrate the specular intensity resulting in a angular resolution
in ¢, direction of 0.085°. Background was reduced by subtracting the average background intensity calculated
from two regions next to the region of the specular intensity in g,, direction.

Together with the XRR measurements, GID data were collected from the monolayers at a grazing incidence
angle of 0.058° and a slit with a gap size of 0.5 mm was placed 0.550 m from the sample. For background
correction, GID images from the pure solvent were taken.

Neutron reflectivity

The NR data were collected at beamline BL16 [41; 42] at the Japan Proton Accelerator Research Complex
(J-PARC) MLF neutron facility and three incident angles 0.4°, 1.0° and 2.22°. The g-resolution of increasing
incident angle was 1.3 %, 5.1 % and 3.0 %. Data were measured for monolayers composed of combinations
of the azobenzene mimetic 2 with either hydrogenous DPPC or tail-deuterated dg; DPPC on D,O to highlight
the whole molecule or the head group of the molecule, respectively. The third contrast was tail-deuterated
dg;DPPC and mimetic 2 on non-reflective water (NRW). The NRW was prepared by mixing D,O and H,O
directly before the measurement. The mimetic 2 was not deuterated. The data were extracted with a constant
resolution dg/g = 2 % and the reflectivity curve was reconstructed with a package extension for the IGOR Pro
software provided by the beamline team.

Reflectometry fitting

The extracted X-ray and neutron reflectivity data were fitted with the Python package refnx [43] based on
the Parratt formalism [44]. The monolayer was described with a two-slab model parametrised with the slab
thickness, scattering length density SLD and roughness o at the interface between the slabs. Another parameter
for the head layer was the solvent volume fraction to allow for the water molecules surrounding the heads of
the lipids. The scattering lengths of the head and tail regions were calculated from the fitted SLD values, layer
thickness and area per molecule and compared to the total scattering lengths of the molecules for the different
compositions. The areas per molecule were taken from the Langmuir isotherm measurements.

Grazing incidence X-ray diffraction analysis

The 2D detector images were transformed into reciprocal space by assigning each pixel gxy and ¢, values. For
the analysis of the position and width of the Bragg peaks, intensity profiles of the peaks along the two scattering
directions gxy and g, were determined by integration over of the directions in a defined region around the
respective peaks. The regions were chosen for each peak to enclose the whole peak but to exclude any scattering
from other peaks. The derived 1D curves were fitted with a Gaussian function to determine the peak position and
width of the Bragg peaks. Further, the intensity distribution along the Bragg rods was analysed. From the ¢, and
g position of the Bragg peaks, the lengths of the lattice vectors @ and b, the tilt angle 7 of the acyl chains of the
tail groups and the area occupied by the chains were calculated [33].

RESULTS AND DISCUSSION

Langmuir isotherm studies on the switching kinetics

The light induced switching behaviour in mixed monolayers is characterised with Langmuir isotherm and
time resolved surface pressure measurements. In Fig. 2a, the compression isotherms of the three mixed 9:1
DPPC:1 (no sugar), DPPC:2 (glucose) and DPPC:3 (lactose) monolayers are plotted together with the pure
DPPC isotherm. The isotherm of the pure DPPC monolayer presents the typical and expected liquid-expanded
(LE) and liquid-condensed (LC) phase transitions together with the LE-LC coexistence phase [45; 46; 37].
Meanwhile for the mixed monolayers, an additional phase transition to LC’ is observed. The nomenclature
as LC' follows the naming in the previous publication, in which Langmuir isotherms of mixed 95:5 DPPC:2
monolayers [23] were investigated. In addition to the observed LC’ phase transition solely in the trans state of
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the 95:5 DPPC:2 monolayer, the presented compression isotherms for the mixed monolayers with the higher
percentage of 10 % azobenzene mimetics show an additional LC’ transition also in the cis state. These additional
LC’ phases, LC,,,,;and LC..., have been identified by calculating the compressibility C as described in section S1

in the Supplementary Information. The individual isotherms and calculated values for the compressibility for all
three mixed monolayer are shown in Fig. S1, S2 and S3.
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Figure 2. a) Langmuir isotherms of the pure DPPC (black) and mixed 9:1 DPPC:1 (no sugar), DPPC:2
(glucose) and DPPC:3 (lactose) (coloured light, medium and dark) monolayer in their trans (blue) and cis (red)
state. For the DPPC:2 monolayer, the additional phase transition LC' for the trans and cis state are marked with
horizontal and vertical lines and b) the differences in surface pressure Az and area per molecule AA,,,; between
the trans and cis state for the phase transition LE, L-L.C and LC’' . As inset in a), the surface pressure changes
upon illumination with 455 nm (red) and 365 nm (blue) light for the 9:1 DPPC:2 monolayer at an area per

molecule of 0.2 A”. ¢) The fitted time constants 7" to reach equilibrium surface pressure after switching from the
trans state to the cis state (red) and vice versa (blue) at various area per molecules for the three mixed
monolayers plotted against the relative surface pressure change. The individual fits and pressure vs. time plots
are shown in S1. The region of most data points is highlighted in grey.

In Fig. 2a the additional LC},,,, and LC,_ transitions are marked at the corresponding surface pressures and
area per molecules for the mixed DPPC:2 monolayer. The LC/,. phase transition occurs at a smaller area per
molecule and higher surface pressure than the LC},,,,. phase transition. Further, the surface pressure presents a
dynamic jump at the phase transition LC}, . where the surface pressure drops directly after the transition point.
This jump in surface pressure is associated with the formation of non-equilibrium domain textures that often form
fractal or dendritic shapes [47]. These unstable and non-equilibrium domains relax to the equilibrium domain
structure. Multiple factors such as temperature and compression speed define how pronounced this jump is visible
in the isotherms [47]. Interestingly, this surface pressure jump is observed in all frans isotherms independent of
the kind of azobenzene mimetic while in the cis isotherm, this non-equilibrium dynamics is only found for the
sugar-free mimetic 1. To characterise the size and physical form of possible domains, Brewster-angle microscopy
[48] measurements with a KSV NIMA MicroBAM microscope were performed on mixed monolayer of DPPC

and mimetic 2. No domain formation was observed during the measurements. If domains form, their size is
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below the resolution of 12 um of the Brewster-angle microscope.

Comparing the surface pressures and area per molecules in Fig. 2b at which the additional phase transitions
LC' occur, reveals that the relative difference in surface pressure is the same for all three mixed monolayers
while the difference in the area per molecule increases for the mimetics 2 (glucose) and 3 (lactose) with larger
head groups. Though the presence of the LC' phase is directly influenced by the isomerisation of the azobenzene
amphiphiles, the LE and LE-LC phase transitions show no dependency on the isomer. With the existence of the
additional LC' phase transition, the trans and cis isotherms of the mixed monolayers show a large deviation from
each other in the region of these LC’ points and great potential to induce structural changes within the monolayer
upon illumination. To investigate the dynamics within these regions, the monolayers are compressed to various
surface pressures/area per molecules around and within this region. For the monolayers with the mimetics 1
and 2, the surface pressures 9 mNm L, 12mNm~!, I5mNm~! and 18 mNm~! were approached. Additionally,
switching at a surface pressure of 27 mNm~! was recorded for the mimetic 2. Meanwhile, for the mixed
monolayer with the derivate 3, the surface pressures were chosen slightly lower with 8 mNm™', 10.5mNm~!,
15mNm~! and 18 mNm~! as the additional phase transition LC/,,; occurs at lower surface pressure compared
to the other two mixed monolayers.

After compressing to the desired surface pressure, the area is kept constant during the alternating illumination
of the monolayers with light of 365 nm and 455 nm for 5 min to switch between the frans and cis states while
recording the surface pressure. Upon switching the azobenzene mimetics in the monolayers, a change of surface
pressure as shown in the inset in Fig. 2a and Fig. S1, S2 and S3 is observed. For the surface pressures below
LC;}, s the surface pressure decreases upon switching to the cis state. Meanwhile, the surface pressure increases
upon cis isomerisation for all surface pressures above LC/,,,,- This bidirectional switching behaviour is consistent
with to the behaviour studied previously in 95:5 DPPC:2 monolayers [23].

The dynamics of the surface pressure changes upon illumination can be described with an exponential
function with the time constant T at which the surface pressure reached 1 /e of the absolute surface pressure
change. For the fit procedure the following expressions were used:

rans

f(t) =m t <ty
-1

f(t):no—b—An:-(l—e_T) o <t M
with the starting surface pressure 7, the time #) when the surface pressure starts to change and the relative
surface pressure change Ax. The derived fit values for the time constants T are plotted in Fig. 2c against the
relative surface pressure change and the respective times 7 for the different mixed monolayer agree well with
each other. The relation between all times 7 and the corresponding relative surface pressure difference can be
approximated for the majority of the data points with a linear function as T(Aw) = 6s/(mN/m) - Aw + 4 s with
an error of +2s/(mN/m) and +4s as shown in Fig. 2¢ with the grey coloured area. This indicates, that the
relaxation time depends mainly on the relative pressure change and is not significantly influenced by the number
of sugar groups in the head group.

Identifying the orientation of the carbohydrate head group with grazing incidence X-ray diffrac-
tion

To determine the in-plane structure GID measurements were performed on pure DPPC and mixed 9:1 DPPC:1,
DPPC:2 and DPPC:3 monolayers. In various lipid monolayers a two-dimensional in-plane ordering of the lipids
at the water-air interface, especially of the hydrophobic acyl chains, is observed. This quasi long-range order
of the lipids can be described analogue to a crystalline-like structure by the lattice vectors @ and b defining the
primitive unit cell. Furthermore, the acyl chains of the lipid tail groups can be described as cylinders standing on
the surface or being tilted with an angle 7 from the surface normal. Due to the grazing incidence angle of the
incoming beam, the scattering signal of the GID measurements holds information on the lattice structure.

In the top row of Fig. 3, GID detector images from the mixed 9:1 DPPC:2-trans monolayer recorded at
area per molecules of 82.4 AZ, 63.0 AZ, 60.1 A2 and 56.4 Az are shown and for comparison in the bottom row,
images taken after photoswitching to the cis isomer. The first point to notice is that for all surface pressures
and states a distorted hexagonal lattice is observed with the (1, —1) diffraction around gy, g, = (1.46),(0) and
the superimposed (1,0) and (0,1) peaks around g,y,q, = (1.3),(0.7) in the wide angle range. Further peaks
are observed in the scattering patterns at around ¢y, g, = (1.38),(0.55),(1.41),(0.51) and (1.67), (0.08) from

the mixed monolayers in the trans state at 60.1 Az (12.39mNm~!) and 56.4 AZ (17.05mNm~1 revealing
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Figure 3. GID images taken from a monolayer made of 9:1 DPPC:2 at various area per molecules for the trans
and cis states of the azobenzene mimetic 2.

an additional ordering of the head groups. All fitted peak positions and widths are summarised in S in the
Supplementary information and the calculated lattice parameters are listed in Tab. 1 and plotted in Fig. 3. The
lattice lengths a and b, the angle ¥ between these lattice vectors, the tilt angle 7 and areas A,, and Ay were
calculated as described in the Supplementary Information in detail.

Focusing first on the hexagonal lattice structure at surface pressures above 10mNm ™! and comparing the
lattice parameters of the monolayers in the trans state, a decrease of the tilt angle 7 and of the lattice lengths a
and b with increasing surface pressure and decreasing area per molecule is observed. This indicates a tighter
packing of the acyl chains with increasing surface pressure, which is a behaviour also found for the reference
monolayer consisting purely of DPPC and has been reported previously for various amphiphilic lipid monolayers
[33; 49; 50]. A close packing is further associated with the liquid-condensed phase of the lipids in the monolayer.
Comparing the area per molecules and surface pressures at which the GID images were taken with the isotherm
measurements, the points of measurement lie in the region of the liquid condensed phase and above the addition
phase transition LC],

rans*

Switching the mimetic 2 to its cis isomer by illuminating the monolayer with 365 nm at surface pressure
above 10 mNm ™!, results in a tightening of the lattice packing with a decrease of the lattice length @ and decrease
of the tilt angle 7. This tightening is also observable in the increase of surface pressure. These structural changes
are induced fully by the conformational change of the photoswitchable mimetic 2 as the total area of the trough is
kept constant during and after the illumination, thus the barrier is not moved during the measurement. Comparing
the lattice parameters determined for the monolayers with the 2-trans and 2-cis mimetics with the parameters of
the pure DPPC monolayer, the values show great agreements between each other when related to the surface
pressure as shown in Fig. 4.

Thus, by illuminating the monolayer at a fixed area per molecule, the monolayer structure can be switched
between two orientation and ordering states with different areas per molecule. This can be explained by a
conformational change of the azobenzene derivatives and the subsequent difference in space requirement. The
increased extension of the azobenzene mimetic results in a reduction of the space for the DPPC lipids in the
monolayer, which corresponds to a decrease of the mean area per molecule determined with the Langmuir
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Figure 4. Lattice parameters calculated from the Bragg peak positions from a pure DPPC monolayer (grey
highlighted) and mixed monolayers of 9:1 DPPC:1 (no sugar), DPPC:2 (glucose) and DPPC:3 (lactose) at
various surface pressures and for the trans (blue) and cis (red) states of the azobenzene mimetics 1, 2 and 3
plotted in dependency of the surface pressure with the Wilhelmy plate during the measurements. The lattice
parameters are the lattice lengths a = b, the tilt angle 7 of the acyl chains, the area A,y occupied by the acyl
chains and the cross-section area Ag of the cylinder describing the acyl chains.

isotherms. Meanwhile, the difference of the cross-section Ag of the acyl chains is insignificant over the range of
studied surface pressures, which means that the acyl chains do not change their orientation or formation upon
compression of the monolayer or switching between the trans and cis state at surface pressures above 10 mNm~!.

In contrast, at the lowest investigated surface pressure of 9mNm~! slightly below the additional phase
transition LC},,,,, a deviation between the structure of the pure DPPC monolayer at 9mNm ! and the mixed
monolayers with the mimetics 2 and 3 is found. For the mixed monolayer with the mimetic 1 no data were
collected at this low surface pressure. While the tail groups of the pure DPPC monolayer are tightly packed and
only possess a cross-section of 10.2 A, the cross-section area of the acyl chains in the mixed monolayer is 10.6 A,
suggesting a less ordered structure. However, the smaller tilt angle 7 and the smaller lattice lengths a and b
suggest that the chains are closer in distance to each other than in the pure DPPC layer and also at surface pressure
above the LC),,,,. This contradiction could be explained by the existence of the additional phase transition,
which is associated with the photoswitchable mimetics’ presence in the monolayer and their reorientation in the
film. At surface pressures below that phase transition, the azobenzene mimetics are still in a LE comparable
phase, which is associated with a loose packing of the acyl chains and a more lying, elongated orientation of the
azobenzene mimetics almost parallel to the surface plane. This horizontal orientation is proposed on the basis of
the XRR measurements and from previous studies on similar mixed monolayer systems [23].

At the phase transition, the lipids descend into their LC phase, straighten up and integrate them more ordered
into the two-dimensional lattice order. This leads to a decrease of the space occupied by the azobenzene mimetics
and consequently a relaxation of the packing for the other DPPC lipids in the monolayer. This relaxation is
observable in the increase of lattice lengths a and b of the unit cell and the increase of the tilt angle 7 of the tail
groups.

Investigating the GID scattering pattern from the mixed monolayers in the frans state at 60.1 A’ (12.39mNm™1)
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Table 1. GID results of pure DPPC and mixed monolayers at 21 °C: Lattice parameters a, ¥, chain

71

tilt 7 from the surface normal, in plane area per acyl chain A, and chain cross-sectional area Ay. The

uncertainties for the areas Apmql, Axy and Ag are 0.1 A2, for the surface pressure 7 0.01 mN m~!, for
the lattice lengths a 0.01 A and for the angles ¥, T and ¢ are 0.1°.

Amol / n/ state | a/ Y/ tau/ o/ Ayl | Ao/
A’ | mNm™! AT e ° © | A | A
DPPC
56.4 9 592 | 1245 | 36.7 | 185.0 | 12.8 | 10.2
53.2 12 5.86 | 124.3 | 36.3 | 185.1 | 12.6 | 10.2
52.7 15 5.86 | 1243 | 359 | 1852 | 12.6 | 10.2
51.1 18 5.77 | 1239 | 352 | 185.7 | 12.4 | 10.1
48.2 30 5.59 | 123.1 | 32.5 | 186.7 | 12.0 | 10.1
DPPC:1 (no sugar)

59.6 9.80 trans | 5.96 | 124.7 | 36.1 | 1854 | 12.8 | 104
59.6 14.75 cis | 5.88 | 1244 | 355 | 1855 | 12.6 | 10.3
55.6 13.31 trans | 5.82 | 124.1 | 353 | 1855 | 12.5 | 10.2
55.6 16.94 cis | 5.83 | 1242 | 352 | 186.1 | 12.5 | 10.2
53.9 16.39 trans | 5.72 | 123.7 | 344 | 186.1 | 12.3 | 10.1
53.9 18.65 cis | 5.80 | 124.1 | 347 | 186.1 | 12.5 | 10.2
52.1 30.15 trans | 5.65 | 1234 | 329 | 186.2 | 12.1 | 10.2
52.1 29.45 cis | 5.61 | 1232 | 32.6 | 186.1 | 12.0 | 10.1
DPPC:2 (glucose)
82.4 9.10 trans | 5.79 | 124.0 | 314 | 186.8 | 12.4 | 10.6
82.4 8.95 cis | 5.78 | 123.9 | 31.0 | 187.1 | 124 | 10.6
63.0 10.35 trans | 5.93 | 124.6 | 358 | 1853 | 12.8 | 10.3
63.0 15.80 cis | 5.83 | 1242 | 349 | 1856 | 12.5 | 10.3
60.1 12.39 trans | 5.84 | 1242 | 354 | 185.5 | 12.6 | 10.2
60.1 16.83 cis | 5,72 | 123.7 | 344 | 1859 | 12.3 | 10.1
56.4 17.05 trans | 5.77 | 1239 | 344 | 186.1 | 124 | 10.2
56.4 19.17 cis | 5.63 | 123.3 | 333 | 1859 | 12.1 | 10.1
50.2 27.72 trans | 5.57 | 123.1 | 31.6 | 187.3 | 11.9 | 10.1
50.2 27.95 cis | 5.55 | 123.0 | 314 | 1874 | 11.9 | 10.1
DPPC:3 (lactose)
80.6 7.74 trans | 5.67 | 123.5 | 286 | 187.5 | 12.1 | 10.7
80.6 7.52 cis | 5.58 | 123.5 | 29.8 | 1874 | 12.2 | 10.6
61.3 8.79 trans | 5.84 | 1242 | 345 | 185.6 | 12.6 | 104
61.3 14.30 cis | 5.78 | 123.9 | 350 | 185.6 | 12.4 | 10.2
51.2 12.92 trans | 5.83 | 1242 | 358 | 1854 | 12.5 | 10.2
51.2 16.86 cis | 5.67 | 123.5 | 343 | 186.0 | 12.1 | 10.0
48.5 16.93 trans | 5.69 | 123.6 | 34.1 | 1853 | 12.2 | 10.1
48.5 19.20 cis | 5.67 | 123.5 | 34.0 | 186.2 | 12.1 | 10.1

9/28



72 5 Controlling the orientation and morphology of glycolipids in lipids monolayers with light

and 56.4 A (17.05 mNm~!), additional peaks at around gy, g, = (1.38), (0.55),(1.41),(0.51) and (1.67), (0.08)
are found. In contrast to the peaks, belonging to the distorted hexagonal structure associated with the chain
structure, discussed before, these additional peaks indicate an ordering of the entire molecule including at least
parts of the head group. This superior ordering of the entire molecule can be described with a superlattice
structure. An ordering of the complete head group or parts of it has been previously reported for a variety of
sugar groups [47]. The driving force for this orientation is the strong intermolecular hydrogen bonds between
the glycan groups. Interestingly, this superior ordering disappears when switching to the cis state at both area
per molecules suggesting a dissociation of the glucose groups or the azobenzene switches from each other. As
the only force acting on the head group of the mimetics during illumination originates from the conformational
change of the azobenzene switch, the driving force for the uncoupling must be induced by the conformational
change.

In a similar way, GID measurements (see Fig. S5 and S6) were conducted and structural changes derived
for the mixed 9:1 DPPC:1 and DPPC:3 monolayers. For both systems, the changes of the tail groups in-plane
structural upon switching resemble the difference between the lattice parameters for the corresponding surface
pressures as shown in Fig. 4. Therefore, the head group composition of the three investigated mimetics 1, 2 and 3
does not significantly influence the packing of the acyl chains. Meanwhile, a difference in the existence of the
head group ordering is found for the monolayer with the mimetic 3. Similar to the 9:1 DPPC:2 monolayer, the
monolayers containing the mimetics 1 and 3 show Bragg peaks belonging to a superimposed lattice structure in
the trans state of the mimetics for surface pressures above the pressure of the LC),,,; transition phase. However,
a difference in the scattering intensity of the additional Bragg peaks is observed. The scattering signal intensity
increases for monolayers with the mimetic 2 and even further for the mimetic 2 compared to mimetic 1. The
existence of a superimposed head group structure in the monolayer with the mimetic 1 implies that the head group
ordering originates at least partially from the intermolecular bonds of the azobenzene switches. Nevertheless, the
increase in intensity of the scattering signal suggests a higher degree of ordering and thus stronger bonding of
the headgroups for the monolayer with the mimetics 2 and 3. Hence, the strongest bonding would be present
for the lactose head group. This strong intermolecular bonding for the lactose head group could explain why
the ordering of the head groups would not be decoupled upon switching to the cis state as observed for the two

measurements at area per molecules of 51.2 A% and 48.5 A%,

To conclude, the results derived from the GID measurements imply that the switching of the azobenzene
mimetics affects mainly the head group orientation and depending on the glycan group in the head group a
reorientation of the carbohydrate group can be induced.

Characterising the monolayer morphology with X-ray and neutron reflectivity

X-ray reflectivity (XRR) and neutron reflectivity (NR) are powerful methods to determine the structure of lipid
monolayer in the direction of the surface normal. For reference, reflectivity measurements from the pure DPPC
monolayers were taken in addition to the data from the mixed Langmuir monolayer (see Fig. S7 and Tab. S6).
The in situ XRR and NR data were collected at 21 °C during irradiation of the mixed monolayers with UV and
visible light at various areas per molecule. The data are shown in Fig. 5 together with the model and the derived
SLD profiles. The fit values for the water, head and tail layer thickness [, scattering length density SLD and
roughness o at the interface are listen in Tab. 2.

The XRR data in Fig. 5 show the specular reflectivity intensity curves collected from mixed DPPC:2
monolayers normalised by the Fresnel reflectivity for an ideal surface with no roughness to highlight the
oscillations (Kiessig fringes) originating from the scattering at the slab interfaces. With higher surface pressures
and smaller area per molecules, the fringe minima shift to lower momentum transfer vector g,. A shift to lower ¢,
corresponds to an increase of the total layer thickness /a1 = liair + lheaq and is associated with a closer packing
of the molecules.

Upon illumination of the mixed monolayer with UV light (365 nm) and the subsequent photoswitching of the
mimetics 2 to its cis state, a shift of the fringe minimum is observed in the XRR data at area per molecules of

63.0A” and 60.1 A”. These areas correspond to the region above the LC},,,, phase transition and close to the
LC/,, phase transition. The fitted values listed in Tab. 2 show at an increase of the tail layer thickness of up to
2.75 A upon switching to the cis state that indicates a straightening of the tail group. This corresponds well with
the determined increase of the tilt angle 7 of the tail groups in the GID data shown in Fig. 4.

However, a decrease of the head layer thickness by up to 3.21 A and a decrease of the roughness by 0.83 A at
the interface between the bulk water and the head groups is also seen. In sum, the opposed thickness changes

of the head and tail layer result in no significant change of the total thickness. Yet, the significant decrease of
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Figure 5. XRR data normalised by the Fresnel reflectivity for an ideal interface with no roughness from the
mixed 9:1 DPPC:2 (glucose) monolayer with the model fit (left) and the derived SLD for the frans and cis isomer
of the mimetic 2 at various area per molecules.

Table 2. Fit parameters for the pure DPPC and mixed DPPC:2 (glucose) monolayers obtained from
fits of the XRR data modelled with a two-slab model. Listed are values of the layer thickness /, the
scattering length density SLD for each slab and the roughness ¢ at the interface of the slab for the
water, head and tail layer. The STD for the water layer was fitted to 9.39 10~°A~2. The uncertainties
of the fitted values are 0.3 Az for the thicknesses I, are 0.11 x 10~° A72 for the ST.D and 0.1 A for
the roughness o©.

Aot T state | lotat / | thead / | ltair / SLDhead / | SLDwil/ | Owater / | Oheadstail /
A | mNm! A A A | 107%A=2 | 1070A2 A A
824 9.10 trans | 18.94 | 8.48 10.46 12.08 8.76 5.59 3.28
824 8.95 cis 18.59 | 7.39 10.66 12.68 8.78 5.76 3.26
63.0 10.35 trans | 24.74 | 13.32 | 11.42 12.59 9.06 342 3.34
63.0 15.80 cis 24.29 | 10.11 | 14.17 13.40 9.57 2.59 3.38
60.1 12.39 trans | 24.79 | 12.31 | 12.48 13.10 9.02 3.14 3.55
60.1 16.38 cis 2475 | 10.71 | 14.03 13.11 9.50 2.68 3.38
56.4 17.05 trans | 24.78 | 10.80 | 13.98 13.55 9.06 2.56 3.49
56.4 19.17 cis 2474 | 11.61 | 13.24 13.66 8.77 2.69 3.53
50.2 27.72 trans | 25.71 | 11.61 | 14.11 12.15 8.81 2.82 3.76
50.2 27.95 cis 25.16 | 10.70 | 14.46 13.26 8.53 2.88 3.80

11/28



74 5 Controlling the orientation and morphology of glycolipids in lipids monolayers with light

the head layer thickness and the reduction of surface roughness suggests that the head group of the mimetic 2
changes its orientation. Compared to the DPPC molecules, the azobenzene mimetic 2 is much longer, especially
the extent of the head group (see Fig. 1). Considering a more vertical alignment of the derivative 2-trans in
the monolayer, the photoswitching and the subsequently conformation of the mimetic 2 to its cis state, would
result in a 90° angle at the azo group and either the tail group or the head group would tilt away from the surface
normal. In both cases, the tilting of either part leads to an increase of the area taken up by the mimetic 2 and
consequently a decrease of the area for the other DPPC molecules. With this reduction of the effective area per
molecule, the molecules have to moved close to each other that is observed by the rise of the surface pressure
and an increase of the tail layer thickness. However, a tilting of the tail group would not explain the decrease of
the head group and is also not supported from the GID measurements for which the tail group cross-section is
unchanged upon switching. In contrast, a tilting of the elongated mimetic 2 head groups away from the surface
normal towards the surface parallel direction results in a decrease of the layer thickness.

To investigate the relative position of the two isomers of the azobenzene mimetic 2 compared to the DPPC
molecules in the mixed monolayers in more detail, complementary NR data were collected as described in the
methods and materials section with contrast for the total scattering of the molecules. The total scattering length
of the individual lipids, dg; DPPC, DPPC and 2, were calculated by summing over the atom specific scattering
lengths [51] for each molecule. The derived scattering lengths are 0.00673 A, 0.00027 A and 0.00162 A for
dg;DPPC, DPPC and 2, respectively. Considering deuterium enrichment of the glucose hydrogen atoms [52] in
the D, 0 solvent and the replacement of eleven hydrogen atoms with deuterium atoms, the scattering length for
the partially deuterated 2 mimetic would be 0.00276 A. The monolayers were compressed to an initial surface
pressures just above LC,,,,, before keeping the area per molecule constant and collecting the data for the trans
isomer. Subsequently, the monolayer were illuminated for 5 min to switch to the cis state before taking the cis
data. The NR data are shown in Fig. 6 together with the model fit and the corresponding SLD profiles. The fit
values are summaries in Tab. 3. Similar to the XRR data, an asynchronous increase of the tail layer and decrease
of the head layer thickness is observed.

From the fitted values that describe the head and tail layer properties, the scattering lengths b for those
regions are calculated as b = SLD - [ - Ao and summarised in Tab. 4. The scattering lengths by, increase and
bnead decrease upon switching from the trans to cis state for the contrasts which dg; DPPC on DO and NRW.
Whereas, for the contrast with the hydrogenous DPPC the by,; decreases and bype,q increases.
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Figure 6. NR data from the mixed 9:1 DPPC:2 (glucose) monolayer on D,O at an area per molecule of
41.02A%, dgDPPC:2 monolayer on D>0 at 49.86 A> and DPPC:2 monolayer on NRW at 43.51 A” with the
model fits (left) and the derived SLD profiles for the trans (blue) and cis (red) isomer of the mimetic 2. The data
were collected area per molecules A below and between the areas of the additional phase transitions LC,, .,
and LC!,, determined from the Langmuir isotherms shown in Fig. S8.

cis
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Table 3. Fit parameters for the mixed DPPC:2 (glucose) monolayers on DO and the mixed

de; DPPC:2 on D,0O and NRW at different surface areas obtained from fits of the NR data modelled
with a two-slab model. Listed are values of the layer thickness /, the scattering length density SLD for
each slab and the roughness o at the interface of the slab for the water, head and tail layer. The
roughness of the water, tail and head layer were constraint and are given as ¢. The uncertainties of
the fitted values are 0.3 AZ for the thicknesses [, are 0.13 x 10~° A72 for the ST.D and 0.1 A for the
roughness o.

contrast Amol / T/ state | liotal / | lhead / | liair / SLDwater / | SLDpead / SLDgail / o/
A*> | mNm™! A A A 107A-2 | 107 %A% | 10°A2 | A
Amol <LCt/rans
de;DPPC:2 | 53.05 13.06 trans | 21.7 114 10.3 -0.04 4.92 5.95 2.9
NRW
de;DPPC:2 | 53.05 13.57 cis 17.7 8.6 9.08 -0.04 6.66 6.60 2.4
NRW
de;DPPC:2 | 61.42 11.40 trans | 21.9 12.4 9.6 6.35 4.30 5.22 1.0
D,O
de;DPPC:2 | 61.42 13.11 cis 22.3 8.7 13.5 6.35 5.25 5.25 2.9
D,O
DPPC:2 54.99 8.02 trans | 18.2 9.8 8.50 6.33 2.24 -1.44 5.2
D,O
DPPC:2 54.99 10.99 cis 24.8 10.5 14.3 6.33 3.30 -1.77 5.9
D,0
LCtlrans< Amol <<Lcé‘is
de>DPPC:2 | 43.51 15.60 trans | 19.67 | 11.11 8.56 -0.10 8.93 5.11 1.6
NRW
de>DPPC:2 | 43.51 18.9 cis 19.26 9.60 9.66 -0.10 9.1 5.64 1.9
NRW
de,DPPC:2 | 48.96 13.96 trans | 2497 | 13.13 | 11.84 6.35 3.99 6.30 3.3
D,0O
de,DPPC:2 | 48.96 18.15 cis 2341 | 9.54 | 13.87 6.35 3.47 6.77 4.0
D,O
DPPC:2 45.48 10.98 trans | 29.6 13.7 16.0 6.35 2.56 -1.48 5.2
D,0
DPPC:2 45.48 15.23 cis 25.5 10.93 | 14.58 6.35 3.25 -1.64 5.8
D,0
LCt/rans<< Amol <LC£L'S
de;DPPC:2 | 37.48 18.83 trans | 18.2 11.1 7.1 -0.07 10.79 6.534 2.8
NRW
de;DPPC:2 | 37.48 21.70 cis 20.3 8.7 11.6 -0.07 12.02 5.29 2.8
NRW
de;DPPC:2 | 42.34 17.12 cis 26.8 139 12.8 6.34 4.32 6.97 5.1
D,O
dg>;DPPC:2 | 42.34 20.41 cis 25.8 9.9 15.9 6.34 4.27 6.74 5.7
D,O
DPPC:2 41.02 14.27 trans | 24.92 | 12.44 | 12.48 6.35 1.70 -0.67 345
D,O
DPPC:2 41.02 17.63 cis 24.12 | 9.36 | 14.76 6.35 3.39 -1.28 6.0
D,0O
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Table 4. Calculated scattering lengths b from the fitted values in Tab. 3 with an uncertainty of

7

40.00010 A for the head and tail layer of the mixed monolayers with the mimetic 2 (glucose) shown

in Fig. 6

contrast ‘ Amol Az ‘ 7/ mNm™! ‘ state ‘ bhead ! A ‘ bt I A ‘ b / A

Amol <LCz/rans

de; DPPC:2 53.05 13.06 trans | 0.00297 | 0.00325 | 0.00622
NRW
de; DPPC:2 53.05 13.57 cis 0.00304 | 0.00318 | 0.00622
NRW
de; DPPC:2 61.42 11.40 trans | 0.00327 | 0.00307 | 0.00633
D,O
de; DPPC:2 61.42 13.11 cis 0.00196 | 0.00437 | 0.00633
D,O
DPPC:2 54.99 8.02 trans | 0.00120 | -0.00067 | 0.00052
D,O
DPPC:2 54.99 10.99 cis 0.00191 | -0.00139 | 0.00052
D,O
LCt/rans< Amol <<Lcéis
de; DPPC:2 43.51 15.60 trans | 0.00431 | 0.00190 | 0.00622
NRW
de; DPPC:2 43.51 18.9 cis 0.00385 | 0.00237 | 0.00622
NRW
dg,DPPC:2 48.96 13.96 trans | 0.00257 | 0.00365 | 0.00622
D,0
de; DPPC:2 48.96 18.15 cis 0.00162 | 0.00460 | 0.00622
D,0
DPPC:2 45.48 10.98 trans | 0.00159 | -0.00107 | 0.00052
D,O
DPPC:2 4548 15.23 cis 0.00161 | -0.00109 | 0.00052
D,O
LCt/ranx<< Amol <LC£‘I'S
de; DPPC:2 37.48 18.83 trans | 0.00449 | 0.00173 | 0.00622
NRW
de; DPPC:2 37.48 21.70 cis 0.00392 | 0.00230 | 0.00622
NRW
de; DPPC:2 42.34 17.12 cis 0.00255 | 0.00379 | 0.00633
D,O
de; DPPC:2 42.34 20.41 cis 0.00179 | 0.00454 | 0.00633
D,O
DPPC:2 41.02 14.27 trans | 0.00087 | -0.00034 | 0.00052
D,O
DPPC:2 41.02 17.63 cis 0.00130 | -0.00077 | 0.00052
D,O
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CONCLUSION

With the combination of Langmuir isotherm, X-ray and neutron reflectivity and grazing incidence X-ray
diffraction, light-induced structural changes in Langmuir monolayers at the water-air interface with a mixture of
9:1 DPPC and the photoswitchable mimetics 1, 2 and 3 are identified. They revealed repeatable and reversible
changes in the surface pressure and vertical and in-plane structure of the lipid monolayers. An additional phase
transition, allocated to the photoswitchable mimetics, is seen for both trans and cis isomers of the azobenzene
derivatives 1, 2 and 3, generating a division in which the structure of the monolayer can be altered at fixed
area per molecule with light. This is the first observation of this additional phase transition for the cis isomer.
The time to switch between the surface pressures in the frans and cis state depends linearly on the absolute
surface pressure change and shows no dependence on the carbohydrate in the head group of the photoswitchable
glycolipid. Although the azobenzene mimetic molecules only make up 10 % of the lipids in the monolayer, their
light-induced conformation changes upon isomerisation lead to a general increase of few mNm™' in surface
pressure and a closer packing of the molecules. Furthermore, an ordering of the head groups primarily for the
trans isomers of the mimetic 1 and 2 is found. This ordering is disrupted upon illumination and switching to
the cis isomer. It is notable that this change of orientation allows manipulation of the glucose head group of
the mimetic 2 within the monolayer. Therefore, mimetic 2 is a good candidate for a controlled switching of
the glucose group orientation and for bespoke model systems for light-controlled attachment and detachment
systems for proteins or bacteria.
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SUPPLEMENTARY INFORMATION

$1 Langmuir isotherms, compressibility and time resolved surface pressure

While performing the XRR and GID measurements at the LISA end station at POS, the surface pressure was
recorded constantly to monitor any surface pressure changes and to correlated these to the observed structural
changes. The isotherms shown in Fig. S1, Fig. S2 and Fig. S3 were collected before starting the XRR and GID
measurements to verify the successful formation of a Langmuir monolayer and to detect the surface pressures
of interest around the additional phase transitions LC' . The compressibility C is derived from the slope of the
compression isotherm by

1 /8A
(8

with the area per molecule A and the surface pressure 7. For the isotherms shown in Fig. S1, Fig. S2 and
Fig. S3, the compressibility was calculated with Eq. 2 by determining the gradient for every ten data point. This
corresponds to a binning of the data to 10 s intervals as the data were collected with one data point per second.
The horizontal lines mark the LC’ phase transitions.
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Figure S1. Left: Langmuir isotherm of mixed 9:1 DPPC:1 (no sugar) monolayer for its trans (blue) and cis
(red) state and the calculated compressibility marking the phase transitions. On the right the time resolved
surface pressure change upon illumination with 365 nm (red) and 455 nm nm (blue coloured background) and
their fits (varicoloured) to determine the time constant 7.
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Figure S2. Left: Langmuir isotherm of mixed 9:1 DPPC:2 (glucose) monolayer for its trans (blue) and cis (red)
state and the calculated compressibility marking the phase transitions. On the right the time resolved surface
pressure change upon illumination with 365 nm (red) and 455 nm nm (blue coloured background) and their fits
(varicoloured) to determine the time constant 7.

1 (MN/m)

10

7.75
7.50

1] 7.25 1 L L
200 0 2000 4000 6000

50 75 100 125 0
Amor (A?) C~! (mN/m) t(s)

Figure S3. Left: Langmuir isotherm of mixed 9:1 DPPC:3 (lactose) monolayer for its frans (blue) and cis (red)
state and the calculated compressibility marking the phase transitions. On the right the time resolved surface
pressure change upon illumination with 365 nm (red) and 455 nm nm (blue coloured background) and their fits
(varicoloured) to determine the time constant 7.
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82 Grazing incidence X-ray diffraction images and results
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Figure S4. GID images taken from a pure DPPC monolayer at various area per molecules.
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Figure 85. GID images taken from a monolayer made of 9:1 DPPC:1 (glucose) at various area per molecules
for the trans and cis states of the azobenzene mimetic 1.

Table S1. GID results of pure DPPC monolayers at 21 °C: Bragg peak and Bragg rod positions
(upper row) and the respective widths (lower row).

Ao / m/ state | gy01/10/ | Gz01/107 | G117 | dz1-1)/
A* | mNm! A A A A
DPPC
56.4 9 1.287(2) | 0.787(2) | 1.458(2) | 0.095(3)

0.080(1) [ 0.330(5) | 0.012(1) | 0.233(7)
53.2 12 1.297(2) | 0.784(2) | 1.460(2) | 0.096(3)
0.072(1) 0.32(5) | 0.012(1) | 0.243(9)
52.7 15 1.297(2) | 0.771(2) | 1.461(2) | 0.096(3)
0.076(1) | 0.339(5) | 0.012(1) | 0.238(9)
51.1 18 1.312(2) | 0.763(2) | 1.463(2) | 0.102(3)
0.078(1) | 0.346(5) | 0.015(1) | 0.235(1)
48.2 30 1.342(2) | 0.7102) | 1.467(2) | 0.109(4)
0.084(1) | 0.367(5) | 0.021(1) | 0.245(12)
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Figure $6. GID images taken from a monolayer made of 9:1 DPPC:3 (lactose) at various area per molecules
for the trans and cis states of the azobenzene mimetic 3.

Table S2. GID results of mixed 9:1 DPPC:1 (no sugar) monolayers at 21 °C: Bragg peak and Bragg

rod positions (upper row) and the respective widths (lower row).

Amol / T/ state | gyo01/10/ | deot/10! | G-/ | gii-1y
A | mNm! A A A A
DPPC:1
59.6 9.80 | trans | 1.282(2) | 0.764(2) | 1.460(2) | 0.100(3)
0.099(2) | 0.386(5) | 0.011(1) | 0.221(9)
506 | 14.75 cis | 1.295(2) | 0.759(2) | 1.462(2) | 0.100(3)
0.085(1) | 0.353(5) | 0.012(1) | 0.243(9)
55.6 | 13.31 | trans | 1.304(2) | 0.761(2) | 1.461(2) | 0.100(3)
0.084(1) | 0.379(5) | 0.014(1) | 0.226(9)
55.6 | 1694 | cis | 1.302(2) | 0.756(2) | 1.462(2) | 0.109(4)
0.089(1) | 0.381(5) | 0.016(1) | 0.25(12)
539 | 16.39 | trans | 1.320(2) | 0.749Q2) | 1.464(2) | 0.107(3)
0.069(1) | 0.349(5) | 0.014(1) | 0.231(9)
539 | 18.65 cis | 1.307(2) | 0.746(2) | 1.464(2) | 0.107(4)
0.097(1) | 0.372(5) | 0.016(1) | 0.252(12)
521 | 30.15 | trans | 1.332(2) | 0.717Q2) | 1.467(2) | 0.102(3)
0.083(1) | 0.367(5) | 0.014(1) | 0.257(9)
521 | 29.45 cis | 1.340(2) | 0.713(2) | 1.468(2) | 0.100(3)
0.079(1) | 0.370(5) | 0.013(1) | 0.235(9)
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Table S3. GID results of mixed 9:1 DPPC:2 (glucose) at 21 °C: Bragg peak and Bragg rod positions
(upper row) and the respective widths (lower row).

Amol / T/ state | quyo1/10/ | 01710/ | Gopr-1/ | gzi-1)/
AZ mNm™! Al At At At
82.4 9.10 trans 1.309(2) 0.658(7) 1.464(2) | 0.108(6)
0.082(5) | 0.419(19) | 0.011(1) | 0.252(19)
824 | 895 | cis | 1311(2) | 0.649(8) | 1.463(2) | 0.110(7)
0.089(5) | 0.405(21) | 0.012(1) | 0.261(21)
63.0 10.35 trans 1.287(2) 0.762(2) 1.460(2) | 0.097(4)
0.080(16) | 0.334(5) | 0.012(1) | 0.245(9)
63.0 15.80 cis 1.303(2) 0.748(2) 1.463(2) | 0.099(7)
0.079(2) 0.337(5) | 0.012(1) | 0.233(9)
601 | 1239 | trans | 1301(2) | 0.761(2) | 1.461(2) | 0.099(3)
0.077(2) 0.323(5) | 0.013(1) | 0.235(9)
60.1 16.83 cis 1.320(2) 0.74712) 1.463(2) | 0.103(3)
0.077(2) | 0.323(5) | 0.012(1) | 0.2509)
564 | 17.05 | trans | 1312(2) | 0.7422) | 1.463(2) | 0.107(3)
0.101(2) 0.384(5) | 0.017(1) | 0.24009)
56.4 19.17 cis 1.336(2) 0.719(2) 1.467(2) | 0.233(3)
0.065(2) | 0.294(5) | 0.013(1) | 0.294(5)
50.2 27.72 trans 1.346(2) 0.688(2) 1.470(2) | 0.115(4)
0.086(2) 0.363(5) | 0.018(1) | 0.363(5)
50.2 27.95 cis 1.350(2) 0.686(2) 1.469(2) | 0.116(4)
0.093(2) 0.363(5) | 0.021(1) | 0.266(12)

Table S4. GID results of mixed 9:1 DPPC:3 (lactose) monolayers at 21 °C: Bragg peak and Bragg

rod positions (upper row) and the respective widths (lower row).

Aot / T/ state | quyo1/10/ | qzo1/10/ | Goi-1/ | gz
A’ | mNm™! A A A A
80.6 7.74 trans | 1.329(2) 0.60(2) 1.466(2) 0.105(2)
0.054(7) | 0.306(50) | 0.012(9) | 0.306(50)
806 | 752 | cis | 13272 | 0.6302) | 1.466(2) | 0.109(2)
0.068(5) | 0.377(50) | 0.009(12) | 0.283(5)
61.3 8.79 trans | 1.300(2) 0.735(4) 1.462(2) 0.098(4)
0.0545) | 0.184(9) | 0.013(1) | 0.252(5)
613 | 1430 | cis | 13112) | 0.758(2) | 1.463(2) | 0.1004)
0.073(2) 0.318(5) 0.016(1) | 0.264(12)
51.2 12.92 trans | 1.302(1) 0.773(2) 1.463(2) 0.099(3)
0.094(2) | 04125 | 0.014(1) | 0.226(7)
51.2 16.86 cis 1.329(2) 0.752(2) 1.466(2) 0.105(3)
0.083(2) 0.308(5) 0.021(1) 0.258(1)
485 | 1693 | mans | 1326(2) | 0.745(2) | 1.463(2) | 0.092(3)
0.087(2) 0.308(5) 0.013(1) 0.231(7)
48.5 19.20 cis 1.329(2) 0.742(2) 1.467(2) 0.106(3)
0.0852) | 0.325(5) | 0.021(1) | 0.252(9)
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Table S5. GID results of mixed monolayers at 21 °C: Bragg peak and Bragg rod positions (upper
row) and the respective widths (lower row) from the additional peaks belonging to the head group
ordering.

Aol / T/ state Gxy,1 | qz1/ Gxy2 ! q:0/ Gry3 /! q.3/
A* | mNm! AT AT AT AT A AT
DPPC:1 ‘(no sugar)

596 | 9.80 | mans | 1.3942) | 0.535(6) | 1.418(2) | 0.477(6) | 1.682(2) | 0.07(2)
0.007(2) | 0.492(16) | 0.006(1) | 0.398(16) | 0.006(2) | 0.235(7)
556 | 1331 | trans | 1.391(2) | 0.552(7) | 1.420(2) | 0.46(1) | 1.674(2) | 0.04(3)
0.004(1) | 0.553(19) | 0.006(1) | 0.518(24) | 0.008(2) | 0.188(7)
539 | 1639 | mans | 1.3912) | 0.575() | 1.421(2) | 0.45(1) | 1.675(2) | 0.10(2)
0.006(2) | 0.466(12) | 0.006(1) | 0.542(24) | 0.004(1) | 0.188(9)

DPPC:2 ‘(glucose)
63.0 10.35 trans | 1.386(2) 0.545(5) | 1.415(2) | 0.504(5) | 1.673(2) | 0.078(6)
0.021(1) | 0.391(12) | 0.017(1) | 0.341(12) | 0.009(1) | 0.132(19)
60.1 12.39 trans | 1.385(2) 0.570(5) | 1.416(2) | 0.513(6) | 1.674(2) | 0.087(9)
0.031(2) | 0.396(12) | 0.024(1) | 0.412(16) | 0.008(1) | 0.188(5)

DPPC:3 (lactose)
61.3 8.79 trans | 1.381(2) 0.540(5) | 1.414(2) | 0.491(5)
0.035(5) | 0.379(12) | 0.035(5) | 0.363(12)
512 | 1292 | trans | 1377(2) | 0.567(3) | 1.414(2) | 0.515(4)
0.049(5) 0.502(9) | 0.384(2) | 0.462(9)
51.2 16.86 cis 1.375(2) 0.588(3) | 1.415(2) | 0.504(3)
0.064(5) 0.398(7) | 0.047(5) | 0.433(9)
48.5 16.93 trans 1.378(3) 0.582(2) 1.414(2) | 0.512(3)
0.045(9) 0.367(7) | 0.033(2) | 0.332(7)
48.5 19.20 cis 1.374(2) 0.580(2) | 1.414(2) | 0.505(3)
0.073(12) | 0.377(5) | 0.038(2) | 0.353(7)

26/28



5.1 [MSH 3] Light-induced reorientation of the sugar head group 89
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Figure S7. XRR data normalised by the Fresnel reflectivity for an ideal interface with no roughness from the
pure DPPC monolayer with the model fit (left) and the derived SLD profiles at various area per molecules. The
data are offset for clarity.

Table S6. Fit parameters for the pure DPPC monolayer obtained from fits of the XRR data modelled
with a two-slab model. Listed are values of the layer thickness /, the scattering length density SLD for
each slab and the roughness ¢ at the interface of the slab for the water, head and tail layer. The SLD

for the water layer was fitted to 9.39 10 °A~2. The uncertainties of the fitted values are 0.3 A® for
the thicknesses /, are 0.10 x 107° A" for the ST.D and 0.1 A for the roughness ©.

Amol w/ ltotal / lhead / ltail / SLDhead / S LDtail / Owater / Ohead/tail /
mNm ! | A A A [ 10°A2|10°A2| A A
56.4 9 23.84 | 1098 | 12.86 13.09 8.87 3.61 5.15
53.2 12 2292 | 691 | 16.00 14.78 9.19 3.28 5.22
52.7 15 22.87 | 6.66 | 16.20 14.17 9.80 2.56 3.50
51.1 18 23.67 | 8.74 | 14.92 14.09 9.63 2.53 3.21
48.2 30 2415 | 995 [ 14.20 13.80 7.05 3.04 4.01
Langmuir isotherms

During the NR beamtime, Langmuir isotherms with a compression speed of 31.8(5) cm® min~! were collected

as shown in Fig. S8. The isotherms shift to higher surface pressure for the mixed monolayers with the deuterated
dsxDPPC compared to the DPPC containing monolayer. The area per molecules for the measurements were
chosen based on the appearance of the additional phase transitions LC},,,, and LC’

cis*
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Figure S8. Langmuir isotherms of the mixed 9:1 DPPC:2 (glucose) monolayer on DO , dg; DPPC:2 monolayer
on DO and DPPC:2 monolayer on NRW for the trans (blue) and cis (red) isomer of the mimetic 2.
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5.2 Further continuative and collaborative
work on Langmuir monolayers

Within the scope of this work, a number of bachelor theses investigating different
aspects of influences on the switching behaviour in Langmuir monolayers were

supervised.

Karin Hansen, Kiel University, investigated the influence of the intensity of the light
used to switch the lipids between their trans and cis state [202]. Langmuir isotherm
measurements were performed and the surface pressure change upon switching in
dependency to different light intensities was collected. These measurements showed
that the time to reach 63 % of the maximum pressure difference after starting the
illumination with either 365 nm or 455 nm is proportional to a power function of the
light intensity.

Another research question studied by Sonja Reinheimer, Kiel University, was how
the switching behaviour induced by the azobenzene amphiphiles differs in monolayers
with one of the alternative phospholipids 1,2-Dipalmitoyl-sn-glycero-3-phosphate
(DPPA), 1,2-Dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) and 1,2-Dipalmitoyl-
sn-glycero-3-phosphoethanolamine (DPPE) [203] instead of the phospholipid DPPC
that is used in this work. For all combinations of the mixed monolayers, a light-
induced switching behaviour was observed. However, the findings suggest that the
phospholipid DPPC is the best choice concerning pressure stability, short switching
and illumination durations, solubility and the existence of all phases, from gaseous,

liquid expanded and liquid condensed phase at 21 °C.

In the third bachelor thesis, the temperature influence on the switching behaviour
in Langmuir monolayers with the observed and in this work discussed mesophase
transition in lyotropic liquid crystals consisting of 80 % DPPC and 20% of the
AZOIL-C16 mimetic was investigated by Ella Dieball, Kiel University [204]. The
Langmuir monolayer measurements for pure DPPC and mixed monolayers with 20 %
of the AZOL-C16 at temperatures between 21 °C and 45°C showed a shift of the
phase transitions to a lower surface area and a higher surface pressure with increasing
temperature. Furthermore, at all temperatures, a light-induced surface pressure
change could be observed. This is in contrast to the disappearance of light-induced
phase transitions at higher temperatures than 37°C in the corresponding lyotropic
liquid crystals.

Further bachelor theses on similar Langmuir monolayers by Katharina Steinkirch-
ner, Kiel University, [205] and Gesa Frahm, Kiel University, [206] were supported

during the measurements and data analysis and discussion. Being part of the physical
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chemistry group of Prof. Dr. Gernot Friedrichs, Gesa Frahm performed complement-
ary vibrational sum frequency generation (VSFG) studies on Langmuir monolayers
made of DPPC and AZGL-C16 with varied ratios of the azobenzene amphiphiles.
With VSFG measurements the orientation of the molecules can be investigated. The
studies verified that the alkyl chains of the AZGI-C16 molecules straighten up upon
isomerisation from the trans state to the cis state in monolayers containing 5, 10,
50 and 100 % of the AZGL-C16 mimetics. The decrease of the tilt angle from the
surface normal is in good agreement with the GID measurements in the manuscript
MSH 3]. In addition to the tail group orientation, the orientation of parts of the
head group of the AZGL-C16 mimetic was investigated in mixed monolayers with
a ratio of 50 %. For lower ratios of the AZGL-C16 mimetic, the signal intensity
was too low to distinguish the vibration signal originating from the azo group of
the azobenzene mimetic. Nevertheless, the measurements on the monolayer with
50 % of the AZGL-C16 mimetics support the hypothesis of a vertically orientated
azobenzene group and a loss of the ordering upon the compression of the layer to
lower surface areas or switching to the cis state. A similar trend has been seen in the
GID measurements on the mixed monolayer with 10 % of the azobenzene mimetics
(see [MSH 3]), for which a head group orientation for the trans isomers but not for
the cis isomer was detected.



6

Photo-induced mesophase transitions
in lyotropic liquid crystals

Understanding and controlling mesophase transitions in lipid aggregates are of high
interest for drug delivery systems in pharmaceutical applications and to investigate
membrane fusion processes. In the following sections, the studies on lyotropic liquid
crystals with different composition of phospholipids and azobenzene mimetics showing
light and temperature induced mesophase transitions and structural changes are
presented. First, the results from the preparation measurements are given in Sec. 6.1
followed by an overview on the collected data and summary of the determined
mesophases in Sec. 6.1. Next, the unpublished results from the SAXS measurements
of samples containing the reference molecules are discussed in Sec. 6.3 and 6.4.

The chapter is concluded with the publication [PSH 1] and the manuscript [MSH 1]
on light and temperature induced mesophase transitions from lamellar to bicontinuous
cubic Pn3m phase in compositions of the phospholipid DPPC and the AZOL-C16
mimetic and the time-resolved SAXS measurements revealing the kinetic of the
light-induced mesophase transition. The reprint of [PSH 1| is included in Sec. 6.5
and the preprint of [MSH 1] in Sec. 6.6.

6.1 First preparation of lyotropic liquid
crystals

In preparation for the synchrotron radiation beamtimes on the lyotropic liquid
crystals, initial SAXS experiments were performed at a Bruker AXS Nanostar
lab source at Helmholtz-Zentrum Hereon (HEREON) to verify successful sample
preparation. During this time, the focus lay on the preparation of unilamellar
vesicleunilamellar vesicles (ULVs) which are formed by extrusion of the hydrated
samples through a membrane. These first tests were done in cooperation with the

master student Jule Kuhn within the framework of her master lab course (official
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name: Forschungspraktikum). The process and documentation of preparation steps
as well as the challenges faced are noted down in the lab report [207]. After these first
SAXS measurements, we refined and finalised our sample preparation protocol to
the procedure described in Sec. 4.2. The successful preparation of vesicles and liquid
crystals was proven during DSC measurements prior to the first SAXS measurements
at BL2, DELTA. At DELTA, both non-extruded and extruded suspensions were
measured to check their scattering intensity. Two main factors led to the suspension
of ULVs during the measurements: firstly the scattering pattern of the extruded
suspension (ULVs) was very faint and secondly the extrusion of mixed suspensions
with higher ratio of azobenzene amphiphiles than phospholipids showed separation
of the lipids and water solution upon pushing the suspension trough the membrane.
Therefore, all following experiments were performed on hydrated samples without
extrusion and thus not with ULVs.

6.2 Overview of the studied lyotropic liquid
crystals

Combinations of the phospholipids DPPC or DLPC with one of the seven azobenzene
amphiphiles or seven reference amphiphiles presented in Fig. 3.1 were investigated
with different ratios between the phospholipids and azobenzene mimetics. Each
combination and ratio was illuminated for 5min with 365 nm or 455nm light to
collect the SAXS data for their cis and trans state, respectively. In Fig. 6.1 the
observed mesophases for all lipid combinations are summarised. A light-induced
mesophase transition is found in AZOL-C12, AZOL-C16 and AZ-R containing crys-
tals in combination with DPPC. These three azobenzene mimetics have no sugar
group attached at the head group. In contrast, for all other azobenzene mimetics
with a glycan head group either a change in d-spacing or no light-induced change
is observed. The publication [PSH 1], in Sec. 6.5, focuses on the observed light
and temperature induced mesophase transitions in liquid crystals containing the
AZOL-C16 derivative and the phospholipid DPPC. Motivated by the observation
of a light-induced mesophase transition, the kinetics of this transition was studied
with time-resolved SAXS measurements. These results on the kinetic are presented
in the manuscript [MSH 1] in Sec. 6.6 together with the structures of a variety of
aggregates containing combinations of either DPPC or DLPC phospholipids with
one of the azobenzene mimetics AZOL-C12, AZGL-C12, AZGL-C16, AZLL-C12 and
AZLL-C16.

In addition to the published results, SAXS data on crystals made of combinations
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of the phospholipid DPPC with the mimetics AZ-R, a precursor in the synthesis
of the azobenzene, and the reference mimetics without the azobenzene switch (see
Fig. 3.1) were collected during the beamtimes at BL2, DELTA and at EMBL beamline
P12, PETRA III. For these additional mimetics, only single ratios between the lipids
were studied for comparison and proof of concept. The results of these unpublished
data are discussed in Sec. 6.3 and Sec. 6.4.
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This overview is based on the summary of mesophases in [MSH 1] and is completed

highlighted combinations show a light-induced mesophase transition in the gel phase.
with the results from [PSH 1] and the unpublished data of the AZ-R and reference

amphiphiles shown in Fig. 3.1 for their trans (¢) and cis (¢) isomer.

Figure 6.1: Mesophases for mixtures of DPPC or DLPC with the azobenzene
mimetics.
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6.3 Light-induced mesophase transition in
aggregates containing the AZ-R mimetic

During the synthesis of the photoswitchable glycolipids the mimetic AZ-R, a precursor
in the synthesis of the azobenzene mimetics (see Sec. 3.2), was collected for reference
and testing measurements. One sample, an aggregate consisting of 10 % of the AZ-R
derivative and 90 % of the phospholipid DPPC, was prepared following the sample
preparation description in Sec. 4.2 and was measured during the first beamtime at
BL2, DELTA using the in situ sample setup (see Sec. 4.5.4). The collected SAXS
scattering signal is shown in Fig. 6.2 for the trans and cis state of the mixed aggregate
together with the scattering signal of pure DPPC vesicles. Fitting of the scattering
signal identified a lamellar phase for the trans state and a coexistence of the lamellar

and bicontinuous cubic Pndm phase in the cis state.

This light-induced mesophase transition from lamellar to cubic Pn3m is analogue
to the investigated transition in crystals containing AZOL-C12 and AZOL-C16 (see
Sec. 6.5 and 6.6). The fitted d-spacing value of (6.3740.03) nm for the AZ-R mimetic
containing crystals in the trans state is almost the same as the lamellar distance of
(6.35+0.01) nm in DPPC multilamellar vesiclemultilamellar vesicles (MLVs). This
suggests, that the AZ-R mimetic does not add to the bilayer thickness significantly.

DPPC:AZ - R
2.0 -_ T T T T T T ]
15} ]
= 100:0
> 10 A
%)
C
o
£
0.5 .
90:10
=gl W .
00 1 1 1 1
15 2.0 25 3.0
g (nm~1)

Figure 6.2: SAXS data of pure DPPC aggregates (black) and the 90:10 mixture of
DPPC and the AZ-R mimetic (see Fig. 3.1) for the trans (blue) and cis (red) state.
For clarity, the DPPC data has an offset.
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This is in contrast to the determined d-spacings for the crystals containing 10 %
AZOL-C12 or AZOL-C16. For these mimetics, an increase of the lamellar spacings
by (0.45 + 0.08) nm and (0.20 £ 0.03) nm, respectively, were found (see Sec. 6.5 and
6.6). Similar, the d-spacing for the cis isomers of the mixed crystals with AZ-R is
smaller with a fit value of (10.1£0.2) nm than the fitted values of (11.2+0.4) nm and
(11.2 4+ 1.0) nm for AZOL-C12 and AZOL-C16, respectively. The reduced lamellar
d-spacing for the AZ-R mimetic containing aggregates can be explained by the much
smaller length of the mimetic compared to the other azobenzene mimetics (see
Tab. 3.1).

However, there is one significant difference between the switching behaviours.
Whereas for the aggregates containing the AZOLL-C12 and AZOL-C16 mimetics the
lamellar phase disappears completely upon switching to the cis state, a coexistence
of the lamellar and cubic Pn3m phase is observed for the AZ-R-cis crystals. Further,
the d-spacing of the lamellar phase is the same for the trans and cis state within the
measurement uncertainty. The absence of a change in the d-spacing upon switching
could be explained by an inhomogeneous distribution of the AZ-R mimetic among
the liquid crystals. Some crystals do not contain the AZ-R mimetics and therefore
do not change their structure upon illumination. In contrast, the AZ-R mimetic
containing aggregates, show the mesophase transition to the cubic Pndm phase. Due
to the comparably large X-ray beam and superposition of the scattering signals from
the differently composed aggregates, both phases are detected. Another explanation
would be, that the AZ-R mimetic does not get integrated into the membrane.
The azobenzene switch itself is slightly polar and thus the overall molecule can
be considered hydrophilic. Yet, as a hydrophobic tail group is missing, the AZ-R
mimetic is not amphiphilic and therefore the molecules are not self assembling at
water interfaces. This could lead to only a partial integration of the mimetics in the
aggregates. For a final conclusion on the origin of the different switching behaviour,
further investigations would be needed. As the main focus in this work lies on
photoswitchable amphiphiles and their influence on the membrane structure, the

investigations on the AZ-R mimetic may be an interesting topic for future studies.
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6.4 Structure of crystals containing the
reference mimetics without the
azobenzene switch

One of the research questions discussed in Chap. 5 and Sec. 6.6 is the question how the
sugar group at the head group influences the switching behaviour of photoswitchable
glycolipids in lipid membranes. To disentangle the influence of the sugar group and
the azobenzene switch, aggregates containing the reference mimetics without the
azobenzene switch but otherwise the same head and tail group (see Fig. 3.1) were
investigated. The samples were prepared as described in Sec. 4.2 and measured at
the EMBL beamline P12, PETRA III (see Sec. 4.5.5). The scattering data and
the corresponding fitted d-spacing values are shown in Fig. 6.3. For all crystals
consisting purely of the reference molecules a lamellar phase could be determined.
The d-spacings of these MIVs increase with increasing head group size and length
of the acyl chain in the tail group. For the mimetics with shorter acyl chain (C12)
an increase of the d-spacings by (0.3 £ 0.3) nm and (0.7 £ 0.3) nm for the mimetics
possessing a glucose or lactose group, respectively, compared to the spacing for the
mimetics without sugar group in the head group is observed. This increase is only
half of the difference of (0.5 40.3) nm and (1.4 £ 0.3) nm found for the mimetics with
longer acyl chain (C16). Comparing the d-spacing for the specific head groups but
different tail lengths, the difference in d-spacing for the longer and shorter mimetics
with no sugar, glucose and lactose head group are quite close with (1.3 4 0.3) nm,
(1.5+0.3) nm and (1.9 £ 0.3) nm. This difference is slightly larger than the expected
length difference of (1.0 £ 0.6) nm based on the determined lengths for the mimetics
with 12 and 16 carbon atoms listed in Tab. 3.1.

One of the main findings from these reference measurements was that all reference
mimetics form MLVs. This is in contrast to their corresponding azobenzene containing
mimetic. A lamellar phase was only detected for aggregates made of either the
AZOL-C12, AZGL-C12 or AZGL-C16 mimetics. In addition, the crystals consisting
of the AZOL-C16 mimetic show a hexagonal p6m structure. Whereas, for the
azobenzene mimetics with the lactose head group (AZLL-C12 and AZLL-C16) no
crystals could be produced. During the sample preparation, large chunks of lipids
formed which could not be broken up by either freeze-cycles, heated water baths,
vortexing or ultra sonic baths. This led to the first hypothesis, that the lactose in the
head group would prevent the formation of crystals. However, this hypothesis was
rebutted by the successful preparation of the lactose containing reference molecules.

In addition to vesicles consisting of 100 % reference mimetics, mixtures of 90 %
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Figure 6.3: a) SAXS data for crystals containing the reference mimetics without
azobenzene switch (see Fig. 3.1) with different ratios of the mimetics and b) the
fitted d-spacing values.

DPPC and 10 % reference mimetics were investigated. Different to the MLVs found
for 100 % of the reference molecules, the geometric structure and the corresponding
mesophase could not be determined for all mixtures. The scattering signals of
the mixtures with OL-C16 and LL-C12 only show a broad peak with no clear
features, which makes it impossible to identify the structure. For the OL-C12 and
GL-C12 mimetics containing mixtures, distinguished peaks were collected. However,

fitting of these peak positions did not lead to a final conclusion on the geometric
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structure. None of the structures belonging to the superposition of two lamellar
phases, hexagonal phase or cubic phases (Pn3m, Im3m, Pm&n, Fm3m, Fd3m or la3d)
gave a reasonable good fit result. Considering the peak around 0.9 A and 1.8 A " are
the first and second order peaks, respectively, the corresponding repeating distances
are (7.60 & 0.01) nm, (6.38 & 0.05) nm (1°* order) and (7.2 £ 0.3) nm (2" order) and
(7.12 £ 0.01) nm, (6.49 £+ 0.02) nm (1% order), (7.08 & 0.02) nm and (6.88 + 0.02) nm
(274 order), respectively, for the mixed OL-C12 and GI-C12 aggregates. Meanwhile,
a lamellar phase in mixtures with GL-C16 and LI.-C16 were found. These fitted
d-spacing values are between the values for pure DPPC and pure GL.-C16 or LL-C16,
respectively, as shown in Fig. 6.3b.



102 6 Photo-induced mesophase transitions in lyotropic liquid crystals

6.5 [PSH 1] Photoinduced bidirectional
mesophase transition in vesicles
containing azobenzene amphiphiles

The following publication [PSH 1] on photoinduced bidirectional mesophase transition
in vesicles containing azobenzene amphiphiles was published in July 2024 as a research
letter in the journal IUCrJ and is part of the online special issue of collected articles
from the IUCr 2023 Congress in Melbourne, Australia. In this article, the structure
of lyotropic liquid crystals consisting of DPPC and the photoswitchable AZOL-C16
are investigated with SAXS and DSC. These measurements revealed a light-induced
mesophase transition between the MLV phase in the trans state to the bicontinuous
cubic Pn3m phase in the cis state in crystals containing up to 20 % of AZOL-C16
at room temperature. Similarly, temperature dependent measurements show a
mesophase transition for crystals in the trans state during the gel-to-liquid crystalline
phase transition at around 33°C. Whereas for crystals in the cis state, no such
transition was observed. Furthermore, illuminating the sample to switch between the
trans and cis isomer at temperatures above 33 °C showed no structural difference
between the two isomers. This discovery of a reversible and repeatable light-induced
phase transition in aggregates containing photoswitchable glycolipids indicates first
steps to create model systems to design drug delivery systems and study membrane
fusion processes.

The SAXS measurements were conducted at beamline BL2, DELTA (see Sec. 4.5.4)
and the DSC measurements at P08, DESY. Compared to the nomenclature in this
thesis, the azobenzene mimetic AZOL-C16 is referred to as mimetic 1 in the following
article (compare Fig. 3.1 with Fig. 1 in the article).

The article is available under https://doi.org/10.1107/S2052252524004032 and
is reproduced with permission of the International Union of Crystallography.
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The functionality and efficiency of proteins within a biological membrane are
highly dependent on both the membrane lipid composition and the physio-
chemical properties of the solution. Lipid mesophases are directly influenced by
changes in temperature, pH, water content or due to individual properties of
single lipids such as photoswitchability. In this work, we were able to induce
light- and temperature-driven mesophase transitions in a model membrane
system containing a mixture of 1,2-dipalmitoyl-phosphatidylcholine phospho-
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lipids and azobenzene amphiphiles. We observed reversible and reproducible
transitions between the lamellar and Pn3m cubic phase after illuminating the
sample for 5 min with light of 365 and 455 nm wavelengths, respectively, to

solution scattering; structural biology; SAXS. switch between the cis and trans states of the azobenzene N=N double bond.

These light-controlled mesophase transitions were found for mixed complexes
with up to 20% content of the photosensitive molecule and at temperatures
below the gel-to-liquid crystalline phase transition temperature of 33°C. Our
results demonstrate the potential to design bespoke model systems to study the
response of membrane lipids and proteins upon changes in mesophase without
altering the environment and thus provide a possible basis for drug delivery
systems.

Supporting information: this article has
supporting information at www.iucrj.org

1. Introduction

Lipid membranes are a fundamental part of biological cells
and contain various components such as phospholipids,
cholesterol and proteins. Phospholipids are the main compo-
nent of bilayer membranes and their composition determines
the membrane properties and mesophase (Shah et al., 2001;
Yang et al., 2012; Cavalcanti et al., 2006; van Meer et al., 2008).
The lipid mesophase is of great interest for efficient drug
transportation and release of pharmaceuticals because of the
possibility of opening the water channel via phase changes, or
due to its influence on membrane protein activity and effi-
ciency (Shah et al., 2001; Sagalowicz et al., 2006; Cournia et al.,
2015; Hirlekar et al., 2010). Lipid mesophases have multiple
geometric shapes and structures which evolve when amphi-
philic lipids such as phospholipids come in contact with water.
The explicit geometric shape depends on multiple properties
such as temperature, pH, salinity, volume concentration (% w/
w) and lipid curvature, which can be quantified by the critical
packing parameter CPP (McManus et al., 2003; Di Cola et al.,
2016; Shah et al., 2001). Changes in these properties can lead
to structural changes and even a transition into another
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mesophase. These transitions can be used in bio-hybrid
microsystems as biological actuators and sensors (Carlsen &
Sitti, 2014). Different approaches to induce phase transitions
have been studied extensively for application in drug delivery
systems or for manipulation of proteins. Previous approaches
employ temperature and water content (% w/w) (Shah et al.,
2001; Kulkarni, 2012), pH (Ribeiro et al., 2019) or salinity
(Muir et al., 2012; Kalvodova et al., 2005) to induce a meso-
phase transition. Light-induced structural changes (Basilio &
Garcia-Rio, 2017) are mostly studied on lipid monolayers
(Backus et al., 2011; Warias et al., 2023) and bilayers at the
water—gas interface, or on small unilamellar vesicles (Urban et
al., 2020; Oh et al., 2013; Ober et al., 2022) and giant unila-
mellar vesicles (Pfeffermann et al., 2021; Georgiev et al., 2018;
Pernpeintner et al., 2017), inducing reversible modification of
the layer thickness. Light-induced mesophase transitions
studied by Wang et al. (2011) showed an irreversible transition
from multilamellar vesicles to worm-like micelles. In liquid
crystals, light-driven isomerization (Wuckert et al, 2015),
thermotropic phase transitions and structural reorientation
(Bisoyi & Li, 2016; Yelamaggad et al., 2012) are also observed.

In this study, we introduce a bilayer model system
consisting of lipid mixtures of phospholipid 1,2-dipalmitoyl-
phosphatidylcholine (DPPC) and synthetic photoswitchable
lipid mimetics (Reise et al., 2018) and use light to trigger phase
transitions. Previous investigations by the authors into the
structural response of mixed 95%/5% mol/mol Langmuir
monolayers of DPPC and azobenzene amphiphile moieties
under illumination revealed bidirectional, repeatable and fully
reversible changes of the layer thickness and surface pressure
(Warias et al., 2023). The switching stability and repeatability
found in these monolayers make the azobenzene amphiphiles
ideal candidates for bilayer studies.

The selected azobenzene amphiphile is photosensitive and
its N—=N double bond switches between the straight trans and
bent cis isomers on illumination with light of 365 and 455 nm
wavelengths, respectively [see Fig. 1(b) for schematic repre-
sentation]. In the employed synthetic azobenzene amphi-
philes, the azobenzene moiety is attached on one side to a
triethylene glycol linker forming the hydrophilic head group
and on the other side to the hydrophobic tail group consisting
of diacylglycerol esterified with two fatty acids containing 16
carbon atoms, similar to the DPPC tail.

In order to identify the lipid structures formed by mixtures
of the azobenzene amphiphiles and DPPC with proportions
from 0 to 100% in water, small-angle X-ray scattering (SAXS)
investigations were performed. SAXS is commonly employed
to identify mesophases of lyotropic liquid crystals and to
determine their scattering length profiles, sizes and shapes
(Kikhney & Svergun, 2015; Kornmueller et al., 2018; Hyde,
2001). In the following, we identify the mesophases and the
light-induced phase transitions for the trans and cis isomers of
the azobenzene amphiphile, herein referred to as 1. Further-
more, temperature-dependent SAXS measurements for
selected proportions are analysed and complemented by
differential scanning calorimetry (DSC) (McElhaney, 1982;
Privalov & Plotnikov, 1989; Chiu & Prenner, 2011) measure-
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Schematic of (@) the transmission SAXS measurement setup and (b) the
chemical structure of DPPC and both the trans and the cis isomers of
azobenzene amphiphile 1.

ments to determine the phase transition temperatures from gel
to the liquid crystalline phase.

2. Experimental
2.1. Sample preparation

DPPC was purchased from Avanti Polar lipids (Alabaster,
AL). The azobenzene amphiphile 1 was synthesized in
accordance with our previously published synthesis route
(Reise et al., 2018). The lipids were dissolved in chloroform
(Sigma—Aldrich) at a concentration of 10 mM and mixed at
various proportions of DPPC and 1. All following preparation
steps were done for the stable trans form of 1. These mixtures
were dried to thin films with a BUCHI Rotavapor R-300 at a
bath temperature of 45°C and a pressure of 16 mbar for at
least 1 h. These dried films were stored in the fridge at <10°C
prior to the measurements. All samples were freshly prepared
on the day of the measurements by adding warm Milli-Q water
onto the film and then rotating and shaking the solution in a
water bath above 45°C until a homogenous solution was
formed. Larger lipid lumps were broken up using a vortex
mixer and ultrasonic water bath. The hydrated samples were
stored in the fridge at the beamline. Right before the
measurements, the hydrated solutions were left for 1 h outside
of the fridge to reach room temperature. Roti PreMix PBS salt
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(Carl Roth) (0.14 M NaCl, 2.7 mM KCI, 10 mM phosphate)
was initially used as buffer to adjust the pH to 7.4 and later
Milli-Q water was added. All measurements were performed
no more than 24 h after the sample hydration.

2.2. Isomerization

A custom-made illumination device consisting of a row of
three 365 nm LEDs [Nichia, NCSU033B(T)] and three 455 nm
LEDs (Osram, LD CQ7P) was used to switch 1 from the trans
to the cis isomer and back. Prior UV-Vis measurements on
the azobenzene mimetics revealed that 96% of the molecules
switch to the cis and 82% to trans conformation (Warias et al.,
2023). Illumination and isomerization of the samples were
carried out prior to both the DSC and the temperature-
controlled SAXS measurements as the housing and sample
holder, respectively, did not allow in sifu illumination. The
time following illumination between measurements was kept
as short as possible to minimize back switching (see Section S1
of the supporting information). For the in situ SAXS
measurements at room temperature, the illumination device
was mounted above the capillary sample holder at a distance
of about 10 cm. At the sample position, fluencies of 2.0 mW
cm ™~ for 365 and 455 nm were measured during the first beam
time and 1.6 mW cm ™2 during the second.

2.3. Differential scanning calorimetry

DSC measurements were carried out at a MicroCal Peaq-
DSC (Malvern Panalytical, Northampton, MA) at P08 of
PETRA III at DESY. After initial cleaning and reference
measurements of pure and buffered Milli-Q water, sample
solutions with 1 mM 1! concentration were studied between
25 and 70°C at a heating rate of 12°C h™" and a cooling rate of
60°Ch™". The heating and cooling scan was repeated three
times. The data were recorded in high-feedback mode.

2.4. Small-angle X-ray scattering

All SAXS measurements were performed at BL2 of
DELTA, Dortmund (Dargasz et al., 2022) and at a concen-
tration of 10 mM 1. Two different sample setups were used
to study temperature- and light-induced structural changes in
situ. The schematic measurement setup is shown in Fig. 1(a).
Temperature-dependent measurements were performed for
lipid proportions of 0:100, 10:90 and 20:80 1:DPPC in the
temperature range 17-65°C with a temperature-controlled cell
(Linkam Scientific Instruments Ltd). In favour of in situ
isomerization, a simple capillary sample holder was used for
all other measurements at room temperature. The room
temperature was monitored and varied between 18 and 27°C
with a mode temperature of 25°C. For clarity, 25°C is given for
all measurements between 18 and 27°C as the measured
structures were identical in this range. The samples were filled
in 1 and 2 mm diameter capillaries for the Linkam stage and
simple sample holder, respectively. At DELTA, a photon
energy of 12 keV, beam size of about 0.6 x 0.6 mm and a
MAR345 2D image plate detector were used. The 2D detector

images were processed with the software FIT2D (Hammersley
et al, 1995, 1996; Hammersley, 1997, 2016) including pixel
mask application, transformation from real to reciprocal
space, detector orientation correction and angular integration
to receive the reduced 1D scattering pattern in g-space.
Calibration of the detector distance and orientation were done
with a standard silver behenate sample. The typical
measurement time for the data collection was 180 s followed
by a detector read out time of another 180 s.

2.5. Analysis software

A self-written Python script was used for background
correction of the reduced 1D SAXS pattern and resaving the
corrected pattern in the NeXus file format with the associated
metadata (Wilkinson et al, 2016). Following the metadata
standards determined by DAPHNE4NFDI (Barty et al., 2023),
the newly generated NeXus file contains, in addition to the
background-corrected pattern and the uncorrected signal,
information on the background reduction as well as the
detector, beamline and sample-specific metadata. The DSC
data were also analysed with a self-written Python script and
stored as simple ASCI files. Further information on the data
and script accessibility are given in Data Availability.

3. Results and discussion
3.1. Light-induced mesophase changes at room temperature

SAXS measurements on the hydrated samples for different
proportions between 0 and 100% of DPPC and 1 in the g-
range 0.5-3.2 nm~ " are shown in Fig. 2(a). A range of different
mesophases are observed. At each concentration, we illumi-
nated with 365 and 455 nm to measure the structures for the
cis and trans states of 1. Changes are observed between
proportions of 2.5-20% of 1.

For pure DPPC vesicles, the well studied multilamellar
phase with a lamellar d-spacing of 6.34 = 0.03 nm was found in
agreement with previous studies (Soloviov et al., 2012; Korn-
mueller et al., 2018). Focusing on the trans isomer of 1, a
multilamellar vesicle (MLV) structure was also found for low
proportions up to a molar percentage of 10% with an increase
of the lamellar d-spacing up to 6.55 &= 0.03 nm. Increasing the
proportion of 1 further, we observed a transformation to the
cubic phase Pn3m for proportions between 20 and 70%, as
shown in Fig. 2(a). At 70%, we found a coexistence of the
previous cubic phase at low proportions and the hexagonal
phase determined by fitting at 100%. Example raw detector
images are presented in Fig. S1(b) of the supporting infor-
mation, showing scattering from different mesophases.

Following in situ illumination of the mixed samples for 3—
5 min with 365 nm, we could study the light-induced structural
changes between the frans and cis isomer of 1. Time-resolved
measurements were not possible at DELTA, as the dynamics
were faster than the counting and detector readout time. For
proportions above 30% 1, no light-induced change was
observed. In contrast, we found a change in mesophase for
proportions of 1 up to 20%. The lamellar phase with a lamellar
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d-spacing of 6.55 £ 0.03 nm for the trans isomer transformed
to the bicontinuous cubic diamond Pn3m phase with a d-
spacing of 11.2 £ 1.0 nm for the cis isomer is presented in Fig.
2(b) for the 10% proportion. This phase transformation was
reversible by illumination with 455 nm light and was highly
reproducible, as demonstrated for at least three illumination
cycles (see Fig. S1). Based on the Pn3m phase identified for
the cis isomer at 10 and 20% 1, a coexistence of the lamellar
and Pn3m phases was found for the corresponding trans
isomer of 1 with Pn3m fractions of 59 + 1% and 76 £ 1%,
respectively. This coexistence was found for repetitive illu-
minations, showing a stable phase formation. By increasing the
proportion of 1 to 30%, the Pn3m phase with d-spacings of
11.4 £ 0.6 and 10.7 & 1.0 nm was found for both the trans and
the cis isomers, respectively. At even higher proportions of 50
and 63%, not only the Pn3m phase but also the bicontinuous
cubic Im3m structure give a reasonable fit, as described in
Section S3 of the supporting information. The different
mesophases revealed and d-spacing depending on the
proportions between DPPC and 1 are shown in Fig. 2(c) and
are summarized in Table 1.

The transformation to a cubic phase for a high content of 1
can be explained by an increase in the curvature of the
monolayers, resulting in a rearrangement of the 3D structure.
To quantify the curvature and the resulting self-assembled
lipid geometry, the critical packing parameter (CPP) can be
used to predict the phase, as introduced by Israelachvili et al.
(1976) and Tanford (1973):

Vchain

CPP = ,
head lchain

where Vepain and lenain are the volume and length of the
hydrophobic chain, respectively, and ay.,q is the effective area
of the hydrophilic headgroup. If CPP >~ 1.0, the molecule can
be considered to be cylindrical. A deviation of CPP from 1.0
indicates a positive or negative curvature which causes a cone-
shape of the lipids and reformation into cubic, hexagonal or
micellar structures, or their reversed correspondent. Flexible
lipid bilayers are found for CPP values between 1.0 and 0.5,
which can form both vesicles and cubic phases. When 0.3 <
CPP < 0.5, the hexagonal structure is observed, and below 0.3

10 T T T I L ]
(@) DPPC:1 ®) 2
100:0
A
| trans ;\
97.5:2.5 cis 3
I z MLV
95:5 8
5
k/x 90:10 trans
: 80:20 03 30
2
g i
= 70:30 — . : . . ———
- 4+ (C) 12 F o) .
: n3m DPPC
- 50:50 - [J  trans
A : W é O s
- 10F ]
M 37:63 ’g 5
2F % 9 - 1
- pbm
30:70 8 ]
3 202 02
7F .
0:100 : E @ lamellar
0 1 1 T T T 6 L @E 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0 0 20 40 60 80 100
g (nm™) Proportion of 1 (% mol/mol)

Figure 2

Scattering data of DPPC and 1 mixtures with varying proportions of 1 for both trans and cis isomers. (a) Pure DPPC (in black), mixed trans-1 (in blue)
and cis-1 (in red) data. The curves with different proportions are offset vertically for clarity. (b) Trans and cis isomers of the mixture with 10% 1 and the
structure fits (in grey) for the multilamellar vesicle (MLV) and Pn3m structure, respectively. For trans, the fits for the single lamellar (dotted), combined
lamellar and Pn3m (dashed) phases are shown. The d-spacing values and mesophases derived from the fits are summarized in (c).
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Table 1
Mesophases and d-spacing parameters (d) derived from the SAXS data for pure DPPC vesicles and mixed lipid structures.
The error for all estimated CPP values is +0.002.
T (°C) DPPC:1 Mesophase d (nm) CPP
25 100:0 Lamellar 6.34 £+ 0.03 0.67
37 100:0 Lamellar 7.17 £ 0.05
45 100:0 Lamellar 6.58 + 0.01
55 100:0 Lamellar 6.49 £ 0.01

Trans Cis

T (°C) DPPC:1 Mesophase d (nm) CPP Mesophase d (nm) CPP
25 97.52.5 Lamellar 6.42 £ 0.03 0.597 Pn3m 11.1 £ 0.6 0.596
25 95:5 Lamellar 6.45 £ 0.03 0.594 Pn3m 11.1 £ 04 0.592
25 90:10 Lamellar, Pn3m 6.55 £ 0.03, 11.0 £ 0.7 0.589 Pn3m 112+ 1.0 0.584
25 80:20 Lamellar, Pn3m 6.53 £ 0.05, 11.4 &= 0.7 0.577 Pn3m 104 £ 1.0 0.568
25 70:30 Pn3m 114 £ 0.6 0.566 Pn3m 107 £ 1.0 0.552
25 50:50 Pn3m 10.9 £ 04 0.543 Pn3m 11.1 £ 0.6 0.52
25 37:63 Pn3m 107 £ 0.4 0.528 Pn3m 10.9 £ 0.6 0.499
25 30:70 Pn3m, pbm 104 £0.7,7.6 £ 0.2 0.520 Pn3m pbm 102 +1.07.6 £0.2 0.488
25 0:100 pém 7.6 £0.2 0.486 pém 7.6 £0.2 0.440
25 90:10 Lamellar, Pn3m 6.55 £ 0.03,11.0 £ 0.7 Pn3m 109 £ 1.2
37 90:10 Pn3m 11.1 £ 0.7 Pn3m 10.6 + 1.0
45 90:10 Lamellar 6.64 £ 0.03 Lamellar 6.69 £ 0.03
55 90:10 Lamellar 6.62 £ 0.03 Lamellar 6.63 £ 0.03
25 80:20 Lamellar, Pn3m 6.49 £0.01,11.9 £ 0.8 Pn3m 111 £ 09
37 80:20 Pn3m 10.6 + 0.4 Pn3m 10.6 + 0.4
45 80:20 Lamellar 6.67 £ 0.01 Lamellar 6.64 £ 0.01

+ Reference value for DPPC was taken from Kobierski et al. (2022).

micelles are observed (Iakimov et al., 2021; Charles Tanford,
1973; Nagarajan, 2002).

Theoretical values for the CPP factors of DPPC and 1, in
both the trans and the cis states, were estimated following the
approach by Kobierski et al. (2022) and Oremusova et al.
(2019). The detailed calculations and parameters are listed in
Section S4 of the supporting information. In contrast to
DPPC, 1 has CPP values of about 0.486 £ 0.002 and 0.440 =+
0.002 for the trans and cis isomers, respectively, suggesting a
rod-like shape forming a hexagonal structure for pure 1.
Assuming the CPP values for the mixtures of DPPC and 1 can
be calculated proportionally (Konig et al., 2023), we observe a
decrease in the CPP value with increasing concentration of 1
(see Table 1), which is in good agreement with the experi-
mentally observed phases and the conversion from flexible
bilayers to hexagonal structures at proportions of 70% 1.
Comparing the CPP values for trans-1 and cis-1, the cis isomer
is only slightly more curved, which could hint at favouring the
cubic phase. Nevertheless, the CPP values for the trans and cis
states are very close at low proportions and cannot be the only
driving factor for the structural reorientation. Similar
conclusions were drawn in recent molecular dynamic studies,
where they revealed a lamellar-to-hexagonal transition on
changes in temperature but with neglectable changes in the
CPP value (Mochizuki, 2023).

3.2. Temperature-induced mesophase changes

Samples were illuminated ex sifu and later temperature-
controlled measurements were performed using the Linkam

stage. Two capillaries were filled from the same stock solution
and both were illuminated with 365 nm light for 5 min for
tans—cis isomerization. Afterwards, one capillary was illumi-
nated with 455 nm to transform back to the trans state. The cis
isomer was measured first, followed by the thermally stable
trans form. The temperature was increased from room
temperature (25°C) in steps up to 55°C at a heating rate of
10°C min . After reaching the desired temperature, a 10 min
waiting time was introduced before starting each SAXS
measurement. These temperature-dependent measurements
were carried out for mixtures of 10 and 20% 1 and pure DPPC,
and the data are presented in Fig. 3(a). The observed Bragg
peak shifts and calculated lamellar d-spacing for pure DPPC
are in good agreement with other studies of multilamellar
DPPC vesicles (Almeida et al., 2018), except for the rippled
phase expected at 37°C, which was absent. The reason for not
observing the rippled phase for pure DPPC could be due to a
temperature offset between the set temperature and the
sample temperature (typically between 0.5 and 1°C) or due to
not waiting long enough to allow the formation of the rippled
phase.

Comparing the heating series for the trans and cis isomers of
10% 1, the mesophases are identical for both isomers at
temperatures higher than 37°C [see Fig. 3(a)]. A clear differ-
ence between the lamellar (trans) and Pn3m (cis) phase was
only observed at room temperature. The fitted structures and
d-spacings match the in situ measurements in Fig. 2(a). At
37°C, we found a Pn3m structure for both isomers, trans and
cis, with a slightly decreased d-spacing of 11.1 + 0.7 and 10.6 £+
1.0 nm [see Table 1 and Fig. 3(b)]. When the temperature was
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Figure 3

Temperature (°C)

(a) SAXS data at different temperatures for mixed DPPC and 1 structures with proportion of 0, 10 and 20% 1. The curves are shifted vertically and on
the left the data from pure DPPC vesicles are shown. In the middle and right, respectively, the 10 and 20% mixtures of DPPC and 1 for both the trans
(blue) and the cis states (red) are illustrated. The fitted d-spacing parameters and mesophases are summarized in (b) and complementary DSC data are
shown in (¢) for pure DPPC and mixtures of 10 and 20% 1 in the trans (blue) and cis states (red).

increased above the main phase transition to 45 and 55°C, a
transition back to the lamellar phase occurred with lamellar d-
spacings of 6.64 £ 0.03 and 6.62 £ 0.03 nm, respectively, for
the trans isomer. This back transition could be attributed to
the higher flexibility of the tails in the liquid crystalline phase,
causing the tail length to appear shorter, which results in an
increased CPP value.

Analogue transitions were observed for 20% 1 in trans and
cis [see Figs. 3(a) and 3(b)]. In contrast to the trans isomer, the
cis isomer only shows two phase transitions as the Pn3m
structure is already present at room temperature. Comple-
mentary DSC measurements showed three phase transitions
for 10 and 20% 1 [see Fig. 3(c)], supporting the phase tran-
sitions observed in the SAXS data. For 20%, the pre-transition
peak at 33.1 & 0.3°C, belonging to the DPPC molecules, was
hardly observable with an enthalpy of only 0.5 4= 0.1 kJ mol .
A decrease in the enthalpy is typically found for mixed
systems with increasing proportions of the second compound,
as shown by Almeida et al. (2018) for mixed DPPC and
cholesterol vesicles. Generally, a reduction in the enthalpy for
each phase transition, a shift towards lower temperatures and
an emerging additional phase transition peak at around 45.5°C
were found on increasing the proportion of 1 [see Fig. 3(c)].
Meanwhile, the difference between the trans and cis phase

transition temperatures is negligibly small and within the
measurement error for the phase transitions at 41.3 £ 0.3 and
45.5 £ 0.3°C. The shift of 0.3°C between the pre-phase tran-
sition temperatures 33.7 &= 0.3°C and 44.0 = 0.3°C for 10% 1in
trans and cis, respectively, is close to the measurement accu-
racy.

4. Conclusions

In summary, from the SAXS investigation on mixed DPPC
and the photoswitchable azobenzene amphiphile 1 in aqueous
solutions, we could confirm reversible light-induced switching
between mesophases. Photoswitching was observed for
concentrations up to 20% of the photosensitive molecule 1
and for temperatures from 18 to 27°C which correspond to the
lipid gel phase. The mesophase could be switched reversibly,
repeatedly and reproducibly between its lamellar structure in
the trans state and its cubic Pn3m structure in the cis state. For
proportions higher than 20% 1, the cubic Pn3m and at even
higher proportions such as 70% a hexagonal structure was
favoured for both the trans and the cis states equally, showing
the sensitivity of the lipid structures to the lipid composition.

DSC measurements identified the phase transition
temperatures. Complementary temperature-dependent SAXS
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measurements for mixtures containing 10% 1 in the trans state
showed a mesophase transition from lamellar to cubic Pn3m at
the 34.0 £ 0.3°C phase transition and a mesophase transition
from Pn3m back to lamellar at the main phase transition at
414 £+ 0.3°C. Interestingly, no mesophase transition was
observed at 33.7 & 0.3°C for the cis state, which is already
present in the Pn3m phase at room temperature, but similar to
the trans state displays a transition to lamellar at 41.3 = 0.3°C.
At temperatures above 34°C, no photoswitching was
observed, as here both the trans and the cis forms are present
in the same mesophase.

These findings indicate a useful temperature and concen-
tration range for photoswitching applications. The first steps to
create model systems for the study of membrane protein
response to mesophase changes due to external stimuli
without altering the environment are shown. Further, such
systems may have potential as a basis for drug delivery
applications.

5. Data availability

Raw data, fit parameters and analysis scripts are available
under: https://doi.org/10.57892/100-49 International Generic
Sample Numbers (IGSNs): DPPC:1 100:0 (https://doi.org/10.
60578/gucn-en2h); DPPC:1 97.5:2.5 (https://doi.org/10.60578/
kw2n-ouv5); DPPC:1 95:5 (https:/doi.org/10.60578/dg11-5gebr);
DPPC:1 90:10 (https://doi.org/10.60578/reqz-rk9v); DPPC:1
80:20  (https://doi.org/10.60578/12j8-grzb); DPPC:1  70:30
(https://doi.org/10.60578/17hw-ia02); DPPC:1 50:50 (https://doi.
org/10.60578/p1fg-n3tw); DPPC:1 37:63 (https://doi.org/10.
60578/g7n3-wkj3); DPPC:1 30:70 (https://doi.org/10.60578/
q7j3-sid5); DPPC:1 0:100 (https://doi.org/10.60578/xke5-nz1u).

6. Related literature

The following references are cited in the supporting infor-
mation: Ishiwatari et al. (2024); Khalil & Zarari (2014);
SzymaNski ef al. (2013); Tanford, C. (1972).
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S1. Cis stability tests

During the DSC and SAXS measurements possible thermal back isomerisation was minimised by
keeping the time between the measurement and illumination as short as possible. For the SAXS
measurements, we made a prior test on the cis stability of the mixture with 20% of 1 at 37°C. For
that, we illuminate the sample for three illumination cycles (UV-blue-UV-blue) and kept the sample
in the temperature controlled Linkam stage at 37°C. The LED Box was positioned in front of the
sample holder window (5 mm diameter) for the X-ray beam for about 5 minutes. After removing the
LED Box and searching the hutch (below 1 minute), the SAXS pattern was measured immediately.
This procedure was repeated at 45°C for one illumination cycle. No difference in the SAXS signals
were observed after the illumination. For the 10% of 1 SAXS data, the sample was illuminated for 5
minutes before starting the temperature run 2 minutes later. The three-step temperature run from 37°C
to 55°C took about 90 minutes. In the case of DSC measurements, the time between illumination and

the start of the measurement was about 90 minutes and the measuring time was about 105 minutes.

S2. Multiple illumination cycles and raw detector images
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T
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Figure S1 a) SAXS data obtained from the DPPC and 5 % 1 mixtures for its trans and cis isomers
after iterative illumination of 365 nm and 455 nm, respectively, to switch three times between cis-1
and trans-1. b) Detector images from 95:5 DPPC:1 cis-state (top left) and trans-state (bottom left),
100% trans-1 (top right) and 100% DPPC (bottom right).
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S3. Fitting different mesophases

All SAXS data was fitted using a two-step approach to determine the mesophase structure. In the first
step the fit model consisted of multiple Gaussian-functions with variable amplitude a; , _, , width

01 2,..n and d-spacing d.

_(q—p%)z _(q—zog)2
f(@ =are 29 +--4aye 20

The positions p; , , of the Gaussian peaks were calculated using the d-spacing parameter d for the

lamellar, hexagonal p6m and the bicontinuous cubic phases Pn3m, Im3m, la3d, Fm3m, Pm3n and

Fd3m as for example for the lamellar phase: p,, = %nn, or for the hexagonal p6m phase: p; = %’T\/T,

Py = %n\/?, p3 = %”\/Z, ... The space groups are taken from (Hyde, 2001).

A visual check was introduced to choose the best match. In most cases only one phase was in good
agreement with the measured data. This phase was then selected for the second step, small deviations
01 2,..n of the peak positions for each peak in the scattering data was allowed.
_(q—(mtr?l))z _(@=(pn+8n))*
f@=ae 21 +-tage 2
For all positions p,, + &, the d-spacing parameters were recalculated and averaged. The error for the
d-spacing value was then calculated from the deviations. The fit results are accessible with the raw

data (see Data Availability).

For some ratios of 1, such as for 50% and 63 %, either the Pn3m or Im3m phase give a good fit to the
data as shown in Fig. S2. For lower ratios such as 30 % of 1, the Pn3m fit shows better accordance

than the Im3m structure (see Fig. S2).
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Figure S2 SAXS data obtained from the mixed DPPC with 30 % (left), 50 % (middle) and 63 %
(right), respectively, cis-1 shown twice with the fits for the Pn3m structure (top) and Im3m structure

(bottom).

S4. Calculation of critical packing parameter

For the estimation of the maximum alkyl chain length I} 4i, and volume v p,4;, the following

equations were used: (Tanford, 1972)
lchain < lmax = 1541.265*n [A]
Vchain = 54.3 + 27.05 x 2n [A3]

where n represents the number of carbon atoms in one acyl chain. For both, DPPC and 1, the acyl
chain consists of 16 carbon atoms, resulting in Igpain = 21.74 A and vepain = 919.9 A3, As the acyl
chains are not fully stretched in reality, values from a molecular dynamic simulation by (Kobierski et
al., 2022) at 20°C are used to get a more accurate estimation: lgyain = 19.22 A and vepain =

722.57 A3. They calculated the hydrophobic head area to 62.71 A? and a resulting critical packing
parameter CPP value of 0.6 for pure DPPC.
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Calculating the area of hydrophilic head group is not trivial and different experimental and theoretical
approaches report different values. New molecular models are used also in combination with machine
learning to get a better understanding and more accurate values. (Kobierski et al., 2022; Ishiwatari et
al., 2024; Khalil & Zarari, 2014) In this work, molecular modulations of our specific molecule 1 were
not possible and therefore only an approximation of the hydrophilic head group area aye,q is
presented. To estimate aye,q for the 1 isomer, the observed difference in area per molecule for the
LE-LC phase transitions determined in Langmuir monolayer studies of mixed 90:10 DPPC:1 at 21°C
were taken. A difference of (14.7 = 0.2) A% and (22.8 = 0.2) A2 between the LE-LC phase transition of
DPPC and 1 trans and cis, respectively, were observed. Adding these values to the theoretical head

group area of 62.71 A2 for DPPC the following values could be derived:
Ohead,1,trans — (77-4 + 0-2) A2
Ahead,1,cis = (85.5+0.2) Az,

Under the assumption, that the hydrophobic tail packing is independent of the polar head group, the
chain length and volume modelled for DPPC can be assumed for 1 as well. This results in CPP values
0f 0.486 + 0.002 and 0.440 + 0.002 for the trans-1 and cis-1 isomer, respectively. The decrease of the
CPP value upon cis isomerisation agrees with other studies on photoisomerisation molecules

(Szymanski et al., 2013; Wang et al., 2011).
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6.6 [MSH 1] Kinetics of light-induced
mesophase transitions in azobenzene
amphiphiles containing lyotropic liquid
crystals

Continuing the study of light-induced bidirectional mesophase transitions in lyo-
tropic liquid crystals, SAXS measurements of aggregates consisting of DPPC or
DLPC phospholipids and one of the photoswitchable mimetics were performed to
identify combinations of lipids that show light-induced structural changes. A light-
induced mesophase transition is found in combinations of DPPC phospholipids
and the photoswitchable mimetic AZOL-C12. For the combinations of DPPC with
either AZGL-C12, AZGL-C16, AZLL-C12 or AZLL-C16 and of DLLPC with either
AZOL-C12 or AZOL-C16 no mesophase phase transition was observed. For some
of the aggregates, a light-induced shift of the repeating distance was found. In
addition to the static measurements, time-resolved in situ SAXS measurements
revealed a time scale of multiple tens of seconds for the switching kinetics in crystals
containing DPPC and either AZOL-C12 or AZGL-S-C16. As the following article is
the first publication on the azobenzene amphiphile AZGI-S-C16, its synthesis route
is presented in the Supporting Information. This lipid was synthesised by Michael
Rohrl, Kiel University, and he wrote the description of the synthesis route.

In this article, the azobenzene mimetics are referred to as 1 to 7. This nomenclature
corresponds to the following assignment: 1 - AZGL-5-C16, 2 - AZOL-C12, 3 -
AZOL-C16, 4 - AZGL-C12, 5 - AZGL-C16, 6 - AZLL-C12 and 7 - AZLL-C16
(compare Fig. 3.1 with Fig. 1 in the paper).

The data on the lipid mixtures were partially collected at beamtime BL2, DELTA
(see Sec. 4.5.4) and the EMBL beamline P12 (see Sec. 4.5.5). The short exposure time
at P12 allowed to perform time-resolved SAXS measurements to study the kinetics
of the observed light-induced structural changes in mixtures with the azobenzene
mimetics AZGL-S5-C16 (1 in the paper) and AZOL-C12 (2 in the paper).

The manuscript [MSH 1] had been submitted and was under review at the time
of submission of this work. The below reprinted article is now available under
https://doi.org/10.1107/S1600576725004923 and is reproduced with permis-
sion of the International Union of Crystallography.
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amphiphiles. Lipid membranes organize in a wide range of morphologies,
directly influencing their functionality and the efficiency of associated compo-

luti ttering; structural biology. . ” .
solution scatfering; structural biology nents such as proteins. Transitions between mesophases occur naturally during

membrane fusion and can also be triggered by multiple factors, such as pH,
salinity, temperature and light. Employing light to isomerize artificial photo-
switchable lipids in mixed model membranes containing 1,2-dipalmitoylphos-
phatidylcholine or 1,2-didecanoylphosphatidylcholine revealed light-induced
structural changes including mesophase transitions from a lamellar to a cubic
Pn3m phase. Performing time-resolved small-angle X-ray scattering measure-
ments, the kinetics of the change in membrane repeat distance and the transition
from a lamellar to a bicontinuous cubic phase could be captured on the time-
scale of tens of seconds. The results demonstrate new possibilities for investi-
gating intermediate states during mesophase transitions that are important to
understand membrane fusion, and they highlight the potential of photoswitch-
able lipids for designing bespoke drug delivery systems.
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1. Introduction

Controlling the geometric shape of lyotropic lipid crystals
allows one to define their structure, activity and functionality
as a whole and as individual parts inside their membrane, and
subsequently to influence components embedded in or inter-
acting with the membrane structure. Natural lipid membranes
are built up from a multitude of components such as phospho-
and glycolipids, cholesterol, and proteins. Each cell membrane
is composed of a specific combination of lipids defining its
elasticity, viscosity and lipid mesophase optimized for its
5";%:0 "i%:o functional purpose in the body (Op den Kamp, 1979; Devaux,
° oii % 1991; Kelley et al., 2020; Lorent et al., 2020). Phospholipids, as

the main component of bilayer membranes, define the
0 365 nm
trans : > g cis
Y 4s5nm F
R

membrane mesophase of natural membranes. Upon contact
OPEN (& ACCESS

with water, amphiphile lipids self-assemble and form aggre-
gates with multiple geometric shapes and structures
depending on various properties such as lipid curvature,
pressure, pH, salinity or volume concentration. These self-
assembled geometric shapes range from micelles, hexagonal
Published under a CC BY 4.0 licence structures and lamellar bilayers to twisted bilayers forming

1322  htps://doi.org/10.1107/51600576725004923 J. Appl. Cryst. (2025). 58, 1322-1331
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cubic mesophases (Yeagle, 2004). Bicontinuous cubic structures,
with their ability to create separated water channels, are of
special interest for creating ion channels (Ichikawa et al.,
2007), designing pharmaceutical drug delivery systems (Shah
et al., 2001; Hirlekar et al., 2010; Martiel et al., 2013) and
embedding proteins to reduce their activity (Cournia et al.,
2015), to protect them from physical and chemical degradation
(Rizwan et al., 2010) or to act as an environment for protein
crystallization (Cherezov et al., 2002), and they are found in
organelles (Walde & Ichikawa, 2021) and in cells during endo-
and exocytosis (Luzzati, 1997). Each cubic structure displays
distinct diffusion coefficients and modes (Zabara & Mezzenga,
2014). Therefore, controlling the lipid mesophase and its
geometric shape opens new possibilities to design functional
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Figure 1

(a) Schematic diagram of the static (Hovelmann et al., 2024) and kinetic
transmission SAXS measurement setup. For the kinetic measurements,
the structures were probed at various times after starting to illuminate the
sample continuously as indicated. (b) Chemical structures of DPPC,
DLPC, and both the trans- and cis-isomers of azobenzene amphiphiles 1
to 7. The length of the double acyl chains of the azobenzene amphiphiles
corresponds to either 12 (n = 9) or 16 (n = 13) carbon atoms.

materials for pharmaceutical, food and cosmetic applications
and bio-hybrid actuators and sensors (Carlsen & Sitti, 2014).

To understand the complexity of the interactions between
membrane components, model membranes are employed to
investigate interactions between single components. Multiple
factors have been identified that can be utilized to induce a
mesophase transition from a lamellar to a cubic phase and
between cubic phases. Pressure (Winter ef al., 1998; Winter,
2002), pH (Ribeiro et al., 2019) and salinity (Muir et al., 2012;
Kalvodova et al., 2005) have been successfully employed so
far. However, changing the physical or chemical properties
requires specially designed sample cells, and often no rever-
sibility between the mesophases could be reached. Therefore,
we introduced in our recent study (Hovelmann et al., 2024) a
model system of the phospholipid 1,2-dipalmitoylphospha-
tidylcholine (DPPC) and a photoswitchable mimetic using
light as the controlling element to induce a reversible and
repeatable mesophase transition between the multilamellar
and bicontinuous cubic Pn3m structures.

We present an array of model systems comprising one of
seven distinct photoswitchable lipid mimetics (Reise er al.,
2018) in combination with the phospholipids DPPC or 1,2-
didecanoylphosphatidylcholine (DLPC) to identify the struc-
tures of aggregates formed by mixing azobenzene amphiphiles
and phospholipids in ratios varying from 0 to 100% for both
components in water. In particular, the mesophase and
possible light-induced mesophase transitions are of increasing
interest (Fig. 1). The aggregate structures were characterized
using small-angle X-ray scattering (SAXS), and time-resolved
SAXS measurements were performed to investigate the
evolution of the structural changes and mesophase transitions.

This research will help to design model systems for studying
the influence of mesophase transitions on lipid-lipid/lipid—
protein interactions and protein functionality in a light-
controlled, reversible and repeatable way.

2. Experimental details
2.1. Azobenzene mimetics

Seven azobenzene amphiphiles, referred to as 1 to 7 here-
after as shown in Fig. 1(b), were investigated. Lipids 2 to 7
were synthesized in accordance with our previously published
synthesis route (Reise et al., 2018) and differ in the number
and type of carbohydrate moieties attached (none, glucose,
lactose) to the head group and in the length of the acyl chain.
This being the first publication on the azobenzene amphiphile
with a glucose-based head group 1, the synthesis route for 1 is
presented in the supporting information Section S1, together
with the UV-Vis absorption spectra in Fig. S10. In contrast to
2 to 7, the glucosyl head group of 1 is linked via a sulfur atom
directly to the azobenzene photoswitch.

2.2. Sample preparation

DPPC and DLPC were bought from Avanti Polar lipids
(Alabaster, Alabama, USA). The phospholipid and azo-
benzene amphiphile mixtures were dissolved in 1ml of
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chloroform (Sigma Aldrich) with cumulative lipid concentra-
tions amounting to 5 or 10 mM and were prepared with
incrementally varying ratios of the azobenzene amphiphiles.
The mixtures were then subjected to a drying process, whereby
they were reduced to thin films, using a Rotavapor R-300 from
Biichi Labortechnik GmbH (Essen, Germany). The drying
was conducted at a bath temperature of 45°C and a pressure of
16 mbar for a duration of at least 1 h. Subsequent to the drying
process, the dried films were stored within a refrigeration unit
maintained at a temperature below 10°C. On the day of the
measurements, all samples were prepared by adding warm
Milli-Q water to the film and then rotating and shaking the
suspension in a water bath at a temperature above 45°C until a
homogenous solution was formed. Larger lipid lumps were
broken up using a vortex mixer and ultrasonic water bath. The
pH was adjusted to 7.4 with Roti PreMix PBS salt (Carl Roth)
(0.14 M NaCl, 27mM KCl, 10 mM phosphate) for the
measurement on beamline P12 at EMBL, DESY, and one of
the two beamtimes on BL2 at DELTA. The hydrated samples
were stored in the refrigerator at the beamline. Prior to the
measurements, the hydrated solutions were allowed to reach
room temperature by leaving them outside of the refrigerator
for 1 h. The SAXS measurements were performed within 24 h
of sample hydration. In this time frame the SAXS patterns
from tested samples were identical, confirming structural
stability. Samples prepared in this way are referenced as ratio
lipid:number of photoswitchable mimetic, for example: 95:5
DPPC:1, 80:20 DPLC:3.

2.3. Isomerization

Custom-made illumination devices with rows of 365 nm
LEDs [Nichia, NCSU033B(T)] and 455 nm LEDs (Osram, LD
CQ7P) were employed to isomerize the azobenzene amphi-
philes from trans to cis and back. A remote connection to the
illumination device was set up and the samples were illumi-
nated for at least 5 min to switch between the trans and cis
states. On beamline BL2 at DELTA, the illumination device
was mounted above the capillary sample holder at a distance
of about 10 cm with fluxes for 365 and 455 nm of 2.0 mW cm >
in the first beamtime and 1.6 mW cm ™2 in the second beam-
time. On beamline P12 at EMBL, the illumination device was
placed on top of the quartz window of the standard flow cell
setup available on the beamline. A direct power measurement
at the flow cell position could not be performed due to the
chamber design. However, the estimated distance of 7 cm
between the illumination device and the capillary would
correspond to a flux of 7mW cm ™% To distinguish between
the trans and cis isomers, we use the naming convention
trans-1 and cis-1.

2.4. Small-angle X-ray scattering

In situ SAXS measurements were performed on BL2 at
DELTA (Dargasz et al., 2022) and on P12 at EMBL (Blanchet
et al., 2015) at concentrations of 10 and 5 mM, respectively.
The corresponding mass per volume concentrations are listed
in Table S1. On BL2 a simple capillary sample holder with

2 mm diameter quartz capillaries was used under an ambient
atmosphere and at a room temperature of about 25°C. A
photon energy of 12 keV, a beam size of about 0.6 x 0.6 mm
and a MAR345 2D image-plate detector (marXperts,
Norderstedt, Germany) were employed. Standard silver
behenate powder was used to calibrate the detector distance
and orientation. Using the FIT2D software (Hammersley et
al., 1995; Hammersley et al, 1996; Hammersley, 1997,
Hammersley, 2016), the 2D detector images were processed by
applying a pixel mask and detector orientation correction. The
data were then transformed from real to reciprocal space and
an angle integration was performed to provide reduced 1D
scattering patterns in g space [g = (47/)) sin 0, where 6 is half
the scattering angle and A is the wavelength of the incident
radiation]. The typical exposure time was 180 s for the data
collection followed by a detector read-out time of an addi-
tional 120 s.

On the P12 EMBL BioSAXS beamline at DESY, the
automated auto-sampler setup was used in combination with a
PILATUS 6M detector from Dectris (Baden-Daettwil, Swit-
zerland). Measurements were performed at 10 keV with a
beam size of 0.2 x 0.12 mm. On this beamline, a flow mode for
the sample is available which allows fresh sample from the
stock solution to be flushed through the measurement capil-
lary at a continuous flow rate to exchange the sample volume
and reduce beam-induced damage in the sample. However, for
the time-resolved measurements, the sample had to be illu-
minated in situ while being in the capillary for multiple tens of
seconds. Due to the limited area of illumination, a constant
sample volume was used to ensure measurement on the illu-
minated part. After the illumination and measurement, the
sample was exchanged. After the start of the measurement,
the routine was stopped during the loading process to allow
manual loading of the capillary and illumination of the sample
before data collection with an exposure time of 0.1s at a
transmission of 80%. Following beam damage assessment to
avoid sample degradation, four frames, each with an exposure
time of 0.1 s, were chosen for optimal data quality. The 2D
detector images were processed automatically on the beam-
line and reduced 1D scattering patterns in g space were saved.

2.5. Time-resolved small-angle X-ray scattering

Time-resolved measurements were performed on the P12
EMBL BioSAXS beamline. The samples were filled into the
automatic sample changer in the thermally stable trans state.
After the sample had been loaded into the quartz capillary,
there was a waiting/illumination time using the remote-
controlled LEDs at either 365 or 455 nm, varying from 2 to
180 s. For the cis to trans isomerization, the sample was illu-
minated first at 365 nm for 60 s and then at 455 nm. During the
illumination the samples were protected from X-ray damage
using the fast shutter. Subsequently, the fast shutter was
opened and X-ray measurements were carried out while
continuing the illumination. After each scan, the capillary
was rinsed automatically before being refilled for the next
time delay. At each time delay, data were collected with an
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exposure time of 0.4s to exclude X-ray-induced beam
damage. Thus, the time resolution was set to 400 ms.

2.6. Analysis software

The data collected on BL2 at DELTA were analysed using a
purpose-written Python script for background correction of
the reduced 1D SAXS pattern and resaving the corrected
pattern in the NeXus file format with associated metadata
(Wilkinson et al., 2016). Following the metadata standards
proposed by DAPHNE4NFDI (Barty et al., 2023; Lohstroh et
al., 2024), the newly generated NeXus file contains the back-
ground-corrected pattern, the uncorrected signal, information
on the background reduction, and detector-, beamline- and
sample-specific metadata. For the background reduction,
reference measurements on pure water and buffer solutions
were collected. The P12 data were taken as extracted by the
automatic analysis pipeline of the beamline, including a
background subtraction from the solvent reference measure-
ment. Structure analysis of the BL2 and P12 data was done
with custom Python scripts to determine the mesophase and d
spacing. All SAXS data were fitted using a two-step approach,
described in detail in Section S2 and by Hovelmann et al
(2024). The data and script are accessible from Hovelmann &
Murphy (2025) and further information on their accessibility is
given in the section Data availability.

3. Results and discussion
3.1. Tuning the mesophases

Investigating various combinations of DPPC or DLPC with
the azobenzene amphiphiles 1 to 7 [Fig. 1(b)] at 21 and 25°C
with in situ SAXS measurements performed in the ¢ range of
0.5-4.5 nm ™" (Fig. 2), multiple mesophases could be identified
following the fitting routine described in detail in Section S2.
Generally, it can be summarized that, for mixtures containing
more than 20% of azobenzene amphiphiles 2 to 7, a bicon-
tinuous cubic mesophase was found. For low lipid percentages,
especially 2.5 and 5% of the azobenzene amphiphiles 1 to 5, a
lamellar mesophase was observed, which corresponds to only
a small deviation from the lamellar phase of pure DPPC and
DLPC. For DPPC and DLPC, lamellar d spacings of 6.34 £
0.03 nm and 5.89 £ 0.01 nm, respectively, were determined,
which are in good agreement with previous studies (Soloviov
et al., 2012; Kornmueller et al., 2018; Shafieenezhad et al.,
2023). All d-spacing values are listed in Table S1.

In mixtures of DPPC:1 and DPPC:2 a light-induced change
in the multilayer repeat distance (i.e. d spacing) and switching
between mesophases, respectively, were found. Upon
switching from the trans state to the cis state the mesophase
transition from a multilamellar phase to a bicontinuous cubic
phase Pn3m was observed for DPPC:2 (the mimetic without
glycan). The kinetics of this transition are discussed below and
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8 A A
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SAXS data for pure DPPC (black) and mixtures of DPPC and the azobenzene amphiphiles 1,2 and 4 to 7 [Fig. 1(b)] in trans (blue) and cis (red) states for
all mixtures in their annotated ratios. All scattering patterns shown here are background subtracted using reference measurements of the pure solution.
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Table 1
Mesophases and d spacings derived from the SAXS data for pure DPPC
vesicles and mixed azobenzene amphiphile structures.

T (°C) DPPC:1 Mesophase d (nm)
25 100:0 Lamellar 6.35 £ 0.01
trans cis
T (°C) DPPC1 Mesophase d (nm) Mesophase  d (nm)
21 97.5:2.5 Lamellar 6.44 £0.01 Lamellar 6.40 £ 0.02
21 95:5 Lamellar 6.51 £0.01 Lamellar 6.47 £ 0.02
21 90:10 Lamellar 6.71 £ 0.04 Lamellar 6.75 £+ 0.04
trans cis
T (°C) DPPC2 Mesophase d (nm) Mesophase  d (nm)
25 95:5 Lamellar 6.7 +£0.09 Pn3m 104 £ 0.2
25 90:10 Lamellar 6.8 £ 0.08  Pn3m 1124+ 04
21 80:20 Im3m 12.7 £ 0.3 Im3m 12.6 £ 0.4
Pn3m 11.6 £ 0.3 Pn3m 11.7 £ 02
Lamellar 6.9 + 0.09
trans cis
T (°C) DPPC:3 Mesophase d (nm) Mesophase  d (nm)
25 97.52.5 Lamellar 6.42 £ 0.03f  Pn3m 11.1 £ 0.67
25 95:5 Lamellar 6.45 &+ 0.03F Pn3m 11.1 £ 0.4%
25 90:10 Lamellar 6.55 £ 0.03F  Pn3m 11.2 £ 1.0
Pn3m 11.0 &£ 0.7¢
25 80:20 Lamellar 6.53 £ 0.05f  Pn3m 104 £ 1.0
Pn3m 114 £ 0.71

T Reference values for DPPC:3 from Hovelmann er al. (2024).

shown in Fig. 5. The mesophase transition shows great rever-
sibility upon switching back to the trans state and high
reproducibility through multiple switching cycles. This finding
is similar to the mesophase transition observed from a lamellar
to a Pn3m phase for DPPC:3 mixtures reported in our
previous study (Hovelmann ef al., 2024). The azobenzene
amphiphiles 2 and 3 only differ in the length of the acyl chain
[Fig. 1(b)]. For both DPPC:2 and DPPC:3, the lamellar phase
is dominant up to a content of 10% of trans-2 and trans-3. On
increasing the ratio of the photoswitchable lipid to 20%, cubic
phases evolve in addition to the lamellar phase. For compar-
ison, the d spacings and mesophases for up to 20% of 2 and 3
are listed in Table 1. While for DPPC:3 only the additional
bicontinuous cubic phase Pn3m was determined for 20% of
trans-3, a coexistence of two bicontinuous cubic phases, Pn3m
and Im3m, in addition to the lamellar phase was identified for
DPPC:2 for 20% of trans-2. Switching from the trans to the cis
state results in the disappearance of the lamellar phase peaks
and an increase in intensity of the peaks belonging to the
Pn3m structure, while the intensity and position of the Im3m
peaks remain constant. This suggests that the mesophase
transition only takes place between the lamellar and Pn3m
structured parts, while the sections structured in Im3m are
unaffected by the conformational change of 2. Identification of
the phases has been performed by checking combinations of
different phases to match the peaks visible in the SAXS data
(Fig. S11). At percentages higher than 36% of 2, no difference
between the trans and cis states was observed and the meso-
phase was identified to be a coexistence of Pn3m and Im3m

14 F DPPC:2 |
i Im3m v ? V cis

I v v L4 V  trans
12F V\ .
= | VY |7 _
E10F | Pn3m 8
< | 1 ]
ST ‘ { \ ]
[ vV V' lamellar Vv |
6 i 1 1 1 1 1 1 ]
0 20 40 60 80 100

proportion of 2 (% mol/mol)
Figure 3

Fitted values of the d spacing for frans (blue) and cis (red) DPPC:2 data.
Note the increase in d spacing by 50% to 60% and the mesophase
transition by switching from the trans to the cis state (and vice versa) for
95:5, 90:10 and 80:20 DPPC:2 (highlighted by the black arrows). The grey
lines are inserted as points of reference to differentiate between the
different mesophases. The d-spacing error is estimated from the devia-
tions of the peak positions as described in Section S2.

phases. At 70% of 2, while both the Pn3m and Im3m phases
give a reasonable fit (Fig. S12), the fitted values for the Im3m
phase are more reasonable as the d spacing is close to that for
the Im3m structure observed at 50% and below (Table S1).
Therefore, in Fig. 3 only the fitted value for the /m3m structure
is included. Increasing the percentage of trans-2 to 100%
reveals the formation of multilamellar vesicles with a spacing
of 6.74 & 0.05 nm. The d-spacing values are shown graphically
in Fig. 3 to visualize the switching-induced mesophase tran-
sition and change in d spacing.

Whereas DPPC:2 and DPPC:3 both show light-induced
mesophase transitions, combinations of DPPC with the sugar-
containing azobenzene amphiphiles 1, 5§ and 7 display an
increase or decrease in the d spacing upon switching. In
contrast, for combinations of DPPC with the shorter chain
sugar-containing mimetics 4 and 6 no light-induced structural
change could be observed. Both 90:10 DPPC:5 and 95:5
DPPC:7 mixtures show a shift of the first- and second-order
peaks to smaller ¢ upon switching to the cis state, corre-
sponding to an increase in the d spacing and an expansion of
the structure from 6.42 4+ 0.08 nm to 6.57 & 0.08 nm for the
90:10 DPPC:5 sample. For 100% of 5, two lamellar lipid phases
with d spacings of 8.63 & 0.01 nm and 5.89 £ 0.02 nm are
found. Unfortunately, the exact geometric structure for 80:20
DPPC:S could not be determined, as the lack of clear peaks
leads to reasonable fits for multiple cubic structures and any
combination thereof. The same issue occurs for the data of
DPPC:6 and DPPC:7. Nevertheless, all identified structures
and d spacings are listed in Table S1. In contrast to the
increase in d spacing for 90:10 DPPC:S and 95:5 DPPC:7, the
data for both 97.5:2.5 and 95:5 DPPC:1 show a decrease in the
lattice parameter by 0.04 nm upon switching to the cis state.
Having both a glucose-based head group and the same acyl
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chain length, 1 and § differ in the linker between the azo-
benzene and glucose groups [Fig. 1(b)]. Above 10% no
difference between the trans-1 and cis-1 states is observed. At
higher percentages than 20% of 1, another structure adds to
the lamellar phase structure, and from 50% upwards only a
first-order peak with a repeat distance of 6.67 = 0.01 nm and
no higher-order peaks are detected.

Opverall, the data illustrate the strong dependency of the
mesophase on the structure of the azobenzene amphiphile and
show that mixtures with shorter azobenzene amphiphiles form
more defined mesophases. Especially for the longest, lactose-
containing, azobenzene amphiphiles 6 and 7, the solubility
during sample preparation decreases greatly at higher
percentages and the scattering signal is less defined, with the
absence of clear peaks complicating the mesophase determi-
nation. Further, we found that a small but visible change in
structure upon switching was observed for 5 and 7, although
the comparable molecules 4 and 6, with a shorter acyl chain
but identical head group, showed no structural difference.
Also, the percentage up to which a switching could be
observed decreases with the length of the photoswitchable
molecule. While photoswitching was detected for percentages
of up to 20% of 2 and 3 (both with no sugar), for 5 (glucose)
and 7 (lactose) a difference between the trans and cis states
was only found up to 10% and 5%, respectively.
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To identify the effect of the phospholipid present in the
liquid crystal on the light-induced mesophase transition, we
investigated mixtures of DLPC with 2 and 3. Compared with
DPPC, DLPC possesses shorter acyl chains [Fig. 1(b)], and it is
in the liquid crystalline phase at room temperature as its phase
transition temperature of —2°C (Mabrey & Sturtevant, 1976)
is much lower than that for DPPC (41°C; Biltonen & Lich-
tenberg, 1993).

Similar to the mixtures with DPPC, the DLPC mixtures
show a lamellar mesophase for low percentages of 2 and 3 as
shown in Fig. 4(a). The lamellar d spacings for 95:5 DLPC:2
and 95:5 DLPC:3 are 6.00 £ 0.01 nm and 5.93 & 0.01 nm,
respectively, smaller than their DPPC-containing counter-
parts. Yet the absolute increase in the d spacing upon adding
5% of 2 and 3 is comparable for DLPC and DPPC. At 10%,
coexisting cubic phases Pn3m and Im3m emerge and above
20% only cubic phases are present. Despite the similarities,
only a very small increase in the lateral structural parameter
within the error bars is observed for 5% of 2, while for all
higher percentages of 2 and all percentages measured of 3 no
structure difference upon switching is found. Most likely, the
lack of a structural change upon illumination stems from the
difference in phase of the phospholipids. Being in the liquid
crystalline phase, the DLPC molecules are more flexible and
their fluidity is higher than the DPPC molecules, suggesting
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(a) SAXS data for pure DLPC (black) and mixtures of DLPC and the azobenzene amphiphiles 2 and 3 in trans (blue) and cis (red) states. (b) Mesophases
for mixtures of DPPC, DLPC and the azobenzene amphiphiles 1 to 7 [Fig. 1(b)]. Mesophases for DPPC:3 are taken from Hovelmann et al. (2024).
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that photoswitching does not result in an observable change of
the mesophase. In previously conducted measurements at
temperatures above the phase transition of DPPC, no struc-
tural change was observed for DPPC:3 mixtures either
(Hovelmann et al., 2024), strongly endorsing the dependence
of the observed mesophase change on the lipid phase. The
diversity of mesophases found for all the mixtures of liquid
crystals reported here is summarized graphically in Fig. 4(b).

3.2. Kinetics of switching

Time-resolved measurements were performed on 97.5:2.5
and 95:5 DPPC:1 and 80:20 DPPC:2 samples on the EMBL
beamline P12. Utilizing the automatic sample changer on the
beamline, the sample was pre-illuminated at 365 and 455 nm
to bring the sample to the trans or cis state, respectively. To
achieve a time delay between illumination and X-ray irra-
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Figure 5

diation, the sample was loaded manually into the sample
capillary, as described in the experimental details of the time-
resolved SAXS measurements, Section 2.5. For each sample,
two runs with multiple measurements were performed to
capture the light-induced structure change in situ for both
transitions from trans to cis and vice versa. A selection of scans
for 95:5 DPPC:1 and 80:20 DPPC:2 are shown in Figs. 5(al)
and Fig. 5(b1), respectively. All scans were fitted with the same
parameters as for the structures found from the static
measurements. For DPPC:1, a decrease and increase in the d
spacing can be observed upon switching from trans to cis and
vice versa. While the lamellar mesophase stays constant, the d
spacing increases and decreases by about 0.03 nm for 2.5:97.5
and 5:95 DPPC:1. The thickness starts to change within the
first 5 s of illumination at 455 and 365 nm, and reaches the final
thickness for the trans and cis states after 50 s for 2.5% of 1.
Similarly, for 5% of 1 the cis state is reached after 40 s, while
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Time-resolved SAXS data for azobenzene amphiphile mixtures of (al) 95:5 DPPC:1 and (b1) 80:20 DPPC:2 from the frans state (blue) to the cis state
(red) after illuminating the sample for the given number of seconds. In addition to the measured scattering data, the Gaussian curves belonging to the
fitted lamellar (blue), Pn3m (red/grey solid lines) and /m3m (grey dotted lines) phases for the trans state at 0 s are shown underneath the data in panel
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the lamellar phase 100 and 200 peaks and Pn3m 110 peak [marked by arrows in panel (b1)] of 80:20 DPPC:2 for the trans to cis (t-c) and cis to trans (c-t)

isomerization.
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switching back to the trans state takes about 90 s. The fitted d
spacings are shown in Fig. 5(a2).

In contrast to the instantaneous induced thickness increase
and decrease observed for both DPPC:1 samples, the light-
induced mesophase transition found in 80:20 DPPC:2 does not
occur immediately. The first observable change in structure
takes place after 30 s of illuminating the sample. For the trans
state, peaks belonging to three mesophases were identified,
namely the lamellar, cubic Pn3m and Im3m phases as listed in
Table 1. The fits revealed that the d spacings for all three
phases stayed constant during isomerization within the error
bars (Table S2). Comparing the peaks of the trans and cis
states, the peaks belonging to the Im3m structure do not
change in either position or relative intensity. This suggests
that the Im3m structure is unaffected by the structural re-
arrangement and the switching only happens between the
lamellar and cubic Pn3m structures. Therefore, each scan was
normalized to the /m3m 211 peak intensity. In the trans state
the first- (100) and second-order (200) peaks belonging to the
lamellar phase are prominent but they disappear when
switching to the cis state. Meanwhile, the 110 peak of the
Pn3m structure evolves strongly upon switching to the cis state
[Fig. 5(b1)]. To follow the temporal development of the phase
transition, the intensities of the 100, 200 and 110 peaks are
visualized in Fig. 5(b2). Isomerizing from the trans to the cis
state, the first changes in intensity of the 100 and 200 peaks are
observed after 30 s of illumination at 365 nm. Meanwhile, the
intensity of the 110 peak stays constant and starts to increase
at 50 s. Though the start of the appearance of the 110 peak is
delayed compared with the disappearance of the 100 and 200
peaks, all peaks reach their final intensity after 120 s. This
suggests that a certain number of molecules have to be
isomerized before a phase transition is induced. Switching
back from the cis to the frans state, the change in peak
intensity is observed after 30 s of illumination at 455 nm for all
three peaks simultaneously. This suggests the mesophase
transition from Prn3m to a lamellar phase upon isomerization
back to the trans state is faster and may have a different
mechanism. Nevertheless, the mesophase transition takes
120 s to reach equilibrium.

4. Conclusion

In this work, we confirmed with small-angle X-ray scattering
that visible and UV light is able to induce reversible and
repeatable structural changes in lyotropic liquid crystals. The
crystals consist of mixtures of DPPC, DLPC and photo-
switchable azobenzene amphiphiles, named 1 to 7, in aqueous
solutions. Generally, photoswitching of the mesophase was
observed for percentages up to 20% of azobenzene molecules
2 without a carbohydrate group, 1 and 5 both with glucose, and
7 with lactose attached to the headgroup in combination with
DPPC at room temperature. Similarly to our previous inves-
tigation on the combination of DPPC and mimetic 3 without a
carbohydrate head group (Hovelmann et al, 2024), a light-
induced mesophase transition from a lamellar structure in the
trans state to a cubic Pn3m structure in the cis state was

observed for DPPC:2 mixtures for a percentage of up to 20%
of 2. For sugar-containing mimetics 1, 5 and 7, small changes in
the lamellar d spacing were detected up to lipid percentages of
5%, 10% and 5%, respectively. All structural changes and
mesophase transitions could be switched reversibly, repeat-
edly and reproducibly. While structural changes were
observed for multiple combinations with DPPC, lyotropic
liquid crystals consisting of DLPC and photoswitchable
molecules showed no light-induced changes, suggesting that
the overall membrane properties influenced by the phospho-
lipids play a vital role in whether a structural change is
observed upon isomerization of the azobenzene amphiphile.

Performing time-resolved SAXS measurements allowed the
kinetics of the light-induced structural changes to be observed
in situ for DPPC:1 and DPPC:2 mixtures. For the glucose-
containing DPPC:1, the lamellar d spacing starts to change
within seconds of the initial illumination and reaches its final
value within 90 s. Meanwhile, the light-induced mesophase
transition from a lamellar to a Pn3m phase in 80:20 DPPC:2
(no sugar) happened on the minute timescale. The transition
was tracked by comparing the intensities of the 100 and 200
peaks belonging to the lamellar phase and the cubic Pn3m 110
peak. While the intensity of the lamellar peaks starts to
decrease after 30 s of illumination for isomerization into the
cis state, the Pn3m peak only rises after 50 s of illumination.
Meanwhile, during frans isomerization, the Pn3m peak and
lamellar peaks change their intensity simultaneously after 30 s.
After 120 s the isomerization is complete for both the
isomerization from cis to trans and back.

These findings indicate that the combination of DPPC and
azobenzene amphiphiles in lyotropic liquid crystals is optimal
to observe light-induced mesophase transitions at room
temperature. The type of induced structural changes depends
on the specific azobenzene amphiphile. The timescale for
light-induced mesophase transitions has been identified as
being in the multiple tens of seconds. Investigating these phase
transitions and the timescale of their kinetics furthers the
understanding of cellular fusion processes and allows for the
design and evaluation of membrane systems for drug delivery
and protein folding.

5. Related literature

For further literature related to the supporting information,
see Bruneau et al. (2015), Dams et al. (2013) and Leriche et al.
(2010).
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S$1. Synthesis route of 1
S$1.1. General Information

S$1.1.1. Chemicals

The reagents employed in the described syntheses are commercially available unless otherwise noted.
(4-Hydroxyphenyl)(4’-iodophenyl)diazene (8) (Leriche et al., 2010), solketal tosylate (9) (Dams et
al., 2013) and 1-thio-B-D-glucopyranose (10) (Bruneau et al., 2015) were synthesized according to the
literature procedures annotated. Dry solvents were either purchased directly (1,4-dioxane, DMF), or in
the case of chloroform dried over molecular sieves 4 A according to standard procedures. For
extractions and column chromatography, technical grade solvents were used, which were purified by

distillation before use.

$1.1.2. NMR spectroscopy

'H and *C NMR spectra were recorded on a Bruker Avance (600 MHz) NMR spectrometer at 298 K.
The "H NMR shifts were determined using the solvent peaks as reference: CDCl; (‘"H = 7.26 ppm, *C
77.2 ppm) or DMSO-ds ("H = 2.50, *C = 39.5 ppm). Data are presented in the following format:
chemical shift, multiplicity (s = singlet, d = doublet and m = multiplet), coupling constant ./ in Hertz
(Hz) and integration. Structural assignment of signals was performed utilizing 2D-NMR spectroscopy
(COSY, HSQC, HMBC).

$1.1.3. Infrared spectroscopy

The infrared (IR) spectra were measured with a PerkinElmer FT-IR Spectrum Two (UATR)

spectrometer and are reported in cm ™.

$1.1.4. Thin layer chromatography (TLC)

TLC was performed on silica gel plates (GF 254, Merck). Visualization was achieved by either a
vanillin-(3.0 g vanillin and 0.5 mL H»SOs4 in 100 mL EtOH) or KMnOs-based staining solution (1.5 g
KMnOs, 10 g K2CO3 and 1.25 mL 10% NaOH solution (aq.) in 200 mL water) followed by heat
treatment at approximately 200 °C.

$1.1.5. Flash chromatography

The products were purified by flash chromatography on silica gel columns (Merck, 230—400 mesh,
particle size 0.040—0.063 mm) or by automated flash chromatography using a puriFlash450 or
puriFlash5.020 device (Interchim®).
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$1.1.6. MALDI/ESI MS spectrometry

HR-ESI mass spectra were recorded on a ThermoFischer Orbitrap mass spectrometer. Samples were
prepared using a solvent mixture of acetonitrile/ water (4:1) containing ammonium formate as an

additive in a concentration of 1.3 mM.

$1.2. Synthesis
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Figure S1 Synthetic overview for the preparation of the photoswitchable glycolipid mimetic 1.
Starting from (4-hydroxyphenyl)(4’-iodophenyl)diazene (8) the glycerol moiety is introduced in the
form of the tosyl-activated solketal 9, followed by deprotection of the isopropylidene protecting group
to result in the azobenzene glycerol derivate 12. The lipid tail of the mimetic is completed by
esterification with hexadecanoic acid (13) resulting in the diacyl glycerol 14. In the final step, a
modified Buchwald-Hartwig-Migita coupling derived from a method published by (Bruneau et al.,
2015) was performed to introduce the hydrophilic head group 1-thio-B-D-glucopyranose (10) resulting
in target glycolipid mimetic 1. DCC: N,N'-dicyclohexylcarbodiimide; DMAP: N,N-dimethylpyridin-4-
amine; DMF: N,N-dimethylformamide.
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1-O-(4-(4-lodophenyldiazenyl)benzene)-2,3-di-O-isopropylidene-rac-glycerol (11):

13

(4-Hydroxyphenyl)(4’-iodophenyl)diazene (8) (2.00 g, 6.17 mmol, 1.00 equiv) was dissolved in dry
DMF under N>-atmosphere. Solketal tosylate (9) (1.80 g, 6.29 mmol, 1.02 equiv) and potassium
carbonate (2.03 g, 14.7 mmol, 2.38 equiv) were added. The reaction mixture was heated to 100 °C for
6 h under stirring and monitored by TLC. The solvent was removed under reduced pressure. The
residue was taken up in ethyl acetate (300 mL) and the organic phase washed with water (100 mL)
and brine (100 mL). The organic phase was dried over MgSOQy, it was filtered and the solvent
removed under reduced pressure. The product was purified by column chromatography (cyclohexane/
ethyl acetate 8:1). 1-O-(4-(4-lodophenyldiazenyl)benzene)-2,3-di-O-isopropylidene-rac-glycerol (11)
(2.32 g, 5.29 mmol, 86% yield) was isolated as an orange solid.

Ry=0.53 (cyclohexane/ ethyl acetate 4:1).
IR (ATR): v = 2973, 2893, 1602, 1584, 1041, 838, 543.

'H NMR (600 MHz, CDCl;) § 7.92 — 7.88 (m, 2H, H-6), 7.86 — 7.82 (m, 2H, H-2), 7.63 — 7.59 (m,
2H, H-3), 7.05 — 7.01 (m, 2H, H-7), 4.52 (dddd, *Ji.10-n.11a = 6.5 Hz, 3J = 5.7, 5.7, 5.7 Hz, 1H, H-10),
4.19 (dd, i1 1atii1e = 8.5 Hz, Viti1atoi0 = 6.4 Hz, 1H, H-11a), 4.14 (dd, 2001100 = 9.5 Hz, *Jir.00t1-10
= 5.4 Hz, 1H, H-9a), 4.04 (dd, 2/i19p-1100 = 9.5 Hz, *Jir0p-11.10 = 5.8 Hz, 1H, H-9b), 3.93 (dd, 2Jit-110-11-112
=8.5 Hz Yii11p110 = 5.8 Hz, 1H, CHbb), 1.48, 1.42 (each s, each 3H, 3 CH:-13).

13C NMR (151 MHz, CDCL3) 8 161.4 (1C, C-8), 152.2 (1C, C-4), 147.2 (1C, C-5), 138.4 (2C, C-2),
125.1 (2C, C-6), 124.4 (2C, C-3), 115.0 (2C, C-7), 110.1 (1C, C-12), 97.0 (1C, C-1), 74.0 (1C, C-10),
69.2 (1C, C-9), 66.9 (1C, C-11), 27.0, 25.5 (2 C13).

ESI-HRMS: m/z = 439.05139 [M+H]" (calculated m/z = 439.05139).

1-O-(4-(4-lodophenyldiazenyl)benzene)-rac-glycerol (12):

OH
7
s ~80_Ju_oH
3 LS o M
2 N 7
2 N
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The isopropylidene-protected glycerol derivate 11 (643 mg, 1.47 mmol, 1.00 equiv) was dissolved in
THF (20 mL). Aqueous hydrochloric acid (365 mg, 20.0 mL, 10.0 mmol, 0.5 M, 6.82 equiv) was
added to the solution and the reaction mixture was stirred at room temperatur overnight. The reaction
mixture was neutralized to pH = 7 with aq. NaOH solution (1 M). The reaction mixture was extracted
with ethyl acetate (3x50 mL) and the solvent was removed under reduced pressure. The crude product
was purified by column chromatography (cyclohexane/ ethyl acetate 1:1 — ethyl acetate/ methanol
1:1). 1-O-(4-(4-lodophenyldiazenyl)benzene)-rac-glycerol (12) (498 mg, 1.25 mmol, 85% yield) was

isolated as an orange solid.
Ry=0.35 (cyclohexane/ ethyl acetate 1:1).
IR (ATR): v =3294, 2929, 2973, 1600, 1562, 1240, 1033, 836, 549.

'H NMR (600 MHz, DMSO-ds) & 7.97 — 7.92 (m, 2H, H-2), 7.92 — 7.87 (m, 2H, H-6), 7.65 — 7.60 (m,
2H, H-3), 7.17 - 7.11 (m, 2H, H-7), 5.03 (d, *Jor10.10= 5.1 Hz, 1H, OH-10), 4.72 (t, *Jor-11-1111 =
5.7 Hz, 1H, OH-11), 4.13 (dd, 2fis0at106 = 9.9 Hz, 3iroati10 = 4.0 Hz, 1H, H-9a), 3.99 (dd, 2ir.0 119
=10.0 Hz, 3Ji0-n.10 = 6.2 Hz, 1H, H-9b), 3.87 — 3.80 (m, 1H, H-10), 3.47 (dd, *Ji11-on.11 = 5.7 Hz,

3 i = 5.7 Hz, 2H, H-11).

13C NMR (151 MHz, DMSO-ds) § 161.9 (1C, C-8), 151.3 (1C, C-4), 146.0 (1C, C-5), 138.3 (2C, C-
2), 124.8 (2C, C-6), 124.1 (2C, C-3), 115.2 (2C, C-7), 97.9 (1C, C-1), 70.1 (1C, C-9), 69.8 (1C, C-
10), 62.6 (1C, C-11).

ESI-HRMS: m/z = 399.02008 [M+H]" (calculated m/z = 399.02001).
1-O-(4-(4-lodophenyldiazenyl)benzene)-2,3-di-O-hexadecanoyl-rac-glycerol (14):

O

14 16 18 20 22 24 26
12§J\/\/\/\/\/\/\/\
0 27

7 0 13 15 17 19 21 23 25
6 8.0 1
3 5 9 13 15 17 19 21 23 25 o7
N 7

The azobenzene glycerol derivate 12 (270 mg, 678 umol, 1.00 equiv) was dissolved in chloroform (30
mL). Hexadecanoic acid (13) (700 mg, 2.73 mmol, 4.03 equiv) and DMAP (85.1 mg, 697 umol, 1.03
equiv) were added to the solution, followed by the addition of DCC (593 mg, 2.87 mmol, 4.24 equiv).
The reaction mixture was heated to slight reflux (70 °C) for 48 h. The solvent was removed under
reduced pressure and the crude product purified by column chromatography (cyclohexane —
cyclohexane/ ethyl acetate 4:1 — ethyl acetate). 1-O-(4-(4-lodophenyldiazenyl)benzene)-2,3-di-O-
hexadecanoyl-rac-glycerol (14) (521 mg, 595 umol, 88% yield) was isolated as a yellow powder.

Ry=0.67 (cyclohexane/ ethyl acetate 4:1).
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IR (ATR): v = 2955, 2917, 2849, 1735, 1598, 1469, 1171, 840, 720, 546.

'H NMR (600 MHz, CDCls) § 7.93 — 7.88 (m, 2H, H-6), 7.86 — 7.82 (m, 2H, H-2), 7.63 — 7.59 (m,
2H, H-3), 7.03 — 6.99 (m, 2H, H-7), 5.45 — 5.40 (m, 1H, H-10), 4.48 — 4.43 (m, 1H, H-11a), 4.34 —
4.29 (m, 1H, H-11b), 4.22 — 4.18 (m, 2H, H-9), 2.39 — 2.29 (m, 4H, H-13), 1.68 — 1.58 (m, 4H, H-14),
1.38 — 1.14 (m, 48H, H-15-H-26), 0.91 — 0.85 (m, 6H, H-27).

13C NMR (151 MHz, CDCl3) § 173.5 (1C, C-12b), 173.2 (1C, C-12a), 161.1 (1C, C-8), 152.2 (1C, C-
3), 147.4 (1C, C-6), 138.4 (2C, C-2), 125.1 (2C, C-6), 124.4 (2C, C-3), 115.0 (2C, C-7), 97.0 (1C, C-
1), 69.5 (1C, C-10), 66.5 (1C, C-9), 62.3 (1C, C-11), 34.4 (1C, C-13), 34.3 (1C, C-13), 32.1 (2C,
Caiphatic), 30.0 — 29.2 (m, 20C, Caiiphasic), 25.1 (2C, C-14), 22.9 (2C, Caiiphasic), 14.3 (2C, C-27).

C-15—C-26 are referred to as Caiiphaiic and could not be individually assigned.
ESI-HRMS: m/z = 875.47955 [M+H]" (calculated m/z = 875.47934).

1-O-(4-(4-(S-B-D-Glucopyranosyl)thiophenyldiazenyl)benzene)-2,3-di-O-hexadecanoyl-rac-glycerol
(1):

O 20 2 24 2 28 32 32
1@'}\/\/\/\/\/\/\/\
13 o 19 21 23 25 27 29 31 33
16
12 14.0 17
9 15 19 21 23 25 27 29 31
11 33
SOH 8 N\\N 13 OMWW
4°\s_0 10 12 18b 20 22 24 26 28 30 32
HO 2 9 (@)
HO 18577 s
OH

In an adaption to the protocol published by (Bruneau et al., 2015), 1-thio-p-D- glucopyranose (10)
(136 mg, 695 umol, 3.80 equiv) was dissolved in a flame-dried round bottom flask by addition of dry
1,4-dioxane (15 mL) under N,-atomsphere. After degassing the solution with three freeze-thaw
cycles, the iodine substituted azobenzene derivative 14 (160 mg, 183 pmol, 1.00 equiv) and XantPhos
Pd G3 (3.50 mg, 3.69 pumol, 0.02 equiv) were added to the flask. Triethylamine (18.9 mg, 26.0 pL,
187 umol, 1.02 equiv) was added to the reaction mixture and the solution was stirred at room
temperature overnight. Within the first minutes of the reaction, a discoloration of the reaction from
yellow to reddish-brown was observed, in accordance to the observation described by Messaudi and
coworkers, (Bruneau ef al., 2015) indicating the start of the reaction. As no complete conversion was
observed, the reaction time was elongated overnight. After 18 h the reaction was extracted with brine
(3x30 mL) and the solvent was removed under reduced pressure. The crude product was purified by
column chromatography (cyclohexane/ ethyl acetate 1:1 — ethyl acetate). 1-O-(4-(4-(S-p-D-
Glucopyranosyl)thiophenyldiazenyl)benzene)-2,3-di-O-hexadecanoyl-rac-glycerol (1) (116 mg, 123

umol, 67% yield) was obtained as an orange solid.

Ry=0.45 (ethyl acetate).
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IR (ATR): v = 3366, 2955, 2917, 2849, 1735, 1727, 1602, 1241, 1043, 841, 550.

'H NMR (600 MHz, CDCl;) & 7.89 — 7.84 (m, 2H, H-12), 7.79 — 7.75 (m, 2H, H-9), 7.59 — 7.54 (m,
2H, H-8), 7.00 — 6.95 (m, 2H, H-13), 5.45 — 5.37 (m, 1H, H-16), 4.74 (d, *Ji1_n2 = 9.5 Hz, 1H, H-1),
4.45 (dd, Yir7a a7 = 12.0 Hz, 3Jii7a 16 = 3.9 Hz, 1H, H-17a), 4.30 (dd, 21701170 = 12.0, 31761
16= 6.1 Hz, 1H, H-17b), 4.20 — 4.13 (m, 2H, H-15), 3.97 — 3.85 (m, 2H, H-6), 3.74 — 3.63 (m, 2H, H-
3, H-4), 3.54 — 3.48 (m, 1H, H-2), 3.48 — 3.42 (m, 1H, H-5), 2.37 — 2.30 (m, 4H, H-19), 1.66 — 1.58
(m, 4H, H-20), 1.36 — 1.19 (m, 48H, H-21-H-32), 0.90 — 0.84 (m, 6H, H-33).

13C NMR (151 MHz, CDCl3) 8 173.5 (1C, C-18b), 173.2 (1C, C-18a), 161.0 (1C, C-14), 152.0 (1C,
C-10), 147.4 (1C, C-11), 135.6 (1C, C-7), 131.9 (2C, C-8), 125.1 (2C, C-12), 123.4 (1C, C-9), 115.0
(1C, C-13), 88.0 (1C, C-1), 79.6 (1C, C-5), 78.0 (1C, C-3), 72.4 (1C, C-2), 69.7 (1C, C-4), 69.5 (1C,
C-16), 66.5 (1C, C-15), 62.4 (1C, C-17), 62.2 (1C, C-6), 34.4 (1C, C-19), 34.2 (1C, C-19), 32.1 (2C,
Caiphatic), 30.2 — 28.8 (20C, Catiphatic), 25.1 (2C, C20), 22.8 (2C, Catphatic), 14.3 (2C, C-33).

C-21-C-32 are referred to as Caiiphatic and could not be individually assigned.
ESI-HRMS: m/z = 943.60757 [M+H]" (calculated m/z = 943.60759).

NMR spectra of synthesized compounds
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Figure S2 'H NMR spectrum of 1-O-(4-(4-iodophenyldiazenyl)benzene)-2,3-di-O-isopropylidene-
rac-glycerol (11) (600 MHz, CDCls, 298 K).
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Figure S3 '*C NMR spectrum of 1-O-(4-(4-iodophenyldiazenyl)benzene)-2,3-di-O-isopropylidene-
rac-glycerol (11) (151 MHz, CDCl;, 298 K).
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Figure S4 'H NMR spectrum of 1-O-(4-(4-iodophenyldiazenyl)benzene)-rac-glycerol (12) (600

MHz, DMSO-ds, 298 K).
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Figure S5 '*C NMR spectrum of 1-O-(4-(4-iodophenyldiazenyl)benzene)-rac-glycerol (12) (151
MHz, DMSO-ds, 298 K).
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Figure S6 'H NMR spectrum of 1-O-(4-(4-iodophenyldiazenyl)benzene)-2,3-di-O-hexadecanoyl-

rac-glycerol (14) (600 MHz, CDCls, 298 K).
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Figure S7 '*C NMR spectrum of 1-O-(4-(4-iodophenyldiazenyl)benzene)-2,3-di-O-hexadecanoyl-
rac-glycerol (14) (151 MHz, CDCls, 298 K).
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Figure S8 'H NMR spectrum of 1-O-(4-(4-(S-B-D-glucopyranosyl)thiophenyldiazenyl)benzene)-

2,3-di-O-hexadecanoyl-rac-glycerol (1) (600 MHz, CDCl3, 298 K).
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Figure S9 '*C NMR spectrum of 1-O-(4-(4-(S-B-D-glucopyranosyl)thiophenyldiazenyl)benzene)-
2,3-di-O-hexadecanoyl-rac-glycerol (1) (151 MHz, CDCls, 298 K).
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Figure S10 UV-VIS spectra of trans-1 (blue) and cis-1 (red) measured.
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S2. Fitting different mesophases

As a first step to fit the SAXS data, a model describing possible structures, lamellar, hexagonal and
bicontinuous cubic (Prn3m, Im3m, Fm3m, Pm3n, Fd3m and la3d), was plotted on top of the data to
check visually for possible matches. The data was fitted between the wave vectors q = 0.6 and 3.5 nm
!, The applied fit routine was previously used in (Hovelmann et al., 2024). The model consists of
multiple Gaussian-functions with variable amplitude a, , . , peak width g, , _,, and peak positions
P1,2,..n calculated based on the d-spacing parameter for the corresponding mesophases. The space

groups are taken from (Hyde, 2001).

_(q—p21)2 _(q—pg)z
f(@=ae 2% +--+aje 2%

In most cases, only one matching structure was found. After identifying this best matching structure,
the model was fitted again to the data allowing small deviations & , _, of the peak positions by

maximum =+ 0.06 nm! for each peak in the scattering data.

_(q—(pﬁ;Sl))z _(q—(an;Sn))z
fl@=ae 291 +-dage 2%
Based on the positions p;, + &, the d-spacing values were calculated and averages. Their deviation

was used to determine the error of the d-spacing value.

Data such as for 90:10 or 80:20 DPPC:2 show multiple peaks which cannot be described by a single
mesophase and thus belong to different structures. In these cases, all possible combinations of two or
three different mesophases were plotted on top of the data to check visually for matching peaks. The
best matching combination was then fitted using the above described sequence. Thus, the overall fit
consists of multiple Gaussian peaks belonging to the different mesophases as shown exemplarily in

Fig. S11 for 20% of 2.

For few data sets, both, the cubic Pn3m and Im3m structure, was found to fit the data reasonably well
as for example shown in Fig. S12. In this case, the peak widths, deviations in the d-spacing values and
the agreement with mesophases for both isomers and at other proportions were checked. In the case of
50:50 and 30:70 DPPC:2 the Im3m structure was preferred as the peak widths, especially for the first
peak, is smaller than for the Prn3m structure and the deviations in the peak positions from the
theoretical positions are also smaller indicating a better match. In some cases, no unique solution of
the structure could be identified as for example for the data on DPPC:6 and DPPC:7. For these
samples, the structure is labelled as not identified in Fig. 3 and no fit values are listed in Table S1. All

other determined mesophases and their d-spacing are summarised in Table S1 for completeness.
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Figure S11 SAXS data obtained from 80% DPPC mixed with 20 % trans-2 (left) and cis-2 (right)
shown with the fit (grey) of the sum of a lamellar (red), Pn3m (blue) and /m3m (orange) structure.
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Figure S12 SAXS data obtained from DPPC mixed with frans-2 in the proportion 50:50 (left) and
30:70 (right) together with the fits for the /m3m structure (top) and Pn3m structure (bottom).
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Table S1  Mesophases and d-spacing parameters d derived from the SAXS data for pure DPPC
and DLPC vesicles and mixed lipid aggregates together with the mass per volume with an estimated

concentration error of 0.02 g/1.

T/°C DPPC density/  mesophase d/nm
g/l
25 100 7.34 lamellar 6.34 £0.03
trans cis
T/°C DPPC:1 mesophase d/nm mesophase d/nm
21 97.5:2.5 3.70 lamellar 6.40 £0.02 lamellar 6.44£0.01
21 95:5 3.72 lamellar 6.51+0.01 lamellar 6.47 £0.02
21 90:10 3.78 lamellar 6.71 £ 0.04 lamellar 6.75 £ 0.04
21 50:50 4.19 1%t order peak  6.67 £0.01 1% order peak  6.69 +0.01
21 0:100 4.72 1%t order peak ~ 6.78 £0.01 1% order peak  6.78 £ 0.01
trans cis
T/°C DPPC:2 mesophase d/nm mesophase d/nm
25 95:5 7.41 lamellar 6.7 +£0.09 Pn3m 104+£0.2
25 90:10 7.47 lamellar 6.8 +0.08 Pn3m 11.2+04
21 80:20 3.80 lamellar 6.9 +0.09
Im3m 12.7+£0.3 Im3m 126+ 04
Pn3m 11.6+£0.3 Pn3m 11.7+0.2
21 64:36 3.91 Im3m 124+0.3 Im3m 12.5+0.2
Pn3m 11.3+£0.3 Pn3m 11.4+0.3
25 50:50 8.00 Im3m 13.5+0.1 Im3m 13.2+0.1
25 30:70 8.27 Im3m 13.65+0.5 Im3m 13.74+0.5
25 0:100 8.67 lamellar 6.74 £ 0.05 lamellar 6.73 £0.04
trans cis
T/°C DPPC4 mesophase d/nm mesophase d/nm
25 90:10 7.64 lamellar 6.34 £ 0.05 lamellar 6.34 £ 0.05
25 80:20 7.93 lamellar 6.33+£0.04 lamellar 6.33 £ 0.04

Pn3m 11.1+£0.2 Pn3m 11.2+0.2
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25 50:50 8.81 Pn3m 11.4£0.1 Pn3m 11.3+0.1
25 30:70 9.40 lamellar 8.0+£0.2 lamellar 8.0+£0.2
25 0:100 10.28 lamellar 8.0+0.1 lamellar 8.0+0.1

trans cis
T/°C DPPC:5 mesophase d/nm mesophase d/nm
25 90:10 7.75 lamellar 6.42 £ 0.08 lamellar 6.57 £ 0.08
25 0:100 11.41 lamellar 8.63 £ 0.01 lamellar 8.62+0.01
lamellar 5.89+0.02 lamellar 5.88+0.02
T/°C DLPC density mesophase d/nm
g/l
25 100 3.11 lamellar 5.89 £ 0.01
trans cis
T/°C DLPC:2 mesophase d/nm mesophase d/nm
95:5 3.17 lamellar 6.00 £ 0.01 lamellar 5.99+0.01
90:10 3.23 lamellar 6.02 +0.01 lamellar 6.00 £ 0.01
Im3m 99+0.2 Im3m 99+0.2
Pn3m 9.1£0.2 Pn3m 9.2+0.3
80:20 3.35 Im3m 9.7+0.2 Im3m 9.7+0.2
Pn3m 9.0£0.1 Pn3m 9.0£0.1
50:50 3.72 Im3m 9.6+0.2 Im3m 9.7+0.2
Pn3m 9.0+0.1 Pn3m 9.1+0.2
30:70 3.97 Im3m 9.6+0.2 Im3m 9.6+0.2
0:100 4.33 lamellar 6.74 £ 0.05 lamellar 6.73 £ 0.04
trans cis
T/°C DLPC:3 mesophase d/nm mesophase d/nm
95:5 3.20 lamellar 5.93+0.01 lamellar 5.92+0.01
90:10 3.29 lamellar 5.93+0.02 lamellar 5.93+0.02
Im3m 11.5+0.8 Im3m 11.6 £ 0.8
Pn3m 11.5+0.7 Pn3m 11.7£0.7

80:20 3.47 lamellar 5.92+0.02 lamellar 5.92+0.02
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Im3m 11.6+0.7 Im3m 11.5+ 06
Pn3m 11.1+1.4 Pn3m 11.1+1.4

50:50 4.00 Im3m 114+12 Im3m 11.5£1.6
Pn3m 10.7+1.2 Pn3m 10.8+0.9

30:70 4.36 Im3m 11.2+0.6 Im3m 11.0£0.8
Pn3m 11.2+0.7 Pn3m 11.2£0.7

0:100 4.89 p6m 76+02 p6m 76+02

S3. Fitting kinetics of photoswitching

Table S2 Mesophases and d-spacing parameters derived from the SAXS data for 97.5:2 and 95:5

DPPC:1 at different times ¢ after the start of illumination with 365 nm (¢rans to cis) and 455 nm (cis to

trans).

trans to cis cis to trans
t/s DPPC:1 mesophase d/nm mesophase d/nm
0 97.5:2.5 lamellar 6.442 + 0.009 lamellar 6.407 £ 0.009
2 97.5:2.5 lamellar 6.445 +0.003
5 97.5:2.5 lamellar 6.436 + 0.009 lamellar 6.417 £ 0.009
10 97.5:2.5 lamellar 6.433 +0.008 lamellar 6.412+0.010
20 97.5:2.5 lamellar 6.435+0.007 lamellar 6.427 £+ 0.006
30 97.5:2.5 lamellar 6.425 £+ 0.008 lamellar 6.424 +0.010
40 97.5:2.5 lamellar 6.425+0.012 lamellar 6.433 +0.009
50 97.5:2.5 lamellar 6.410 £ 0.005 lamellar 6.438 £ 0.005
60 97.5:2.5 lamellar 6.409 £ 0.009 lamellar 6.438 £ 0.007
120 97.5:2.5 lamellar 6.418 £ 0.004
180 97.5:2.5 lamellar 6.407 + 0.009

trans to cis cis to trans
t/s DPPC:1 mesophase d/nm mesophase d/nm
0 95:5 lamellar 6.512+0.007 lamellar 6.475 + 0.009

5 95:5 lamellar 6.512+£0.008 lamellar 6.485 +£0.007
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10

20

30

40

45

50

60

90

120

180

95:5

95:5

95:5

95:5

95:5

95:5

95:5

95:5

95:5

95:5

lamellar

lamellar

lamellar

lamellar

lamellar

lamellar

lamellar

lamellar

6.504 + 0.009

6.498 + 0.006

6.491 £ 0.009

6.482 +0.008

6.511 £ 0.007

6.479 + 0.008

6.486 + 0.008

6.475 + 0.009

lamellar

lamellar

lamellar

lamellar

lamellar

lamellar
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4.495 + 0.007

4.489 + 0.007

4.497 £ 0.006

6.506 £ 0.006

6.501 +0.008

6.518 +0.005

Table S3  Mesophases and d-spacing parameters derived from the SAXS data for 80:20 DPPC:2 at

different times ¢ after the start of illumination with 365 nm (¢rans to cis) and 455 nm (cis to trans).

t/s

0

10

15

20

30

DPPC:2

80:20

80:20

80:20

80:20

80:20

trans to cis

mesophase d/nm
lamellar 6.9+0.2
Pn3m 11.6+0.3
Im3m 12.7+0.3
lamellar 6.9+0.2
Pn3m 11.7+£0.3
Im3m 12.7+0.3
lamellar 6.8+0.2
Pn3m 11.6+0.3
Im3m 12.7+0.3
lamellar 6.9+0.2
Pn3m 11.6+0.3

cis to trans
mesophase
Pn3m

Im3m

Pn3m

Im3m

lamellar

Pn3m

d/nm

11.6 0.2

12.6 £0.3

11.6 0.3

12.6+0.3

69+0.2

11.6 £0.3
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80:20

80:20

80:20

80:20

80:20

80:20

80:20

Im3m

lamellar

Pn3m

Im3m

lamellar

Pn3m

Im3m

lamellar

Pn3m

Im3m

lamellar

Pn3m

Im3m

lamellar

Pn3m

Im3m

lamellar

Pn3m

Im3m

lamellar

Pn3m

Im3m

lamellar

Pn3m

Im3m

Pn3m

Im3m

Pn3m

Im3m

Pn3m

126+ 0.3

6.9+0.2

11.6+£0.3

12.7+£0.3

6.9+0.2

11.6+£0.3

12.6+0.3

6.8+0.2

11.7+0.3

12.6+0.3

6.8+0.2

11.8+£0.3

12.7+£0.3

6.9+0.2

11.6 0.3

12.7+0.3

6.9+0.2

11.7+0.3

12.6+£0.3

6.8+0.2

11.6+£0.3

126+ 0.3

6.8+0.2

11.6 0.3

12.6+0.3

11.6+£0.3

12.6+£0.2

11.6+£0.2

12.5+£0.3

11.6 0.2

Im3m 12.6 £0.3

lamellar 69+0.2

Pn3m 11.6+0.3

Im3m 12.8+0.3

lamellar 6.8+0.2

Pn3m 11.7+0.3

Im3m 12.7+0.3

lamellar 6.8+0.2
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Im3m 12.6+0.3 Pn3m 11.7+£0.3
Im3m 12.7+0.3
130 80:20 Pn3m 11.6+0.3
Im3m 125+03
135 80:20 lamellar 6.9+0.2
Pn3m 11.7+0.3
Im3m 12.7+0.3
150  80:20 lamellar 69+0.2
Pn3m 11.7+£0.3

Im3m 12.7+0.3
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Laser induced kinetics at liquid
interfaces

Laser pump - X-ray pump measurements enable studies of non-equilibrium states

at interfaces on as to ns time scales. The pump - probe setup at the LISA, P08 is
optimised for investigations at liquid interfaces and reaches a temporal resolution of
up to 38ps [183]. In this work, the laser beam shape was characterised, modified
and optimised. Additionally, the synchronisation of the laser pulses to the X-ray
pulses was improved to allow for longer time delays between laser and X-ray pulses
and to enhance operability at the beamline. The publication [PSH 2| presents the
detailed description of the extension of laser pump - X-ray probe setup at LISA at
P08, PETRA III in Sec. 7.1. The article was accepted and will be published in the
peer-reviewed Journal of Physics: Conference Series (JPCS) in June 2025.
Fields of interest for studying dynamics at liquid interfaces are the behaviour of
capillary waves upon thermal or electronical excitation. Moreover, theoretical and
experimental results show that specific ions, especially larger halides, are attracted
to the surface and can form a layer with an enriched concentration compared to
the bulk. The here presented studies were conducted on aqueous Nal solutions to
investigate the enrichment or depletion of iodide ions near the surface especially
under irradiation of UV light. The manuscript [MSH 2| is currently under peer-review
for publishing.

7.1 Extending the laser pump - X-ray probe
system at LISA, P08, PETRA 1l

Numerous beamlines at synchrotron radiation facilities all over the world offer laser
pump - X-ray probe setups such as at the Advanced Photon Source [208], BESSY II
[209], Beijing Synchrotron Radiation Facility [210], PETRA III storage ring at DESY
[183], Elettra-Sincrotrone Trieste [211], ESRF [212], KIT Light Source [213], MAX TV
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Figure 7.1: Schematic drawing of the laser and X-ray paths at LISA, P08 including

LISA

the new parts planned, designed and commissioning during this work highlighted in

green.

Laboratory [214], SOLEIL [215], SPring-8 [216] and Stanford Synchrotron Radiation
Lightsource [217]. However, most of these beamlines focus on either bulk scattering
or scattering from solid interfaces. The combination of liquid interfaces and pump -
probe [183] makes the setup available at the LISA endstation unique. The ErUm-
Pro funded laser pump - X-ray probe setup at the PO8 beamline was constructed,
commissioned and is continuously maintained and improved by members of the LISA
group of PD. Dr. Bridget Murphy, Kiel University. The technical description of the
original setup prior to the here described work is published in [183] and described
briefly in Sec. 4.5.1. In the past years, I improved the laser setup to enhance the user
experience and broaden the fields of applications for the laser pump experiments. In
Fig. 7.1 the original pump - probe setup is shown together with the new parts and
changes highlighted in green. On the laser beam path, two main developments were
undertaken. One is the commissioning of the BEAMAGE-4M beam shape camera
from Gentec-EO and the second is the integration of a beam profile shaper into the
beam path. This beam shaper is a DOE purchased from HOLO/OR Ltd., Israel
that transforms a Gaussian beam profile to a flat top profile. For an efficient and
optimal beam profile transformation the DOFs are manufactured for a specific beam
size, working distance between the DOE and the sample stage and wavelength with
a 2% bandwidth tolerance. The DOLE is optimised for a wavelength of 1064 nm,
which is close to the fundamental wavelength (1030 nm) of the Pharos laser. At a
working distance of 2m from the beam shaper, the beam profile is transformed to
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a flat top shape with a length and width of (5.65 4+ 0.01) mm x (2.44 £ 0.01) mm.
To obtain this final beam size, the beam coming from the Pharos laser needs to be
broadened from the original (3.72 4+ 0.01) mm X (3.10 & 0.01) mm (F'WHM) to about
12mm x 12mm. To avoid focusing of the laser beam, the Galilean telescope design
(see Sec. 4.5.1) is used to broaden the beam with a plan-concave and a plan-convex
lens. Behind the DOE, a convex lens is positioned to focus the beam onto the sample
stage. As the DOE is highly sensitive to variation in the incoming beam size and
position, the DOE and the lenses for the Galilean telescope are places into magnetic
lens holders in a cage system from Thorlabs, Inc. in the beam path. This ensures the
correct relative positioning between the lenses and beam shaper. Prior to mounting

the lenses, the center of the cage system is aligned to the laser beam path.

Verification of the successful beam shape transformation and its optimisation was
monitored with the beam shape camera. The camera was placed on the sample stage
at the final sample position. In Fig. 7.2 two 2D images and the intensity profile along
the cross lines through the centers of the profile are shown for the beam shape of the
original laser beam and the flat top transformed beam. For a direct comparison of

2 is calculated for the profiles (see Appx. A.1).

the intensities, the intensity per mm
The intensity integrated over the whole beam spot was measured with a power meter
in the beam path and corresponds to 14.4 W for the primary beam at the sample
stage and 13.4 W for the flat top transformed laser beam. The difference in integrated
intensity is caused by the intensity loss at the additional optical elements (three
lenses and the DOE) in the beam path to transform the beam profile. Comparing
the intensity profiles shown in Fig. 7.2, a lower maximum intensity of the flat top
shaped beam can be noticed. Meanwhile, due to the flat top character, the intensity
is almost constant over the whole beam area. This is in contrast to the high peak
intensity in the Gaussian shaped profile and the fast decreasing intensity towards
the edges of the beam spot. Thus, for an even heat distribution on the sample, the

flat top shaped beam is of great advantage.

The quality of the transformed beam shaped is highly sensitive on the position
of the lenses relative to each other and whether the laser beam passes through the
center of the lenses and the DOFE. A misalignment is indicated by antisymmetries
of the beam profile or large intensity fluctuations and gradients. To enhance the
reproducibility and quality of the beam profiles, the distances between the lenses was
fixed by lens holders in the cage system built into the laser beam path. Therefore,
only the position of the cage systems has to be slightly varied until an optimised beam
profile is recorded. An optimal flat top shaped beam profile shows a homogeneous
intensity distribution with only small deviations in the intensity as show in Fig. 7.2.
The quality of the flat top is characterised with the flatness factor F;. This is
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Figure 7.2: Images of the beam profile and the normalised intensity profiles (circles)
along the centered horizontal (grey) and vertical (blue) cross lines together with
the fits of the shape (solid lines) for the original fundamental wavelength (1030 nm)
Gaussian shaped beam and the transformed flat top shaped beam.

calculated by dividing the average irradiance by the maximum irradiance [218|. The
calculation of the F;, factors for three independent beam profile measurements over

the course of two years is described in more detail in the accepted manuscript |[PSH 2|.

In addition to the developments on the laser beam path, the accessible time delays
between the laser and X-ray pulses were extended with an additional delay gener-
ator integrated into the timing synchronisation in collaboration with the company
TxProducts. The delay generator was purchased from TxProducts together with the
software and Python scripts to allow control and communication with the beamline
control system. To ensure full functionality with the previous setup, the hardware
installation was done together, TxProducts and myself, and completed with an initial
test of the software. Detailed performance and operation tests were conducted during
two beamtimes. Both beamtimes were followed by debugging the control software
and revision of the code together with TxProducts.

A further development on the laser synchronisation is the external gating of the
pulse picker (PP) Pockels cell inside the Pharos laser (see 2.4.1) to reduce the effective
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repetition rate of the laser pulses. In the following, the effective repetition rate refers
to the time between amplified laser pulses independent of the repetition rate in
the regenerative amplifier (RA) Pockels cell. By gating the PP Pockels cell, only a
selection of the laser pulses is amplified. The unamplified pulses with a pulse energy
of (0.15 4 0.02) nJ are neglectable compared to the amplified pulses with energies
between 12 to 110 pJ. The gate signal can be changed quickly and easily over the
control system of the beamline. Modifying the repetition rate by gating the PP has
multiple advantages. On one hand, the total heat load on the sample can be reduced
by keeping the individual pulse intensity constant. The pulse energy is defined by the
repetition rate in the RA Pockels cell and thus unaffected by gating the PP Pockels
cell. On the other hand, the repetition rate of the laser pulses can be reduced to
accommodate samples with a slow relaxation time. Lastly, the detector and the PP
are gated by the same delay generator, which ensures that the temporal overlap
between the X-ray and laser pulses is kept even by changing the repetition rate.

Another improvement was achieved on a user-optimised interface to choose and
obtain a desired time delay between the X-ray and laser pulses. Previously, time
delays below 192 ns were reached by shifting the phase of the oscillator with the
synchronisation unit from Menlo Systems and larger time delays by jumping X-ray
bunches on the 192ns grid (as described in detail in [183] and Sec. 4.5.1). Unfor-
tunately, shifting the phase to reach time differences of multiple tens of ns took
several minutes and often the phase was lost during the shifting process which
resulted in a loss of the synchronisation between laser and X-ray pulses. Restoring
the synchronisation was time consuming and needed experienced and trained users.
To overcome this problem, the RA Pockels cell is now triggered by a signal from
the bunch clock (130.12kHz) and by this the oscillator pulses to be amplified in
the RA Pockels cell is chosen. The oscillator pulses are generated with a repetition
frequency of about 83.278 kHz which corresponds to one laser pulse every 12ns.
These laser pulses enter the RA and there the laser pulses belonging to the chosen
final repetition rate (e.g. 130.12kHz) are amplified. To choose which laser pulse is
amplified in the RA, the RA is triggered externally by one of the output channels
of the bunch clock at P08 synchronised to 130.12kHz. As the oscillator pulses
are separated by 12ns, the bunch clock output signal is shifted on a 12ns grid to
jump the oscillator pulses. Jumping the oscillator pulses is very fast (<ms) and
showed high stability during testing, commissioning and two user beamtimes. With
all these developments and improvements, time delays f4elay can be modified by a
combinations of shifting the phase of the oscillator pulses (tgelay < 6ns), triggering
the RA Pockels cell to select which oscillator pulse is amplified (6 ns < fgelay < 86 ns)

and jumping X-ray bunches (86 ns < t4elay). For a user-friendly experience, the most
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efficient combination of the delay options is calculated by the Python script, origin-
ally provided by TxProducts and jointly revised, and chosen for the desired time delay.

Following the presentation of these new developments and improvements on the
14th International Conference on Synchrotron Radiation Instrumentation (SRI) in
2024, [PSH 2| was accepted as part of the SRI 2024 Proceedings in the peer-reviewed
open access volume of Journal of Physics: Conference Series (JPCS). The article
was in print during submission of this work and was published under licence by IOP
Publishing Ltd. with CC BY Creative Commons Attribution 4.0 licence. The article
is now available under https://doi.org/10.1088/1742-6596/3010/1/012056.
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Extending the laser pump X-ray probe system at LISA
P08 PETRAII

S C Hovelmann!z2, ] E Wariasl, L Petersdorf!2, D Schmidt3, P Gaal3, R P Giri},
N Hayen!z?, P Jordt12, 0 M Magnussenl, C Shen*, F Bertram* and B Murphy 1.2*

LInstitute of Experimental and Applied Physics, Kiel University, Leibnizstrafde 19, 24118
Kiel, Germany

2Ruprecht Haensel Laboratory, Deutsche Elektronen-Synchrotron DESY, Notkestrafe 85,
22607 Hamburg, Germany

3TXproducts UG (haftungsbeschréankt), Luruper Hauptstrafie 1, 22547 Hamburg,
Germany

4Deutsches Elektronen-Synchrotron DESY, Notkestrafde 85, 22607 Hamburg, Germany

*E-mail: murphy @physik.uni-kiel.de

Abstract. The laser pump - X-ray probe setup at the LISA liquid interface
scattering apparatus at beamline P08 at PETRA III enables investigation of photo-
induced structural changes at liquid and solid interfaces with a time resolution of
38 ps. Here we report the latest upgrades on the pump - probe setup including the
extension of the accessible pump-probe delay time scale and the implementation
of laser beam profile transformers. The new laser optical cage system with
magnetic holders allows variable laser beam sizes and flat top beam profile which
can be advantageous for matching laser and X-ray beam size and profile on heat
sensitive samples. The introduction of an additional delay/pulse generator now
enables pump-probe measurements to be performed on all time scales from 100
picoseconds to seconds, allowing to study ultrafast and slow optical excitation and
relaxation dynamics with any gap in time resolution.

1. Introduction

Liquid interfaces play a key role in atmospheric, biological, chemical and physical process
influencing climate, environment and technological development [1,2,3]. Investigating the
changes of local order and dynamics near the interface are constant challenges to understand
phenomena such as changes in charge distribution [4,5], chemical composition [6], atmospheric
chemistry [7,8] and molecular layering [9,10]. Spectroscopic studies on ultrafast dynamics at
liquid interfaces identified molecular vibrations, rotations, electronic excitation [11] and
formation of solvated electrons [12].

Employing X-ray reflectivity and grazing incidence scattering at liquid interfaces provides
insight on interfacial structure [13] and equilibrium dynamics including capillary wave behaviour
[14]. Combining these X-ray scattering techniques with pulsed laser radiation allows the study of
photo-induced non-equilibrium dynamics. The laser pump - X-ray probe system [15] at the LISA
liquid interface scattering apparatus [16] at beamline P08 [17] at PETRA IIl provides
synchronised femtosecond laser pulses from the Pharos laser (Light Conversion) for pump -
probe measurements with a resolution of 38 ps for a wide range of biological, solid, aqueous and
liquid metal samples.

Cont'ent from this Wo'rk may be. us§d under the terms of the Cretative Commons 5ttributi({n 4..0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd 1
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Here we will describe the latest instrumental developments including the extension of the
pump - probe delay in the range from us to seconds and the implementation of optical
components for transforming the laser beam profile. All developments of the pump - probe
system are available for experiments at both LISA and the six-circle Kohzu diffractometer on the
high-resolution diffraction beamline P08 PETRA III.

2. Instrument development - Extending the pump - probe delay range

The laser pump - X-ray probe setup at P08, PETRA III, DESY and its laser and X-ray pulse
synchronisation enables time resolved measurements on laser-induced phenomena at liquid and
solid interfaces. The laser system consists of a PHAROS femtosecond laser from Light Conversion
with a maximum output power of 15 W, fundamental wavelength of 1030 nm and TEMg, mode.
The pulse length can be tuned between 250 fs and 10 ps and the repetition rate between 100 kHz
and 1041 kHz resulting in a maximum pulse energy of 150 pJ and 14 pJ, respectively. Further
wavelengths can be obtained by pumping additional Light Conversion modules with the Pharos
laser. The higher harmonics generator HIRO is optimised for an input frequency of 130 kHz and
pulse length of 251 fs and generates the second (515 nm), third (343 nm) and fourth (258 nm)
harmonics. Meanwhile, the optical parametric amplifier ORPHEUS provides a wide wavelength
range from 210 to 2600 nm at 1041 kHz and 251 fs pulse length.

To achieve synchronisation between the X-ray and laser pulses, the frequency of the laser
oscillator is synchronised via phase-locked-loop (PLL) to the sixth subharmonic of the radio
frequency (RF) PETRA III master clock [18] signal. Timing measurements are performed with
PETRA III running in 40 bunch timing mode providing X-ray bunches with a repetition rate of
5.2 MHz, resulting in a bunch separation by 192 ns and a periodicity of 7.68 us for all 40 bunches
in the ring. This corresponds to a frequency of 130.12 kHz which is also employed as our standard
laser frequency as in most experiments either the fundamental wavelength or higher harmonics
generated by the HIRO module are utilised. Time delays on the range of tenth of nanoseconds
between the laser pulse and X-ray bunch are realised by shifting the phase with a direct digital
synthesiser from Melo Systems. More details, typical output values and first measurement results
can be found in [15].

Following an upgrade of the existing above described synchronisation setup commissioned
in collaboration with TXproducts, a convenient and user-friendly change of the pump-probe
delay At between laser and X-ray pulse, the laser pulse repetition rate and the time resolution is
now available. This recent development enables an easily operated pump-probe measurement
setup with freely selectable delay ranges from ps up to seconds due to the addition of delay/pulse
generator MOD745-OEM from BNC. The delay generator is triggered by the PETRA III bunch clock
which intern is synchronised to the 499.6655 MHz (~500 MHz) RF PETRA III master clock signal.
The bunch clock provides a 130.12 kHz signal which was previously used to gate the detector and
monitors directly [15]. Now, the detector gate signal is produced by the delay generator.

The delay generator can generate up to eight independent output channels synchronised to
the initial bunch clock trigger. These output channels are connected to the detector and monitor
gate and the Pharos Pockels cell as outlined in Figure 1. Each output channel has a custom gate
width and delay with respect to the trigger signal. This allows to adjust the time resolution and
laser repetition rate independently. The laser repetition rate is modified by gating the Pharos
Pockels cell after the regenerative amplifier with a TTL signal. This changes the effective laser
repetition rate as only selected laser pulses are amplified and directed to the output aperture.
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Figure 1. Schematic oscilloscope traces based on [15] including the delay generator and upgraded
control schema showing the X-ray bunch (blue}, detector gate (black), laser reference (red) and Pockels
cell gate (dark red) signals for the maximum (dashed) and reduced (solid) repetition rate. For the
reduced repetition rate an increase of the detector gate width over two bunches is shown exemplarily.

The unamplified laser pulses leaving the Pockels cell are with a pulse energy of less
than < 0.15 # 0.02 pJ and therefore neglectable. Gating the Pockels cell does not change the laser
oscillator frequency or the operation frequency of the regenerative amplifier. Therefore, the pulse
energy stays constant throughout changing the effective laser frequency while the total heat load
on the sample is reduced. Reducing the heat load minimises sample expansion, misalignment and
destruction. Moreover, for systems with a slow relaxation time after laser excitation, the time
between two laser pulses can be increased to allow the system to recover to equilibrium state
before the next pulse. Measuring slow dynamics on the ps to s time scale, the detector gate width
can be increased to count over multiple X-ray bunches.

For user-friendly handling, the delay generator has been implemented into the beamline
control system via Tango. After initial synchronisation, setting the numerous parameters for the
channel widths and delays is calculated and initiated automatically when any of the three
parameters delay At, repetition rate and resolution are changed.

3. Optical components

The optical path was upgraded with a cage system with magnetic holders in the beam path to
allow fast and reproducible mounting of lenses or diffractive optical elements (DOE). Examples
for the usage are mounting pairs of concave and convex lenses as telescope lenses to increase the
laser spot diameter or a Flat Hat Beam Shaper. A Flat Hat Beam Shaper is a DOE that transform a
Gaussian incident laser beam into a uniform-intensity spot of rectangular shape (see Figure 2).
The option to modify the laser beam profile is advantageous for heat sensitive samples with alow
energy damage threshold and measurements under low incident angle to match the size of the X-
ray beam footprint. Further, the homogenous local heat distribution is especially beneficial during
long-term measurements as small variations in the beam position are of no consequence.
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The Flat Top Laser Beam Shaper from HOLO/OR Ltd. available at the instrument, currently
only for the fundamental wavelength of 1030 nm, transforms the (3720 * 20) x (3190 = 10) um
FWHM Gaussian shaped beam to a (5650 + 10) x (2440 + 10) um FWHM Flat Top shaped beam
profile (see Figure 2). To quantify the quality of the Flat Top profile the flatness factor F, was found
by dividing the average irradiance by the maximum irradiance [19].

F, was determined for three independent measurements of the Top Hat profile, using cross
sections centered around the beam profile in 210 um steps. Thus, the average quality factor is
calculated to be K, = 0.80 + 0.01 with a maximum of K, ,,x = 0.86 +0.01 and minimum of

Fymin = 0.71 £ 0.01 along the elongated direction. For the compressed direction the average
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Figure 2. Laser beam profile images recorded with the beam shape camera Beamage-4M of the 1030 nm
a) Gaussian and b) Top Hat beam shaped laser beam with cross section shown at the center of each beam
profile.

Table 1. Laser beam parameters for the fundamental and harmonic wavelengths. The max. pulse
energy and the spot size and shape were determined with the beam profile camera for a repetition rate
of 130.12 kHz.

waveritra;lgth/ beam shape Spot size (FWHM)/ pm x pm gaexr'gr})zl;lfj rgfa ?égfg/aizl
1030 Top Hat (5650 £10) x (2220 £ 10) 106.8 + 0.4 400
1030 Gaussian (3720 £10) x (3190 = 20) 109.5+ 0.4 50
515 Gaussian (3120 £20) x (3230 = 20) 57604 50
343 Gaussian (3670 £20) x (2070 = 20) 34604 55
258 Gaussian (2480 +20) x (2140 + 20) 7.7+0.4 35
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quality factor was determined as K, = 0.80 + 0.01 with maximum and minimum factor
Fymax = 0.93 £ 0.1and Fy i, = 0.52 £ 0.01.

The beam profiling camera Beamage-4M from Gentec-EO was used to determine the beam
profile in 2D and 3D and beam position stability at the sample stage (see Figure 2). This is applied
to precisely determine the fluency for the different wavelengths and beam shapes. Measurements
of the beam position stability for the fundamental wavelength show a high beam position stability
with a maximum center position deviation of 50 um (see Table 1). The higher harmonic beam
profiles are comparable with the shown primary Gaussian beam image. The additional beam
parameters for the Gaussian shaped 2nd, 3rd and 4th harmonics are listed for completeness.

4., Conclusion and outlook

This laser pump - X-ray probe system at LISA P08 at PETRA III provides a valuable tool for
studying photo-induced dynamics and non-equilibrium states. Implementing the latest
instrumental developments, the available pump - probe time scale was extended to cover the full
range from ps to seconds. The revised pump - probe delay control eases its operation for non-
expert users. Moreover, for heat transfer studies an additional nanosecond laser is expected to be
integrated into the existing pump - probe system to broaden the application of this setup.
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7.2 Pump - Probe studies on aqueous salt
solutions

Investigations of the ion distribution in aqueous Nal salt solutions were performed
at the laser pump - X-ray probe setup at LISA, P08, PETRA III with XRR and
XRFNTR measurements. The fluorescence spectra hold information on the chemical
composition of the solution at the surface near region. Further, XREFNTR is a very
surface sensitive measurement, as it is performed under grazing incident conditions
with an incident angle below and slightly above the critical angle (see Sec. 2.3.5).
Therefore, combining the surface sensitive XRR and XRFNTR methods, allows
identification of small variations in the electron density and surface roughness profile
along the surface normal.

This surface sensitivity is used in the following studies to investigate the distribution
of ions at the water-air interface. One of the research questions is whether a surface
near layer is formed in aqueous Nal solutions. The second question concentrates
on the influence of UV radiation on the local ion distribution. The answers to
these questions are important to understand chemical reactions at water interfaces
especially in the field of chemical atmosphere. In the next two subsections, first
the manuscript [MSH 2| on the Nal aqueous solutions and then the additional
unpublished XRFNTR results with UV radiation are presented.

7.2.1 [MSH 2] Laser excitation at the liquid-air interface of
aqueous Nal solutions

In the following preprint, the data and results of the XRR and XRFNTR studies
on aqueous Nal solutions are presented and discussed. This manuscript is a joined
work from Dr. Julia Kobus and myself. During submission, we asked for shared first
authorship to represent the equal amount of time and work contributed to the below
manuscript. I planned and organised the measurement, prepared the samples and
collected the XRR and XRFNTR data. Dr. Julia Kobus performed the analysis of
the XRR data while I analysed the XRFNTR data. The manuscript is currently

under review and is included as manuscript in this work.
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Laser excitation at the liquid-air interface of aqueous Nal
solutions
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Abstract

Ions at liquid-air interfaces play a key role in numerous atmospheric, biological, and
chemical processes, including reactions of ozone with sea-salt aerosols in the tropo-
sphere. In this X-ray study of aqueous sodium iodide solutions we investigate the ion
distribution at the liquid-air interface, which is crucial for understanding fundamental
surface and atmospheric chemistry.

We used complementary X-ray reflectivity and X-ray fluorescence near total re-
flection measurements to investigate the ion distribution at the liquid-air interface of
aqueous sodium iodide solutions at concentrations ranging from 0.1 M to 4 M. A laser
pump—X-ray probe setup was employed, with 258 nm UV laser irradiation used to excite
the halide ions at the interface.

Our results show that both X-ray reflectivity and X-ray fluorescence near total
reflection yield consistent scattering length density (SLD) values for sodium iodide so-
lutions. These SLD values are higher than expected for the given bulk concentrations,
indicating an enhanced interfacial ion concentration. This enhancement aligns with the-
oretical considerations of an enhancement of polarizable iodide anions at the air-liquid
interface. However, no distinct layering was observed at 21°C. Upon UV irradiation,
an increase in SLD was observed, while the surface roughness remained unchanged.

*Corresponding author
Email address: murphy@physik.uni-kiel.de (Bridget M. Murphy)
!Present address: Department of Physics, Indian Institute of Technology (ISM) Dhanbad, Jhark-
hand 826004, India
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1. Introduction

At liquid ion-containing interfaces a plethora of important and fundamental atmo-
spheric, biological, chemical and physical processes take place and have an influence on
climate and environment. In atmospheric chemistry the presence and dynamics of ions
at the interface play a particularly important role to understand phenomena such as
creation of molecular halogens [1, 2, 3|, reactions of ozone or hydroxyl radicals with sea
salt aerosols in the troposphere [4, 5] or the formation of foam after waves break in the
ocean [6, 7, 8,9, 10].

Classical thermodynamic considerations suggest that ions in aerosols should predom-
inantly reside in the bulk phase, due to the absence of a counterbalancing image-charge
in the surrounding air. However, this view has been challenged by experimental studies
indicating surface-sensitive reactions and, consequently, an enhanced presence of ions
at the interface. For instance, Hu et al. [1] showed that Cl- and Br~ ions must be
present at the liquid-air interface to explain the uptake of Cl; and Bry gases by aqueous
salt solutions.

These findings have led to theoretical and computational efforts, particularly molec-
ular dynamics simulations [11, 12, 13, 14, 15], which suggest that large, polarizable
anions are enriched at the interface. Experimental confirmation comes from tech-
niques such as vibrational sum-frequency spectroscopy [16, 17, 18, 19], X-ray photo-
electron spectroscopy [12, 20], and X-ray reflectivity [21]. These studies consistently
report a preferential accumulation of polarizable ions (e.g., I” and Br™) at the sur-
face, while smaller halides (e.g., CI~ and F~) tend to be only weakly attracted or even
repelled [22, 11]. Sloutskin et al. [21] further observed subtle surface layering in con-
centrated aqueous solutions of SrCl, (2.5M) and RbBr (4.9 M) using X-ray reflectivity,
whereas no such layering was found for other halide solutions.

Light from the sun, particularly in the ultraviolet (UV) range, plays a significant
role in driving chemical reactions at atmospheric interfaces. UV irradiation can induce
photochemical reactions and might influence the ion density at the liquid-air interface.
With the depletion of the ozone layer in the stratosphere more highest-energy ultraviolet
radiation (UV), especially in the UV-B range 290nm to 315nm, passes though the
atmosphere and reacts with natural ecosystems [23, 24, 25]. Even shorter-wavelength
radiation below 290 nm (UV-C) is absorbed in the atmosphere. This short-wavelength
UV radiation interacts with aqueous halides and can photoinduce charge-transfer-to-
solvent (CTTS) states creating solvated electrons. These aqueous halides exhibit broad



164 7 Laser induced kinetics at liquid interfaces

ultraviolet absorption bands which makes them ideal systems to study CTTS dynamics
[26, 27, 28, 29]. Understanding how such light-driven processes affect the interfacial
distribution of halide ions is therefore essential for assessing their role in atmospheric
chemistry.

This study aims to gain understanding of how halide ions behave at the air-water
interface under atmospherically relevant conditions. In this work, we focus on aqueous
Nal solutions as iodide is atmospherically relevant, occurring in marine aerosols and
playing a role in interfacial photochemistry [30, 31]. Two key questions are addressed:
(1) Is the number of ions at the surface enhanced, supporting theoretical predictions of
interfacial enrichment? (2) How does the ion distribution at the surface change upon
UV irradiation?

To explore these questions, we studied Nal solutions with concentrations between
0.1 M to 4 M. For this purpose, we employed X-ray reflectivity (XRR) [32, 33, 34] and
X-ray fluorescence near total reflection (XRFNTR) [35, 36, 37], two surface-sensitive
techniques complementary to other commonly used methods such as vibrational sum-
frequency spectroscopy and X-ray photoelectron spectroscopy.

XRR measurements allow probing the atomic-scale structure of fluid interfaces.
Specifically, XRR enables the investigation of the surface-normal electron density pro-
file, providing detailed insights into surface layering and the distribution of ions near the
surface. This technique is highly sensitive to surface roughness and structural changes
at the interface, making it ideal for studying ion concentrations at liquid-air interfaces
under varying conditions, such as different concentrations of aqueous halide solutions
or the influence of UV irradiation [38, 32]. In fact, XRR has proven capable of resolv-
ing complex, nonmonotonic ion-density profiles near the interface, as demonstrated for
aqueous ErCl; solutions by Luo et al. [39].

XRFNTR provides complementary information to XRR by enabling element-specific
detection of ions near the interface. As with XRR, the analysis is based on modeling the
depth-dependent scattering length density (SLD), but here the signal arises from the
fluorescence emitted by specific elements. The element-specific fluorescence spectrum
allows the interfacial distribution to be determined for individual ion species, enabling
a direct quantification of their enrichment or depletion at the liquid surface.

Using the laser pump - X-ray probe setup [40] at the LISA diffractometer [41]
at P08, PETRA III, DESY [42] as shown in Fig. 1, we were able to collect X-ray
reflectivity data up to a wave vector normal to the surface of ¢, = 0.8 A" I situ
UV laser radiation with 258 nm was used to excite the halides electronically. This
unique experimental setup enables us to directly track UV-induced changes in surface
ion distribution, offering valuable insight into surface processes relevant to atmospheric
chemistry. Within this study we focused on the equilibrium state in the absence of laser
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Figure 1: Schematic of the laser pump and X-ray reflectivity and X-ray fluorescence measurement
setup for two incident angles and with the corresponding X-ray and laser footprint (not true-to-scale)
at the LISA diffractometer [41, 40] at P08 [42], Petra III, DESY.

irradiation and on the average steady-state behavior during pulsed laser irradiation.
The latter provides important preliminary data for future pump-probe studies of these
interfaces with our setup.

2. Material and methods

2.1. Sample preparation

Nal (99.99%) was purchased from Sigma Aldrich. The salt was baked for >200°C
for more than 24h to eliminate any possible organic contamination and moistures.
18 M Milli-QQ water (Elga Purelab Ultra Analytic, 18 MQ cm™!) was used to prepare
the different salt concentrations shortly before the measurements. The error for all
M concentrations is estimated to be +0.2 M. All Nal solutions were stored at room
temperature and in the dark to avoid production of triiodide.

2.2. X-ray reflectivity (XRR)

All X-ray reflectivity measurements were performed at the liquid diffractometer
LISA [41] at P08, PETRA III, DESY [42|. The measurements were carried out at an
energy of 18 keV with a bandwidth of AE/E = 1 x 107*. The beam size was trimmed
to 70 pm vertical x 200pm horizontal. Surface-normal wave vectors in the range of
0.018A7" to 1A™" were covered. A 195 x 40mm PCTFE trough was used to hold
the liquid samples. An area detector (Lambda 750k GaAs, pixel size 55 pm x 55pum,
XSpectrum GmbH) was positioned 1.098 m from the pivot point of the diffractometer
where the sample is centered at.
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For the extraction of XRR curves from the raw detector images, the region of interest
(ROI) was set to 2.2mm x 1.21 mm. This size was chosen to accommodate peak broad-
ening upon laser irradiation while maintaining consistent ROI dimensions throughout
the data set. Further details on data extraction are provided in Appendix A.l.

We used the Python package refnx version 0.1.47 [43] to analyze the X-ray re-
flectivity data using the Parratt algorithm [44]. A brief summary of the theoretical
background relevant for XRR analysis is given in Appendix A.2. For a comprehensive
introduction to the principles of X-ray reflectivity, see [45, 46]. The following model was
fitted to the measured reflectivity curves to extract structural and interfacial properties:

No-layer model: This model describes air as a superphase with a fixed SLD of 0A~>
and the salt solution as a subphase with a finite SLD representing the bulk. The
free parameters - SLD, interface roughness, and a scaling factor — were fitted to
analyze the bulk properties and surface structure.

Parameter uncertainties were estimated using a Markov Chain Monte Carlo ap-
proach (see Appendix A.3 for details). The fit was limited to ¢, < 0.6 AN At higher
¢, the decreasing g,,-resolution (see Eq. A.3) leads to specular peak shape changes, as
capillary waves scatter radiation away from the specular condition. Once these changes
exceed the experimental uncertainty, this limits the applicability of the single roughness
model (compare Eq. A.2) [47].

Following the FAIR principles, we supply not only the extracted XRR data but also
the raw data including relevant metadata, the flatfield and pixel mask, and our Python
script for the data extraction (see Sect. 9 for details).

2.8. X-ray fluorescence near total reflection (XRFNTR)

A XR100 FAST-SDD Amptek detector was used for the X-ray fluorescence mea-
surements. The fluorescence signal was measured for X-ray incident angles between
0.016° to 0.13° probing a sample volume from 5nm to 21 pm (see Supplementary Fig-
ure B.6). Calibration of the energy channels was done with a reference measurement
on air. For this, the sample was moved out of the beam and the sample cell was filled
with normal air atmosphere. As Ar is the only atom in air, that gives an observable
X-ray fluorescence signal, its peak and the elastic peak can be identified and based
on their position, the energy-channels conversion is calibrated. The signal intensity
was normalised to the intensity of the elastic peak signal by fitting the Compton and
elastic peaks with Gaussian functions. Assignment of the fluorescence peaks to the
K- and L-shell emission lines was done by comparison with literature values [48] and
is shown in Figure 3. The intensity of the fluorescence peaks is proportional to the
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incoming beam intensity and depends on the angle of incidence because the incoming
wave under grazing incidence interferes with the reflected wave at the interface. In
this cross section, standing waves develop and the electromagnetic field is defined by
the interference pattern, which dependents on the incident angle. Therefore, the angle
dependent fluorescence signal allows the analysis of the depth-profile of layered struc-
tures. [35, 49, 37, 50] The intensity of a buried layer I, inside the bulk at a distance z
from the interface and with the thickness d can be calculated with [50]

I(a,z) =1,(1 — R(«)) - % e /M) (1 _ e*d//\(a)) (1)

together with the Fresnel reflectivity R(a)) and the penetration depth A(«)

2
oa— of

o+ of

R(a) =

A (2)
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227 - \/\/(oz2 —a2)2 4452 — (a? — a2)

where )\ is the wavelength of the incoming beam, «. the critical angle and 8 the refrac-
tive index. For the analysis of the fluorescence signals Eq. 1 is fitted to the data and
the SLD values is calculated from the derived critical angle a.. All fluorescence mea-
surements were done using the liquid cell described in [40] with a 40 x 90 mm PCTFE
trough. The cell was flushed with wet nitrogen gas to prevent evaporation of the liquid.

2.4. Laser specifications

We use pulsed UV laser radiation to excite the halides electronically. The Pharos
femtosecond pulsed laser from Light Conversion available at P08, Petra III was operated
at a repetition rate of 130.12 kHz and used as pump for the additional higher harmonic
generator (Hiro module from Light Conversion) to generate the forth harmonics with
a wavelength of 258 nm and pulse length of 251 fs. The setup is described in detail in
[40]. With the external controllable Pockels cell of the laser unit the pulse energy was
controlled and varied between 0.48nJ and 6.66 p1J. During the XRR and XRFNTR
measurements, the sample was continuously illuminated with the pulsed laser.

The gaussian laser spot profile was measured with the beam profiling camera beamage-
4M from gentec-eo at the beginning of the beamtime. The laser spot size was determines
to have diameters at full width at half-maximum (FWHM) of (2.50 4 0.09) x (2.36 +
0.13) mm. The elliptical shape originates from the oblique incidence of the laser beam
at an angle of 60° relative to the sample surface plane. While the footprint of the
laser remains constant, the footprint of the X-ray beam tracing the exited region of

6
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Figure 22 XRR of Nal solutions with concentrations stated in the upper legend. Left: Measured
reflectivity curves normalized by the Fresnel reflectivity calculated for an ideal, perfectly smooth in-
terface (o = OA) and using the SLD of the corresponding best-fit result for each concentration. The
curves are vertically offset by factors of 10 for clarity. Solid lines show the best-fit results using the
no-layer model. The horizontal line indicates the maximum wave vector used in the fitting. Middle:
Measured reflectivity curves divided by their respective best-fit curves from the no-layer model. The
curves are shifted vertically by integers for clarity. Right: SLD profiles corresponding to the best-fit
no-layer model for each concentration.

the sample depends on the wave vector ¢,. At the lowest angle with ¢ = 0.018 AT
(corresponds to an incident angle o &2 0.06°), the X-ray footprint is significantly larger
with 70.9mm. It decreases down to 2.13mm for ¢ = 0.6 AT (v ~ 1.89°). The point
where both footprints are equal is at ¢ — 0.511 A",

3. Results

3.1. Near surface ion distribution

We first investigate the near-surface ion distribution of aqueous Nal solutions with
concentrations ranging from 0.1 M to 4 M. To this end, we examine the XRR measure-
ments presented in Figure 2. The best-fit results are summerized in Table 1.

The left panel of Figure 2 shows the measured reflectivity curves for different Nal
concentrations, normalized by the Fresnel reflectivity for a flat surface. This normal-
ization highlights deviations from ideal interfacial behavior. The measured curves do
not exhibit any oscillatory features, known as Kiessig fringes, which arise from interfer-
ence between reflections at different thin surface layers. The absence of such features
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XRR XRFNTR expected
Conc. SLD Roughness X2, Qe SLD d B X2, | bulk SLD
(M) | (107°A7% (A) (A) (10°°A7%)  (am) (107%) (105477
H,O | 941 £0.08 2.62 4+ 0.06 0.03 9.41

0.10 | 9.75 £ 0.14 2.62 £ 0.06 0.02 | 0.0690 £ 0.0002 9.61 £ 0.03 460 &£ 50 1.5 £ 0.2 0.000 9.47
0.50 | 997 £0.15 2.65 £ 0.06 0.03 | 0.0703 £ 0.0002 9.96 £ 0.05 390 £ 50 2.2 £ 0.3 0.001 9.70
1.00 | 10.26 £ 0.16 2.64 £ 0.06 0.04 | 0.0715 £ 0.0002 10.31 £ 0.06 430 £60 2.4 4+ 0.3 0.005 9.98
2.60 |11.65 £ 0.15 2.62+0.06 0.05 | 0.0760 £ 0.0002 11.66 & 0.04 360 £ 30 2.9+ 0.2 0.001 10.96
4.00 | 12.67 £0.16 2.63 £ 0.06 0.06 | 0.0792 & 0.0002 12.65 £ 0.06 290 =30 3.6 £0.3 0.003 11.79

Table 1: Summary of the best-fit parameters obtained from XRR and XFNTR measurements (without
laser illumination) for Nal solutions at different concentrations. For XRR, the fitted parameters include
the scattering length density (SLD) and surface roughness. For XFNTR, the yields the critical angle
a., SLD, layer thickness d, and absorption parameter 3. The final column lists the expected bulk SLD.

indicates that the Nal solutions do not form well-defined interfacial layers within the
sensitivity of the measurement.

This observation is consistent with the no-layer model, which assumes a single,
homogeneous liquid without additional surface layering. The corresponding best-fit
curves are shown as solid lines in the left panel of Figure 2 and closely follow the
measured reflectivity data across all concentrations. To better visualize any deviations,
the middle panel shows the ratio of the measured reflectivity to the best-fit result.
The agreement remains excellent, with reduced chi-squared values well below 0.1 (see
also Table 1). No oscillations indicative of interference effects are observed here either.

Only at wave vectors beyond ¢, ~ 0.6 A" do systematic deviations become apparent.
These may result from the g,-dependence of the resolution (Eq. A.3), which affects the
effective roughness extracted from the reflectivity data (Eq. A.2). This supports the
assumption that resolution effects can be neglected up to ¢. ~ 0.6 AT Beyond this
range, the deviations become large enough to be significant, and the roughness may
appear reduced — consistent with the flattening of the reflectivity curves at high ¢,.
Notably, the magnitude of these deviations increases with Nal concentration, which
cannot be explained by resolution effects alone.

The right panel of Figure 2 shows the SLD profiles corresponding to the best-
fit reflectivities. All profiles exhibit a comparable width at the air-liquid transition
(around z = 0), indicating similar interfacial roughness for all concentrations (see also
Table 1). For pure H50, the best-fit yields a roughness of 2.62 £ 0.06 A, and the values
obtained for the Nal solutions range from 2.6240.06 A to 2.654+0.06 A. All values agree
within their uncertainties, indicating that the interfacial roughness does not depend on
the salt concentration.

As expected, the bulk SLD increases with increasing Nal concentration. The ex-
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Figure 3: X-ray fluorescence near total reflection data taken from aqueous Nal solution with different
concentrations without the laser. a) Fluorescence spectrum for the 4.0 M solution with the indication
of the emission lines at an incident angle alpha of 0.066°. b) Colormap presenting the angle-depended
spectra. ¢) Reflected intensity of the X-ray (black) and integrated intensity of the iodine L peaks
for the 4.0M Nal solution together with the fit of the fluorescence signal from a buried layer. The
critical angle alpha, is marked as gray line. d) Integrated intensity of the iodine L, peak and its fit for
multiple concentrations against the incident angle alpha divided by the critical angle alpha. for each
concentration. For the fits, the 95% confidence interval is shown in grey.

pected bulk SLDs for the Nal solutions were calculated for the given concentrations
using the Neutron Activation and Scattering Calculator? and are listed in the last col-
umn of Table 1. Our best-fit result for pure HyO, 9.414:0.08 x 10~° A_Z, agrees well with
the expected value. In contrast, for all Nal solutions, the fitted SLDs are consistently
higher than the corresponding calculated bulk values (see Table 1).

While the XRR measurements provide valuable insights into the overall electron den-
sity profile and layering of the Nal solution, XRFNTR, offers complementary, element-
specific information by directly probing the spatial distribution of individual ions near
the liquid—air interface [51]. This allows a more detailed assessment of the surface en-
richment or depletion of specific ionic species. Consequently, in Figure 3d) we show the
XRFNTR measurements of the Nal solutions with different concentrations.

In panel a) of Figure 3, we show exemplary the spectrum obtained for a Nal so-
lution with a concentration of 4.0 M. Similar to the spectra obtained for the other
concentrations, it shows distinct features with enhanced signals observed at 3.92keV,
4.24%keV, 4.50keV and 4.79keV £ 0.01 keV corresponding to the L., Lgi, Lge and L.
iodine emission lines respectively. For comparison, the intensities of the L, line at
different incident angle o are compared for the Nal solutions with different concentra-

2https://www.nenr.nist.gov /resources /activation/
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tion in Figure 3, panel d), showing an increase of the signal intensity with increasing
Nal concentration reflecting the higher ion density at the interface and in the bulk. In
particular, the intensity rises significantly from 0.1 M to 0.5M and further to 1 M, but
shows only weak increase at higher concentrations of 2.6 M and 4.0 M. This effect is
unlikely due to reaching the saturation limit of Nal in solution, as the concentrations
used are well below the known solubility of Nal at room temperature.

XRFNTR measurements enable depth-resolved probing of the sample, as the pen-
etration depth of the incident X-rays depends on the angle of incidence (see Figure
B.6). This penetration depth corresponds to the 1/e decay length of the X-ray inten-
sity within the sample. At higher incident angles, particularly in the bright region on
the right-hand side of the spectrum, the measurements are sensitive to the bulk of the
solution, with the X-rays penetrating up to 21 um deep into the sample [52, 33]. The
sharp increase in intensity observed around 0.069° corresponds to the critical angle for
total external reflection. Below this angle, total reflection of the incident X-rays oc-
curs resulting in a penetration of only a few nanometer into the sample, making the
signal highly surface sensitive. The shape of the angle dependent intensity rise allows
conclusions on the surface near structure. The typical shape of a flat and infinite thick
substrate shows a step like increase in intensity at the critical angle and an approxi-
mately linear increase at angles larger than the critical angle. Meanwhile, any residuals
or layers at the interface affect the shape and sharp peak-like or periodic oscillations in
the intensity profile can be observed [37, 36, 50].

Analyzing the measured fluorescence signals shown in Figure 3d), a S-like shape of
the intensity profile is observed and the profile was fitted using Eq. 1 for a layer directly
at the interface (z = 0) and all fit values are listed in Tab. 1.

From the fit, the critical angle . and the thickness of the layer is derived directly.
The critical angle «. increases with increasing concentration and the calculated SLD
values correspond well to the SLD values derived from the XRR measurements (see
Fig. 5). The determined thicknesses of the layer d decrease from 460 £ 50nm to
290 £ 30 nm with increasing concentration. These fitted layer thicknesses are about half
of the maximum penetration depths A of about 1 pm and 0.4 pm for the 0.1 M and 4 M,
respectively, concentrated aqueous Nal solutions. Therefore, this fitted thickness could
origin from the dimension of the probed volume rather than an actual layer forming at
the interface. Moreover, the simulated dimension of the ion enriched layer is on the A
length scale[11, 53] and the fitted layer thickness is by a factor 1000 larger.

3.2. Laser induced dynamics at the interface

In order to understand the effect of UV radiation on the surface structure of halide
solutions, we have carried out XRR measurements under continuous in situ UV laser

10
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Figure 4: Overview of XRR measurements for different laser pulse energies, as indicated in the upper
legend. The salt concentration increases from left to right, with each column labeled accordingly.
Upper row: Measured reflectivity curves (circles) and no-layer best fits (solid lines) for different laser
powers. The reflectivity curves measured with the UV-laser switched on are shifted vertically by factors
of 100 for clarity. For each of the scaled curves, the measured reflectivity curve and the best fit for the
measurement with the laser switched off are shown in black for direct comparison. Lower row: Ratios
of measured reflectivity to the respective best-fit curves from the no-layer model, shown for each laser
power. Curves are vertically offset by integer values for clarity. In all figure panels, the vertical dashed

line marks the maximum wave vector of 0.6 A" included in the fitting.

illumination with different pulse energies. The resulting reflectivity curves are shown
in Figure 4.

The upper row of Figure 4 shows the measured reflectivity curves for various Nal
concentrations at increasing laser pulse energies. Deviations between the reflectivity
curves recorded with the laser switched on and off are visible, particularly near the
critical angle. To quantify these deviations, we introduce the metric

D= <<R0H - Ron)2/<5Roff5Ron)>a (3)

that is the mean squared deviation from the reflectivities Rg and R,, in relation to the
square error, which is calculated from the product of both measurement uncertainties

11
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0R.g and 0R,,. A value less than 1 indicates that the deviation is within the error
bars on average, while a value greater than 1 suggests a significant deviation. For
concentrations of 0.1 M, 1M and 2.6 M, the metric exceeds 1 at higher laser energies,
indicating that the observed differences cannot be explained by statistical uncertainty
alone.

The most pronounced deviation occurs at 2.6 M for the highest laser pulse energy
of 6.661J. Here, a sharp peak near the critical angle is followed by a broader dip.
This characteristic shape may indicate a distortion of the liquid surface, causing the
reflected beam to originate from regions with slightly different surface inclinations. As a
result, the reflectivity curve around the wave vector corresponding to the critical angle
is effectively smeared out.

Despite these deviations, no oscillations such as Kiessig fringes are observed in any of
the laser-on measurements. This, together with the good agreement between measured
reflectivities and the no-layer model (see lower row of Figure 4), suggests that no well-
defined interfacial layer forms even under UV illumination. The reduced chi-squared
values remain below 0.84 in all cases, except for the most extreme condition (2.6 M,
6.66 nJ), where a value of 2.37 indicates a significant mismatch.

As in the laser-off measurements, deviations between fit and data increase beyond
q. ~ 0.6 Afl, with the effect becoming more pronounced at higher concentrations.

Figure 5 summarizes the best-fit results for the SLD (top) and interfacial roughness
(bottom) obtained from the XRR measurements at different laser pulse energies using
the no-layer model.

For pure water, the SLD remains unaffected by laser illumination across the entire
range of pulse energies. In contrast, for the Nal solutions, the SLD increases with laser
pulse energy. This effect becomes significant above 1.7 1J. A notable exception occurs
at 2.6,M and 6.66 nJ, where the fitted SLD appears to agree with the laser-off value.
However, this agreement should be interpreted with caution. The high reduced chi-
squared value of 2.37 indicates that our model fails to adequately describe the measured
data in this case. The uncertainty estimate provided by the MCMC sampling reflects
the parameter distribution under the assumption that the model is valid. It does not
account for model inadequacy.

The extracted interfacial roughness shows no systematic variation with laser illu-
mination and remains constant within the errorbars across all concentrations and laser
conditions. This is particularly noteworthy in light of the distortions observed in the re-
flectivity curves at high laser energies, which might result from surface deformation. If
such deformation were present, one would expect an increase in the apparent roughness
due to contributions from a broader distribution of surface inclinations.

12
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Figure 5: Summary of SLD (top) and interfacial roughness (bottom) as a function of Nal concentration
from XRR and XFNTR measurements. The values shown represent the best-fit results obtained using
the no-layer model. XRR data are shown for different laser pulse energies, including the laser-off
condition, while XFNTR results were obtained without laser illumination. The expected bulk SLD
values are shown as a reference.
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4. Discussion

4.1. Near surface ion distribution

We begin our discussion of the interfacial structure by analyzing the scattering
length density obtained from both XRR and XRFNTR measurements. The SLD val-
ues derived from both techniques are in very good agreement (compare Figure 5 and

Table 1). For pure water, the SLD obtained from XRR is 9.41+0.08 x 107° A% which

matches the expected bulk value of 9.41 x 1076 A2

In contrast, for all investigated Nal solutions, the measured SLD values are higher
than expected based on bulk composition. A plausible explanation is the enrichment
of ions at the interface. Theoretical studies have suggested that larger and more po-
larizable anions like I™ are expected to accumulate at the surface, enhancing the local
electron density. Jungwirth and Tobias [11] reported molecular dynamics simulations
of a 1.2 M Nal solution showing a pronounced interfacial structuring: I ions were
enriched by a factor of 2.9 in a narrow layer near the interface, while slightly depleted
just below that. In the same sub-surface region, an enrichment of Na*t ions by a factor
of ~2 was observed.

Although we do not observe a well-defined layering in our XRR data, our mea-~
surements are particularly sensitive to the SLD of the interface. Even a thin surface
layer with elevated ion concentrations could therefore result in a significantly higher
interfacial SLD than expected from the bulk. This is consistent with our findings.

Fitting the XRR measurements, we obtain the total surface roughness o = /o + 02,
which consists of the intrinsic roughness oy and the capillary wave roughness o. (Eq.
A.2). The total roughness for different laser powers is plotted against the concentration
of the aqueous Nal solution at the bottom of Figure 5. For pure water, we obtain a
roughness of o = 2.62 + 0.06 A. With a capillary wave roughness of o, = 2.59 A calcu-
lated from Eq. A.2, the intrinsic roughness results to oy = 0.40 & 0.16 A, which aligns
with previous measurements of the intrinsic roughness of water [54].

With increasing Nal concentration, the total roughness remains constant within
the error bars for the reflectivities measured with the laser off (black circles). The
surface tension is expected to increase from 72.8 mNm~! for pure water [55] to about
77mNm™! for an Nal solution at a concentration of 4 M [56]. Following Eq. A.2, this
would imply a decrease in the capillary wave roughness by Ac. = 0.08 A, resulting in
0. = 2.51 A. Given the total roughness of 2.62 & 0.06 A, this suggests a larger intrinsic
roughness of g = 0.75 £ 0.11 A for the 4M Nal solution compared to pure water.

4.2. Laser induced dynamics at the interface
A novel aspect of our study is the impact of UV irradiation on ion distribution at the
liquid-air interface. To assess the potential influence of the 258 nm laser irradiation on

14
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the interfacial properties of the Nal solutions, we consider several possible mechanisms:
(1) laser-induced deformation of the interface, (2) local heating, (3) the influence of
the laser’s electric field, and (4) excitation or ionization. Additionally, we discuss
implications of the spatial mismatch between the footprints of the laser and the X-
ray probe beam.

Surface deformation. Laser excitation can lead to a deformation of the liquid surface
through various mechanisms, including thermal expansion, evaporation, ablation, pho-
ton pressure, and local changes in surface tension. Warias et al. [40] reported the
formation of a dip at the liquid surface under UV laser irradiation for both water and
Nal solutions. In our experiments, this deformation manifests as a broadening of the
specular peak, visible in the detector images as well as in the reflectivity curves. De-
spite this observable dip, we do not detect any significant change in SLD or interfacial
roughness for pure water.

Temperature increase. UV laser irradiation can locally heat the surface, potentially
increasing thermal capillary waves and roughness. However, we do not observe a signif-
icant change in roughness upon laser excitation. One possible explanation is a compen-
sation between competing effects: on the one hand, increased temperature promotes
surface roughening; on the other hand, increased surface enrichment of ions could raise
the surface tension, suppressing thermal fluctuations. The balance of these effects may
result in an unchanged effective roughness.

Electric field effects. The electric field of the laser pulse could exert a ponderomotive
force on ions during the pulse, potentially displacing them from the laser-irradiated
region. This effect would result in a decrease in interfacial SLD, which is not observed.
Hence, if present, the ponderomotive effect does not dominate the interfacial ion dis-
tribution under our experimental conditions.

Tonization. The laser, with a wavelength of 258 nm (corresponding to 4.8 eV), provides
sufficient photon energy to remove electrons from I~ ions (electron affinity of iodine
is 3.06eV). Additionally, water molecules (ionization energy 12.6eV) could undergo
multiphoton ionization under sufficiently intense laser excitation. The resulting free
electrons have a greater X-ray scattering length than bound electrons, which could
contribute to the observed increase in SLD upon laser excitation.

Mismatch of laser and X-ray footprint. A significant consideration is the spatial mis-
match between the laser and X-ray footprints. While the size of the laser footprint is
2.5 mm, the X-ray footprint varies with incident angle, ranging from 70.9 mm at low ¢,
to 2.13mm at the maximum considered wave vector (0.6 Afl). The footprints match
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only at ¢, ~ 0.511 AT Therefore, most of the X-ray signal integrates over both laser-
illuminated and unperturbed regions. This implies that the laser-induced effects on the
interfacial structure must be locally more pronounced than the average effect observed
in the reflectivity signal.

5. Conclusion

In this study, we investigated the ion distribution at the liquid-air interface of aque-
ous Nal solutions using complementary X-ray reflectivity (XRR) and X-ray fluorescence
near total reflection (XRFNTR) techniques. Our results build a basis for understanding
the behavior of ions at interfaces and their potential impacts on fundamental atmo-
spheric and surface chemistry.

Our measurements reveal that, across the considered range of concentrations 0.1 M
to 4 M at room temperature, no well-defined layering forms at the liquid—air interface.
Instead, the interface can be accurately described by a homogeneous no-layer model.

The complementary XRR and XRFNTR measurements provide consistent results
for the scattering length density (SLD) of Nal solutions. The SLD of the Nal solutions
increases linearly with concentration, indicating a rise in electron density at the interface
and in the bulk as more Nal is dissolved. The determined SLD values the expected bulk
values for all Nal solutions, indicating an enrichment of ions. This observation aligns
with theoretical predictions and molecular dynamics simulations suggesting enhanced
surface concentrations of polarizable anions.

A novel aspect of our work was the exploration of the effect of UV laser irradiation
on the ion distribution and surface roughness. Upon UV laser illumination, we observe
deviations in the reflectivity curves, particularly at higher pulse energies. The SLD
increases, however, no evidence for the formation of a distinct surface layer under irra-
diation is found. The increase in interfacial SLD may point to photoinduced ionization
processes. Despite these changes, the interfacial roughness remains largely unaffected
by either salt concentration or laser excitation.

In conclusion, our study provides valuable insights into the behavior of ions at the
liquid-air interface under UV irradiation. The observed consistency between comple-
mentary measurement techniques, as well as the alignment of our results with theoret-
ical expectations, enhances our understanding of surface properties of ion-containing
liquids. Yet, more sophisticated measurements are required to fully elucidate the ef-
fects of laser excitation, particularly to determine the precise role of ion enrichment and
surface roughness modifications under UV irradiation.
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Appendix A. XRR mesaurements

Appendiz A.1. Data extraction

The extraction of XRR curves from the raw detector images begins with flatfield
correction and masking of defective detector pixels. A region of interest (ROI) is then
selected and centered at the specular peak, covering the reflected intensity with dimen-
sions of 2.2mm x 1.21 mm. This ROI size is chosen to account for peak broadening
upon laser irradiation while maintaining consistency throughout the dataset. The ROI
center is automatically determined by summing and smoothing all detector images,
then identifying the peak position along each axis in the resulting intensity profiles.
The surface reflection intensity is calculated from the total intensity in the specular
ROI subtracted by the background that is the average of the total intensities in the two
adjacent off-specular ROIs. The signal is normalized to the signal from the ion chamber
measuring upstream of the sample. Statistical uncertainty for each reflectivity point is
estimated from the background signals, with an additional relative uncertainty of 10 %
to account for ion chamber fluctuations.

To capture the wide dynamic range of the reflectivity signal, which spans several
orders of magnitude depending on the wave vector, an absorber wheel with varying
thicknesses and corresponding attenuation factors is placed in the beam path before
the X-rays reach the sample. Consequently, scans recorded with different absorber
thicknesses must be scaled accordingly. The scaling factors are determined by fitting
parts of XRR curves measured for pure water using different absorber thicknesses to
the Fresnel reflectivity. An uncertainty of 5% in these scaling factors is also taken into
account in the reflectivity uncertainty.

Due to the selected slit size and distances, the footprint of the X-ray beam at all
measured angles remains smaller than the trough surface area at all measured angles,
ensuring that no footprint correction is necessary for the reflectivity measurements.

Appendix A.2. Theoretical background on XRR

The central quantity in X-ray reflectivity analysis is the scattering length density
(SLD), which is directly proportional to the material’s electron density. At grazing
incidence, total external reflection occurs when the angle of refraction inside the sample
o equals zero, defining the critical angle «. that depends on the electron density. The
corresponding critical wave vector ¢. is related to the SLD by:

¢e = V167SLD. (A1)

X-ray reflectivity is also sensitive to thermally excited surface fluctuations, known
as capillary waves, which lead to a reduction of the reflected intensity. This so-called
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capillary roughness can be estimated from the following equation [57]:

kgT
2 B Gmax
=—1 A2
I, 2mn<5qu>, (A.2)

where kg is the Boltzmann constant, T is the temperature, 7 is the surface tension,
0qxy is the in-plane resolution, and gmax is the wave vector cut-off. The maximum
wave vector cut-off ¢n.x reflects the shortest surface fluctuations that can meaningfully
contribute to the capillary roughness. It is limited by molecular dimensions and defined
as Gmax = 7/a, where a is the molecular size. The in-plane resolution [58, 59, 60]

2

o (A.3)

5er ~ 25% =4
depends mainly on the resolution of the reflectometry measurement given by the vertical
size of the detector area used for the collection of the reflectivity data, which is [, =
2.2mm, and the detector distance L = 1.098 m.

Appendixz A.3. MCMC fitting procedure

To estimate posterior distributions of the fit parameters in the reflectivity models,
we employed a Markov Chain Monte Carlo (MCMC) approach implemented in the
Python package refnx (version 0.1.47) [43]. Sampling was carried out using the affine-
invariant ensemble sampler proposed by Goodman and Weare [61], as implemented in
emcee [62].

The parameter space was explored using 200 walkers, each representing an indepen-
dent Markov chain. Initial positions of the walkers were randomly distributed within
the parameter space. The ensemble was first evolved for 1000 steps to allow for burn-in,
during which the chains converge toward the target posterior distribution. These initial
steps were discarded. Subsequently, 2000 additional samples per walker were collected
to build the posterior distributions.

Convergence was monitored by visual inspection of the walkers’ temporal evolution.
The best-fit parameter values were taken as the medians of the posterior distributions,
and the uncertainties were estimated as half the interval between the 15th and 85th
percentiles.

Appendix B. Additional Figures
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Figure B.6: Penetration depth A of the X-ray beam as a function of the angle of incidence, plotted
against the corresponding wave vector ¢,. The penetration depth corresponds to the 1/e decay length
of the X-ray intensity within the sample. The vertical dashed line marks the critical angle g. for HO.
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Figure B.7: Same as 2 but with the best-fit results for the single-layer model.
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7.2.2 Laser Pump - X-ray fluorescence near total reflection at
aqueous Nal surfaces

In addition to the XRFNTR data without laser irradiation included in the manuscript
MSH 2|, data with laser radiation was taken during the same beamtime. The spectra
were collected under continuous laser irradiation with varying laser power analogous
to the XRR data with laser irradiation described in [MSH 2|. During the data
collection time of 25 to 30s, over 3 million laser pulses arrived at the sample and the
accumulated effect was investigated. The XRFNTR data from 0.1, 0.5, 1, 2.6 and
4 M Nal solutions with and without laser irradiation are shown in Fig. 7.3. The laser
power was varied between 0.48, 1.70, 3.54 and 6.66 +0.04 pJ. All fluorescence spectra
show the same peaks belonging to the iodide L., Lg 1, Lg2, and L. ; peaks. The peaks
were fitted as described in Sec. 4.6.4 and |PSIH 2|. The angle dependent intensity of
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Figure 7.3: Fluorescence spectra taken at varying incident angle o from Nal solutions

with a concentration of 0.1, 0.5, 1, 2.6 and 4 M without (row 1) and with (rows 2-4)
laser irradiation. The spectra show the L., Lgi, Lggo, and L., peaks.
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Figure 7.4: a) Intensity profile of the L, peak in dependence of the incident angle «
with (coloured) and without (black) laser irradiation for the 0.1, 0.5, 1, 2.6 and 4 M
Nal solutions. b) Selection of the intensity profiles of the 0.5 M and 4 M solution
without laser (black) and with laser irradiation with a laser pulse energy of 1.70 nJ

(orange).

the L, peak is shown in Fig. 7.4a for the different solutions and laser settings. The
laser off profiles are the same as presented in the preprint [MSIH 2|. First thing to
notice is that the shape of intensity profiles change upon laser irradiation and the
intensity increase around the critical angle looks less steep for the measurements with
laser illumination. In addition, for the 4 M Nal solution a bump around the critical
angle is observed. In Fig. 7.4b the intensity curve for the 0.5 M and 4 M Nal solution
without and with laser for the same laser pulse energy are compared to highlight the
flattening at low concentrations and the bump at high concentration. While the laser
off profiles follow the expected S-like intensity increase for a bulk solution, the laser
on profiles deviate significantly from this bulk profile. This deviation could be caused
by multiple effects. On one hand, it could hint to a formation of a distinct layer at

the interface. Depending on the thickness and electron density of this potential layer,
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a sharp intensity increase and a shift in the position of the critical angle could be
observed (see Fig. 2.11 in Sec. 2.3.5). On the other hand, the flattening could result
from a roughening of the surface.

For rough surfaces of solid samples, a broadening of the step like profile is observed
[161, 164], which looks similar to the observed broadening ffrom the studied liquid
surface. However, unlike solid surfaces, the roughness of the water surface does
mainly depend on the capillary roughness (see Sec. 2.1.2). Therefore, a roughening
of the surface could only be related to a macroscopic geometric deformation of the
surface, such as the creation of standing waves. From previous studies, we know
that the laser pulses can induce a geometrical deformation of the surface profile.
This geometric effect can be observed by a shift or a broadening of the reflected
specular beam on the detector upon laser irradiation. By small movements of the last
mirror reflecting the laser beam onto the surface, the relative position of the laser
beam to the X-ray beam can be altered and the profile of the surface alternation
can be detected. For laser irradiation on water based liquid surfaces, a dip with
a diameter of few mm and depth of few pm is formed by the laser. A detailed
discussion and calculation of this surface deformation is given in [183]. Reference
and control measurements on water and salt solutions with alternating laser powers,
laser spot positions and at different wavevectors showed that the contribution of
surface deformation to the observed effects can be neglected compared to the laser
induced excitation [183]. Yet, during the XRFNTR measurements low laser powers
were chosen to reduce the surface deformation and broadening of the specular beam
and the overlap of the laser and X-ray spot was carefully adjusted.

Nevertheless, measuring at very shallow incident angles, the X-ray is most sensitive
to any change in surface topology and the X-ray footprint on the sample is large
compared to the laser spot size. The XREFNTR measurements are performed with
incident angles between 0.016 to 0.13° which results in a very elongated X-ray
footprint. The XRFNTR data shown in Fig. 7.3 and Fig. 7.4 were collected with
an X-ray beam height of 100 pm. This results in a footprint of about (71 4+ 5) mm
at the lowest X-ray incident angle. Compared to the FWHNM of the laser beam size
with (2.50 + 0.20) mm, the X-ray spot is roughly 28 times larger than the laser spot.
Therefore, laser excited and non-excited regions of the surface are probed with the
X-ray simultaneously, which complicates clear identification of laser induced effect.
Considering the collected fluorescence signals to be the sum of the non and laser
irradiated regions, the laser irradiated region contributes to a 5% fraction of the
total intensity (neglecting the angle dependency of the X-ray footprint). If the small
bump in intensity profile from the 4 M Nal solution belongs to the laser irradiated

region, the low intensity could be due to the low percentage. However, the intensity
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difference between the bump and the intensity at a high angle is roughly a factor 1.5
and not 20. Moreover, the shape of the bump is not unambiguous. It could be a
sharp peak increase belonging to a layer inside the solution or an S-like shape profile,
suggesting a solution without layer but with a lower electron density (see Fig. 2.11
for comparison). Unfortunately, the collected data is not sufficient to draw distinct
conclusions. Further studies beyond this thesis are necessary to identify the origin
of the observed laser induced effects. One option to overcome the challenge of the
footprint mismatch, is to utilise a pm focused X-ray beam with a beam height of

only 13 pm in future measurements and works.
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Conclusion

This work was motivated by the plurality of chemical and physical processes
taking place at liquid interfaces and the main goal was to understand three specific
light-induced interactions in more detail: two at the water-air interface and one in
bulk water. Two of the three interactions of interest are light-induced morphological
changes in lipid membranes containing photoswitchable glycolipids at the water-air
interface and in bulk water. The results from these two studies, compiled in the
publication [PSH 1], the manuscripts [MSH 1] and [MSH 3] and sections in this work,
improve the fundamental understanding of the influence synthetic photoswitchable
lipids have on the structure of lipid membranes and their potential to induce struc-
tural changes which find applications in studies on controlling protein and bacteria
activity at membranes, drug delivery systems and membrane fusion. In addition to
the biological systems, the presence of salt ions at the water-air interface and how
laser irradiation in the UV range interacts with the ions and influences the surface
properties were investigated. An increase or decrease of ions at the interface directly
impacts chemical processes at liquid interfaces and is important to explain chemical
reactions in the field of atmospherical chemistry. The results, obtained in this work
and presented in the manuscript [MSH 2| and within in this work, help to describe

the presence of ions without and during irradiation with UV light.

To understand the light-induced interactions and to characterise the structural
properties of the interfaces a variety of X-ray scattering techniques were utilised.
The morphologies of the lipid aggregates in the bulk solution were determined with
small angle X-ray scattering (SAXS). These structures were related to the lipid
phases after performing differential scanning calorimetry (DSC) measurements to
determine the phase transition temperatures. Meanwhile, the phases of the lipid
monolayers were characterised with Langmuir isotherms and further investigated
with X-ray reflectivity (XRR), neutron reflectivity (NR) and grazing incidence dif-
fraction (GID). The XRR and NR measurements gave access to the layer thickness

and electron density profile in direction of the surface normal and the interface
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roughness. Additional information on the tilt angle and molecule-molecule distance
of the lipids in the Langmuir monolayer was received with GID. For the aqueous
salt solutions, the electron density and roughness were determined with XRR and
complemented with X-ray fluorescence near total reflection (XRENTR) measurement.
Combined, XRR and XRFNTR are powerful techniques to identify layers forming at
the surface and to determine the chemical composition at the interface. During the
X-ray scattering measurements, the samples were irradiated with UV or visible light
to induce structural changes. The biological membranes were illuminated with UV
and visible light emitted from LEDs. Whereas, for the studies on the aqueous salt
solutions, the solutions were irradiated with a laser. Utilising fs laser pulses to excite
the sample allows studying dynamics on time scales of fs to ps. However, these laser
pump - X-ray probe measurements are challenging and require especially designed
and optimised instruments such as the Liquid Interface Scattering Apparatus (LISA)
at P08, PETRA III.

During this thesis, the laser pump - X-ray probe setup at LISA was extended and
modified to broaden the fields of applications for the laser pump experiments as
published in [PSH 2|. On one hand, a beam profile shaper was incorporated into
the laser beam path to transform the Gaussian shaped beam to a flat top beam
with a homogeneous intensity distribution over the whole beam profile. A flat top
shaped beam is especially advantageous for measurements on heat sensitive samples
as the irradiated area is heated up evenly and the high laser fluency at the center
of the Gaussian shaped beam is reduced, which reduces the risk of exceeding the
damage threshold of the sample. In addition to these developments on the laser beam
path, the accessible time delays between the laser and X-ray pulses were extended to
cover the previously unavailable time range between few ps and s. By including an
additional delay generator and gating the Pockels cells inside the fs laser, the time
delays can be varied seamlessly and efficiently. This enhances the user experience
and enables measurements on diverse samples with short (ps to ns) and long (ps
to ms) relaxations times or to determine the relaxation times during one beamtime
without alterations of the measurement setup.

This laser setup at the LISA instrument was used to study the ion distribution at
the surface of aqueous Nal solutions with concentrations between 0.1 to 4 M. The ion
distribution was investigated with XRR and XRFNTR. Assigning the peaks in the
fluorescence signal to the emission lines of the iodide ions proved their presence at the
surface. Moreover, the absence of a fluorescence signal originating from the sodium

ions supports the theoretical expected attraction of the iodide ions to the surface
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and repulsion of the sodium ions from the interface. Though no distinct layering
of the iodide ions at the surface was observed at 21°C for either of the studied
concentrations, an increase of the electron density compared to the expected density
for a bulk solution was observed. By combining XRR and XREFNTR measurements
with laser irradiation at a wavelength of 258 nm, the influence of UV light on the local
ion distribution of the Nal solutions was studied. The XRR investigations showed
an increase of the electron density with increasing laser fluency while the surface
roughness was constant within the measurement uncertainty. A possible explanation
for the increase of electron density is the attraction of ions to the surface and forma-
tion of a higher concentrated region. While the XRR results show a clear structural
effect, the XRENTR results with laser irradiation are inconclusive. The XRFNTR
data displays a laser driven difference in the surface by a deformation of the intensity
profile of the fluorescence signal. This deformation could result from a formation of a
layer with another concentration and the subsequent superposition of the fluorescence
signals from the layer and the bulk. Combining the XRR and XRFNTR methods
allowed to confidently conclusion: firstly, under laser radiation iodide ions are still
present at the surface while sodium ions are absent as for the non-illuminated solution
and secondly, the laser has a not yet clarified effect on the local iodide ion distribution.

The work also focused on light-induced structural changes in lipids membranes and
the possible application of photoswitchable glycolipids to control protein or bacteria
attachment at lipid monolayers. The presented studies on Langmuir monolayers
composed by a lipid ratio of 9:1 of DPPC and one of the azobenzene mimetics
AZOL-C16, AZGL-C16 or AZLL-C16 showed for all three systems repeatable and
reversible changes in the surface pressure, vertical and in-plane structure of the
lipids. All three mimetics possess a tail group consisting of two saturated acyl chains
and differ in the type of carbohydrate attached to the head group. For reference
the mimetic AZOL-C16 with a non-glycosylated hydroxyl group was investigated
in addition to the (-D-glucopyranosyl (glucose) and 3-D-lactosyl (lactose) moieties
attached to the mimetics AZGL-C16 and AZLL-C16, respectively. In the Langmuir
and LC!

isotherm studies, the additional phase transitions LC} 1;s were found for

trans
the trans and cis state for all azobenzene mimetics and defined a range of area
per molecules at which surface pressure and structural changes can be induced
by isomerisation of the azobenzene mimetics. Upon illumination and switching of
the azobenzene mimetics, an increase of few mNm™! in the surface pressure was
observed. Time-resolved surface pressure measurements revealed the same linear
dependency between the relative surface pressure change and the time needed to reach

the corresponding surface pressures for all three azobenzene mimetics containing
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monolayers independent of the carbohydrate head group.

In addition to studying the surface pressure change, XRR and GID measurements
were performed to quantify the change in layer thickness, tilt angle of the tail group
and molecule packing. Switching the azobenzene mimetics with their ratio of 10 % in
the monolayer to their cis state induced a closer packing of all molecules. This closer
packing was visible in the increase of the tail layer thickness and decrease of the tilt
angle of the tail groups. In addition to the changes in the tail group, a significant
rearrangement in the head group ordering was found. In the trans state, the GID
results showed a head group ordering which disappeared for the monolayers with
AZOL-C16 and AZGL-C16 upon switching to the cis state. Moreover, the tilting
of the head group and subsequently reorientation of the head group was revealed
by XRR and NR studies on AZGL-C16 containing monolayers. This makes the mi-
metic AZGL-C16 a promising candidate for designing model systems to light-control
bacteria activity at the lipid monolayer.

In an initial study, lyotropic liquid crystals containing DPPC and the azobenzene
mimetic AZOL-C16 (no sugar group) were investigated to identify and characterise
light-induced structural changes of the crystal morphology. The SAXS results of
the aggregates with a ratio up to 20 % of the mimetic AZOL-C16 revealed light and
temperature-induced mesophase transitions. The temperature-induced transition was
found in aggregates with the mimetics AZOL-C16 in the trans state upon heating
from 25°C to 37°C and showed a transition from the lamellar to the bicontinuous
cubic Pn3m phase. This transition could be assigned to the phase transition from
the gel phase to the liquid crystalline phase with DSC measurements. Meanwhile,
for aggregates with the cis isomer of the mimetic AZOL-C16 the Pn3m mesophase
was identified for both phases, the gel and liquid crystalline phase, and thus no
temperature induced mesophase transition was found. Focusing on the gel phase
of the lipid aggregates and illuminating them to switch the mimetics AZOL-C16
between its trans and cis isomer, a reproducible and reversible mesophase transition
from the lamellar phase in the trans state to the Pn3m phase in the cis state was
observed.

A subsequent time-resolve SAXS study investigated the kinetics of the mesophase
transitions and identified the mesophases for various model systems comprised of one
of seven azobenzene mimetics or seven reference mimetics in combination with DPPC
or DLPC with ratios varying from 0 to 100 %. The obtained overview of mesophases
for the 47 lyotropic liquid crystals composed by the variety of lipid compositions
revealed that a photo-induced mesophase transition was observed for combinations
with the mimetics AZOL-C12 and AZOL-C16, both without a sugar group attached
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to the head group. In addition to the mesophase transition, a difference in the
repeating distances was found for few aggregates upon photoswitching between
the trans and cis isomers. To investigate the mesophase transition induced in the
aggregates containing the mimetic AZOL-C12, time-resolved SAXS measurements
were performed and revealed that the first structural change was observed after 30s
of continuous illumination and the mesophase transition was finalised after 120s.

In summary, Langmuir isotherm, DSC, XRR, GID and XRFNTR were successfully
utilised to investigate and determine light-induced structural changes in lipid mono-
layers, lyotropic liquid crystals and at aqueous salt solution interfaces. Especially,
the advantages of combining complementary methods such as XRR and XRFNTR
in the presented study on aqueous Nal solutions and XRR and GID for the lipid
monolayers showed how beneficial diverse measurement methods are to identify the
structures perpendicular and parallel to the surface.

Three aspects of interactions at liquid interfaces were investigated in this thesis
and the observed structural changes hold high potential for continuing investigations
succeeding this work. On one hand, the experiments on the laser-induced effects
on aqueous ions solutions can be extended to samples containing other halides and
time-resolved experiments utilising the laser pump - X-ray probe setup at LISA,
P08, Petra III, can be conducted to study dynamics at the interface on time scales
from ps to ms. On other hand, the investigations on the lipid membranes in this
work identified promising candidates of the photoswitchable glycolipids for designing
model systems for drug delivery systems or controlling bacteria or protein activity.
A perspective for further experiments is to perform in situ studies on Langmuir
monolayers with added bacteria or proteins in the water to monitor the bacteria
activity at the monolayer interface. In addition, future studies can concentrate on
incorporating drugs into the lyotropic liquid crystals and to measure the release of
the drugs upon photoswitching.
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Appendix

A.1 Calculation of the intensity distribution
along the laser beam profiles

The intensity profile of the Gaussian shaped laser spot can be described as a 2-
dimensional function in the x and y direction

Flayy) = Io - exp (— <2""’;2 + ;;)) (A1)

with the maximum fluence Iy at the center and the width o, and o, along the

two axes. The integrated volume V = 27 - I - 0, - 0, corresponds to the total
intensity of the laser beam with (14.4 £ 0.1) W. The width o, and o, were determ-
ined by fitting a Gaussian curve to the measured profile as shown in Fig. 7.2 to
(1.58 £ 0.01) mm and (1.35 + 0.01) mm, respectively. Thus, the maximum fluence is
Iy = (1.07 4+ 0.03) W mm~2.

Similarly, the fluence can be calculated for the flat top shaped laser beam. The
area for the flat top shaped beam is approximated as rectangular. As the power is
evenly distributed over the spot area, the total power of (13.4 £ 0.1) W is divided by
the area of the laser beam A = (5.65 + 0.01) mm - (2.44 + 0.01) mm. This results in
the maximum fluence of Iy = (0.97 + 0.01) Wmm 2.
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