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Abstract
This thesis is a detailed description of three experimental investigations on aqueous interfaces.
All projects made use of the microjet technology or the more recently developed flat-jet technique
which enables the implementation of liquid water in vacuum chambers. In the first study presented
here we show that a flat-jet created from the impingement of two liquid microjets generates a
laminar turbulence-free water–water interface. By colliding a Luminol solution microjet with
another microjet of hydrogen peroxide solution, the chemiluminescence of Luminol reveals where
the liquids mix in the flat-jet. The liquids readily mix in the rims of the flat-jet, while in the
middle part the different liquids only meet via diffusion. Flat-jets are stationary systems such
that the longitudinal flow direction translates into a time dimension, providing access to the
interface in different total interaction times ranging from 10 to 200 µs. This timescale is difficult
to access by current techniques. The water—vacuum interface is the next topic, in which we have
studied aqueous solutions using microjets and photoelectron spectroscopy (MJ-PES). For the
first time, we have experimentally demonstrated the implementation of an absolute photoelectron
energy reference in MJ-PES. We could show that there is a concentration-dependent shift of
valence bands which were previously (without this absolute energy reference) undetectable. Even
though this study was done using a tabletop He plasma light source, it creates the foundation of
absolute energy referencing for MJ-PES works done in, e.g., synchrotron laboratories. Lastly, we
have built an experimental apparatus to investigate the water–gas interface. Such interfaces are
ubiquitous in nature but lack direct experimental works on the molecular scale, namely scattering
studies. This is largely due to the technical difficulty imposed by the high vapour pressure of
water. The dense layer of vapour shields the liquid surface in such a way that conventional
molecular beams cannot travel to and from the liquid surface without interacting with the vapour
phase, destroying the initial and final states required to understand the surface scattering event
at the quantum level (transmission probability of ∼ e−100). We propose an alternative method
to this: by approaching the molecular beam source and the water flat-jet to a distance of 200 µm
or less, the probability of scattering solely at the liquid surface becomes realistic. We have
performed preliminary experiments using the developed apparatus.
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Résumé
Cette thèse est une description détaillée de trois investigations expérimentales sur les interfaces
aqueuses. Tous les projets ont été basés sur la technologie des microjets ou celle du jet plat,
plus récemment développée, qui permet la stabilité d’eau liquide dans les chambres à vide.
La première expérience montre qu’un jet plat créé à partir de la collision des deux microjets
aqueux liquides génère une interface eau/eau en régime laminaire sans la présence d’aucune
turbulence. Afin de relever les propriétés du jet plat, les microjets en collision sont à la fois
une solution aqueuse de luminol et une solution aqueuse de peroxyde d’hydrogène. De cette
façon, la chimiluminescence du luminol montre où les liquides se mélangent et dans quelle
mesure. Les liquides se mélangent facilement dans les bords du jet plat, tandis que dans la
partie centrale les liquides ne se rencontrent que par diffusion. Les jets plats sont des systèmes
stationnaires et ainsi la direction longitudinale de l’écoulement se traduit par une dimension
temporelle, permettant d’accéder à l’état de l’interface dans différents temps d’interaction totaux
entre 10 et 200 µs. Cette échelle de temps est difficilement accessible par les techniques actuelles.
L’interface eau/vide est le sujet du deuxième projet. Nous avons étudié des solutions aqueuses en
utilisant des microjets et en appliquant la spectroscopie photoélectronique (MJ-PES). Pour la
première fois, nous avons expérimentalement démontré l’implémentation d’une référence absolue
d’énergie des photoélectrons associées à la MJ-PES. Les bandes de valance, qui étaient auparavant
indétectables sans cette référence d’énergie absolue, se déplacent d’une manière dépendante de la
concentration . Même si cette étude a été réalisée à l’aide d’une source de lumière plasma de He
conventionnelle, elle fournit également la référence d’énergie absolue pour les études MJ-PES
effectués, par exemple, dans des laboratoires chez un synchrotron. Enfin, nous avons construit un
banc expérimental pour étudier l’interface eau/gaz. Telles interfaces sont omniprésentes dans la
nature mais elles sont peu expérimentalement étudiées d’une façon directe à l’échelle moléculaire,
à savoir des études de dispersion. Cela est due majoritairement à la difficulté technique imposée
par la forte pression de la vapeur d’eau. La couche dense de vapeur protège la surface du liquide
de telle manière que les faisceaux moléculaires conventionnels ne peuvent pas s’approcher ou
s’éloigner de cette surface sans interagir au préalable avec la phase vapeur. Cette dernière,
dans son tour, détruit les états initiaux et finaux des molécules gazeux. Ils sont nécessaires afin
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Résumé

de comprendre la dispersion du gaz sur la surface liquide au niveau quantique ( probabilité
de transmission de ∼ e−100). Ainsi, nous proposons une méthode alternative : la source du
faisceau moléculaire s’approche du jet plat d’eau à une distance de 200 µs ou moins et donc la
probabilité de dispersion uniquement à la surface du liquide devient réaliste. Nous avons effectué
des expériences préliminaires en utilisant l’appareil développé.

vi



Contents
Acknowledgements i

Abstract (English/Français) iv

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Historical and conceptual background 5
2.1 Water and interfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Fluid kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Brownian motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.2 Diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Molecular beams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4 Photoelectron spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.4.1 The photoelectric effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 High vacuum research applied to liquids . . . . . . . . . . . . . . . . . . . . . . . 19

2.5.1 The coated wheel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.5.2 The liquid microjet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.5.3 The liquid flat-jet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Development of flat-jet sources 33
3.1 Novel flat-jet sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Microfluidics flat-jet device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 A free flowing steady-state liquid–liquid interface 43
4.1 Luminol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1.1 Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.2 Experimental set-up and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

vii



Contents

4.2.1 Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3.1 Kinetics model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5 An Absolute Energy Reference for LJ-PES 59
5.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.2 An absolute energy reference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.3.1 Sodium iodide solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.3.2 Tetrabutylamonium iodide solutions . . . . . . . . . . . . . . . . . . . . . 73

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6 Gas–water scattering dynamics 85
6.1 Assessing the vapour density profile around a water microjet . . . . . . . . . . . 86
6.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
6.3 A gas–water scattering experiment: First generation . . . . . . . . . . . . . . . . 90

6.3.1 Experimental development and set-up . . . . . . . . . . . . . . . . . . . . 92
6.3.2 Molecular beam source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
6.3.3 Results and analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
6.5 A gas–water scattering experiment: Second generation . . . . . . . . . . . . . . . 107

6.5.1 A 12 degrees of freedom gas–water scattering device . . . . . . . . . . . . 107
6.5.2 Alignments and setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
6.5.3 Tests, results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 115

6.6 Conclusions and prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

7 Summary of the thesis 121

A LJ-PES – additional information 123

B Velocity selector 125

Bibliography 129

Curriculum Vitae 143

viii



1 Introduction

This thesis revolves around water, the most common and important liquid of all. Despite its
simple chemical composition, researchers have been intrigued for centuries with its properties,
some of them expected but many of them unpredictable, constantly pushing both experimental
and theoretical studies. Even more interesting and intricate than itself, water takes on distinct
facets when analysed at its interface, whether it involves solids, another liquid (or solution),
vacuum or a gas. This thesis offers insights on some of those points of view for liquid water
interfaces.

1.1 Motivation

Liquid water is a key to life; it is one of the requirements for life to originate and evolve along
with energy sources, organic matter and time [1]. Throughout the eons and in modern times,
locations rich in liquid water mean the thriving of life: lakes and oceans are completely inhabited;
humid areas are often covered with forests which harbour the largest bio-diversities on the planet,
while deserts (including Antarctica) have an almost total absence of liquid water and, therefore,
of life. Human history is also tightly bound to the access to fresh water – ancient civilizations
developed in regions rich in fresh water sources such as Mesopotamia, located in-between the
Tigris and Euphrates rivers [2, 3].

The existence of water is also well acknowledged among the known universe, specially in bodies
of the solar system such as comets, planets and moons [4], including our own Moon in which
water was recently discovered to be adsorbed in its regolith [5]. Although extraterrestrial water
is mostly found in ice forms, there is strong evidence that liquid water was present in Mars in
the form of lakes or even oceans, when it had a denser and warmer atmosphere, and nowadays as
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Chapter 1. Introduction

groundwater [6]; also, recent space missions collected data proving that Jupiter’s moons Europa
and Enceladus have salty water oceans buried under thick ice crusts [7–9]. Still, out of the
current doctrine’s understanding of the requirements for life, astronomical evidence suggest that
liquid water is the rarest among the necessary ingredients, even though H2O is one of the most
common molecules detected outside Earth – just not in the liquid phase. This could explain why
life has still not been detected outside of our home planet. In addition, there is a somewhat
delicate balance between ambient pressure and energy abundance in the form of heat for the
presence of water in the liquid phase: excess of heat (starlight or geothermal sources) favours the
existence of water in the gas (or vapour) form, which is the case for planet Venus, while the lack
of heat sources promotes the formation of ice; furthermore liquid water can only exist above the
pressure of ∼6 mbar [10].

The importance of liquid water on Earth is generally attributed to a series of physico-chemical
characteristics, some of which are still not fully understood. (i) With the ability of dissolving
a large variety of minerals and organic compounds, water is an ideal transporter of nutrients
for living beings both in the macroscopic (e.g. rivers and blood) and microscopic (e.g. through
cellular membranes) scales. (ii) At a global scale, water’s interaction with sunlight causes it to
cycle in the three states of matter, regulating and determining Earth’s climate dynamics. And
with that, being an excellent solvent and playing a major role in climate, water is one of the
principal agents of erosion (together with winds and tectonics), continuously shaping the crust
of our planet. (iii) This solar-powered hydrological cycle grants a continuous flow in certain
rivers, which were important sources of mechanical power (watermills). In modern times this has
transmuted, with the aid of dams, into hydro-electrical plants. Although not perfect, hydropower
is the most important and widely-used renewable source of energy, corresponding to 17% of
the world’s electricity generation [11]. (iv) Liquid water has a minimum volume at 4 ◦C and it
expands at lower temperatures. Upon freezing, ice can occupy up to 10% more volume than the
initial portion of liquid water, which means that ice floats. Such anomalous behaviour (even
though it is not exclusive to water) has a crucial role at preserving ecosystems when temperatures
drop below the freezing point, since big masses of water will first form a layer of ice on top of
it, and the warmer 4 ◦C liquid will stay at the bottom. In addition to this, ice is a very good
thermal insulator, keeping the water underneath protected from extremely cold conditions. This
is how life endured underwater through severe glacial periods and still does where winters are
dire. This anomalous behaviour also further enhances the erosion potential of water in the ice
form, when water infiltrated in rocks freezes and expands, thus cracking them. Also, sufficiently
compressing ice turns it back into liquid, which allows glaciers – enormous ice masses – to slide
under their own weight several meters per day, quickly eroding the rocks in contact. The fact
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1.2 Thesis outlook

that water expands as it freezes has been extensively studied for centuries since the times of
Galileo Galilei and the causes for that are still a matter of debate in present times [12]. (v) There
are 19 known crystalline forms of water ice, 2 being the only ones found naturally on Earth, while
the most common form is called amorphous ice [13]. The classification is done according to their
crystalline structure. The non-natural forms are produced in laboratories under high pressures
and suggest that many more might exist, and are speculated to be part of the composition of
gaseous giant planets such as Uranus and Neptune [14]. (vi) Water’s properties and availability
were also key for the industrial revolution with the development and wide use of steam engines.
Such machines pushed scientific and technological advancement, in particular the branch of
Thermodynamics, one of the reasons being that water vapour cannot be accurately modelled
using ideal gas approximations. (vii) The evaporation and boiling of water at the molecular
level are processes still surrounded by mystery and seem far from thorough understanding. (viii)
Interfacial properties of matter are significantly different than of bulk due to, e.g., van-der-Waals
interactions and surface tension in liquids. Aqueous interfaces (water–water and water–gas) are
specially distinct, acting as a stage for many phenomena still not explored at the molecular level
due to technological limitations. Since those interfaces play major roles in several important
systems and processes such as the entrainment of gas by rain droplets and oceans, this topic has
attracted an ever-growing attention from scientists in various fields over the past decades and,
yet, those processes greatly lack molecular level investigation.

These facts demonstrate that a significant knowledge gap still exists, despite the utmost impor-
tance of liquid water (in special, water interfaces) for living and also non-living systems on Earth.
Reducing this gap is what motivated this work. More specifically, our interest is to investigate
the molecular scale dynamics of water at the liquid–liquid (chapter 4), liquid–vacuum (chapter
5) and liquid–gas (chapter 6) interfaces.

1.2 Thesis outlook

An overview follows in the next chapter, discussing concepts and methods used to perform
the work done, as well as a few historical facts; it is also written as an attempt to initiate
and motivate people newly started to the fields concerned here and even, possibly, people not
from the field at all. Then, each of the following three chapters present a different but related
project undertaken throughout this thesis. Chapter 3 presents some of our efforts in taking a
step further in the methods of liquid flat-jets generation. Chapter 4 describes an investigation
on the laminar liquid–liquid interface created when a flat-jet results from the collision of two
cylindrical liquid microjets, each one comprising of different solutions. We show that this tool
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Chapter 1. Introduction

allows chemical reactions in such interfaces to be studied by previously impractical spectroscopic
techniques. Chapter 5 presents the most recent study in which photoelectron spectroscopy
was applied to aqueous solutions by means of a liquid microjet experiment using an absolute
photoelectron energy reference. It was supposed to be only a proof of principle, but the results
brought surprising and exciting insights previously undetectable on the behaviour of sodium
iodide and tetrabutylammonium iodide solutions. Finally, the investigation of gas–liquid-water
scattering dynamics using molecular beams, microjets and flat-jets is shown in chapter 6.

4



2 Historical and conceptual back-
ground

Even though water is the absolute most important substance for every living being’s biological
functions, many people go by their lives rarely appreciating this fact. Its ubiquity also brings
a common sense of ordinariness regarding its properties. It is true that great scientific efforts
were put in order to answer fundamental questions related to water, but the knowledge gap
that still remains is undeniable and unsettling for many basic science researchers. A good way
to acknowledge this is by recalling that more than 400 years ago a debate entitled "Why Ice
Floats on Water" was placed in Florence, Italy. It was led by Galileo Galilei (1564–1642) and
his adversary Lodovico delle Colombe (c. 1565 – c. 1623). Galileo presented arguments based
on Archimedes’ (c. 287 BC – c. 212 BC) hypotheses of buoyancy and, although his infamous
self-confidence and arrogance would bring him to deny strongly evidenced counter-arguments, his
reasoning was mostly in the right path. Four centuries later, still this question remains a subject
of debate among modern scientists. A meeting was set among experts of the field to celebrate
the 400 years of Galileo’s debate and discuss new questions and also old ones that still endure
since Galileo’s time [12]. For instance, the main topic of why ice is less dense than liquid water
is still a matter of debate and has not yet reached a total consensus. We mention next the most
widely accepted models.

2.1 Water and interfaces

All the facts related to water described in section 1.1 can be at least partially explained by water’s
relatively strong electric dipole moment of 1.84 D and by its high tendency to form hydrogen
bonds [15]. In liquid phase, hydrogen atoms of one molecule are electrostatically attracted to
oxygen atoms of other molecules. This is a much weaker attractive force than the chemical
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Chapter 2. Historical and conceptual background

bond between the hydrogens and the oxygen in the same molecule, but it is strong enough
to keep water molecules in liquid phase at much higher temperatures than they would if such
attraction was not present. In liquid form, hydrogen bonds form and break very quickly between
a molecule and its neighbours, with an average of 3.5 bonding neighbours at any given time [16].
Among current explanations, the most widely accepted is that at 1 bar and below 4 ◦C, molecular
thermal motion becomes small enough to allow hydrogen bonds to start forming lattice-like
structures (in addition to the repulsion between oxygen atoms), increasing its total occupied
volume. At 0 ◦C, under atmospheric pressure, further removal of heat from the water causes
a phase transition (freezing): water molecules become permanently linked by hydrogen bonds,
immobilised in crystals with hexagonal symmetry which occupy more space than liquid water.
This explains water’s anomalous behaviour. Hydrogen bonding in water can also explain its high
specific heat: hydrogen bonds tend to break at high temperatures and, at cooling down, the
bonds form more often, releasing considerable amount of energy.

Another degree of relevance, interest and complexity is brought when water is studied at the
surface. One phenomenon immediately noticeable at the surface of liquids is the surface tension,
a mechanical barrier created from the fact that the molecules at the surface are not surrounded
in all directions as happens in the bulk. For that reason, their intermolecular interactions do not
cancel out and are directed inwards, forming a film of molecules tightly bound to each other,
which has to be overcome in order for a foreign object to access the bulk (this can be very
significant at small scales). For water, the surface tension is much higher than expected for
such a small molecule due to its strong intermolecular forces, and the only natural liquid with a
higher surface tension than water is mercury [17, 18]. Interface chemistry deals with the intricate
phenomena happening between two different fluids, may they be distinct phases of the same
chemical compound, e.g. water and water vapour, different composition at the same phase, e.g.,
two different aqueous solutions in contact at an (initially) well-defined boundary, or different
compounds at different phases such as liquid water and air. The most abundant phenomena of
such kind is the gas exchange between the ocean and the atmosphere and, connected to this,
is the dissolution of atmospheric gases in water droplets and microdroplets that, ultimately
precipitate to seas, rivers and lakes. This is of ultimate importance for underwater life and,
therefore, for the global ecosystem.

Amine aqueous solutions have been used in large scale to capture CO2 in industrial fume
hoods with high yield and efficiency. This process has been extensively studied under several
different methods [19–21]. Gas–water interactions also happen in less well-defined interfaces
in photosynthesis and respiration. Put in a simple way, in the first, we have cell organelles
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2.1 Water and interfaces

Figure 2.1: Molecular orbital diagram for water. Image from [22](Creative commons).

intaking CO2 and energy from sunlight and expelling O2 and, in the second, blood cells perform
approximately the opposite process; yet, the gas–liquid interface exists, in some way, in both
mechanisms for them to be as successful as they are. However, direct studies on the gas–water
interaction by scattering experiments – the tool able to provide molecular-level insights on the
mechanisms involved in such interactions – have not been reported, for reasons that will be made
clear in the next sections.

The molecular orbitals of water are predicted, from molecular orbital theory, to form the structures
shown in figure 2.1. The binding energies of electrons populating each orbital, i.e., the energy
required to remove an electron from such orbital, are shown vertically on the right-hand side of
the figure. The binding energies only take on the values shown when the molecule is in isolation
(low density gas phase). When in liquid or solid phase, the number and intensity of interactions
with surrounding partners can cause significant changes in those values – this will be deeply
explored in chapter 5.

The concept of interface is usually exemplified using well-defined boundaries between materials,
and it works specially well when low vapour-pressure solids are involved, i.e., solid–solid, solid–
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liquid and solid–gas. However, for fluids in the same phase (liquid–liquid or gas–gas), the concept
of interface falls apart in the molecular scale: definitive boundaries cannot be defined due to
Brownian motion and diffusion (see sections 2.2.1 and 2.2.2), which blurs the perhaps well-defined
initial barrier between two fluids which worsens with time – a naturally occurring process driven
by entropy. When a high vapour pressure liquid is taken as object of study, this situation is
even more elevated, as a smooth transition from its liquid to its gas phase is to be expected,
questioning the very existence of a surface at the molecular level. Water, as it is always the case
with its properties, takes the highest complication level for this particular aspect as well. Even
though aqueous interfaces and surfaces harbour many of the most interesting and important
physical-chemical processes known, the accumulated molecular scale knowledge regarding such
environments is still in its infancy. The studies presented here intend to bridge fundamental
questions regarding aqueous interfaces to experimental insights, thinning the currently opaque
veil of technical limitations in the field.

2.2 Fluid kinetics

The nineteenth century was marked, among many other debates, by a heated dispute between the
atomistic and continuum models. The former defended that matter is composed by tiny indivisible
particles that still carry similar properties of the original macroscopic object, while the latter
stated that any portion of matter is composed of a continuous and infinitely divisible pseudo-fluid.
Famous Austrian statistical physicist Ludwig Boltzmann (1844–1906) was considered a frontman
of the atomistic view. It is believed that heavy criticism on his life work aggravated his bad
mental health state, culminating in his suicide. The year before that tragic incident, 1905, was
named Annus Mirabillis (Miraculous Year) in the life of Albert Einstein, for he published three
of the most influential papers of his career which, together with the General Relativity Theory
in 1915, caused revolutions in almost all areas of science. One of the papers Einstein published
in 1905 brought theoretical developments that would ultimately bring victory to the atomistic
view [23] (unfortunately too late for Boltzmann). It presented decisive arguments that matter is
composed of atoms and molecules by means of the random movement of microscopic particles in
liquids known as Brownian motion, named after famous botanist Robert Brown (1773–1858).
In 1828, Brown published a study describing how pollen particles suspended in water moved
when viewed through his microscope [24]. They would move in very quick small movements
in all directions at random. Brown discarded the possibility that the particles moved due to
some biological process when he confirmed that inorganic particles behaved similarly. Although
the term Brownian motion was coined, Brown did not claim its discovery. It was observed two
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2.2 Fluid kinetics

Figure 2.2: A simulation of Brownian motion performed by one particle in three dimensions for 10000
steps. The modeling of the Brownian motion here is done as follows: each step the particle performs is
divided in one step of random size between −

√
3 and

√
3 for each direction, X, Y and Z, rendering the

maximum step size equals to 1. The origin and end of the motion are marked with blue circles.

centuries prior by Dutch scientist and considered to be the inventor of the microscope, Antonie
van Leeuwenhoek (1632–1723) [25].

2.2.1 Brownian motion

Brownian motion happens in fluids due to the thermal energy contained in every material with
non-zero absolute temperature. Given sufficient density at normal temperatures, the atoms or
molecules that form the fluid will constantly collide with each other and, at each collision, change
direction and velocity. If we could track a single particle in time, we would observe a seemingly
chaotic movement, exemplified in figure 2.2.

This phenomenon can be better analysed when one considers that each particle in a fluid performs
a random walk. Let’s reduce the problem to one dimension for simplicity and consider that each
particle has to decide to take one step of size ∆x either to positive or negative direction with
equal probability at each small time interval ∆t. Each particle will perform an overall random
and unpredictable motion. However, when a sufficiently large number of random walkers is
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(a) (b)

Figure 2.3: Simulation of 10000 random walkers – virtual particles that take a step either up or down with
same probability for every fixed time interval – over 1000 steps. (a) displays their individual positions in
time, while in (b) histograms of number of walkers N at positions x are shown for selected steps intervals.

observed, chaos gives place to a well established and predictable emergent behaviour, see figure
2.3. Treating the problem in two spatial dimensions with slightly different parameters yields
figure 2.4.

Under normal conditions of temperature and pressure, a water molecule undergoes 1014 collisions
every second with its neighbours. Pollen particles – in fact, any small particle visible under an
optical microscope – are much larger than molecules by at least four orders of magnitude in
size and twelve in mass. So how can one still observe Brownian motion in a particle with so
much more inertia than a molecule? Since every pollen particle will receive an enormous amount
of momentum kicks from water molecules with random directions and intensities every second,
most of them will cancel out and keep the particle in the same position. However, some of the
kicks will have a non-zero sum, causing a small movement of the particle in a random direction.
The number of small displacements per unit time is too high for human eyes to perceive, but
one can easily observe its total displacement in the course of a few seconds or minutes. This
arguably scales up to larger objects, but the higher inertia renders the detection of such small
movements an almost impossible task.

2.2.2 Diffusion

Einstein’s analysis of the random movement of particles constituting a fluid, when a very large
number of particles were considered, led him to conclude that this was the cause of diffusion
when he derived the diffusion equation from this context. The equation was already known at the
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2.2 Fluid kinetics

Figure 2.4: Another Brownian motion simulation in two spatial dimensions with 1000 particles and 10000
steps. This is similar to figure 2.3a but here the lines were made transparent to make dense regions more
evident and to approach a more realistic depiction of particles diffusing in a fluid.

time as Fick’s law, named after physiologist Adolf Fick (1829–1901), but it had been interpreted,
so-far, using the continuum model. It can be stated as

∂ν(x, t)
∂t

= D
∂2ν(x, t)
∂x2 (2.1)

where ν(x, t) is the number of Brownian particles situated in x at time t and D is the diffusion
constant of these particles in the specific fluid they are situated in:

D = RT

N

1
6πηr (2.2)

with N being Avogadro’s constant and r the radius of the Brownian particle suspended in a
liquid of viscosity η. Einstein’s development reached a solution for equation (2.1) in the form:

ν(x, t) = n√
4πDt

exp
[
− x2

4Dt

]
(2.3)

where n is a normalization coefficient, denoting the total number of molecules present in the
fluid. Einstein considered ∆x to be small and that the particles are all initially placed at x = 0,
diffusing to both x > 0 and x < 0. This is an approximation of the more general solution which
will presented later. Equation (2.3) shows that the distribution of the Brownian particles is the
same as of the normal probability distribution of random errors, described by the Gaussian
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Figure 2.5: Probability distributions P (x) of Brownian particles bound to one dimension, starting at
(x, t) = (0, 0) (solid line) and plotted at two later times (dashed lines). Similarity with fitted curves in
figure 2.3b is not a coincidence. Rather, it implies that Brownian motion is the microscopic origin of
diffusion. Reprinted with permission from [25]. © 2005 Springer Nature.

function centered at x = 0 with standard deviation σ:

P (x) = 1√
2πσ

exp
[

−x2

2σ2

]
. (2.4)

Comparing equations (2.3) and (2.4), we can identify ⟨x2⟩, the average displacement in one
dimension of a Brownian particle after a time interval t:

⟨x2⟩ = σ2 = 2Dt = RT

N

t

3πηr . (2.5)

The evolution of the distribution of a large number of Brownian particles initially placed at x = 0
is exemplified in figure 2.5. The equivalence with the histograms in figure 2.3b is evident.

Since Avogadro’s constant was already known to be 6 × 1023 from the kinetic theory of gases,
Einstein’s analysis that the random movement of particles of a fluid is what leads to diffusion
could prove the existence of atoms and molecules. All that was required was the experimental
determination of ⟨x2⟩. This was verified experimentally about three years later by Jean B. Perrin
(1870 – 1942) [25, 26], who could retrieve Avogadro’s number accurately by adding all values
from the studied particles to equation (2.5). The calculation of N would match the order of
magnitude predicted by the kinetic theory of gases.

Further in the text we will refer to the solution of the diffusion equation, equation (2.3), dividing
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Figure 2.6: A simplified representation of the concentration profiles of a system composed of two different
ideal solutions, red and blue, initially separated by a perfect boundary placed at x = 0 (x being the horizontal
axis). The black line represents the thickness of the diffused layer in-between the fluids as a product of the
concentrations of both diffused entities.

the number of suspended particles ν by n, which means concentration, c. We will also write it in
a more general way making use of the Gauss error function:

erf z = Γ(z) = 2√
π

z∫
0

e−t2dt. (2.6)

For the application done in the work which will be presented later in this thesis, the initial
system considered will be two different aqueous solutions separated by an ideal boundary placed
at x = 0. At t = 0, all negative x are composed by an ideal solution and all positive x by another
but also ideal solution. The solutes of each solution will diffuse to the other as time passes. We
then rewrite equation (2.3) as [27]:

ci(x, t) = ci,0
2

[
1 ± Γ

(
x

2
√
Dit

)]
(2.7)

with ci(x, t) denoting the concentration of solute i in position x and time t, taking into account
that ci,0 represents its initial concentration and using the sign "+" and "−" accordingly, whether
the species i was initially located at positive or negative x. This results in distributions depicted
in figure 2.6.

2.3 Molecular beams

A molecular beam is a widely used tool for production of cold neutral gas, which is a useful
source for a number of applications such as scattering and collision experiments [28, 29]. It
consists, generally, in a controlled injection of gas from a pressurised reservoir, at pressure P0 and
temperature T0, into a vacuum chamber with background pressure Pb through a small orifice or
nozzle. If the pressure ratio P0/Pb exceeds a gas-specific coefficient G, then the gas flow velocity
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Figure 2.7: Features of a supersonic expansion produced by a controlled leak of pressurised gas through a
small orifice into a vacuum chamber – a molecular beam. Figure adapted from [28].

at the orifice equals to the local speed of sound in the gas, which means that the Mach number
M there is equal to 1 – where G = [(γ + 1)/2]γ/(γ−1), with γ = cP/cV of the gas. This coefficient
is never larger than 2.1. Under P0/Pb > G conditions, the gas expands and forms the structures
shown in figure 2.7. The most important feature is the region enclosed within the barrel and Mach
disk shock waves. This region is called zone of silence because it is characterised by a supersonic
expansion, which means that any information from downstream cannot be communicated to
the gas molecules closer to the orifice, since the speed of mechanical information in a medium
is limited by the speed of sound in that medium. It is from this relatively high density region
that the beam is extracted using a skimmer to be used in experiments. Placing a skimmer
in such location can potentially disturb the shape and properties of the expansion, rendering
skimmer design and positioning of extreme importance for continuous gas sources. The thickness
of the shock waves is at the order of the local mean-free-path, which is a function of the local
pressure (or density). A continuous gas source can increase the background pressure in a vacuum
chamber by several orders of magnitude. Pulsed sources such as the so-called Nijmegen [30] and
Even-Lavie [31] valves produce very short pulses of gas (15–50 µs) that, at low enough repetition
rates, allow the vacuum pumps to significantly remove the background gas produced by one pulse
before the next. Additionally, such valves can produce pulses that are shorter than the time for
molecules reflected at the chamber walls to produce significant influence on the expanded gas
itself, allowing the gas to expand, in each pulse, unhindered into a very low background pressure.

The distance from the orifice to the Mach disk shock xM can be calculated as a function of the
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orifice diameter d and the ratio of the pressures P0/Pb only (it is highly insensitive to G):

xM = 0.67d
(
P0
Pb

)1/2
. (2.8)

As the gas expands, it undergoes collisional cooling, efficiently reducing the translational and
rotational temperature of the gas, while the vibrational temperature is not affected as much.
Seeding the sample, which means mixing it with (usually) a heavier gas, can greatly enhance
the cooling capacity of the expansion [32]. Considering that the coefficient γ = cP /cV of the
gas is a constant for the observed temperature range (an isentropic, ideal gas expansion), the
temperature T of the expanded gas can be calculated as a function of the initial temperature T0

and of local Mach number:
T = T0

(
1 + γ − 1

2 M2
)−1

. (2.9)

Using the method of characteristics, one can relate the local Mach number to the position in the
expansion relative to the orifice with [28]:

M = K

(
x

d

)γ−1
−

1
2

(
γ+1
γ−1

)
K
(

x
d

)γ−1 (2.10)

with K being a γ dependent coefficient given by the method of characteristics. Once M is known,
one can estimate the local temperature of the gas in the expansion using equation 2.9.

2.4 Photoelectron spectroscopy

While attempting to prove the electromagnetism theory created by James Maxwell (1831 – 1879),
Heinrich Hertz (1857 – 1894) invented in 1886, by accident, the radio transmitter/receiver. During
these studies, he also discovered that an electric discharge between two electrodes happens more
easily when illuminated by ultraviolet light. His premature death prevented him from witnessing
the revolutions caused by his work in the modern world with wireless communication and quantum
mechanics. Philipp von Lenard (1862 – 1947), following some experiments done by Wilhelm
Hallwachs (1859 – 1922), soon proved that ultraviolet light makes electrons more susceptible to
be emitted by the cathode. This was later understood to be caused by photoelectrons, created
from the interaction of ultraviolet light and the surface of the cathode. Photoelectron is the
name given to an electron which is emitted from an object when it is irradiated by light. It
was determined that, contradicting classical expectations, the energy of a photoelectron does
not depend on the intensity of the incoming light, but only on its frequency. Varying the light
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intensity only varied the number of photoelectrons observed [33].

2.4.1 The photoelectric effect

Inspired by Max Planck’s (1858 – 1947) work on black body radiation1 (which, in turn, relied on
Boltzmann’s statistical interpretation of the second law of thermodynamics), Albert Einstein
provided an explanation for the photoelectric effect: light is composed of particles holding energy
hν – where h is Planck’s constant (h = 6.63 × 10−34 J s) and ν the oscillation frequency of the
electromagnetic field. Light intensity, contradicting classical interpretations, determines the flux
of photons and not their energy. When a photon interacts with an electron, the photon energy is
totally transferred to the electron. A bound electron which interacts with a photon energetic
enough to unbind it and bring it to the continuum – meaning that the electron becomes free from
its original system (e.g. a molecular orbital) – is henceforth called photoelectron. The concept of
work function, Φ, of a material was defined in terms of photon energy hν and maximum kinetic
energy of a photoelectron KEmax

e :
KEmax

e = hν − Φ (2.11)

Φ is, therefore, a function of each material, and it is the minimum energy required for an electron
to acquire from a photon so it is liberated from the material.

In the past, gold foil electroscopes (figure 2.8a) were used to infer the electric charge of a
conductor. If a conductor, in contact with the electroscope, was exposed to light with wavelength
short enough to photoionise it (i.e., to remove electrons from it through the photoelectric effect),
the foils would repel each other and deflect, the angle of deflection being directly related to the
total accumulated charge, therefore also proportional to the number of photoelectrons created
from the material. For the determination of work function of materials – the minimum photon
energy required to remove an electron from it – an apparatus similar to the one seen in figure
2.8b is used. An electric potential difference is externally established between two metallic
electrodes inside an evacuated quartz tube (to allow photoelectrons to fly unscattered) and
monochromatic ultraviolet light is directed towards one of them. A current will be observed, due
to photoelectrons leaving one electrode and arriving at the other, until the voltage V0 between
the electrodes is high enough to counterbalance the kinetic energy of the photoelectrons, meaning
that the photoelectrons are required to produce qV0 work to reach the opposite electrode, so

1In 1900, Max Planck solved the problem known as the ultraviolet catastrophe by assuming that the walls of
a cavity would absorb and re-emit light not in a continuous way, but rather in discrete energy packets called
quanta. This contradicted all Physics theories up to that time. With Planck’s model, theory would finally match
experimental observations on the radiation emitted by a hot black object. This was the first step in one of the
scientific revolutions of the century – quantum mechanics.
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2.4 Photoelectron spectroscopy

(a) (b)

(c)

Figure 2.8: (a) a gold foil electroscope. The foils are in electric contact with the upper conductive plate,
while remaining inside a vacuum glass bulb to avoid external disturbances. When the top plate acquired
electric charge, this was transferred to the foils and they would repel each other, deflecting at an angle
proportional to the electric charge. With calibrations, it was possible to use this instrument to infer the
quantity of charge acquired. Image from [34], public domain. (b) Apparatus for the determination of work
function of materials using parallel electrodes in an evacuated quartz tube. Image from [35], under the
Creative Commons license. (c) Hemispherical electron analyser. Image from [36], under the Creative
Commons license.
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Figure 2.9: Simplified diagram illustrating how one can use the photoelectric effect to infer the binding
energy BE of an electron to its original band when the incident photon energy hν and the generated
photoelectron energy eKE are known.

KEmax
e = qV0. Hence, equation 2.11, for this experiment, becomes:

Φ = hν − qV0. (2.12)

With this method, one can determine the work function of a material or, given that this is a known
parameter, one can determine photon energies from a monochromatic source, as long as they are
higher than the work function. This method does not allow, however, for the determination of
individual photoelectron energies. Photoelectrons are useful to determine the binding energy
of the molecular orbital from which the electron originated, BEe (also sometimes referred to
as vertical ionisation energy, VIE, for transition between a ground state neutral species and
its correspondent vibrational ground state singly ionised form), see figure 2.9. By knowing the
original photon energy (hν) and detecting the photoelectron kinetic energy (KEe), it is possible
to calculate the binding energy of the parent orbital (BEe) with:

KEe = hν − BEe. (2.13)

A very successful device commonly used for the determination of individual photoelectron
energies is the hemispherical electron analyser, depicted in figure 2.8c. Two concentric conducting
hemispheres, the innermost positively charged and the outermost negatively charged, generate a
known electric field capable of spatially separating photoelectrons with different kinetic energies.
Each trajectory, culminating in a specific point on a microchannel plate, corresponds to a unique
KEe. A phosphorescent screen on the microchannel plate allows a camera to record and count
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the photoelectrons detected and discriminate them in a histogram as a function of their kinetic
energies. By employing a known monochromatic light to ionise samples and using equation 2.13,
binding energies of molecular orbitals can be quantitatively determined. This is the type of
analyser used in the experiments described in chapter 5.

2.5 High vacuum research applied to liquids

High vacuum (below 10−3 mbar) is required for a broad variety of studies such as any spectroscopic
technique with vacuum ultraviolet (VUV) photons (EVUV ≈ 10 eV) and higher energies, mass
spectrometry, photoelectron spectroscopy and molecular beam experiments. One who desires
to couple this class of research with high vapour pressure liquids, e.g. water, will face severe
challenges: water readily evaporates when exposed to high vacuum, causing it to evaporatively
cool down quickly and freeze. It has a 6.1 mbar vapour pressure at 0 ◦C (and of 26.2 mbar at
22 ◦C [37]), thus requiring an enormous pumping power for the maintenance of a high vacuum
regime. This high vapour pressure also implies in a very short mean-free-path (λ ≈ 10 µm)
for the vapour layer immediately above the liquid surface, which poses an extra challenge for
density sensitive experiments such as molecular beams and photoelectron spectroscopy. For
centuries, these problems were an insurmountable barrier between high vapour pressure liquids
and vacuum–required experimental science [38].

2.5.1 The coated wheel

Wide knowledge on low vapour pressure liquids interfaces has been acquired – including research
requiring high vacuum – with the use of the coated (or wetted) wheel technique, developed by
John Fenn and Sandra Lednovich in the 1970s [39]. This device allows for the preparation of
a renewed, thin and flat liquid surface, see figure 2.10a. The wheel is partially submerged in
a reservoir containing the liquid sample at a controlled temperature, and it constantly rotates
at a typical frequency of 0.5 Hz, dragging with it a layer of liquid. A razor blade scrapes the
wheel such that a homogeneous, renewed, flat and thin layer of sample is always available to be
experimented on in a reproducible manner. Using this technique, important physico-chemical
processes at the liquid-vacuum and liquid-gas interfaces were unveiled and, to this day, it is the
most suitable tool available for low-vapor pressure samples due its main advantages:

• the large target area is suitable to virtually any experimental setup, from micron-sized
laser or synchrotron light spots to molecular beam scattering;
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(a) (b)

Figure 2.10: (a) Depiction of a coated wheel setup used in a molecular beam experiment. Reprinted with
permission from [40]. © 2005 American Chemical Society. (b) Possible physico-chemical pathways for a
deuterated acidic gas molecule scattering at the surface of liquid glycerol. Figure reprinted with permission
from [41].

• the constantly renewed sample provides a clean target such that the experiment quality
does not deteriorate with time;

• its liquid bath allows for a fine temperature control and thermal stability;

• the flatness of the target grants one the ability to perform angle-dependant studies easily.

This technique unravelled physico-chemical processes at gas–liquid interfaces using high vapour
pressure liquids, e.g. glycerol (Pvap(20 ◦C) ∼ 10−4 mbar) [41–46]. To exemplify some of the gas–
liquid interactions at the molecular level, let’s refer to figure 2.10b from [41], where a deuterated
acidic gas molecule DX scatters at liquid glycerol. The figure shows all the physico-chemical
pathways that the gas molecule can undergo, from left to right in the figure, as follows: (i)
Inelastic scattering, a process that conserve the initial state of the incident molecule to very good
approximation – its initial kinetic energy, incidence angle and chemical composition are preserved
(it can be seen as a specular reflection of the molecule at the liquid surface and has higher
probability of happening at grazing incidence angles). (ii) The gas molecule can fully dissipate its
kinetic energy and thermalise, becoming momentarily trapped at the liquid surface. This can be
followed by several different pathways: (iii) Immediate desorption after trapping, which happens
when the gas molecule undergoes a few collisions at the surface of the liquid, being emitted right
after a short variable time (residence time) – this process maintains the chemical composition of
the gas molecule, but its initial kinetic energy and incidence and angle information are lost. The
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kinetic energy distribution of desorbed molecules will follow the Maxwell-Boltzmann distribution
corresponding to the temperature of the liquid (except for a few cases such as He desorbed in
water, where its evaporation is super-Maxwellian [47]). (iv) The thermalised DX molecule can
dissociate into D+ + X– at the interfacial region and desorb immediately after exchanging into
HX or it can (v) solvate into the bulk liquid, eventually desorbing also as HX (with a longer time
delay compared to the other processes). Lastly, (vi) the incident gas molecule can be entrained
in the liquid for longer than the time frame of the experiments and potentially undergo further
chemical reactions. To reveal all these processes individually and quantify the probability of
each one of them to occur, ideally, it is necessary an experimental apparatus capable of, in
addition of generating a thermally controlled continuously renewed flat surface of liquid (the
coated wheel), a time-, angle- mass-resolved detection method, as well as a variable incident
angle mechanism (e.g. rotating the coated wheel itself). We take the gas–liquid physico-chemical
processes discovered using the coated wheel technique as a basis of what is to be expected from
the gas–water scattering experiments described in chapter 6. More specifically, we have designed
our experiment such that it enables equivalent processes to be discriminated and quantified.

Arguably, the one and only flaw of the coated wheel technique is to be limited to low vapour
pressure liquids. Using a high vapour pressure liquid in a coated wheel would cause it to boil
under normal operation and the thin flat liquid surface would freeze due to evaporative cooling.
Bringing liquids such as water into vacuum in a fashion that it survives in liquid phase requires
a totally different approach to be taken, which will be described in the following sections.

2.5.2 The liquid microjet

Manfred Faubel, Stephan Schlemmer and J. Peter Toennies created the liquid microjet technology
in the 1980’s [48]. It enables the generation of a cylindrical liquid surface with a few microns
in diameter, requiring the pumping of a very small volume for so – a flow rate of less than
1 mℓmin−1. A pressure source of a few tens of bars pushes the liquid into a quartz capillary (or
nozzle) with a circular aperture according to the desired jet diameter. Due to its small surface
area, the vapour load into the experimental chamber will be small enough so that a reasonably
high vacuum (pressure <10−3 mbar) can be maintained when combined with strong vacuum
pumps and cryogenic traps. The pressure source can be a high pressure liquid chromatography
(HPLC) pump, a syringe pump or a gas pressurised container. The liquid surface is continuous
and cylindrical for a certain length (a few millimetres), depending on parameters such as flow rate
(Reynolds number) and the liquid’s physical properties (density, surface tension and viscosity),
and then it breaks up into small droplets due to Rayleigh instabilities, see figure 2.11a. In figure
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2.12, Faubel explored the ideal microjet conditions as a function of jet velocity and diameter,
by analysing the decay length L of the microjet (the length at which the jet fragments itself).
Interestingly, above a critical backing pressure/speed, the jet does not form: it sprays right
from the nozzle aperture. This is attributed to friction and turbulence in the nozzle. Also, a
linear increase of L as a function of the square root of the backing pressure means that the
decay time for the jet is a constant for a given nozzle diameter, following Rayleigh’s prediction
of the decaying of cylindrical jets caused by capillary forces. This short length of continuous
and constantly renewed liquid provides enough surface area for several research prospects. In
principle, any liquid can be used to create the microjet, but the greatest achievement of this
technique is that it brought the possibility of studying volatile liquids such as water in HV. The
microjet is usually collected in a cryogenic catcher, preferably separated to the main experimental
chamber with a differential stage, but it is also possible to collect the liquid and reuse it in a
closed loop – this is particularly interesting for expensive samples. Similarly to the coated wheel,
the liquid microjet constantly provides the experiment with a renewed surface.

When the diameter d of the liquid jet is equal to or smaller than the mean-free-path λ of the
vapor phase, the Knudsen condition for an effusive flow from a molecular beam is reached (d < λ).
This means that the molecules flow without colliding and the temperature-dependent velocity
distributions become accessible (Faubel et al. explored this in a study described in the next
paragraph) [28]. Water’s rapid evaporation in vacuum translates to a surface ablation rate
of 4.8 mm s−1. This, coupled with technical limitations, difficulties in filtering to avoid nozzle
clogging, jet spraying due to high Reynolds number and the evaporative cooling, further reducing
the orifice diameter below a few microns becomes impractical. It is also worth mentioning that a
surface-probing study using this technique is comparable with ultra-high vacuum (< 10−10 mbar)
solid surface experiments since, for these experiments, surface coverage by background gas has to
be avoided in the course of a long exposure time. A section of liquid surface in a microjet flowing
at typical speeds of > 20 m s−1 for 1 mm, surrounded by a background pressure of 10−3 mbar,
according to Langmuir’s surface coverage relation (pvac · texpos = 10−6 mbar s corresponds to
1 monolayer coverage) yields < 5% surface coverage, considering that sticking and adsorbing
molecules would remain in the surface of the liquid. This means that an experimenter using a
liquid microjet in normal operation conditions will always have a clean liquid surface available.

The first results reported by Faubel et al. [48] were on the evaporation of water with the
first liquid microjet setup. The microjet nozzle was composed of a thin platinum-iridium plate
with selected hole sizes, starting from 5 µm (the quartz capillary was implemented later). The
microjet was maintained in a vacuum chamber at 10−4 mbar to 10−6 mbar. Facing the jet, a
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(a) (b)

Figure 2.11: (a) On the left, a quartz capillary with orifice diameter of 15 µm producing a liquid microjet.
On the right, the same microjet seen by stroboscopic photography, revealing the breakup into droplets
beyond the Rayleigh limit. Image from [49] (creative commons). (b) A similar liquid microjet setup in a
photoelectron spectroscopy experiment. Image provided by B. Winter.

Figure 2.12: Liquid microjet decay length into droplets due to Rayleigh instabilities as a function of jet
velocity for three different jet diameters. Image from [38] (creative commons).
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0.7 mm diameter skimmer was placed at a distance of at least one skimmer diameter to it. The
evaporating molecules which entered the skimmer would pass through four differential pumping
stages towards a time-of-flight mass spectrometer (TOF-MS) kept at a pressure of 10−10 mbar.
In the path of the vapour beam to the spectrometer, a chopper disc was placed and, combined
with the timing of the TOF-MS ionizer, the vapour beam velocity profile was recorded. It was
concluded that for a 5 µm liquid jet, the velocity profile follows a Maxwell-Boltzmann distribution
expected for collision free molecules evaporating and expanding from a 10 microns-wide liquid
water surface; while for a 50 µm, the distribution is narrowed, indicating that it was not collision
free. However, evidence was later found challenging these arguments [50], see below for more
detail.

In 1997, Faubel et al. published the first spectra of photoelectron spectroscopy of liquid water
and other volatile liquids using a liquid microjet. It was achieved by coupling a hemispherical
electron energy spectrometer to a liquid microjet [51]. Their experimental setup is illustrated
in figure 2.13a and photoelectron spectra of gas and liquid phase water are shown in figure
2.13b. Although it was not the first report of PES of liquid water (or attempts to find the
first ionisation potential of H2O) [52–56], the results from Faubel were groundbreaking in the
sense that it was the first time that a photoelectron spectrum was acquired from a free-flowing
water surface, contrasting with previous methods that relied on some solid object to carry the
liquid, interfering with the photon and photoelectron interactions sensitively. That being said,
photoelectron spectroscopy of volatile liquids has seen great improvements since then, specially
in the most recent results on the field. To mention a few of the important improvements:

• the photon energy used in [51] is now understood to be too low for accurately probing the
valence orbitals of water because the photoelectrons up to 20 eV are strongly attenuated by
elastic collisions with water molecules prior to being ejected into vacuum [57];

• while it was clear that no significant charging effects would be caused by ionising a pure
water jet, it was later realised that electrokinetic charging of liquid jets provoke important
unpredictable contributions to the spectra since water is a large-band-gap semiconductor
[58]. Soon it became common practice to dissolve a small amount of salt in the water
sample (25 to 50 mmol ℓ−1 NaCl or NaI), while properly grounding the water line to ensure
that the liquid is replenished with charges from the ground via ionic currents;

• a quartz capillary together with non-magnetic materials in the interaction chamber improves
the maintenance of a field-free region where the photoelectrons travel towards the detector,
improving the precision of measurements.
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(a)

(b)

Figure 2.13: (a) The experimental setup which allowed the first study of liquid water photoelectron
spectroscopy using a liquid microjet. The microjet nozzle had a 20 µm diameter aperture, being pumped
with 50 bar pressure and being collected by a liquid nitrogen trap further downstream. Another liquid
nitrogen trap (a "cold finger") assisted the vacuum pumps with the vapour load. The photon source was a
He I gas resonance lamp which furnished the experiment with 21.218 eV (58.434 nm) photons. (b) The first
ever published photoelectron spectrum from liquid water using a liquid microjet is shown at the bottom
picture, while on the top it shows a gas phase water spectrum for comparison. Reprinted from [51] with
the permission of AIP publishing.
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Figure 2.14: A wide parallel beam source crossed with a liquid microjet. Red arrows represent the specular
reflection directions. The small diameter of microjets pose a challenge to wide sources – most of the
incident beam goes by unaffected by the liquid surface, and this situation worsens when the liquid is volatile,
since most of the beam will be interacting with the gas phase rather than the liquid phase. Additionally,
the jet’s cylindrical topology renders the probing of scattered signal unfavourable.

Since a strong collaboration between Faubel and Bernd Winter has been established in the early
2000s, those points were addressed [59–61]. Very recently, equally important developments have
been done, as well as significant refinement in photoelectron energy resolution [57, 62]. Chapter
5 describes in detail the most recent study on the subject [63].

David Nesbitt and Mikhail Ryazanov have found, in 2019, results indicating that even in the
conditions claimed to be collision free for the evaporating molecules from a liquid water microjet
(d < λ), important effects observed can be only explained with collisional cooling among the
evaporants [50]. Inspired by, mainly, experiments done by Gilbert Nathanson and co-workers
[64, 65], Nesbitt and Ryazanov have studied NO dissolved in water evaporating into vacuum,
from a ≈ 4 µm diameter microjet. Using laser induced fluorescence (LIF), they could acquire
quantum-state resolved information from the evaporating NO molecules. Using a set of lenses,
they could probe the induced fluorescence as a function of position in the cylindrical volume
around the microjet. Through this, they have found strong indications that the NO molecules
undergo collisional rotational cooling after leaving the water surface. This means that, even for a
microjet with diameter much smaller than the mean-free-path of vapour immediately surrounding
it, evaporating molecules seem to undergo appreciable collisions. This is particularly important
for jets with larger diameter and, specially, for flat-jets (section 2.5.3).
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(a) (b)

Figure 2.15: (a) Work performed by G. Nathanson and co-workers. Time-of-flight arrival times of argon
gas scattered from squalane under two different apparatuses: blue line signal originated from a whetted
wheel target, integrated over a few minutes, while the red line originated from a liquid microjet over several
hours of integration. Reprinted with permission from [66]. © 2013 American Chemical Society (b) Angular
distribution of photoelectrons emitted from a water microjet, done by B. Winter and co-workers. This
experiment shows that, although limiting, the cylindrical topology of liquid microjet is not totally limiting
for angle-dependency studies, but it requires careful mathematical treatment. Reprinted with permission
from [67]. © 2013 by the American Physical Society.

Limitations

Even though the liquid microjet symbolizes a new era in the liquid water research, it still has
two basic limitations:

(i) for volatile liquids, diameters larger than 100 µm become impracticable for in-vacuum
applications due to the high flow of liquid necessary to maintain a stable jet, without a
substantial gain in surface area (the unit volume pumped scales with r2 while the unit area
increases with 2r). This means that the cross-section of the microjet will always be too
small for certain applications. For instance, molecular beam scattering and light sources
that can’t be focused down to tens of microns suffer with very low signal-to-noise ratio
when coupled with a microjet;

(ii) the surface of the jet is cylindrical, which implies that angle-dependent measurements
become inefficient and require averaging over the unwanted angle-dependent surface normal.

These limitations, depicted in figure 2.14 are well exemplified in two studies, both published in
2013.
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G. Nathanson and co-workers performed molecular beam scattering experiments of Ar, Ne
and O2 from liquid dodecane (C12H26, Pvap = 0.13 mbar at 295 K) and squalane (C30H62,
Pvap = 10−7 mbar) [66]. They used both the rotating wetted wheel and microjet techniques for
some of the measurements for comparison. Figure 2.15a shows time-of-flight arrival times of argon
scattered on squalane under a 90◦ configuration. The blue spectrum resulted from a 2.5 mm
diameter opening to a wetted wheel apparatus, integrated over a few minutes, while the red
spectrum is from a 100 µm diameter microjet, several hours of integration. Here, both problems
mentioned above are contributing to a low yield in signal. Additionally, using a volatile liquid in
place of squalane would render the spectrum signal-to-noise ratio even lower due to unwanted
scattering with the vapour phase. In 2016, a similar experiment was performed using microjets
of highly salty cold water (LiCl and LiBr 8 molal at 238 K) and the results were compared to
scattering at a strand of hair with similar dimensions, at 295 K. The signal-to-noise ratio was
similar to the previously described study [68]. Thus, these experiments show how unpracticable
it is to utilize (neat, warm) water microjets for gas scattering studies. Furthermore, molecular
beams are limited tools for the study of high vapour pressure surfaces. For full control and
knowledge of molecules and atoms in a molecular beam, it is necessary a considerable distance
from the expansion source to the target with skimmers and possibly choppers in-between. This
drastically reduces the density of the expanded gas, being completely overwhelmed by the vapour
layer around a volatile sample such as water. We propose a solution to this problem in chapter 6.

Winter, Faubel, Stephan Thürmer and co-workers performed an experiment on the angular
distribution of photoelectrons from a water microjet [67]. The study was done at BESSY
synchrotron facility (Berlin), at the soft X-rays range, with photon energy varying between
ν = 550 eV to 1000 eV). As it was a synchrotron light source, the spot size of the X-rays beam
could be focused to match the diameter of the microjet. Therefore, problem (i) was not an issue
here. The light polarization angle was set to 0◦, 54.7◦ (the so-called magic angle) and 90◦, while
the detection angle, Θ, was varied from about 0◦ to 95◦. The surface of the microjet is cylindrical,
meaning that photon incidence angle was not a constant throughout the irradiated water target.
This, however, did not prevent them from mathematically treat their data to extract the angular
distribution of photoelectrons emanating from the water surface or bulk, so problem (ii) was
not completely limiting, and they could even address the effects on electron scattering in the
liquid phase. Some of their results are shown in figure 2.15b. Nonetheless, it is undeniable that a
flat water surface rather than a cylindrical one would produce more direct and elegant results,
yielding better signal-to-noise ratio as well.

These problems motivated further development of microjets, which is the subject of the next
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section.

2.5.3 The liquid flat-jet

The phenomenon of colliding jets of water has raised the interest of several researchers for
centuries. Leonardo da Vinci (1452–1519) has shown great interest in water droplets, colliding,
laminar and turbulent jets in his writings [69, 70]. Lord Rayleigh (1842–1919) has studied jets of
water with similar structures to the flat-jets which will be shown shortly, produced by orifices
with varied shapes [71, 72]. At the end of the 1950s, Sir Geoffrey Taylor (1886–1975) published a
series of detailed experimental and theoretical studies on such systems [73–75]. Most notably
for the work presented here, he has studied the creation of flat-jets of water produced from the
collision of two laminar cylindrical jets at angles of 60–120◦ [76], see figure 2.16. By tuning the
parameters such as orifice diameter, flow rate and collision angle, this configuration can also
produce a spray of very small sized droplets – an atomiser, which can be used to drastically
increase the contact surface of liquid fuel with air and raise combustion efficiency [77–79]. It was
also explored for the use of fluorescent liquid dyes in dye lasers [80]. Apart from the parameters
mentioned before, the structure produced will also greatly depend on the physical properties of
the fluid (similarly to microjets), specially on the surface tension and viscosity. The collision
forces spread the water molecules while the surface tension tends to reduce the surface area.
When the jets collide in propitious conditions, the interaction between the jets equilibrate the
head-on velocity components, while the velocity projections towards the same direction are
maintained in a laminar flow. The remaining projection tends to spread the jet apart, countered
by surface tension. The same effect can be produced by colliding one cylindrical jet on a sharp
solid and frictionless edge at an angle [81], but since no surface is perfectly sharp nor frictionless,
this is a practical challenge (this will be addressed further in chapter 6). The thickness of the
formed sheet of liquid is also of great interest and has been extensively studied both theoretically
and experimentally [76–78, 81–83]. Many variations of this sometimes referred to as "liquid
chain" can be created to serve different purposes, and their geometry is fully revealed under
macrophotography with the aid of stroboscopic light [84].

The production of flat sheets of liquid from impinging jets was explored by Faubel, Maria Ekimova
and co-workers to create a flat-jet compatible to vacuum, produced from the collision of two
liquid microjets [85]. Directing two jets of 50 µm diameter towards each other at an angle of 48◦

and at a flow rate in the range of 5.8 to 6.2 mℓmin−1, the result is a flat liquid sheet analogous
to figure 2.18, which is a 3D rendering of the structure, with dimensions of approximately 5 by
1 mm. This figure was made to ease the visualisation and comprehension of the geometry of a
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Figure 2.16: A flat liquid surface, studied by Sir Geoffrey Taylor, produced from the impingement of two
cylindrical jets. Picture from [76]

flat-jet. The thickness profile (in the x direction) of the flat-jet under atmospheric conditions
was determined using visible light interferometry and mid-infrared transmission spectroscopy. It
resulted in profiles that well-fitted the predictions from Taylor and developed by Hasson and Peck
[78], seen in figure 2.19b. Under vacuum, the jet operated in a recycling catcher apparatus, inside
a vacuum chamber depicted in figure 2.19a. The working pressure was lower than 10−3 mbar.
They have performed soft X-rays absorption spectroscopy on the oxygen and nitrogen K-edges as
a proof of principle for the newly developed tool. The transmission signal is highly dependent on
the thickness of the liquid and, as the X-rays beam had a diameter of only 30 µm, it is possible
to choose an optimal position on the flat-jet to be studied. The results confirmed that the jet
could be maintained stable for hours. This publication opened new horizons on the liquid water
research, allowing for direct angle-dependent studies to be performed and also for larger beam
diameters to be utilized.

In the next chapter I present a selection of some of our efforts to generate flat-jets using alternative
techniques that could bring important advantages. Ultimately we chose to utilise a microfluidics
chip that became commercially available within the time we were attempting to develop new
sources.
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Figure 2.17: Impinging jets under different flow conditions. Those pictures were taken using a fast flash
as light source, revealing details that are too fast to be captured by conventional photography. Scale is 1 cm.
A jet like in (a) is seen when the flow rate is too low to form the leaf shaped structures. (b) is usually
called a flat-jet or liquid chain, while (c) is called a "fishbone jet", produced when the flow rate is too high
for the surface tension to hold the centripetal forces and create continuous rims. This is probably the same
situation as in figure 2.16. (d) Increasing further the flow rate, a new resonant state forms allowing for a
larger stable leaf to form. (e) Even higher flow rates will return to a fishbone jet pattern, more efficient
for atomization. Note the wider angle produced by the outermost droplets, implying in stronger centrifugal
forces. (f) Increasing the flow rate even further causes violent "flapping" of the leaf – strong oscillations
in the direction out of the plane of the picture, causing irregular ruptures on the jet. Figures reprinted
from [86], with the permission of AIP publishing.

Figure 2.18: 3D rendering of a flat-jet produced by the impingement of two microjets. Three views to
assist visualisation of the resultant structure (note the axes drawn for orientation).
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(a) (b)

Figure 2.19: (a) Setup used to produce the first flat-jet under vacuum conditions. (b) Results of inter-
ferometry measurements for the thickness distribution of the flat-jet produced using the setup from (a).
Images reprinted from [85] (creative commons).
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3 Development of flat-jet sources

In collaboration with Bernd Winter’s group and Henrik Haak at the Molecular Physics department
of the Fritz-Haber Institute, Berlin, we have developed our own first flat-jet system, which was
used in the experiments described in chapter 4. It was composed of quartz capillaries attached
to a support mount that kept their collisional angle fixed at 48◦. A piezo-actuated translation
stage would allow a fine adjustment of one of the capillaries transversally, for alignment of the
impingement point, see figure 3.1.

Figure 3.1: The first mount made to create our own flat-jet source from the collision of two microjets at
an angle of 48◦. Red arrows indicate water inlets, green arrow points to the precision ball-bearings linear
stage and the blue arrow indicates the piezo actuator.
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(a) (b)

(c) (d)

Figure 3.2: Exemplary shapes of a flat-jet generated under different conditions. The parent microjets flow
direction is from right to left and all pictures were taken with the jet surface perpendicular to the camera
axis. Flow direction here is from right to left.

Figure 3.3: The most suitable flat-jet for a molecular beam experiment using the system made by the group.
Flow direction from left to right and approximate dimensions are 1.0 by 5.0 mm.
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We have also developed our own method of producing suitable quartz capillaries, drastically
reducing the cost of building such systems. Finding the correct parameters for an optimal
flat-jet to be formed is not trivial, and this has been already exemplified in figure 2.17, showing
some of the possible shapes it can take. The mount in figure 3.1 allowed us to produce flat-jets
with a variety of shapes, by tweaking parameters such as their alignment, flow rate, the fluid
composition and the microjets diameter. In the initial testing stages, both jets were fed by one
single high pressure liquid chromatography (HPLC) pump, but soon it became clear that using a
tubing splitter renders the system too sensitive to possible different flow resistances in the path
of each jet. The solution was then to use two different pumps, one for each microjet, and set
their flow rates until optimal conditions were found. Figure 3.2 displays images taken with a
microscope camera showing some exemplary shapes we could generate. Standing waves would
create intricate patterns at the surface and different colours could sometimes be observed, caused
by interference of white light when reflected at the face closest to the microscope lens and the
opposite face. For the molecular beam experiment we needed the widest and flattest surface
possible for a given flow rate, at a condition which would give us the largest surface area while
still keeping the volume of water within reasonable levels for a vacuum chamber. At those initial
stages, the best conditions found with the aforementioned criteria are shown in figure 3.3. The
top image shows the flat-jet generated using 50 µm-diameter capillaries under a perfectly aligned
impingement. The total flow rate – summed for both jets – is 6.0 mℓ/min and its dimensions
are 5 mm in length (horizontal) and 1 mm in width. In the top image, the flat-jet was being
illuminated by a ring of LEDs around the microscope camera lens, therefore the light source was
perpendicular to the surface, while in the bottom picture the light source was situated at an
angle of 45◦ to the surface. This reveals that the jet is not completely flat and this should be
noted when using it during experiments.

3.1 Novel flat-jet sources

During the development phase of the gas–water scattering experimental setup which will be
described in section 6.3, the generation of flat-jets was an aspect that received significant attention.
Even though the working flat-jet generation device, described in the previous section, had been
developed and used together with Bernd Winter’s group one year prior for the liquid–liquid
interface experiment in chapter 4, there were problems with that concept that we would like
to have improved. The mount used in that first concept was not geometrically optimised as
it occupied too much space, something that would prevent us from rotating the surface freely
to probe the scattering angles. It also required on-the-fly alignment of the microjets for the
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(a)

(b)
(c)

Figure 3.4: 3D-printed channel. (a) is a CAD rendering of it and (b) is a photograph of the channel when
water is flowing through it, clearly producing a surface which is not flat.

generation of a good flat-jet. This, coupled with the fact that quartz nozzles were prone to clog
very easily – thus, requiring frequent replacement with another piece of exact same specifications
and realignment of the system – represented too great a probability of preventing the acquisition
of data sets with same conditions. This was a special issue in our case, since we relied on the
manual in-house production of quartz nozzles. We have then tried several different alternatives,
both already existing and novel ones.

We have attempted to create a flat fast flowing water surface by pumping water through a
channel, see figure 3.4. With a rectangular cross-section, the channel initially would consist
of a completely enclosed pathway on which water would be injected. After a few millimetres,
one face of the channel would be exposed for approximately 5 millimetres and captured by
another completely enclosed channel entrance. The height of the channel would be as low as
possible to reduce the thickness and volumetric flow of water required. In this way, we aimed to
produce a flat water surface that would remain liquid under vacuum conditions and allow for
scattering experiments, with the advantages of not requiring alignment of nozzles as is needed
in a conventional flat-jet; of easily capturing the liquid after its useful length; and lastly of

36



3.1 Novel flat-jet sources

avoiding evaporation from the opposite side of the flowing water – in a conventional flat-jet,
both faces contribute with evaporation to vacuum but only one would be useful for us in a
scattering experiment (also for photoelectron experiments for instance), more on this aspect later.
However, such a device with these specifications cannot be made in stainless steel (or similar
material) by conventional methods available at our mechanical workshop. We have attempted
using 3D-printing with stereolithography technology for this as an alternative. Unfortunately,
there were two main insurmountable limitations inherent to this technique that prevented us
from going forward and using it as our flat-jet generation, namely the impossibility of 3D-printing
a channel with less than 0.3 mm in thickness (scattered light from the 3D-printer UV laser causes
thinner channels to be blocked), which means that a very high flow of water is required to avoid
freezing (>30 mℓmin−1) and is not ideal for use in a vacuum chamber; and the roughness of the
printed surface, causing the water to be not flat to the level we require for this experiment.

We have attempted a technique similar to one that has been used in spectroscopy studies that do
not require vacuum [87], which consists in a water channel similar to the one described previously,
but capable of being fabricated in metal parts – thus allowing for fine surface polishing and
shallower depths. The channel is created by compressing a metallic wire against two stainless
steel parts as shown in figures 3.5a and 3.5b1. The assembled piece is shown in figure 3.5c.
We’ve used a tantalum wire with 0.5 mm diameter. Water is pumped through the inlet tube
and, as it comes out of the channel created by the wire, it forms a film between the two sections
of the wire in the outlet due to surface tension. Usually, similar devices are made with the
exit only consisting of the wire sections, but since we had the desire of suppressing evaporation
from the rear liquid face, the bottom part of the assembly was made longer for that purpose.
Unfortunately, even under atmospheric conditions, a flow rate higher than 20 mℓmin−1 was
required to maintain a flat and continuous liquid film in-between the wire segments. Additionally,
once the water has formed a ∼5 mm long film, it would not detach from the wires easily. The
usual way this technique is used relies on dipping the wires inside a small pool of liquid where it
is deposited and can be reused in a closed loop system if desired. For in-vacuum implementation
this would obviously not work (stationary water would boil and freeze), and physical contact
with the wires would drastically raise the probability of ice formation. Due to these issues, we
decided not to use this method either.

We have attempted yet another approach which aimed to create a single-sided water surface using
just half of the water flow if compared to the conventional flat-jet generation method. Analysing
the forces involved in the creation of a flat-jet from the collision of two microjets, it can be

1We thank the LSU group under Majed Chergui at EPFL for the support in sharing designs and advices for a
similar apparatus constructed here.
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(a)

(b)

(c)

Figure 3.5: Wire-guided channel

inferred that one of the microjets operates as a mechanical object that equilibrates the transversal
velocity component of the other microjet (and vice-versa), which causes it to spread in the other
transversal direction, generating the flattening of the liquid. Surface tension forces bring the
liquid back to the centre of mass and, since there are no external forces apart from gravity
which, in this short time frame, can be neglected, the only means of energy dissipation is by
heat generated in the inter-molecular interactions within the fluid due to its viscosity. This gives
rise to a dampened oscillation which is seen as the several and sequentially smaller leaves after
the first one, in an overall chain-like structure. In the scattering experiment we are concerned
with in chapter 6, only one of the faces of a conventional flat-jet would act as a target, while
the other side merely exists due to the hydrodynamical constraints of the system that enforce
a symmetrical geometry. This opposite face contributes to extra evaporation into the vacuum
chamber and, on top of that, essentially half of the water load into the experiment is only there
to create the flat surface but is not going to be really used in an scattering experiment. Since
only the first few monolayers of liquid interact with a probing gas or generate photoelectrons, it
would be very advantageous if one of the faces of a flat-jet could be suppressed, avoiding extra
vapour and liquid load into the experimental chamber. This motivated us to attempt a similar
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(a) (b)

Figure 3.6: (a) A ∼ 100 µm microjet directed towards a Teflon piece at an angle of approximately 30◦. (b)
The resulting flat-jet from (a).

approach to the liquid jet–plexi glass concept, by colliding the jet farther away from the edge, in
a way that a whole leaf would be formed while still in physical contact with the wall, and tuning
the alignment and flow rate to place the apex of the first leaf at the edge so that it can escape it
as a single stream of liquid to be captured downstream.

Nevertheless, two main problems arise from this: the surface on which the jet impinges adds
an external force to the liquid system in the form of friction; also, any defects of the surface
disturbs the flatness of the water, since the thickness of the flat part is in the order of microns.
The friction gives rise to shear forces, reducing the flow speed of the jet depending on parameters
such as the impingement angle, jet diameter and jet speed. This effect was sometimes so strong it
caused the liquid to come out of the solid surface as droplets, so finding good parameters would
be sometimes impossible for certain combinations of material and jet diameters – either the jet
geometry would not be favourable (small area, too elongated), or it would not stick out of the
solid surface easily enough. This would cause the water to rapidly boil and freeze under vacuum.
We speculate the solution to this is probably to use hydrophobic surfaces. Tempered glass was
attempted but its hydrophobicity was not high enough to solve our problems. Hydrophobic
treatment (or coating) of the glass improved the situation but for some unknown reason it was not
reliable, rapidly deteriorating with time. We have attempted to use self-assembled monolayers of
long hydrocarbons over gold-coated glass, meant to have an enhanced hydrophobicity. It suffered
from the same problems. We speculate that the high speed and small diameter of the microjet
destroys the coating or the self-assembled monolayers. Another alternative we have tried was to
use inherently hydrophobic materials such as Teflon plates, figures 3.6a and 3.6b. However, this
material is too soft for a precise and sharp edge to be manufactured, which caused the system
to be extremely sensitive to the alignment of the jet. A small movement or vibration of the
system caused the jet to come out of the surface in an uncontrolled and undesired way. This
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could eventually be solved, but the surface of Teflon is not flat at the micrometer scale. Its
features could be seen under a microscope image, and those would greatly disturb the flat-jet
flatness, seen in figure 3.6b. Using a hydraulic press, we could make a much flatter Teflon surface,
which brought hope to this technique, but it was still not flat enough. We were successful in
generating flat-jets using this technique that would survive in low vacuum (∼10−1 mbar), but
either it would not last at lower pressures, eventually freezing, or its surface quality (flatness)
would not be good enough to be considered as a suitable scattering target. A similar flat-jet
generation method was found in literature, in which a flat-jet was produced via a liquid jet
created by a 0.7 mm diameter capillary impinging close to the edge of a sharp plexi plate [81]. We
have tried similar configurations also using steel blades, however these were also very sensitive to
alignment, drastically changing the topology and also the angle of the flat surface relative to the
initial jet and, notably, it would not grant us the desired advantage of suppressing one of the
faces of the flat-jet.

3.2 Microfluidics flat-jet device

Recently, a new flat-jet generation technology became commercially available, firstly reported in
2018 by Koralek and co-workers [88]. It consists in the microfluidics device shown in figure 3.7.
It is made out of two glass pieces welded together, being called microchip and is available for
purchasing in packs of 10 units from Micronit (Netherlands). It is fabricated in a way that three
channels of approximately 100 µm in diameter are formed, two of those are connected to one
entrance hole at the top left of the picture and the third, straight, has its individual entrance.
The channels reduce to ∼30 µm diameter when close to the edge of the chip at the bottom right
of the figure, where they communicate with outside. The lateral channels form an angle of 80◦

with each other and the central channel is exactly in-between the other two. The standard mode
of operation of this device is to inject water in the central channel and rare gas in the lateral ones,
creating a nanometre-thin flat-jet. This mode of operation can not be used in our application
here due to the dense gas envelope required to create the flat-jet. This gas envelope would
completely disrupt any molecular level detail from a gas–liquid scattering experiment we could
attempt to perform. There is, however, a second mode of operation which does not utilise the
central channel, and liquid is inserted in the topmost entrance (if the microchip is oriented with
its exit downwards), producing two microjets which collide extremely close to their exits, forming
a flat-jet in a similar fashion to the standard methods described in section 2.5.3. The advantages
here compared to using two quartz capillaries are the very compact design and the fact that no
alignment of the individual jets is required. With a flow rate of 3 to 4 mℓmin−1, flat-jets very
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(a) (b)

Figure 3.7: (a) Microfluidics device used to produce flat-jets, developed by Koralek et al. Scale bar
is 6 mm. (b) Close-up image of the microchip output, with the central channel filled with blue-tinted
liquid. Scale bar is 100 µm. Images reproduced from [88] under the Creative Commons license (http:
//creativecommons.org/ licenses/by/4.0/).

similar to the one seen in figure 3.3 are produced, with dimensions of ∼ 1 mm × 4 mm. They are
slightly smaller and require lower flow rates in comparison because, instead of 50 µm (like the
quartz capillaries used in the figure 3.3), the channels have a diameter of ∼ 30 µm. The collision
angle in this device is of 80◦ instead of the 48◦ chosen by the setup used in figure 3.1, creating
wider and shorter flat-jets. For its convenience, reliability and compact mount design, this is the
method that we finally decided to implement in our experimental setup described section 6.3.
Nonetheless, the ideas and designs described in the present chapter offer significant advantages
for specific purposes and should be revisited in future times.

41

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/




4 A free flowing steady-state liquid–
liquid interface

Flat-jets generated as described in section 2.5.3 were most often studied in the literature using
identical liquids in both parent microjets (it’s the case for all applicable references in that chapter).
What happens when different solutions are used? To the best of our knowledge, this particular
aspect has not been addressed in the literature; both theoretical and experimental studies are
mostly concerned with topological features of flat-jets. Given its thickness distribution (refer
to figure 2.19b) and that the rim diameters grow as their distance to the impingement point
increases (clearly seen in figure 3.3), we can infer that the flow lines in the first leaf of a flat-jet
must be similar to the ones shown in figure 4.1. And, by symmetry, both faces should behave
identically in an ideal flat-jet. We have speculated, then, that when a flat-jet is generated under
the same conditions as the one in figure 3.3, the liquids don’t mix due to turbulence in the flat
part of the first leaf, specially on the central axis where the flow follows a straight line; turbulence
would only occur in the rims.

The work presented in this chapter has been published in the Journal of the American Chemical
Society [89].

To experimentally address the question of how the individual fluids from each microjet behave
in a flat-jet, a few approaches were proposed such as doing absorption spectroscopy using dyes
with different colours in each jet, or a dye in one jet and water in the other while illuminating
the system to induce fluorescence. This method proved to not work, since images taken with
the camera positioned as seen in figure 3.3 would always display, in the flat region of the jet,
the same colour as a result of the absorption of the background light through the two layers of
liquids in the jet, irrespective if they mixed or not. The dyes do not react chemically with each
other, therefore their optical properties and relative optical densities remain unchanged in time
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Chapter 4. A free flowing steady-state liquid–liquid interface

Figure 4.1: By observing the thickness distribution of a flat-jet (figure 2.19b) and that its rims grow in
diameter towards the jet flow direction, the most intuitive flow lines in such a system are drawn here.

(consequently in the z axis of the flat-jet) even if mixing happens. In short, using different dyes
in each jet yields the same absorption spectrum at any z position, corresponding always to the
same absorbance, leaving the question unanswered. Using a laser dye colliding with water and,
for example, intense blue light to promote fluorescence would not grant us a verdict either – the
intensity of fluorescence in the whole flat part would be homogeneous seen from one of its faces.
A surface sensitive method (e.g. photoelectron spectroscopy) using different solutions in each jet
would be able to determine whether the fluids mixed completely – all the way from the interface
up to the surface – but nothing could be said about the interface itself lying in the bulk of the
flat-jet, at all z positions. Therefore, a change would only be observable upon complete mixing
of the layers, but if the interface was thin compared to the whole thickness of the jet, we would
not be able to detect.

What was necessary to address this matter was an optical property that would arise once two
liquids mix. We have found the answer to that through the use of a chemical reaction; specifically,
chemiluminescence.

4.1 Luminol

Chemiluminescence is a type of chemical reaction that emits light. This type of reaction is used in
glow sticks and also exists in some naturally occurring systems, e.g. fireflies and jellyfish (acquiring
also the name of bioluminescence). A textbook example of a chemiluminescence reaction uses
5-amino-2,3-dihydrophthalazine-1,4-dione, known as Luminol. It is a compound that displays
a characteristic blue glow (λ = 425 nm) when it gets in contact with an oxidizing environment
in the presence of a transition metal ion as a catalyst. One of its products, 3-aminophthalic
acid (AP), is formed in an excited state that leads to spontaneous emission of photons [90–92].
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4.1 Luminol

Luminol is commonly used in forensics for the detection of blood traces (iron in the haemoglobins
catalyses the reaction). High dilution is usually employed in Luminol applications to reduce
the collision rate between the solution molecules via Brownian motion, so that the reaction is
diffusion limited, producing a long-lasting glow. In the problem dealt with here, we chose to
use very high concentrations to increase the reaction rate. The concept then was to collide a
microjet composed of highly concentrated Luminol solution with another microjet containing
high concentrations of hydrogen peroxide, which would provide the oxygen necessary for the
chemiluminescence reaction. CuSO4 was added to the Luminol solution to furnish copper ions as
catalysts.

4.1.1 Mechanism

A wide variety of studies has been made on the chemiluminescence reaction of Luminol using
metal ions such as Cu2+, Fe2+, Ni2+, Co2+, which will be generally referred to as M2+ [93]. The
reaction mechanism proposed by Merenyi and co-workers has acquired broad consent [90–92]
despite many other alternatives that have been explored [94–96]. Oxidising radicals must form
as a prerequisite of the reaction because H2O2 is not a sufficiently strong oxidant for Luminol
[94, 97, 98]. These radicals are produced through the reaction of M2+ with H2O2:

M2+ + H2O2 −−→ M3+ + OH + OH− (4.1)

M2+ + O2 −−→ M3+ + O2
−. (4.2)

In the flat-jet concept, reaction 4.1 can only happen when H2O2 come into contact with M2+

if they diffuse across the liquid–liquid interface or if there is a turbulent process to promote
the mixture of the two liquids (expected to happen only in the rims of the first leaf). On the
other hand, reaction 4.2 does not require that, and may happen with oxygen dissolved in the
solution. These reactions act as part of a parallel recycling route where oxidation and reduction
of M2+ and M3+, respectively, generate the necessary reactive species containing oxygen [97]. To
guarantee the availability of oxidising radicals and avoid that it becomes a limiting quantity in
the overall kinetics of our experiments, we ensured to work with sufficiently high concentrations
of CuSO4 and H2O2.

The Luminol solution is prepared at a pH ∼ 12, producing singly deprotonated Luminol LH–

[99] (we denote Luminol in its neutral state as LH2). A key intermediate for this reaction,
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Figure 4.2: The path of the Luminol chemiluminescence reaction.

alpha-hydroxy-hydroperoxide (LOOH– or α-HHP), is formed from the oxidation of LH– :

LH− + OH −−→ LH + OH− (4.3)

LH + O2
− −−→ LOOH− (4.4)

LOOH− −−→ AP∗ + N2(g) (4.5)

AP∗ −−→ AP + hν. (4.6)

The reaction 4.5 is the decomposition of LOOH– , forming gaseous nitrogen and 3-aminophthalic
acid in an electronically excited state, AP*, which decays to its ground state by emitting a
photon of wavelength λ = 425 nm. A summarised diagram of the Luminol reaction is shown in
figure 4.2.

4.2 Experimental set-up and methods

The flat-jet Luminol–peroxide experiment was performed using the setup described at the end of
section 2.5.3. The mount held two 50 µm capillaries, one carrying a Luminol solution and the
other a 10% H2O2 solution at 2.8 mℓmin−1 flow rate, yielding a flow speed of 23 m s−1. Figure 4.3
illustrates the experimental setup. The dimensions of the first leaf under these conditions were
approximately 1.5 mm by 0.3 mm, which means that the time spent by a fluid particle flowing
through the centre line of the leaf was ∼65 µs. The flat-jet was set inside a completely darkened
environment, under atmospheric pressure and ambient temperature. Chemiluminescence from
the jet was captured by a charged coupled device (CCD) microscope camera in 200 images of
500 ms for each concentration studied. This method avoided saturation of the images while also
reducing the background noise which was accentuated when the exposure times were high (this
was probably due to the fact that the camera increased its temperature during long exposures
and infrared light was detected by the sensor). Identical images were taken with the jet off, and
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4.2 Experimental set-up and methods

Figure 4.3: Experimental arrangement to generate the flat-jet. Two cylindrical liquid microjets, operated
by separate HPLC pumps, are crossed at an angle of α = 48◦. One contains a Luminol solution, the second
an aqueous H2O2. (A) View at the face of the first leaf. The plane spanned by the two cylindrical jets is
vertical to the leaf plane. (B) Sketch showing the geometry used for CL detection and a cross section of
the first leaf. A CCD camera faces the leaf surface and collects the CL.

subtracted from the original pictures, to further reduce the signal background due to stray light
and inherent equipment noise. The field of view of the microscope camera was adjusted to fit
the first leaf of the flat-jet.

Solutions in a range of 1.0 to 6.0 g/ℓ were prepared in an attempt to establish a relationship
between pixel and emission intensities. After several attempts that would either come to a not
completely dissolved Luminol, or to a low-chemiluminescence end result, we have reached a
recipe that yielded good images while allowing us to know precisely the concentration being used:
The Luminol solutions were prepared by dissolving 1.2 g of NaHCO3 from Merck, purity higher
than 99.7%, 0.8 g of CuSO4 · 5 H2O from Roth, purity higher than 99.5%, 2.7 g of NH4HCO3

from Merck, purity higher than 99.5% and 0.8 g of Luminol from TCI Deutschland GmbH, with

47



Chapter 4. A free flowing steady-state liquid–liquid interface

purity higher than 98% in 100 mℓ of water. The pH was gradually adjusted to approximately
12, by adding tablets of NaOH from Merck, purity higher than 98%, with care not to overheat
during the dissolution process, because this seemed to drastically reduce the quality of the
resulting chemiluminescence intensity. From such an initial solution with Luminol concentration
of 8.0 g ℓ−1, we obtained lower concentrations by diluting it with water while keeping all the
components with proportional concentrations. The hydrogen peroxide solution to be used in the
second microjet would always be a 10% H2O2 aqueous solution from Merck.

A sample image taken with a 2 g ℓ−1 Luminol solution and at a flow rate of 2.5 mℓ/min for each
microjet is shown in figure 4.4. Flow direction is from left to right. The top image is a reference
picture taken of the flat jet using a blue LED. The jet was not perfectly stable at that moment,
as it can be seen from the irregular shapes of the leaves after the first one. The bottom image is
a 10 seconds long exposure photography taken in complete darkness. Some noise is visible in it.
The camera used, unfortunately, was not specially designed to work under dark conditions and
noise subtraction was necessary to reduce its effects in the pictures. This photograph shows up
to the sixth leaf in the flat-jet, and all light observed here (apart from the noise) comes from
chemiluminescence of Luminol (compare both images and note that the individual microjets
are invisible in the bottom picture). Apart from the first one, all leaves display a somewhat
homogeneous glow. The first leaf has significant chemiluminescence only in its rims, however it
is possible to see a faint glow appearing towards the end of the flat part. This strongly suggests
that, in the flat part of the first leaf, diffusion is the only mechanism responsible for the mixing
of the liquids from each microjet. Anywhere else after the microjets collision point, the two fluids
are efficiently mixed and the Luminol reaction takes place. Notably, there is a strong glow right
at the impingement point of the two microjets, which suggests that the reaction is much faster
than the time-scale of the experiment, rendering the Luminol reaction in the flat part of the first
leaf diffusion limited. More details on that further in the text.

4.2.1 Rates

One could argue that the reaction rates are low enough and the lifetime of the excited 3-
aminophthalic acid long enough to cause a substantial delay between the mixing of the fluids and
the detection of the Luminol glow. Extensive literature research has revealed that those constants
were never measured. What is known is that AP* decays from a singlet excited state to a single
ground state (fluorescence) [99, 100], which means that the fluorescence lifetime will be on the
order of ∼100 ns in the liquid phase [101]. Despite that, we have developed solid experimental
arguments in favour of high rates for reaction 4.5 and short lifetime for 3-aminophthalic acid. We
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Figure 4.4: Chemiluminescence of Luminol in a flat-jet flowing from left to right. The top picture shows
the flat-jet illuminated by an ambient blue light, while in the bottom picture the experimental chamber had
been made completely dark. One of the parent microjets carried a Luminol solution and the other one
carried a hydrogen peroxyde solution. The bottom image then shows where the two liquids mix through the
reaction of Luminol with oxygen, emitting blue photons. In the first leaf of the jet, the rims strongly glow
indicating that the mixing is happening there. Most of the flat part is dark, apart from the very end, close
to where the two rims meet. This is an indication of mixing through a laminar interface via diffusion.
The fluid after the first leaf present a homogeneous glow, showing that the liquids are efficiently mixed.

have performed experiments for the specific goal of determining whether the emission of a photon
happens with a significant delay from the moment the two jets collide, and if this emission would
show a gradual increase and decay around the impingement point. If this would be the case, it
would mean that the reaction does not necessarily happen once the reactants come in contact in
the solution. Figure 4.5 shows that chemiluminescence happens at the very point the two jets
meet with very strong and concentrated chemiluminescence. Figure 4.5a shows the impingement
point of two microjets in detail, each one containing one of the aforementioned solutions, with
the maximum magnification available from the microscope camera used. The top image had
the jet illuminated by a ring of white LEDs in front of the microscope lens, while the bottom
image had the jet in complete darkness. The images show that the chemiluminescence dies out
very quickly after the impingement point. This emission would be smeared out along the flow
direction if the reaction rate and lifetime of the excited state were slow.

To further analyse the reaction rates and the lifetime of AP*, we have performed a slightly
different experiment in which we bring the jets close to each other but intentionally do not align
them perfectly into a head-on collision. This creates a structure similar to a helix, rather than a
chain of mutually orthogonal leaf shapes. Figure 4.6, top image, was taken using a monochrome
camera with ambient light, displaying this structure produced by microjets with the previously
described solutions, flowing from left to right. The bottom image is the same liquid jet, but in
complete darkness and in false colour to highlight the chemiluminescence intensity. The black
arrows pinpoint the collision location. It is visible that a short-lived glow happens right at the
collision position, that dies-out right away. Chemiluminescence is only visible again much later in
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(a)

(b)

Figure 4.5: A 2.0 g/ℓ Luminol and CuSO4 catalyst solution microjet colliding with another one composed
of 10% H2O2, forming a flat-jet in the orthogonal plane of the point of view here. The microscope
augmentation power was pushed to its limits to show the impingement point with detail. (a) The top image
was illuminated with the white LEDs around the microscope lens, while the bottom picture was taken
under complete darkness, with an exposure time of 10 seconds. (b) The same two images superimposed to
confirm that the chemiluminescence happens as soon as the two jets touch each other.

the jet, as the two microjets are mixed, since they only mildly spiral around each other initially.
This structure probably induces less turbulence, preventing the liquids from mixing initially.
Here we see further indication that when the fluids mix the emission happens fast enough to
be considered instantaneous for our experimental setup. If, on the other hand, emission would
happen predominantly from the decay of a long-lived excited triplet state (phosphorescence), the
first emission, indicated by the arrow, would not happen in such a localised manner but rather
would follow an exponential decay. The intensity builds up again further downstream when,
using the top image as reference, the two jets are more efficiently mixed.

This analysis indicates that the reaction rates and the lifetime of AP∗ are fast enough that we
cannot detect their influence on our experiments. The temporal resolution of our images is
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Figure 4.6: Chemiluminescence of Luminol in a pseudo-flat-jet, produced in similar fashion as seen in
figure 3.2c by intentionally misaligning the individual jets, generating a spiral. This figure confirms that
the chemiluminescence reaction of Luminol happens in a time scale that our experimental methods perceive
as instantaneous.

determined by the time a fluid molecule requires to move the distance between two consecutive
pixels (approximately 1 µs, depending on jet speed and camera zoom parameters). This can be
calculated using a length calibration performed previously to the given settings of the microscope
camera and the velocity of the flat-jet, which can be found approximately by conservation of
momentum in the collision of the jets making use of their original velocities. Thus, we can be
more assured that the reaction in the flat part of the first leaf (as it is suggested in figure 4.4) is
diffusion limited.

Now that we have determined that diffusion is the most probable cause for chemiluminescence in
the flat part of the first leaf in a flat-jet produced by one microjet containing a Luminol solution
and another with hydrogen peroxide, we will need the diffusion coefficients of the relevant species,
shown in table 4.1. The diffusion will be modelled, as demonstrated in section 2.2.2, using Fick’s
law in the form of equation 2.7.

Reactant Diffusion coefficient [m2 s−1] Reference
Luminol 13.5 × 10−10 [102]

H2O2 17.5 × 10−10 [103]
O2 20 × 10−10 [104]

Cu2+ 7.1 × 10−10 [105]
OH– 52.7 × 10−10 [105]

Table 4.1: Table displaying the diffusion coefficients of the relevant compounds in the Luminol-peroxide
flat-jet experiment.
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4.3 Results and discussion

Figure 4.7 summarises the results achieved in this chapter. Panel (A) shows the sum 200 images
taken for the highest Luminol concentration studied, 6 g ℓ−1. It is in a false colours scale to
ease the visualisation of chemiluminescence: red is zero intensity and blue is high intensity. The
parent cylindrical microjets arrive from the left of the picture, both situated in the plane normal
to the picture (xz). They are not visible because no light is emitted from them individually.
The z axis was placed such that it divides the leaf symmetrically, and this is the line at which
chemiluminescence was analysed in (B). The parent microjets collide at z = −100 ± 100 pixels
and y = 0±50 pixels. The point (y, z) = (0, 0) is chosen to be right after the collision point of the
two microjets, where a laminar flow is established and chemiluminescence starts to be observable,
after the intense glow in the colliding point has died out completely. In panel (B) it was plotted
the intensity of chemiluminescence along the z axis for 4 different Luminol concentrations; 6 g ℓ−1:
black line, 4 g ℓ−1: red line; 2 g ℓ−1: blue line and 1 g ℓ−1: green line. The thicker solid lines are
numerical results obtained from our model, see below – idem for the inset.

Strong chemiluminescence is visible in the rims and at the impinging point (see section 4.2.1),
indicating that turbulent regions of the flat-jet induce strong mixing of the two fluids, promoting
the Luminol-peroxide reaction. This contrasts with the flat region, where only a faint chemilumi-
nescence is visible, increasing in intensity towards larger z values. As outlined previously, the z
axis can be translated as a time axis in the frame of the liquid-liquid interface. Probing z means
probing the dynamics at the interface along time. Given the length of the leaf and the flat-jet
velocity of ∼23 m s−1, we know that the time spent by a particle in the central line of the flat
part is of ∼65 µs. We can then estimate the temporal resolution of our measurements as follows.
During the total 100 s exposure time of the photograph, the jet vibrates slightly, which causes
our images to blur. By analysing the images, we assume the amplitude of the vibrations to be in
the order of 5 µm, corresponding to a resolution of 0.2 µs.

4.3.1 Kinetics model

A kinetics model was built to be compared with the chemiluminescence experimental data. It
takes into account the diffusion, the principal reaction steps and luminescence. We define the
photon flux Φ originated from chemiluminescence as a function of the decay of 3-aminophthalic
acid∗, reaction 4.16:

Φ = kC[AP∗](t), (4.7)
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Figure 4.7: (A) False-color image of the measured CL intensity within the first leaf of the flat-jet (blue is
high intensity; red is zero intensity). (B) CL signal intensity along the z-direction at y = 0, indicated by
the dashed horizontal line in A, for Luminol concentrations of 6 g/L (black line), 4 g/L (red line), 2 g/L
(blue line) and 1 g/L (green line), respectively. Thick solid lines are numerical results. Inset: calculated
results for cases with extreme (red and green) ratios and the result found here (black) between reaction and
diffusion rates.
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where kC is the chemiluminescence rate coefficient and [AP∗](t) is the concentration of excited-
state 3-aminophthalic acid at time t.

Referring to reactions 4.1 to 4.5, the rate of formation of AP* can be written as a function of
the limiting reagents:

d[AP∗]
dt = kdec[LOOH] (4.8)

= kdeckrad[H2O2][LH−] (4.9)

with kdec denoting the decomposition rate and krad being the rate of the various steps within the
radical reaction and where LH– is the singly deprotonated Luminol. The previous equations
imply in:

d[LOOH]
dt = krad[H2O2][LH−] − kdec[LOOH] (4.10)

and
H2O2 + LH −−⇀↽−− LOOH, krad = [LOOH]

[H2O2][LH] . (4.11)

Here, from the discussions done previously, we assume that the equilibrium happens very fast in
the timescale of the experiment and krad is, actually, the equilibrium constant. Implicitly, we
assume a steady-state approximation for [AP*] with rate of production equal to the rate of decay
via chemiluminescence because, in the time frame here, the emission of the photon is effectively
instantaneous. In our experiments we only observe the decay of the final product, so we can
contract these steps into one single reaction with rate coefficient kR = kdeckrad. Equation 4.9
becomes:

d[AP∗]
dt = kR[H2O2][LH−]. (4.12)

Note that kR is the effective rate coefficient and dependent on the precise mechanism. Diffusion
happens in the x direction as defined in figure 4.7, perpendicular to the jet surface. As
demonstrated in section 2.2.2, equation 2.7 gives the concentration distribution ci(x, t) of each
reactant i. Applying it to equation 4.12 yields:

d[AP∗]
dt = kR

{
[H2O2]0

2

[
1 + Γ

(
x

2
√
DH2O2t

)]
× [LH−]0

2

[
1 − Γ

(
x

2
√
DLH−t

)]}
. (4.13)

This equation explicitly considers the concentration profiles for the two diffusing reactants
assuming no losses due to reaction, which are represented in figure 4.8B, assuming identical
initial concentrations. Those profiles happen along the x direction which changes as a function of
time t, what is to say that it evolves as z is probed in the downstream direction in the first leaf.
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Figure 4.8: (A) convolution of concentration profiles of diffused species through the interface (initially
situated at x = 0) causes the interface layer to broaden in z (or in time) as seen here (note the resemblance
with figures 2.3a and 2.4). Similarly to figure 2.6, (B) shows the individual concentration profiles as they
change with position along jet flow direction z (or with time). This is shown here as a representation to
aid visualisation of the process, assuming they would diffuse symmetrically which is most likely not the
case here.

Ignoring, for now, the decay of AP*, the total product concentration as a function of time is:

[AP∗] =
τ∫

0
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δL/2∫
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dxdt,

(4.14)
where δL is the flat jet thickness. The assumption here is that the thickness of the diffused layer
is much smaller than the thickness of the jet. The integrals are along the vertical and horizontal
axes of figure 4.8A. Let’s apply the coordinate system transformation of jet flow direction z into
time t using v, the jet flow velocity: t = z/v, to equation 4.14:

[AP∗] =
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(4.15)
and let’s call, for simplicity, the overlapping integral C(z):

C(z) =
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(4.16)
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turning equation 4.15 into

[AP∗] =
Z∫

0

kRC(z)dz (4.17)

Now, the fluorescence at position z = Z is calculated from the integrated build-up of [AP*] along
the jet propagation. However, it is favourable to write this in the differential form, denoting
the rate of increase of [AP*] through the reaction and the rate of reduction of [AP*] through
chemiluminescence (equation 4.7):

∆[AP∗]
∆z = 1

v
[kRC(z) − kC[AP∗]] (4.18)

There is no closed-form solution to this differential equation because it contains the integral of the
product of two error functions, so it was solved numerically and applied to 4.7 to find the number
of photons emitted per unit time from the position-dependent formation of AP* (with position
z being related to time). The global dynamics, given by equation 4.18, were simulated using
stepwise numerical integration of the chemiluminescence rate, with subsequent smaller steps
until convergence has been achieved. We have implemented the consumption of the reactants
by adjusting their initial concentrations [ ]0,z after each time step, according to the amount of
the formed products. With this, we are assuming that the reaction happens uniformly across
the entire interface and minor changes of both reactant concentrations are taken into account.
The resulting curves are shown as solid lines in panel B of figure 4.7. In the inset of that figure,
we show three possible solutions of the numerical integrations using different initial conditions.
Each situation reflects possible behaviours for the chemiluminescence profiles and different initial
conditions exist because the kinetic coefficients kC and kR are unknown for this system (even
their orders of magnitude). For a calibration, it would be needed to know the absolute number
of photons which, in turn, requires the knowledge of the imaged solid angle and the quantum
efficiency from the CCD chip, both of which are unknown. The initial parameters were then
adjusted to yield the best fit to the experimental curves, for each concentration, and are seen
as the thick solid lines in figure 4.7B. To better understand the shape of those curves, we have
performed tests such as the ones shown in the inset of figure 4.7B: by artificially reducing the
diffusion coefficients we produce the red curve, and by artificially reducing the luminescence rate
we have the green curve. Here we see another indication that the luminescence rate is much
faster than we are able to perceive with our experimental apparatus and that the emission at a
given z is only dependent on the concentration profiles at that position. This shows that the
asymmetrical sigmoid black curve (obtained form best fits) is a near-linear intermediate regime
of both situations, which converge given sufficient time for the fluids to interact through the
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interface. Notably, altering solely the reaction rate coefficients kR does not affect the shape of
the curves, only leading to an overall scaling. This reveals that calibrated measurements might
be unimportant for qualitative analyses since, even without it, the shape of the curve reveals
principal aspects of the kinetics dominating the dynamics here. Lastly, also scaling the curves in
function of concentration does not change their curvature.

These observations allow us to conclude that a well-defined, laminar liquid–liquid interface is
formed at the central axis of the flat-jet, and the only transport phenomenon between each fluid
is diffusion.

4.4 Conclusions

The model described in the previous section reproduces very well the experimental measurements.
We can now answer the question posed at the beginning of the chapter: the flat-jet produces
a laminar-flow interface across which diffusion is the only transport phenomenon. Time is
translated into a single spacial dimension, which can be scaled to other ranges than the ones used
here with different nozzle diameters, flow rates and impingement angles (see chapter 3). The
system used for this study is also vacuum compatible and the parameters used here are probably
very close to their upper limits due to evaporative cooling and high background pressure in the
vacuum chamber. Our system is capable of producing flat-jets with 1–5 mm in length (for the
first leaf) and a flow speed of 15–30 m s−1. This means that the available time-window to be
studied under these conditions is 35–350 µs, being applicable to a plethora of chemical reactions
and spectroscopic techniques that can benefit from this tool.

The closest technology to allow such investigations is microfluidics [106]. Although it permits
several important branches of Science to investigate fluids in the micrometer scale and wide
time intervals, it interferes both with the fluid dynamics, through friction, and with the optical
access of spectroscopically relevant wavelengths to the liquid interface. The liquid flat-jet is
then the only, and still unexplored in this context, alternative for the interrogation of chemical
reactions at the liquid–liquid interface through methods incompatible with the interference of fluid
dynamics and light interaction with the container material. It also enables a more well-defined
(geometrically) interface to be created.

Several possibilities for future experiments exist. Using better-known reactants will enable
quantitative analyses for the determination of other still unknown or ill-defined variables – with
reaction kinetics parameters at hand one can determine, e.g., diffusion constants and vice-versa.
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Another possible future assessment is a temperature dependence study of the chemiluminescence
curves. Diffusion happens more quickly at higher temperatures and this could be used to further
explore physical aspects of the liquid–liquid interface formed in a flat-jet. This should be done
with care because also other important parameters change in function of temperature such as
viscosity and surface tension. Another question still to be answered is what happens if completely
different fluids are used in each jet, say, water and cooking oil. While this is interesting, fluids
with very different properties, in particular surface tension, viscosity and density, will probably
not form a single symmetric structure. This is an extrapolation from what was seen in figures
3.2b and 3.2d, but a definitive answer to particular systems can only be attained by the actual
performance of experiments or high fidelity simulations.
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5 An Absolute Energy Reference for
LJ-PES

Photoelectron spectroscopy (PES) employed to the study of the electronic structure of liquid
water and solutions, in the form of liquid jet PES (LJ-PES) which debuted decades ago, is
considered to be a well-established field [38, 51, 59–61, 67, 107, 108]. However, due to technical
limitations – some of which were already described in section 2.5.2 – the method remained
insensitive to effects caused by solute concentration in this context. Here, we present a new
approach to quantitatively tackle the electronic structure effects induced by solute concentration
in liquid water.

Every liquid jet acquires a surface charge when it leaves a nozzle due to a phenomenon called
electrokinetic charging [109, 110]. This effect is caused by the shearing of an electric double-layer
existing between the flowing liquid and the walls of the nozzle, causing the liquid and the
nozzle to constantly exchange charges with each other, creating streaming potentials which can
exceed 60 V for pure water. This effect can be reduced by addition of electrolytes to the liquid
and a grounding circuit in direct contact with it, but never reaching zero. As photoelectron
spectroscopy studies of liquid water increased in resolution, those palliative methods became
ever less reliable. Without accurately knowing the magnitude of this liquid surface charge during
an experiment, the measured spectra can be shifted up to several electronvolts. This surface
charging was assumed to be negligible in earlier works. Common practice was to calibrate
pure (or neat) water 1b1liquid orbital peaks using the water vapour phase 1b1gas peaks (refer to
water’s orbital diagram, figure 2.1). The pure water peaks were then used as references for the
solution spectra with different concentrations. This was done under the assumption that liquid
water bands do not change with solute concentration. While this was probably true within the
available resolution at the time, recent advances in the field permit the observation of changes in
orbital binding energies in the order of a few 10s of meV. This pushed us to develop an absolute
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calibration method, allowing the determination of possible changes in the band energies caused
by solute. This has been pursued for several years now and it culminated in accurate binding
energy determination studies [62], the most recent of them being the one described here [63].
With this new energy referencing method, we could demonstrate that the binding energies BEs
(or vertical ionisation energies VIEs) of aqueous solutions do increasingly shift as a function of
solute concentration following well-defined thermodynamical models. In this study, we utilise
the largely known to the field NaI(aq) and TBAI(aq) (tetrabutylammonium iodide) solutions.
Our exciting results show that the new energy referencing method is totally reproducible and
useful to both increase measurements accuracy and reveal new physical-chemistry at liquid water
interfaces using photoelectron spectroscopy.

The work concerned here has been published in the journal Physical Chemistry Chemical Physics
[63].

5.1 Experimental setup

The experiments were done at the main hall of the Molecular Physics department in the Fritz-
Haber Institute, Berlin. The experimental setup comprises of a vacuum chamber (interaction
chamber), where VUV light generates photoelectrons in the liquid samples, coupled to a Sci-
enta Omicron HiPP-3 hemispherical electron analyser. The interaction chamber is completely
enveloped by µ-metal shielding to guarantee a field-free region and avoid disturbances to the
photoelectrons energies and trajectories. A helium plasma source (Scienta Omicron VUV5k) at
the selected He II α line of 40.814 eV was used to ionise liquid the samples. This energy is much
lower than what is available at Synchrotron light sources, but the photoelectrons generated with
this photon energy are way above the threshold of 10-15 eV quasi-elastic scattering in solution,
which causes peak distortions [57]. This light source’s biggest advantage is that it allows the
execution of such experiments in a standard physical-chemistry laboratory unrestrained from,
say, beamtimes in Synchrotron facilities.

A top-down view sketch of the interaction chamber is presented in figure 5.1. A 28 µm quartz
capillary generates a cylindrical microjet in the downward direction, and its position is controlled
with a three-axis Mitutoyo linear stage. Aqueous solutions are pumped through the capillary by
a Shimadzu LC-20 AD HPLC pump, equipped with a DGU-20A5R inline degasser, at flow rates
of 0.8 to 1.2 mℓmin−1. In the chamber, there are two turbomolecular pumps (TMP) with a total
pumping speed of ∼2600 ℓs−1 for water and liquid nitrogen cold traps (cold finger and microjet
catcher) with a total pumping speed of 35 000 ℓs−1 for water. The pumping speed (for water)
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5.1 Experimental setup

Figure 5.1: Experimental chamber used for the microjet–PES experiment described here, viewed from the
top. TMP denotes turbomolecular pumps. The plasma source generates photons according to the spectral
lines of helium and the monochromator selects one of its lines to be transferred to the experimental chamber,
in the case here being the He II line corresponding to 40.814 eV. The 37 µm diameter microjet is directed
towards a cryogenic catcher and, a few mm after leaving the nozzle it is irradiated by the VUV light,
generating photoelectrons. The photoelectrons that pass through the entrance cone of the hemispherical
analyser are imaged in a way that their individual energies are discriminated. Two cameras assist with
the visualisation and alignment of the microjet, inlet cone and light spot relative to each other. Figures
5.2b and 5.2c show the point-of-view of the cameras.

of the cold traps was calculated using the estimative relation for pumping speed using surfaces
cooled down to cryogenic temperatures [111]:

S = 3.64
√
Tgas/M (5.1)

where Tgas is the temperature of the gas to be pumped, which is water vapour at 273 K and
M being its molar mass, 18. These maintain the pressure inside the interaction chamber at
∼7 × 10−5 mbar during normal operation. Ice columns often form when a microjet reaches the
catcher and they may grow all the way up to the interaction chamber and heavily disturb the
experiment. For that reason, an ice-crusher motor is installed between the microjet catcher and
the interaction chamber. The VUV light produced by the He plasma lamp passes through a
curved diffraction grating monochromator, adjusted to select the He II emission line. The light
is further collimated by a quartz capillary enclosed by a metallic shielding, and its position can
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(a) (b)

(c)

Figure 5.2: (a) top view of the interaction region in the experimental chamber, where the quartz capillary,
the microjet, the VUV capillary and the inlet cone are visible. (b) Photograph with a view from the position
of one of the two cameras disposed around the experiment. (c) Images fed from the cameras, disposed
perpendicularly. Camera 1 is the camera seen in image (b).
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be linearly adjusted by micrometer screws to focus a spot of 300 µm diameter at the liquid jet.
The light arrives at a ∼70◦ angle relative to the 800 µm entrance cone to the analyser, which sits
∼800 µm away from the microjet, see figure 5.2a. The alignment between jet, light source and
analyser is done by moving the jet via the three-axis linear stage and the VUV light capillary
micrometer screws with the aid of two perpendicularly positioned zoom cameras filming the
interaction region through viewport flanges. The viewpoints of the cameras are shown in figures
5.2b and 5.2c.

The solutions studied were NaI(aq) with concentrations ranging from 50 mM to 8 M and C16H36IN
(aq), tetrabutylamonium iodide (TBAI(aq)), from 5 to 40 mM. Both salts samples were bought
from Sigma-Aldrich, purity > 99%, and the solutions were prepared with highly demineralised
water and degassed in an ultrasonic bath for 5–10 minutes. Those salts were chosen due to the
fact that they have been extensively studied using PES [59, 60], and their expected effects (only
visible with an absolute energy referencing) in the water network – therefore in the photoelectron
spectra bands – would be contrasting, but complementing the already known effects. NaI is a
highly soluble salt and will affect mostly the bulk solution, while TBAI is a strong surfactant, but
reasonably easily soluble in water within the range used here. The flow rate of the microjet was
set to 0.8 mℓmin−1 (corresponding to a speed of ∼20 m s−1) for all solutions except for 8 M NaI,
which had the flow rate increased to 1.2 mℓmin−1 (∼30 m s−1) to maintain better jet stability.
During injection, the solutions were kept in a cold bath at 10 ◦C, except for 8 M NaI, which had
the temperature set to 15 ◦C for the same reason, since it was near the saturation conditions and
jet freezing happened a few times when the flow rate and bath temperature were not changed.
Such freezing events were critical: the microjet quartz capillary would clog severely with such a
high concentration solution crystallising inside of it, and some capillaries were unrecoverable.
A completely new data set with all solutions concentrations needed to be taken in those cases,
since identical conditions could not be guaranteed.

5.2 An absolute energy reference

The method developed by Thürmer et al. [62] consists in using the cutoff observed at the
so-called low energy tail (LET) as an absolute reference for the photoelectron spectral bands, see
figure 5.3. The LET is caused by the photoelectrons that underwent several scattering events
before leaving the surface, therefore they are numerous, yielding high counts in the detector, and
have very low kinetic energy. The LET ends abruptly in what is called the cutoff energy, Ecut,
represented by the electrons that barely had any energy to leave the water surface. Measurements
of Ecut are routinely performed for solid-state systems but were only measured for liquids many
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years after the implementation of liquid microjets in PES research. Although measurements
of Ecut were first reported in 2003 [112], it has not been available for absolute referencing due
to technical limitations of the instruments, and it has only recently been applied to that end
[62]. Hemispherical electron analysers cannot detect electrons with very low kinetic energy. The
key idea of the new technique is to access this region of the spectrum by applying a negative
bias voltage to the liquid jet itself. This causes the photoelectrons to be repelled by the water
surface and accelerated towards the grounded analyser, such that the whole photoelectron energy
spectrum shifts to higher energies. The shift will depend on the intentionally applied bias voltage
and also on the electrokinetic charging of the jet, which is always present but under controlled
conditions it is expected to be constant for a given solution, flow rate and quartz nozzle. The
bias voltage is selected so that the LET appears in a range which the hemispherical analyser can
cover efficiently, in the so-called VUV-mode – a routine for the voltages in the electrostatic lenses
of the analyser developed by Scienta Omicron. The energy scale is then recalibrated so that the
zero photoelectron kinetic energy is situated exactly at the cutoff. The exact position of the
cutoff is defined using high-resolution measurements around the energy range of the Ecut (see
figures 5.5a and 5.8a). The initial slope of measurements for all different solute concentrations
are aligned. Then, the tangent of this slope and of the background signal immediately before
it are taken. The position where these lines cross is taken as Ecut. As such, an absolute and
reproducible zero kinetic energy reference can been defined and, once the spectra are aligned to
this new reference, the binding energies of the photoelectron spectra features are defined with
absolute values.

Applying a bias voltage to the liquid jet causes another desirable effect. Acquiring photoelectron
spectra of aqueous solutions using microjets (without applying a bias voltage) yields both the
liquid and gas phases bands. Figure 5.4a shows an exemplary unbiased water microjet spectrum.
The usual way to separate the liquid phase spectrum from the gas phase was, in addition to
acquiring the microjet spectrum, to take a gas phase only spectrum by moving the microjet slightly
out of the light spot, causing only vapour to be photoionised. The spectrum from the microjet
would then be subtracted by the gas phase spectrum. The application of a bias voltage, however,
removes the necessity of this artificial procedure, due to the creation of an inhomogeneous electric
field between the negatively charged microjet and the grounded analyser1. This potential causes,
as already explained, the photoelectrons originated at the liquid surface (only the ones created
at the first few monolayers from the surface undergo small enough scattering events to escape
the liquid) to appear at a shifted position in the spectrum, but the overall shape of the spectrum

1In fact, there is always a field as such due to the electrokinetic charging of the microjet but, under ideal
conditions, it is not significant to cause the effect described next.

64



5.3 Results and discussion

Figure 5.3: The low energy tail (LET) recorded for different concentrations of sodium iodide solutions.
It is caused by the numerous photoelectrons that underwent several inelastic collisions with the solution
and only had enough energy to be liberated from the liquid surface. The different concentration curves
were aligned to each other according to the tangent method, which ensures that the zero-energy point is
reproducible according to the background signal. This zero-energy point is set as the absolute reference for
band energies recorded from kinetic energy of photoelectrons originated at the liquid phase.

remains unchanged. The photoelectrons originated in the gas phase water, however, will have
their kinetic energies shifted by different amounts depending on their initial position, due to the
fact that the electric field magnitude and direction are unique for each position between the liquid
jet and the analyser inlet cone. This causes the gas phase photoelectron spectrum to be smeared
out through the whole energy axis and become, essentially, invisible in the measurement, as seen
in figure 5.4b. Tests done using charged metallic wires in place of a liquid jet with injected water
vapour into the vacuum chamber show that the background signal produced by the smeared gas
phase photoelectrons is not detectable. Therefore, this is a more elegant way of extracting the
liquid phase spectrum since it does not require post-processing.

5.3 Results and discussion

The binding energy of an electron at a given molecular orbital depends on several factors.
The molecular orbital diagram shown in figure 2.1 represent the energies of the photoelectrons
originating from each one of the orbitals (these energies were accurately determined through
photoelectron spectroscopy), but it only holds for isolated molecules (low density gas phase). If
the molecule participates in other chemical bonds or Van-der-Waals interactions (e.g. hydrogen
bonds), the binding energies of the participating orbitals decrease. This allows one to infer
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(a) (b)

Figure 5.4: Exemplary PES spectra for liquid water, x is the measured photoelectron kinetic energy in
electronvolts. (a) is a raw spectrum from a grounded liquid water microjet in which both the water and the
gas features can be seen. (b) shows only the liquid water spectrum after a bias of −25 V was applied to
the microjet. Here, the photoelectrons originated in the gas phase were smeared out energetically in the
spectrum, see text for details.

several aspects on the structural configuration of a sample. Observing figures 5.4a and 5.4b we
can see that the binding energy of the 1b1 orbital decreases (seen as an increase of the kinetic
energy of the originating photoelectrons, refer to equation 2.11) when in liquid phase, which
is to be expected due to the hydrogen bonds formed (however this effect is more pronounced
for the 3a1 bands because this is the orbital mostly participating in hydrogen bonds, see next
figures). Additionally, the band is greatly broadened – a typical measurement had an FWHM of
75 meV for the 1b1gas peak. This broadening happens because in liquid phase, water molecules
undergo many collisions per unit time, constantly forming and breaking hydrogen bonds, and
populating many different vibrational levels. Therefore, water molecules can be found in a very
large number of different configurations – for that reason, this broadening is called configurational
broadening. This extends to all the outer orbitals of water. For the photoelectron kinetic energies
measured in this work, this is also clearly seen for the orbital 3a1. This is basic information,
known since the first PES studies on liquids. What could not be observed until very recently,
however, were changes on the measured peak positions as a function of solute concentration due
to the lack of an absolute energy reference. With all the measured spectra being calibrated using
the pure water 1b1 band energy, LJ-PES was insensitive to any change in the kinetic energy of
1b1 photoelectrons by itself.
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Figure 5.5: Series of experimental spectra for NaI(aq) of varying salt concentration, spanning neat water
(50 mM salt added only for the purpose of maintaining conductivity) to 8 M. All spectra have been
energy-shifted to yield Ecut = 0 eV after applying the tangent-method, i.e., the bottom energy scale shows
the KE of the electrons with just enough energy to traverse the liquid surface. (a) Low-energy tail (LET)
spectra with the characteristic cutoff; spectra have been normalized to produce the same tangent slope
(an overview of the changes in the wide-range LET shape is shown in figure 5.3). (b) Valence region
with the prominent water 3a1 and 1b1 bands; spectra have been normalised to the same height of the 1b1
peak for visualising the subtle shifts of the 1b1 peak and the shape change of the 3a1 peak with increasing
concentration. The inset shows an enlarged view of the I– 5p lowest ionization features of the solute.
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5.3.1 Sodium iodide solutions

With an absolute energy reference at hand, we can now detect energy shifts in the spectral bands
as a function of solute concentration. Figure 5.5 summarises the results for NaI solutions. Figure
5.5a shows the measurements of the LET, which were done under the exact same conditions of
the measurements of the valence bands, figure 5.5b, with repetitions intercalated between each
one of them so to verify reproducibility throughout the whole measurement. The spectra seen
in figure 5.5b were taken for sodium iodide from 50 mM, considered to be identical to the neat
water spectrum (neat water is not a good conductor electric currents, so no bias can be applied
to it. But the spectrum of such small concentration is considered to be identical to neat water),
red line, up to 8 M. The bottom x axis shows the bias-compensated photoelectron kinetic energy
(KEe) while the top x axis shows the originating electron binding energy (BEe, refer to equation
2.13). The displayed range covers the water 3a1 and 1b1, and the iodide I– spin-orbit split
5p3/2,1/2 doublet [59, 113, 114], which occur at the respective KEe (bottom axis) of ∼26–28 eV,
∼29–30 eV, ∼31–34 eV and BEe (top axis) of ∼13–15 eV, ∼11–12 eV and ∼7–10 eV. The signal
intensities were all normalized for the 1b1 peak intensity for clarity (the as-measured spectra
are shown in appendix A). For the first time, it was possible to visualise the water 1b1 band
shifting due to solute concentration, by a total of about 260 meV from neat water to 8 M. This
shift to the left means that the vertical ionisation energy (i.e., lowest energy required to ionise a
molecule) of water increased, since the photoelectrons are arriving with lower kinetic energy at the
detector for higher salt concentrations. The 3a1 band shape also changes, which indicates that the
intermolecular interactions between water molecules has been significantly weakened. For a high
concentration such as 8 M, there are only 7 water molecules for each ionic pair Na+/I– , increasing
the average distance between water molecules and, consequently, decreasing the average number
of hydrogen bonds at any given time, so this is an expected observation. Additionally, iodine 5p
peaks sit at higher kinetic energies and, as the salt concentration increases, also do their intensity.
An interesting observation is that those peaks also experience a similar shift as the one seen for
1b1. An interesting observation is that the orbital 3a1 in liquid phase presents itself as a split
orbital, denoted here as 3a1L and 3a1H, due to the high dipole moment of liquid water causing
polarisation and hybridisation of the orbital [115]. Gaussians were used, concerning both energy
and area, to fit all peaks except for the 1b1. In such high resolution measurements, this band
requires to be fitted by an asymmetric curve. This is because its vibrational structure cannot be
resolved in liquid phase due to the aforementioned inhomogeneous configurational broadening.
An exponentially modified Gaussian function is employed instead, with the asymmetry τ fixed at
−0.3 eV [116], describing well the shape of the band. The split feature of 3a1 has been constrained
to yield same height and width for both Gaussians, and for the iodine peaks, the I−5p1/2 and
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Conc. VIE1b1 VIE3a1L VIE3a1H VIEI−5p1/2
VIEI−5p3/2

3a1 split
50 mM 11.33 ± 0.02 13.09 ± 0.05 14.53 ± 0.05 – – –

1 M 11.37 ± 0.02 13.14 ± 0.06 14.54 ± 0.06 9.00 ± 0.13 8.02 ± 0.15 −0.06 ± 0.09
2 M 11.39 ± 0.02 13.17 ± 0.05 14.53 ± 0.05 9.03 ± 0.07 8.05 ± 0.07 −0.09 ± 0.07
4 M 11.44 ± 0.02 13.26 ± 0.07 14.53 ± 0.07 9.06 ± 0.04 8.10 ± 0.03 −0.18 ± 0.09
6 M 11.51 ± 0.02 13.35 ± 0.07 14.53 ± 0.08 9.12 ± 0.03 8.14 ± 0.03 −0.26 ± 0.11
8 M 11.60 ± 0.02 13.50 ± 0.07 14.55 ± 0.07 9.16 ± 0.02 8.16 ± 0.02 −0.41 ± 0.10

Table 5.1: Values for vertical ionisation energies (VIE) (which corresponds to the lowest energy required to
ionise an orbital, analogous to BEe in this context) for each of the observed orbitals in the measurements
for NaI solutions. All energy values are in eV. The rightmost column shows the change in energetic
distance between 3a1H and 3a1L. Errors are one standard deviation as from the fitting procedure.

I−5p3/2 peaks were constrained to yield the expected 1:2 area ratio. Figure A.4, in the appendix,
displays an exemplary fit for all peaks. The numerical results for the energies of the fitted peaks
are displayed in the table 5.1. An analogous procedure has been done for the TBAI and its
results are summarised in table 5.2.

One preliminary conclusion we can already draw with respect to the NaI measurements is that
they are very representative to bulk-solution properties. This is inferred from the water 1b1 and
I– 5p signal intensities, specifically the areas from the peak fitting, as a function of concentration
(bottom axis), as shown in figure 5.6A. The as-measured 1b1 signal intensity (black open triangles)
is seen to monotonically decrease over the entire concentration range (also compare figure A.1),
while the relative, i.e., 1b1-peak-area normalized, I– 5p signal (red full triangles) monotonically
increases. Such a quantitative balance results from the decreasing number of water molecules and
the increasing number of ions in a given probing volume as the solute concentration is increased,
which is possibly accompanied by increased electron scattering that further diminishes the water
signal. That said, it is well established that heavier halide anions preferably accumulate at
the liquid interface, with iodide being pushed out of the water network due to its large size
and polarisability, resulting in a particularly high halide ion surface activity [117, 118]. The
cation is correspondingly pulled towards the interface and a surface concentration enhancement
is established for the two ionic species, with characteristic peaked, but slightly offset, density
profiles. We have used the Brunauer Emett and Teller (BET) isotherm to quantify the observed
I– peak intensity increase. This isotherm was developed originally for multi-layer gas adsorption,
but it has been shown that it also describes water activity in concentrated electrolyte solutions if
we view hydration as an adsorption of multiple water shells around the electrolyte [119]. Here, we
repurpose the equation to describe the build-up of ion concentration as an irregular ‘multi-layer
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adsorption’ at the water interface:

IntI−5p = Intsat
cX

(1 +X)[1 + (c+ 1)X] (5.2)

where IntI−5p and Intsat are the observed and the maximal expected intensity of the I– 5p
peaks, respectively. X is the fractional bulk-solute concentration to saturation concentration
(which is about 12.3 M for NaI(aq) at room temperature [120]) ratio and the BET parameter
c = exp(∆ϵads/RT ), where ∆ϵads = E1 − EL is the energetics of adsorption, composed of the
heat of adsorption at the interface E1 and the heat of liquefaction/vaporisation EL, representing
the strength of interaction of the adsorbing species with the interface and with itself, respectively.
Here, we assume RT = 24 meV (0.562 kcal mol−1 at 10 ◦C). In our context, the ’adsorption’
(interface enrichment) happens at the liquid—vacuum interface and is driven by the increase in
bulk concentration. Even though we primarily concern ourselves with the I– peak intensity here,
as the Na+ peaks are severely perturbed or not observable at the photon energy used in this
work, an analogous behaviour is expected for the cation. Na+ is pulled towards the interface
by the attraction of the anion, i.e., both anion and cation intensities increase together and the
anion peak intensity in our analysis is representative of the behaviour of both species. A fit of
the concentration-dependent iodide-5p-to-water-1b1 peak-area ratio data shown in figure 5.6A to
equation 5.2 yields an excellent match, with a value of c ∼ 4.2±0.6 being extracted, corresponding
to ∆ϵads = 0.8 ± 0.08 kcal mol−1. This value hints at a moderate-to-low, unfavourable build-up
of ion density at the interface. This allows us to argue that the observed surface enrichment does
not lead to a significant change to liquid water’s nascent surface dipole and/or a build-up of an
appreciable surface dipole perpendicular to the surface, i.e., the additional solute charges are
largely compensated in the perpendicular direction. In particular, we emphasize that an interface
enrichment is necessarily followed by ion depletion in the subsurface region so as to maintain
thermodynamic equilibrium, and the net effect is still a lower ion concentration in the overall
interfacial region [118]. Thus, any differential segregation, implying in the formation of an electric
double layer (separating the anions and cations by approximately 3 Å), is counter-balanced by
the subsurface, and the overall effect is that the majority of photoelectrons (originated in deeper
layers) only experience a minor deceleration field. This will be more clear once the results for
TBAI are discussed.

Figure 5.6B shows the BEe (or VIE) of the 1b1 orbital for sodium iodide solutions (blue open
circles, left axis) and of the I– 5p3/2 orbital (green full circles, right axis). The binding energies
for both increase similarly with the concentration, in a linear fashion, until 4 M, with the BEe

of 1b1 following a steeper increase than that of the iodide 5p for higher concentrations. The
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Figure 5.6: Results for NaI(aq) solutions extracted from fits to the spectra plotted as a function of salt
concentration (bottom axis). A) Solute I– 5p peak area normalized by the 1b1(l) peak area in red (full
triangles; left axis) and absolute 1b1,l peak area in black (open triangles; right axis). The I– 5p peak
successively increases in relative intensity while the liquid water features (represented by the 1b1 intensity)
diminish due to reduced relative concentration and enhanced scattering in the surface layer. No saturation
behaviour is observed for the NaI solute, and instead the trend rather steepens at concentrations above
4 M. A BET (Brunauer, Emmett and Teller) isotherm (equation 5.2) was fitted to the data (red line),
which yields an excellent agreement with the experimental results. B) Electron binding energy (eBE) of
water’s 1b1(l) peak in blue (open circles; left axis) and the I– 5p peak in green (full circles; right axis).
Both features shift slightly towards higher eBEs by the same amount but deviate somewhat towards very
high concentrations. The 1b1(l) peak eBE follows the surface enrichment of I– 5p 1:1, which is apparent
from the excellent match to the BET curve (reproduced here as blue curve by shifting and scaling the red
fit curve from panel A). In case of the saturation-like behaviour of the I– 5p peak, it can be assumed that
the large surface enrichment above 4 M concentration significantly diminishes the solvation of I– , which
partly compensates the increase in eBE. C) Change in energetic splitting of the 3a1 double peak in purple
(full squares; left axis) and 3a1/1b1 peak-area ratio in orange (open squares; right axis). The overall peak
splitting decreases rapidly with increasing concentration while the peak-area ratio stays constant, i.e., the
3a1 feature only seems to increase in relative height because of the diminishing peak distance. Again, the
BET curve was reproduced in purple for comparison. The observed narrowing of the 3a1 peak split is in
excellent agreement with the values of reference [113].
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BET curve from panel A) was reproduced here and rescaled to serve as a visual guide, and it
shows that the 1b1 BEe has an identical behaviour. One could explain this with the fact that at
higher bulk concentrations, i.e., where the interfacial ion concentration (i.e., iodide peak signal)
rises quickly, a significant structure change occurs in the solution due to the aforementioned
fact that the water-to-ion ratio is 7:1 for 8 M. With a water hydration shell number of 8 for I–

[121, 122] and 4.5 to 6.0 for Na+ [122], an increasing probability of solvent-shared hydration
configurations starts at ∼ 4 M, something that is supported by theoretical calculations, specially
when passing from 3 to 8 M [113, 121]. These studies show that at 3 M concentration, the water
structure alters slightly (it assumes less tetrahedral character) and more drastic effects occur
at 8 M, as it was previously mentioned, quantified by the O–O radial distribution functions,
increasing the average water–water distance. The observed 260 meV shift seen in figure 5.5b is in
good agreement with the calculated 200 meV (see figure 9 of ref. [113]). The small discrepancy
may be explained by a small solution surface-dipole change when at very high concentrations,
due to a charge imbalance perpendicular to the surface, or even due to reorientation of water
molecules caused by the surface charge, or a combination of both effects. For the former, the
dipole between iodide anion at the surface and the sodium cation in the nearby layers leads to a
higher surface barrier for the photoelectrons, translating into a small additional increase in the
VIE of 1b1 at high concentrations. This ∼ 70 eV discrepancy is in good agreement with surface
potentials of ∼40–50 mV between neat water and highly concentrated sodium iodide solutions
reported in ref. [123], but all these conjectures fall within the range of our error bars, so we
cannot state any definitive conclusion here. The fact that the green curve (for I– 5p3/2) does
not follow the same trend as for the water 1b1 emphasises that there are structural changes
happening for high concentrations, for both the solvent and the solute. This observation was
only made possible with the current absolute energy referencing technique.

An additional analysis on the decrease of water-water interactions through hydrogen bonds due
to the presence of sodium iodide is done in figure 5.7. We start from the grey dotted line, a
measurement of the gas-phase formed around the microjet, done by moving it out of the He light
focus with the water sitting at same electric potential as the analyser (grounded). Then, we
convolute it with a Gaussian of FWHM = 1.45 eV related to the 1b1 peak width [115], apply a
shift of 1.28 eV in KEe [62], which is the gas–liquid shift, and then apply the aforementioned
-0.28 eV shift in KEe for 8 M NaI(aq). Finally, a Shirley-type background was added to include
the effects of inelastic scattering in the photoelectrons. This is a common practice introduced by
D. A. Shirley in 1972 to remove the background contribution caused by inelastically scattered
electrons [124, 125]. These transformations result in the black dashed line. We also plot alongside
it the measured spectra of biased neat water, 4 and 8 M NaI(aq) solutions. The modified gas
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Figure 5.7: Selected spectra from figure 5.5b for neat water (red), and concentrations of 4 M (blue) as
well as 8 M (green) of NaI(aq) in comparison with water gas phase spectra. A high-resolution gas phase
spectrum is plotted as gray dotted line. Some modifications are applied to this spectrum to yield the
spectrum plotted as black dashed line (see text for details). This modification simulates the unspecific
configuration interaction and polarization screening inside the liquid environment. The measured 8 M NaI
(aq) spectrum (green trace) and the transformed gas phase spectrum show excellent agreement, which hints
at strongly reduced hydrogen bonding in the 8 M solution.

phase curve (black dashed line) is an excellent match to the 8 M NaI(aq) curve. Since we have
completely neglected hydrogen bonding specific effects in the simple model, this analysis directly
show that, in the 8 M NaI(aq) solution, hydrogen bonds are drastically reduced or even absent.

5.3.2 Tetrabutylamonium iodide solutions

Figure 5.8 presents the LET and valence bands measurements for the surface-active TBAI salt
solutions, spanning neat water (50 mM NaI) to 40 mM in steps of 5 mM. The same bias voltage
of −25 V was applied to the liquid and the displayed spectral range is the same as in figure
5.5 for NaI. Also, the same aforementioned normalisation and calibration methods using the
LETs were done (refer to figure A.2 for the as-measured spectra). Qualitatively, the spectra
are rather similar to the ones from NaI, with the 1b1, 3a1 and iodide 5p photoelectron features
clearly visible. However here the iodide-to-water signal intensity ratio is much larger for a given
concentration due to the hydrophobic interactions between water molecules and the TBA+ alkyl
chains, driving the cations to the surface, which in turn attract and bring the anions with them.
For the TBAI solutions, an even greater shift is observed, and it is toward higher kinetic energies
(which means lower vertical ionization energies), contrasting with the sodium iodide case. It
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Figure 5.8: Spectra of the LET (a) and valence bands (b) for TBAI(aq) spanning 5 to 40 mM (neat water
spectrum was actually recoded using 50 mM NaI for the sake of conductivity), treated following the same
methodology used in measurements shown in figure 5.5.

Conc. VIE1b1 VIE3a1L VIE3a1H VIEI−5p1/2
VIEI−5p3/2

1b1 FWHM
0 mM 11.33 ± 0.02 13.12 ± 0.03 14.52 ± 0.03 – – 1.40 ± 0.01
5 mM 11.08 ± 0.02 12.85 ± 0.03 14.25 ± 0.04 8.63 ± 0.25 7.63 ± 0.23 1.41 ± 0.01
10 mM 10.86 ± 0.02 12.61 ± 0.04 14.01 ± 0.04 8.35 ± 0.12 7.39 ± 0.10 1.44 ± 0.01
15 mM 10.73 ± 0.02 12.47 ± 0.05 13.87 ± 0.05 8.19 ± 0.12 7.21 ± 0.12 1.45 ± 0.02
20 mM 10.65 ± 0.02 12.40 ± 0.06 13.80 ± 0.06 8.12 ± 0.11 7.16 ± 0.11 1.46 ± 0.02
25 mM 10.63 ± 0.02 12.33 ± 0.05 13.73 ± 0.05 8.05 ± 0.10 7.08 ± 0.19 1.46 ± 0.02
30 mM 10.61 ± 0.02 12.29 ± 0.05 13.69 ± 0.05 8.03 ± 0.12 7.08 ± 0.10 1.47 ± 0.02
35 mM 10.60 ± 0.02 12.25 ± 0.06 13.65 ± 0.05 8.02 ± 0.10 7.05 ± 0.09 1.48 ± 0.02
40 mM 10.59 ± 0.02 12.34 ± 0.05 13.74 ± 0.05 7.99 ± 0.10 7.03 ± 0.08 1.51 ± 0.02

Table 5.2: Values for vertical ionisation energies (VIE) for TBAI solutions. All energy values are in eV.
The rightmost column displays the full width at half maximum (FWHM) of the 1b1 band, which broadens
for higher concentrations, representing that all water bands broadened overall. Errors are one standard
deviation as from the fitting procedure.
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is a more constant shift for the whole spectrum, as no significant changes in the shape of the
3a1 band are observed, again in contrast with the data from NaI. This is also to be expected
since the ions stay at the liquid surface and should not interfere with the water network in the
bulk (or below a few nm from the surface). A similar peak-fitting procedure as described for
the NaI signal was done to the TBAI data and the results are displayed in figure 5.9. Figure
5.9A shows the evolution of the area ratio of the I 5p peaks and water 1b1 peak as a function of
TBAI concentration (red triangles), yielding a curve characteristic of a strong surfactant in full
agreement with previous reports [59]. It shows a quasi-linear increase until the concentration
of 20 mM and then another similar behaviour, but with a smaller slope. The initial increase is
attributed to the regime of a sub-monolayer coverage, with the monolayer completed at ∼ 20 mM.
After that threshold, the curve takes another linear increase with smaller slope, representing
the filling of remaining cavities within the surface layer with a probable increase of bulk ion
concentration [59] and, arguably, the ions at the surface could be acquiring an organisation
such that the carbon chain "stands up" in the surface, occupying less surface area. Further
reflecting these effects, in the same figure marked with black triangles we see a drop in signal
intensity of the 1b1 water peak with the increase of salt concentration. In accordance to the
iodide peaks signal, the water peak signal drops linearly until 20 mM and, after that, still linearly,
but following a less steep slope, corresponding to the successive replacement of interfacial water
molecules by solute ions. Here, to describe the behaviour of the TBAI solutions, we invoke the
Langmuir adsorption isotherm model adapted to aqueous electrolyte solutions, which has been
successfully applied to surface-active species in solutions [126–128] and allows us to extract the
Gibbs free energy of adsorption, ∆Gads:

IntI5p = Intsat
KcTBAI

KcTBAI + cW
≈ Intsat

cTBAI
cTBAI + 55.5 M exp(∆Gads/RT ) (5.3)

with K being the equilibrium constant for surface adsorption, cTBAI and cW the bulk solute
and water concentration, respectively, and, as before, RT = 24 meV. A good fit to the data
(solid red line) is obtained with the fit parameter ∆Gads = −0.19 ± 0.01 eV per molecule, or
∆Gads = −4.4±0.2 kcal mol−1. Note that the surface adsorbing species is the TBA+ which draws
I– ions to the sub-surface. The TBA+ signal arises at binding energies greater than 10.5 eV (this
will be shown later). A fit of the Langmuir model, equation 5.3, to this TBA+ signal is shown in
figure 5.9C, yellow open squares for data points and solid line for the fit, which yields a similar
∆Gads = −0.17 ± 0.02 eV = −4.0 ± 0.4 kcal mol−1, showing the expected simultaneous surface
enrichment of both ion species. The larger error was probably due to the fact that the TBA+

signal was extracted by subtracting spectra with greater associated uncertainties in relative scale.
Both values found here are in good agreement with previous reports on TBAI(aq) [129].
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Figure 5.9: Results for TBAI(aq) solutions extracted from fits to the spectra plotted as a function of salt
concentration (bottom axis), similar to figure 5.6. A) Solute I– 5p peak area normalized by the 1b1 peak
area in red (full triangles, left axis) and absolute 1b1 peak area in black (open triangles, right axis). The
I– 5p peak successively increases in relative intensity, while the liquid water features (represented by the
1b1 intensity) diminish due to enhanced scattering in the surface layer. Saturation behaviour is observed
for both signals above 20 mM. The I– 5p peak area data has been fitted to a Langmuir adsorption isotherm
(equation 5.3, red line). B) Electron binding energy (eBE) of water’s 1b1(l) peak in blue (open circles, left
axis) and the I– 5p peak in green (full circles, right axis). Both features shift rapidly towards lower eBEs
by the same3 amount. A steep decrease is observed at lower concentrations, coinciding with the filling of
the first monolayer, and then increases only slowly afterwards (blue dashed lines added as guides). C)
Change in 1b1 peak width in cyan (full squares; left axis) and the TBA+/1b1 peak-area ratio in orange
(open squares; right axis). Here, the TBA+ signal is taken from the difference spectra between neat water
and various concentrations of TBAI(aq), the difference spectra are shown in figure 5.10. The normalized
TBA+ feature increases in intensity similarly to the I– 5p peak, this data has been fitted to a Langmuir
curve as well (orange line). It is inferred that all water PE features get broader with increasing solute
concentration, which is exemplified by the increasing 1b1 peak FWHM. The width increase of all features
in the spectrum may originate from altered scattering behaviour on the surface layer of the solution or an
increase in the hydration configurations sample as the interfacial concentration is increased. The evolution
in shape of the valence spectra is shown in the appendix, figure A.3.
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Figure 5.10: Difference between the neat water spectrum and spectra for various concentrations of TBAI
(aq) after normalization to the same 1b1 peak height, i.e., it is assumed that solute contributions below the
1b1 peak are zero. The reference spectrum (not shown, see red curve in 5.8) has also been successively
Gaussian-broadened before calculating the difference to account for the broadening effect observed with
higher TBAI concentrations (compare to the 1b1 FWHM in 5.2). The signal contribution at an KEe of
25–30 eV is assigned to TBA+ and increases in intensity similarly to the I– 5p signal at 32–35 eV (see
figure 5.9C).

Figure 5.9B summarises the quantitative evolution of the VIE1b1,TBAI (blue open circles) and
VIEI−5p,TBAI (green full circles) (the data is also available in table 5.2). VIE1b1 varies from
11.33 eV at [TBAI(aq)]= 0 to 10.60 eV at [TBAI(aq)]= 40 mM, which is a much larger energy
shift and in the opposite direction than that of the NaI(aq) data. Changes in VIE1b1,TBAI

approach saturation at high concentrations which does not happen for NaI(aq) (this can also be
seen in figure 5.8). The data actually indicate two different regimes, as seen previously, before
and after 20 mM concentration. Analysis of VIEI−5p,TBAI and VIE3a1,TBAI (in table 5.2) reveal
the same energy shifts within error bars, implying that the whole energy spectrum shift. These
findings disagree with the earlier conclusion [59] that the water (as well as the iodide) binding
energies do not change upon addition of salt. The discrepancy is connected to issues with the gas
phase energy referencing used at the time, which insufficiently characterized surface charging,
and a flawed measurement of Ecut. In this context, we mention another PES study from 0.04 m
(molal) TBAI(aq) microjets, reporting the VIE of the I– 5p from 0.04 m TBAI(aq) solution using
gas phase energy referencing [130]. The authors found somewhat higher values of VIEI−5p3/2

=
7.6 eV and VIEI−5p1/2

= 8.4 eV (no confidence interval was given) as compared to our results
of 7.03 ± 0.08 eV and 8.0 ± 0.1 eV, respectively. The likely reason is a systematic error due
to unknown and uncompensated extrinsic potentials from surface charging or the streaming
potential as explained above and in [62].
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Analysing the possible effects on the water 3a1 peak shape, we do not observe any narrowing of
the 3a1 L–3a1 H energy splitting, again contrasting with the sodium iodide case. This may either
imply that the electronic structure of the interfacial water molecules does not change (which
is unlikely), or the effect is not detected over the probing depth of the experiment. Although
the electronic inelastic mean-free-path is expected to be rather small, the largest fraction of the
detected water signal apparently still comes from molecules with undisturbed electronic structure.
What further complicates the analysis of the 3a1 peak shape (see figure 5.9C) is that this peak
overlaps with a valence peak from TBA+, figure 5.10, which is the reason for the observed overall
signal intensity increase in the water 3a1 spectral region [59]. This hinders accurate isolation of
a possible small 3a1 peak narrowing. Therefore, with the experimental information we have, it
remains inconclusive whether TBAI has an effect on the water 3a1 orbital. The TBA+ signal
underlying the 3a1 peak is not considered in our fit, and we opted to constrain the 3a1 peak
split to 1.4 eV (the value for neat water) in all fits to the TBAI(aq) spectra and instead report
the peak width of the 1b1 peak as a function of concentration in figure 5.9C (full squares; left
axis), assuming this to be exemplary for the overall broadening observed for all water features
in the PE spectrum. We still attempted to isolate the TBA+ signal contribution by taking the
difference of the spectrum for each TBAI concentration with the spectrum of neat water. The
resulting difference spectra are shown in figure 5.10, and the 1b1-to-TBA+ peak-area ratio is
also shown in 5.9C (open squares, right axis). The TBA+ signal has a rather large contribution
to the valence spectrum (almost the same area as the 1b1 peak at a concentration of 35 mM)
and increases in a similar way to the I– 5p signal (compare figures 5.9A and 5.9C).

Before discussing the origin of the observed changes in VIE in detail, we briefly comment on the
overall LET shape, for which wide spectral range measurements are shown in figure 5.11. In
contrast to the NaI(aq) results, no pronounced changes in LET shape are observed, with no solute
PE features being expected in this energy region for the TBAI(aq) solution, which is apparent
when comparing spectra measured at higher photon energies (see figure 1 in ref. [59]). Upon close
inspection, we find only a slight LET signal increase around an KEe of ∼ 1–4 eV. We speculate
that this increase correlates with the scattered electron signal contribution from TBA+ at a
(bias-compensated) KEe of ∼ 25–30 eV (figure 5.10), where the most probable inelastic electron
scattering occurs towards 20–25 eV lower KEe in water [131, 132] i.e., into the 0–5 eV region
of the spectrum. What then is the reason for the large negative BEe shifts, and what causes
their apparent correlation with TBAI surface coverage? As we have seen, in the case of NaI(aq)
the relatively small changes of ∆E likely primarily arise from electronic structure changes of
the bulk solution, while interfacial molecular dipoles play a smaller role. Our earlier discussion
of the NaI(aq) case highlighted charge neutrality preservation at the solution interface and the
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Figure 5.11: Wide range measurement of the LET for different concentrations of TBAI(aq) normalized to
the same maximum height. Only slight changes in LET shape are observed for TBAI(aq). Most notable
is a slight signal rise near ∼ 3 eV KEe which can be crudely attributed to the corresponding inelastic
scattering maximum of the TBA+ features. This feature increases in intensity in a similar way to the
primary TBAI+ photoelectron peaks and is found at approximately ∼ 24 eV higher KEe, where 20–25 eV
energy loss corresponds to the maximum in the inelastic scattering probability for water.

ion-density increase at the surface being (over)compensated by a depleted sub-surface region,
which results in an overall lower ion concentration in the interfacial region (see section 5.3.1).
Indeed, photoelectron KEe are only minimally affected when traversing such an interface region.
However, for the surface-active TBAI(aq), the situation is very different. The high concentration
of interfacial solute molecular dipoles will lead to work-function changes which are revealed as
spectral shifts as a whole, provided there is a considerable net dipole component perpendicular
to the solution surface. Yet, the previous, aforementioned study by Watanabe et al. [133] which
determined concentration-dependent threshold ionization energies of I– 5p from TBAI(aq), solely
attributed the observed energy shifts, of almost the same magnitude and sign as shown in figure
5.9B, to hydration changes and the decrease of iodide hydration number. Specifically, the authors
found a rather complex multi-step variation of the threshold energy which was suggested to reflect
the concentration-dependent stepwise dehydration of iodide (and stabilization by TBA+)from a
hydration number of six to four, three, and then two. Work-function effects were not considered,
but are suggested here. We argue that they make the major contributions to the observed BEe

changes, as we explain in the next paragraphs. Note that concentration-dependent electronic
structure changes of interfacial water, VIE1b1,TBAI and VIE3a1,TBAI have not been quantitatively
discussed as of yet; respective computations are not available.

An experimental indication of significant work function effects is revealed from the inferred
invariance of the water 3a1 peak shape as well as a slight overall broadening of all spectral
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features, exemplarily shown for the 1b1 peak width in figure 5.9C, as discussed above. With
the aforementioned expected experimental probing depth and reduced fraction of interfacial
water, with relatively small concentration, essentially remaining undetected on the large signal
background from undisturbed bulk water, the large observed spectral shifts are deemed highly
unlikely to arise from interfacial electronic structure changes. Indeed, recent 25 mM TBAI(aq)
solution LJ-PES measurements have extracted a work function for 25 mM TBAI of 4.25±0.09
eV and demonstrated a solute-induced work function reduction of 0.48±0.13 eV with respect to
nearly neat water [62]. We thus discuss how work function changes would play out, regarding
both the magnitude of the energy shifts and their sign. Qualitatively, a decrease of work
function by a negative surface dipole, φdipole,is associated with a dipole layer of negative charge
pointing into the solution and positive charge residing at the top surface. This corresponds
to the commonly assumed structure of the TBA+I− segregation layer [134, 135]. An emitted
electron is hence accelerated within this interfacial dipole field, acquiring a larger kinetic energy,
consistent with the experiment (figure 5.9B). The effect scales with concentration, with the
observed initial near-linear decrease of both VIE1b1,TBAI and VIEI−5p,TBAI and increase of the
respective KEe suggesting that the dipole orientation varies insignificantly until the monolayer
is completed. A slightly smaller energy shift of VIEI−5p,TBAI is, however, barely quantifiable
given the experimental error but would indeed be expected since the TBA+, with its associated
iodide counter ion, resides at the very top of the surface and should, hence, be less affected by
an interfacial dipole layer. Smaller energy changes that occur at even higher concentrations,
corresponding to denser packing of the solute monolayer, can be associated with increasing
dipole–dipole interactions. One might expect considerable variation of the relative position of
iodide and TBA+, as well as cation reorientation, in an increasingly sterically hindered dense
monolayer packing, but this is not supported by the experiment. With a maximum TBA+

surface coverage of approximately n = 1.3 × 1014 cm−2 (arguably corresponding to the completed
monolayer near 20 mM concentration) [134], and ∆φdipole,TBAI = 0.7 eV (from figure 5.9B), we
can estimate an effective dipole moment of TBAI, using Helmholtz equation

∆φdipole = enm

ϵrϵ0
(5.4)

where e is the elementary charge, m is the dipole moment, ϵ0 and ϵr are the vacuum and relative
permittivity, respectively. This value can then be compared with the actual dipole moment of
TBAI (m = 13 D, see [136]) to infer the average orientation of the dipole moment relative to the
solution surface. With the values assumed here, and using ϵr = 1 for the liquid–vacuum interface,
we get m = 1.43 D, which is an order of magnitude lower than the actual dipole moment. The
result strongly hints at a molecular arrangement largely in-plane of the solution surface with only
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a small component in the perpendicular direction, and the charge may be partially screened by
the interaction with water. Such a behavior was also observed in molecular dynamics simulations
of 16 TBAI ion pairs in a water slab, where the orientation profiles for the butyl chains spiked at
two angles, both of which are primarily in the interfacial plane [59]. It was further found that
the water-induced and TBA+-induced dipoles pointed in opposite directions, resulting in partial
compensation. This is to be expected, as it is unlikely that the fluctuating solution interface
would support an ordered, perpendicular arrangement of the TBA+I– dipole, and the system
rather is driven towards charge neutrality as far as possible.

A more assertive, although elusive approach to directly measure the concentration-dependence
of the work functions would be to experimentally determine the changes of Ecut, as often
practised in solid-state PE spectroscopy. This would require the simultaneous measurement of
the system Fermi energy and the solution spectra, including the LETs under biased conditions,
which is, however, elusive for the following reasons [62]. Water, a large-band-gap semiconductor
[58, 137] does not exhibit a measurable Fermi edge itself (the electron density at the Fermi
level/electrochemical potential is zero). Thus, the Fermi edge spectrum of an external (metallic)
reference electrode in equilibrated electrical contact with the solution has to be measured
separately. The problem lies in relating this external reference spectrum to the spectrum of the
solution. This would require correct assessment of the different bias voltages actually applied to
the reference electrode and the liquid (the liquid has additional internal resistances) and of the
additional extrinsic potentials such as the streaming potential from the solution. An alternative
would be to acquire these spectra from a grounded arrangement and under conditions which
suppress any extrinsic fields originating from the liquid jet. But without the application of a bias
voltage to the solution, Ecut cannot be distinguished from the overlapping Ecut of the electron
analyser. In conclusion, there is currently no feasible method to unequivocally determine work
function changes from aqueous solutions of arbitrary concentration. The exact origin of the
observed energy shifts (change of VIE1b1,TBAI) thus remains unresolved, and arguably cannot
be answered with the currently available experimental tools. To complicate things further,
spectral shifts as a whole are very common for semiconductors, arising from a local imbalance of
charge near the surface which leads to the build-up of a local field [138, 139]. Specifically, in
the present case, dissolution of salt in water produces hydrated anions and cations which can be
viewed as ionized dopants freely moving in the aqueous solution. Charge transfer to the surface
leads to a band bending within a space-charge layer of typically several tens of nm in thickness,
depending on the doping level, manifesting in a spectral energy shift as a whole. In the present
case, BB is argued to be induced in response to TBAI surface aggregation, which changes the
charge distribution at the liquid–vacuum interfacial layer. Arguably, we observe an upward band
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bending, i.e., in the direction of lower VIEs, which is caused by depletion of the solvent’s electron
density near the surface. The hydrophobic TBA+ molecules which reside near the solution’s
surface are thought to draw I– ions into this surface region [59]. It can then be argued that
the solvation of I– reduces the local electronic density of water, leading to the observed effect.
Notably, the Fermi level remains fixed, or is pinned, within the solution at its bulk value, and
aligned with the analyser [62]. Notably, there would be a rather straightforward experimental
test – at least conceptually – to confirm the band bending. Specifically, illuminating the liquid
jet with photons of energy higher than the band gap would generate electron–hole pairs which
separate in the electric field of the space-charge layer. This would partially compensate the
band bending and induce a surface photovoltage. In a two-colour pump–probe PES experiment
one would thus generate a transient flat band, corresponding to the magnitude of the surface
photovoltage. Currently, one of our labs is being equipped with a VUV source that would in
principle allow such an experiment to be performed.

5.4 Conclusions

The study reported here allows to quantify absolute energetics of aqueous solutions photoioni-
sation as a function of solute concentration for the first time, using an absolute photoelectron
kinetic energy reference. We have used water as a solvent and two well-studied and archetypal
salts containing iodide anions, NaI and the surface-active tetrabutylammonium iodide (TBAI).
Measurements were made using the liquid-jet–photoelectron-spectroscopy (LJ-PES) technique
using a monochromatic 40.814 eV light source. This study was made possible by the novel
absolute referencing technique recently developed and employed by us, in which a bias voltage is
applied to the microjet, enabling the measurement of the low energy cutoff which makes for an
absolute zero photoelectron energy reference, rendering the previously established and ill-defined
gas phase referencing method obsolete. This new method also allows for explicit surface and
interfacial properties of liquid water and aqueous solutions. For the NaI(aq) solutions, the total
energy shift was of only up to 260 meV in binding energies, from dilute to near saturated solutions.
This was mainly attributed to the electronic structure changes in bulk solution structure and
are in very good agreement with theoretical simulations. TBAI, on the other hand, displays a
very different behaviour, with its binding energies varying up to −700 meV upon formation of a
congested surface aggregation layer. To explain such a large change, we invoked estimates of
surface dipole density and orientation to infer that work function changes are largely at play
here.

More broadly, our work now opens up a wide range of possible studies concerning solute- and
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concentration-dependent absolute electronic energetic changes in aqueous solutions.
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6 Gas–water scattering dynamics

Scattering experiments are key to provide molecular level detail on physico-chemical processes
and, even though such experiments have been largely successful for a number of different processes,
including gas–liquid systems, the arguably most important liquid system – water – still could
not be implemented in such investigations (see detailed discussion in section 2.5). Successfully
crossing a molecular beam with a water flat-jet would bring the first experimental data on gas
scattering dynamics at the water surface. Our ultimate goal is to retrieve experimental data on
the physico-chemical pathways gas molecules take when interacting with the water surface, using
figure 2.10b as a general guide.

An immense technical obstacle for the success of such an experiment is the dense layer of
vapour formed around a liquid water surface under vacuum due to its vapour pressure. For the
quantification of the aforementioned physico-chemical processes, it is required that gas molecules
at well defined initial states reach the surface of the water without colliding with vapour molecules,
and that scattered molecules arrive at the detecting system also without collisions. Gas–vapour
collisions destroy the initial or final states of the gas molecules, rendering it impossible for one
to determine any processes happening strictly between the gas and the liquid. We began our
investigations by crossing a He molecular beam with a 37 µm microjet to gather experimental
information on this vapour density profile. Our main conclusion was that bringing the gas
source as close as possible to the liquid was a key implementation. We are proposing, quite
literally, to actually perform what was written by M. Faubel in [38]: "At a first glance this [the
vapour pressure of water] is preventing molecular beam type experiments at the surface, unless
the geometrical extension of a water surface experiment could be shrunk to total dimensions
smaller than 10 µm.". We moved on to build a completely new experimental chamber with the
purpose of achieving this, using a rotatable gas source very close to a flat-jet, together with a
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double-skimmer setup followed by a mass spectrometer for angle and mass resolution.

The preliminary experiment on the vapour density profile of a microjet is described in the following
section, while the assembly of the new experimental chamber is demonstrated afterwards in this
chapter.

6.1 Assessing the vapour density profile around a water microjet

As discussed in section 2.5, the high vapour pressure of water is expected to strongly attenuate
the number of gas molecules that reach its surface and return from it without additional collisions.
For that reason, we have performed a preliminary, proof of concept, experiment with the purpose
of probing the vapour density profile around a water microjet under vacuum. To do so, we have
crossed a helium molecular beam with a microjet and collected the transmitted He atoms using
a quadrupole mass spectrometer. The molecular beam source, microjet and detector entrance
were built to be as compact as possible. The helium beam could enter the detection chamber
through a small aperture while the microjet could be moved transversally to the beam–detector
line. The He beam source and entrance to the detector were aligned and fixed. Transmission
signal was recorded as a function of the microjet position. Assuming that He atoms would be
easily deflected by water vapour molecules, given that the mass of water molecules is 4.5 times
larger than that of He atoms, the recorded signal provided information on the vapour density
distribution around a water microjet and, to some extent, determine if it is possible to study
gas–liquid-water scattering dynamics using molecular beams.

A small vacuum chamber was built for this first experiment, composed of a DN–100 cube (a
cubic stainless steel structure with a 100 mm flange on each face) connected to a larger chamber
where a ∼700 ℓs−1 oil diffusion pump was installed. Parts produced using stereolithography
3D–printing were assembled in the cubic chamber as shown in figure 6.1. Three quartz capillaries
were used here: one with 37 µm hole diameter to create the liquid microjet downwards; another of
130 µm generated the He effusive beam; and a 90 µm nozzle, aligned to the He beam, transferred
the transmitted He to the separated chamber containing the spectrometer, an RGA200 residual
gas analyser from Stanford Research Systems. The He and the detector nozzles were separated
by 1.5 mm. The microjet capillary was mounted on a holder attached to a linear manipulator
vacuum feed-through, allowing the microjet to be moved orthogonally to the beam–detector line.
The microjet travelled about 4 mm vertically and went through a 1 mm diameter aperture in a
plastic piece at the bottom which was designed to create a differential pressure to the cryogenic
catcher mounted below. A brushed electric DC motor with metal blades was installed inside

86



6.1 Assessing the vapour density profile around a water microjet

Figure 6.1: Experimental setup used for probing the vapour density profile around a water microjet under
vacuum.

vacuum, on the way of the jet to the catcher. This motor destroyed eventual ice columns that,
without the motor, would form and rise all the way up to the cubic chamber, interrupting the
experiment.

The pressure in the crossed-beam chamber varied from 10−2 to 10−3 mbar during operation. The
He gas pressure through the beam nozzle was set to 120 Torr and kept as stable as possible by
manual operation of valves such that the signal recorded on the mass spectrometer without a
microjet was constant. For assessment of the beam width, a sharp beam block was placed instead
of the microjet, and signal from the residual gas analyser (RGA) was recorded as the block moved
in front of the gas beam. The derivative of the signal (relative to the beam block position) is
shown in figure 6.2a, corresponding to the He beam profile. The important parameters extracted
by this measurement are that the maximum signal is exactly at the centre, where it is expected
to be, and the beam width (full width at half-maximum, FWHM) is 60 µm. After that, the same
procedure was performed with a 37 µm diameter water microjet replacing the beam block: the
He signal intensity was recorded on the RGA as a function of the microjet position. Initially, the
microjet was placed at a distance of 3 cm to the gas beam–detector line. Moving it in and out of
the initial position by several millimetres didn’t influence on the recorded He signal. When the
microjet was 850 µm away from the He beam, a decrease in signal intensity started to be detected
and recording of data commenced. Moving it in steps of 10 µm and integrating signal for 10 s per
position, the signal was recorded until the microjet crossed the He beam completely and for 0.3
mm beyond it. The signal level drops by 16%, when the jet was in position 0, the centre of the
He beam–detector line. This corresponds to a 16% reduction of He transmission, while using
the solid beam block (during measurements shown in 6.2a), the contrast observed was of 99.6%
(the signal reduced by a factor of 230). The measurement is shown in figure 6.2b as X markers,
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normalized while still keeping the maximum/minimum signal ratio. Given that detection started
when the microjet was 800 µm away from the beam–detector line – a distance one order of
magnitude higher than the He beam width and microjet diameters – it is clear that the water
vapour from the microjet was the cause of reduction in the number of transmitted He atoms to
the detector. At the time of designing the experiment, the water vapour was not expected to be
detectable beyond 300 µm, so the movable microjet holder was not designed to go further than
that. The measured data is reasonably symmetric relative to the x = 0 position. We assume
it is not perfectly symmetric due to the fact that the vacuum pump was placed in the positive
position direction, potentially creating a slight pressure gradient around the interaction volume
at the negative positions. The solid line in figure 6.2b shows a simulation of the experiment.
This simulation was done by performing a numerical integration of the Beer-Lambert law at each
microjet position for a Gaussian helium beam with FWHM of 60 µm, such as the one measured
in figure 6.2a, cropping the tails of the transmitted beam at ±45 µm around its centre to reflect
the 90 µm detector entrance. The Beer-Lambert law states that the intensity of a gas beam I0 is
attenuated following an exponential behaviour inversely proportional to the mean-free-path L in
the path of the beam:

I

I0
= exp −x

L
(6.1)

where I is the intensity of the attenuated beam after traversing a length x. The vapour density
around a liquid microjet follows an approximate 1/r2 (r being the distance to the surface of the
jet), therefore the mean-free-path increases with r2 [38]. This means that, to find the attenuation
of a beam caused by vapour generated by a microjet, situated at a non-radial symmetry to the
beam, a numerical integration of equation 6.1 has to be done for each dx traversed at a local L(r2).
The simulation takes into account the vapour pressure of water, microjet diameter, distances
to scale and collisional cross-section values from particle diameters (using the hard spheres
approximation). The resulting curve was rescaled to match the amplitude of the measured data
and the only adjustment done was on the vapour pressure of water as a function of temperature,
to yield the best fit. During the experiment, we did not control the temperature of the water
and the best fit was found for 15 ◦C. The simulation does not take into account possible effects
from water–water collisions – known to be very significant for microjets of diameter ≫ 4 µm,
see section 2.5.2 [50] – which could cause significant deviations on the mean-free-path and, at
large distances to the jet, it is expected that the vapour shifts to a ballistic regime (due to much
lower density than immediately around the jet), which should also change the distribution of the
vapour density compared to our model.

We have attempted to record the same data-set for a larger microjet, with 87 µm diameter. This
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(a) (b)

Figure 6.2: One-dimensional profiles of (a) the He beam used in this experiment, created by a 130 µm
diameter capillary, measured using a sharp-ended plastic beam block. (b) X markers are data points,
acquired by moving a water microjet transversally (along the x axis) to the line of the molecular beam and
detector. Solid line is a numerical simulation of the system, taking into account the width of the molecular
beam and detector capillaries, water vapour pressure, microjet diameter and He–H2O(g) collisional cross-
section.

diameter was chosen to match the size of the detector entrance, but the pressure inside the
interaction chamber could not be kept below 1 mbar long enough for a set of measurements, and
shortly after the experiment started, thick icicles built all the way up because the ice breaker
motor was not strong enough for such thick ice layer and broke. However, for a few minutes
before the ice growth would disrupt the experiment, a quick contrast assessment could be done.
Signal changed from 160 to 70, representing a 56% drop.

6.2 Conclusions

We have performed a transmission experiment using a He beam which was transversally crossed
by a liquid microjet. The transmitted signal showed a behaviour closely matched to a model of
radial generation of vapour following a 1/r2 law. Despite the approximations in our model, the
simulation yielded a very similar behaviour for the measured signal, strongly supporting that
we had, in fact, observed the attenuation of He gas signal due to the vapour formed around a
water microjet. Our experiment was sensitive to signal changes at a distance of approximately
1 mm away from the water surface, giving us valuable information on what is to be expected
from a scattering experiment using flat-jets. From the successful utilisation of a gas source
at such a proximate position from the water surface, we have envisaged a paradigm shift on
the gas–water scattering experiments proposed so far – instead of a conventional skimmed and
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distant expansion for the preparation of our gas sample, we have approached the molecular beam
source such that the water surface lies within the zone of silence of the supersonic expansion.
This will be treated in detail in the upcoming sections.

6.3 A gas–water scattering experiment: First generation

In order to perform gas–water scattering experiments, we have decided to start by building a new
experimental chamber. With the water vapour profile experiment described previously, we had
learned that such size for an interaction chamber – a DN-100 cubic structure – hindered us from
appropriately pumping out the water vapour that would potentially accumulate as background
gas. We have also learned that enveloping the liquid jet after the first few millimetres that it has
been exposed to the gas beam could reduce this background pressure significantly, creating a
pressure differential between the interaction chamber and the cryogenic catcher region. Another
lesson learned was that, as though it was experimentally simpler, using a motor to act as an
ice-breaker installed in the interior of the vacuum chamber brought numerous limitations and
eventual failure of the device. That was only a time-effective solution – a more elegant and
function-effective one had to be designed for the next experiment. Lastly, we had also learned
that a very short distance between the gas source, the water surface and the detector entrance
would largely favour a scattering experiment, due to the attained higher density of gas impinging
on the microjet, which would be comparable to the density of water vapour around the liquid
surface. This led us to propose a strongly unorthodox method to overcome the vapour layer
around the liquid water surface.

A scattering experiment ultimately aims to understand the physical-chemical interactions at
the molecular level. In our case here, we want to study the interactions between gas particles
and a flat surface of liquid water. For that, we need to prepare gas particles under known
conditions, e.g., initial kinetic energies, directions and temperature, let them interact with the
water surface and then collect them using a method that distinguishes particles between the
possible conditions after the interaction with the water surface. With this, one can infer what
was the physico-chemical pathway undertaken by a detected species (refer to 2.5 for more details).
However, our experiment has a very significant and unique challenge to be overcome, namely the
dense vapour layer formed around a water surface. If an inbound gas particle interacts with a
vapour molecule, its initial conditions will no longer be known prior to an eventual scattering
at the water surface. Additionally, a gas molecule that collides with a vapour molecule after
scattering at the surface will also be rendered useless, as all the information on the scattering
itself is most likely lost. The vapour pressure of water at 10 ◦C is of 12 mbar, which corresponds
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to a mean-free-path of approximately 10 µm. This is an extremely unfavourable scenario for a
conventional molecular beam experiment setup. Skimmed molecular beam gas directed towards
the water flat-jet would be required to cross the millimetre-thick vapour layer (refer to figure
6.2b, noticing that, instead of a 37 µm diameter jet we are dealing with a millimetre-wide flat
surface of water) without collisions, scatter at the water surface and once more cross the vapour
layer, again undisturbed, towards the detector. An approximate probability calculation for a
gas molecule to reach the water surface after traversing 1 mm can be done using the law of
Beer-Lambert, equation 6.1. Conservative values can be extracted from what was measured in
the experiment described in the previous section, reasonably extending its interpretation to a
flat-jet of millimetre dimensions. Assuming that the pressure up to a 1 mm distance to the surface
is constant and equal to the vapour pressure of water at 10 ◦C (∼12 mbar), the mean-free-path
at that range is on the order of 10 µm. This yields a transmission (∼probability of traversing
the distance without collisions) of e−100 ∼ 10−44. Considering that the density of a skimmed
molecular beam at a few 10s of centimetres distance from its source will have a density much
smaller than 1010 molecules per mm3, the signal yield will be several orders of magnitude smaller
than what is detectable by any current technique. Apart from that, one would also need to deal
with many false-positives – gas particles that scatter with water vapour and still arrive at the
detector, which can be a very large number given the thickness of the vapour layer. In view of
this, we decided to approach the supersonic expansion very close to the water surface, such that
the flat-jet lies inside the zone of silence (refer to figure 2.7). By doing so, we can potentially
disturb both the expanding gas and the water surface, such that the expansion will not take the
same shape and present the same features of a usual supersonic expansion, and the water might
not be flat any more or even cause the flat-jet to touch walls and freeze. This last point we can
assess easily through empirical tests which were done, and did not yield significant disturbance
up to a backing pressure threshold (which was never surpassed in the measurements shown in
this chapter). The first point (the disturbance of the expansion) cannot be easily assessed, but
this method is what we believe to be the only way such an experiment can be successful at all:
the distance a gas particle needs to travel will be reduced drastically, while the density of gas
particles at the vicinity of the water surface will be immensely increased. Additionally, placing
the supersonic expansion close to the water surface will certainly suppress the density of vapour
immediately around the water surface, greatly increasing the number of gas particles scattered
uniquely at the liquid surface.

In a conservative approach, considering the pressure close to the surface to be equal to the vapour
pressure of water, the reduction of the distance to be travelled down to 500 µm can bring the
transmission (using equation 6.1) to e−50 ∼ 2 × 10−22. For a distance of 200 µm, this improves
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to ∼ 2 × 10−9 and, if the temperature of the water surface is reduced to 5 ◦C, the transmission
increases further to ∼ 7 × 10−7 (this can be done at the expense of increasing the risk of freezing).
Taking into account that the density of sample gas within the zone of silence can be at the order
of 1015 molecules(or atoms)/mm3, a scattering experiment becomes feasible. If the existence of a
supersonic expansion right next to the surface suppresses the vapour density, the situation is
even more favourable. To reduce the occurrence of "false positives", meaning the detection of
gas molecules that scattered with the water vapour rather than at the water liquid surface, we
must implement a strong angular selection (a mechanical barrier) to reduce the transmission of
molecules that do not originate at the water surface. In the upcoming sections, we will describe
how we have created an experiment under such conditions.

6.3.1 Experimental development and set-up

The general idea was to have a large vacuum chamber in which enough pumping power could be
attained to perform angle-, mass- and kinetic-energy-resolved gas–water scattering experiments
using a molecular beam crossed with a flat-jet. A larger chamber would, at the same time,
increase the distance from the water surface to the chamber’s walls, avoiding water vapour
molecules to accumulate close to the interaction region, a problem that we likely had in the
previously described experiment. We have also chosen our pumping technologies to be more
suitable for a high load of water vapour. Firstly, we have covered as much as possible of the
chamber walls with copper plates, covering more than 5000 cm2 of surface area, which is cooled
down with liquid nitrogen and efficiently traps water vapour. Using equation 5.1, we find that
S ∼ 14.17 ℓs−1 cm−2, which means that the total pumping speed for the copper plates is ∼
70 000 ℓs−1. Additionally, a 250 mm diameter cryogenic pump was chosen to be the main vacuum
pump for the experiment, as it is excellent for water vapour. The cryopump model selected by
us (Cryo-Torr 250F from Brooks) has a pumping speed of 6500 ℓs−1 for water vapour. Since it is
also an efficient pump for atmospheric gases, it acted as the main high-vacuum pump for our
experimental chamber as well. Nonetheless, to assist with pumping speed in the transition from
low to high vacuum regimes and also to pump helium and hydrogen gas out of the main chamber
when it is used as a sample (the temperatures of the copper plates and of the cryopump are not
low enough to trap high loads of He and H2), we have added a DN-200 turbomolecular pump
(800 ℓs−1) with its line-of-sight to the flat-jet blocked by one of the cryopumping copper plates,
to avoid eventual ice from a crashed water jet to strike the pump blades. For the detection of the
molecules of interest we have chosen to use a quadrupole mass spectrometer, model MAX-QMS
from Extrel. It is a highly sensitive instrument with a very high advertised dynamic range. Its
ionisation source is an electron impact filament. We have purchased two resonators that allow
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Figure 6.3: Depiction of the geometrical disposition of the two skimmers (not to scale) for the calculation of
the probed area dS at the surface of the water flat-jet, using lines-of-sight. See text for detailed description
and calculations.

us to detect atoms, molecules or molecular fragments in the range of 1–50 atomic mass units
(a.m.u.) and 1–200 a.m.u. respectively. In this project, we only used the resonator with 1–50
a.m.u. range because all our samples of interest fall in that range – 2H2, 4He, 18H2O, 28N2, 32O2

and 44CO2 – and, most importantly, because this resonator model gives us the highest sensitivity
available for this detector. These specifications for the detector were chosen due to our concerns
that the water vapour signal would be several orders of magnitude higher than the scattered
gas signal. Also for that reason, we have chosen to include only one differential pumping stage
between the water surface and the detection chamber. The skimmers mounted in the intermediate
differential pumping chamber were of diameters 0.2 and 0.1 mm, at a distance of 96 mm from
each other. A DN-100 turbomolecular pump (260 ℓs−1 pumping speed) creates the differential
pressure in-between the skimmers. Those characteristics were estimated to grant us with the
best trade-off between water vapour background signal reduction and maximum scattered gas
transmission signal, while granting us with high angular resolution in the experiment.

Figure 6.3 shows a sketch (not to scale) of the line-of-sight produced by the double skimmers
setup, illustrating its intended working principle in an experiment which high angular resolution
is required for scattered molecules. In the figure, d1 and d2 are the diameters of the skimmers
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Figure 6.4: View of the inside of the vacuum chamber at its building stage. The top plate was lifted using
a hand-actuated crane such that the cryogenic copper plates could be installed.

and L is the distance between them. ds is the diameter of the largest spot in the flat-jet from
which scattered species and vapour can originate and pass through both skimmers. We can
divide the shapes formed by the line-of-sight extreme trajectories, shown as dashed lines, into
three triangles; the rightmost triangle is formed from the diameter of the second skimmer d2 and
the crossing point of the trajectories O, the middle triangle from O and d1, and the leftmost
triangle has the spot diameter ds as its base and O as its apex. The distance from the spot
(or from the flat-jet) to the first skimmer is s and, from that to O, is f . The crossing angle of
the extreme trajectories is θ. Then, dividing the triangles using the middle line connecting the
skimmer diameters, we have now three right triangles and:

θ = arctan
(
d1 + d2
L

)
(6.2)

f = d2L

d1 + d2
(6.3)

ds = 2(f + s) tan(θ) (6.4)
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Applying 6.2 and 6.3 to 6.4, we have:

ds =
(

d2L

d1 + d2
+ s

)
d1 + d2
L

= d2 + s(d1 + d2)
L

(6.5)

Inputting the values d1 = 0.1 mm, d2 = 0.3 mm, L = 96 mm and s = 1 mm into equations 6.2
and 6.5, we find that the angular resolution of our experiment is θ = 0.24◦ and that the spot
diameter at the water surface is ds = 0.30 mm.

For a final experiment design, a velocity selector will be placed inside the differential chamber
to enable kinetic energy resolution of scattered species. Initially, however, this selector was
not implemented for simplification of the experimental procedure; we were interested in first
detecting only an angle-dependent scattering signal, which is one of the advantages brought by
the use of a flat-jet. The velocity selector is a special design made by us and is described in
detail in the appendix B. The chamber was designed and assembled from six rectangular plates
of 20 mm thickness, five of them were bolted and glued together. The top plate is removable
so that one can have total access to its interior easily during assembling or maintenance; the
vacuum sealing of this top plate is made with an o-ring that surrounds the whole top perimeter
of the vertical walls, with 20 M4 bolts to evenly compress the o-ring (lightly coated with vacuum
grease) and create a proper seal. Figure 6.4 shows the chamber with its top plate lifted using a
small hand-actuated crane for the installation of the cryopumping copper plates.

Pressure tests and catcher design with a microjet

We have performed the first tests in the chamber using only a single microjet, for simplicity.
The microjet was produced using a different technology than what was previously presented
throughout this thesis. It comprises of a cylindrical quartz capillary enveloped by a PEEK
tube of 1.6 mm diameter. The capillary itself can be chosen to be of several internal diameters,
in µm: 25, 50, 75, 100 and 150. Their surface is advertised to be flame-annealed for added
smoothness of the orifice and avoid the generation of turbulences in the microjets. They were
purchased from HPLC components companies and are branded IDEX H&S, type PEEKsil. Using
50 µm capillaries, we have produced microjets in our newly built chamber, directed towards
a long 70 mm diameter tube cooled down to liquid nitrogen temperatures to act as a catcher.
The pressures measured during microjet operation were within the expected range of 10−3 to
10−4 mbar. To improve this, we have designed a 3D-printed cone-like structure to envelope the
microjet after a length of ∼ 2 mm has been exposed to vacuum. This 3D-printed piece had a
circular entrance of 1 mm diameter. This reduced the pressures in the chamber to the range
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Figure 6.5: Sectioned view of the experimental chamber, showing its most important components except
for the flat-jet and molecular beam, for clarity. Detailed description in the text.

of 10−5 mbar. Formation of ice columns were frequent and prevented long (> 30 min) tests to
be performed, as an ice-breaker device had not yet been implemented. We have purchased a
pre-vacuum pump of a recently developed technology called trilobs, from Ebara, model EV-A10.
It has a pumping speed of 60 m3 h−1 and is water resistant, reported to tolerate a load of water
up to 500 mg h−1. Additionally, its pumping mechanism is exposed in a vertical line-of-sight from
its KF-40 inlet flange, which could work as an ice crusher for a liquid jet directed towards it. We
have attempted to use this pump instead of a conventional liquid nitrogen catcher. Although
the results were extremely promising, we faced problems when the microjet was not perfectly
directed towards its relatively narrow entrance. Given the ∼ 50 cm distance from the jet, this
would happen frequently and ice would form, interrupting the experiment. We believe such
method for catching microjets is possible and extremely advantageous, as it efficiently removes
vapour, liquid and ice from the vacuum chamber. However, several adaptations are required,
specially when using a flat-jet. We have decided to abandon this approach for the time being.

The catcher entrance was made out of 3D-printed semi-transparent plastic initially, but it could
be seen that ice would build-up on its walls after a few minutes of in-vacuum operation of the
flat-jet, eventually blocking the entrance and causing catastrophic freezing of the jet nozzles.
The solution to this was to implement a vacuum-compatible heating system to an aluminium
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version of this catcher inlet, seen in figure 6.5. It works by trapping the vapour originated from
downstream of the flat-jet while avoiding ice build-up on its walls due to its temperature, kept
between 80 and 120 ◦C. Its upper conical part has a 3 mm-diameter aperture in which the water
jet enters. It continues downwards in a 28 mm-diameter cylindrical shape, with a total length
inside the main experimental chamber of 78 mm, with its entrance 1 mm below and its centre
1 mm ahead of the entrance skimmer. This device communicates straight downwards with a
70 mm-diameter four-way tee, attached to the bottom of the main chamber. An ice-breaker
motorised device was installed to one of the flanges of this tee, a much improved version to
the one used in the previous experiment: using a mechanical rotary vacuum feed-through, we
could place the motor outside of the vacuum chamber this time, which increased the range of
suitable motors to be chosen. We’ve used a fully programmable ∼80 W stepper motor and, in the
vacuum side, an open-shaped stainless steel piece was attached to the feed-through to act as the
ice-breaker rotating arm. With this, the ice-breaker was programmed to rotate a half-turn, with
full power, every 10 seconds such that, for most of the time, the super-cooled water from the jet
would fall directly inside a 60 cm-long stainless steel tube, kept at liquid nitrogen temperatures,
acting as a catcher. Eventually, ice columns would build-up which would be interrupted by the
ice-breaker when they got too close to reaching the connection to the main chamber. On the
opposite flange of the ice-breaker, a smaller 40 mm-diameter tee was connected. A small viewport
was placed on the flange that gives a direct view of the ice-breaker, so that ice build-up could be
monitored during experiments. Below the viewport, the powerful water-resistant Ebara trilobs
pump was connected to efficiently remove the excessive water vapour formed inside the catcher
assembly. Figure 6.5 shows a cross-section of the chamber where the devices described here can
be seen.

As mentioned earlier, to address the problem of the high water vapour density hindering the
molecular beam gas from reaching the liquid surface, we have decided to implement a molecular
beam source as close as possible to the water flat-jet. This would create a few limitations in the
experiments, one of which is the impossibility to skim the beam prior to scattering at the water
surface. Nonetheless, this is probably the only way to achieve significant detectable scattering at
the surface. The limitations and advantages of this decision (to bring the molecular beam very
close to the water surface) will be treated in high detail later. In order to bring the molecular
beam source so close to the flat jet, the same mount has to be used, thereby keeping their mutual
alignment constant while both rotate relatively to the skimmers line. With this, one can probe
the outgoing angle of the scattered gas for a given inbound angle. Also, the incidence angle has
to be adjustable so that the scattering angle can be probed. To fulfil these requirements, an
initial design was to use a simple mechanical rotary vacuum feed-through mounted on the top
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plate of the chamber to which a rod mount was attached. This mount was supposed to hold a
flat-jet apparatus centred in the rotating axis, which in turn was centred in the entrance of the
cryogenic catcher.

The detector was mounted in a section of the chamber which can be separated by a gate valve
(refer to figure 6.5). This section is pumped by two DN-150 turbomolecular pumps (pumping
speeds ∼700 ℓs−1) which are capable of keeping the pressures below 10−6 mbar during the
experiments. The gate valve allows us to keep the chamber in the detector side closed indefinitely,
and the pressure there reaches the range of 10−10 mbar when not under load.

Implementing the microchip flat-jet source

To implement the microchip device described in section 3.2, it was necessary to design a mount
capable of holding it in place while delivering water to the specific channel entrance position using
an HPLC pump1. We have made 3D-printed prototypes before producing an aluminium piece,
seen in figure 6.6. This mount was connected to a custom-made stainless steel shaft, also made by
our workshop, to bring it in position, which in turn was attached to a rotary mechanical vacuum
feed-through mounted in a flange directly above the skimmer at the entrance of the differential
pressure chamber – exactly 1 mm in front of it. However, this design did not work as intended due
to alignment problems. It was not possible to keep the flat-jet centred while rotating the support
using the rotary feed-through, and our first investigations concluded that the feed-through itself
was the source of the problem. The advertised radial runout2 of the rotary feed-through shaft at
the attachment position was of 0.01 mm, but the part delivered to us displayed a radial runout
of 0.075 mm, almost 8 times larger than advertised. This movement was also not parallel to the
vertical axis (therefore it was, really, a precession). We concluded that because the movement
was amplified by the 240 mm long support shaft, causing the flat-jet to dislocate up to 3 mm for
a 180◦ rotation and it would not point vertically down but at an angle. The maximum oscillation
we could accept is in the order of a few tens of µm, less than the 100 µm diameter of the smallest
skimmer. We have attempted using four different rotary feed-through units from three different
companies, none of them were within the described specifications. Our in-campus workshop
engineers modified one of the commercial feed-throughs, replacing ball-bearings with hard plastic
discs which have a much smaller tolerance in shaft precession and radial runout. This technique
is not used in applications which require continuous and fast shaft rotation, but since we intended
to keep the apparatus at a given angle for a few minutes during measurement, moving it about

1Design based on the ones kindly provided by Hugo Marroux, from LSU group in EPFL.
2This is a measure of how much a rotating shaft is off-centre, but still parallel to its axis.
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Figure 6.6: Mount for the microfluidics device.

5◦ and repeating, this was a viable solution. This improved the situation, the oscillation over
180◦ dropped to less than 1 mm, but it was still far from reaching our requirements. The reason
for that was attributed to imperfections on the custom-made holder. It consisted of two parts
welded together, and the welding process was probably the source of misalignment of the rotary
shaft with the tip of the microchip. We have attempted to include an intermediate piece between
the custom-made shaft and the microchip mount, seen in the detail of figure 6.6. It consisted of
three springs and three screws holding the microchip holder, providing fine adjustment of the
microfluidics device in three degrees of freedom. One more degree of freedom consisted in vertical
adjustment of the microchip holder, which was already implemented prior to the intermediate
piece. Even with all these efforts, the alignment of the flat-jet could not be perfectly done. This
in itself did not pose a critical problem, because the water surface is considered to be uniform
in the scale of tens of µm, so the most critical part lie in the alignment of the molecular beam
source to the entrance skimmer.
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6.3.2 Molecular beam source

The molecular beam source was designed to be mounted on an auxiliary arm connected to the
custom-made shaft holding the microfluidics device. A final design would be made of metal and
include two spring-loaded spheres located in such a way that they would snap in slots made in
the shaft. The slots, seen in figure 6.6, were off-set by 5◦ such that the arm’s angular position in
the shaft could be easily rotated by exactly 5◦ and remain stable in place. This rotation would
correspond to the relative impingement angle of the molecular beam on the water surface. The
rotation of the shaft (actuated by the rotary feed-through) would change the probing of the
scattered species angle while keeping the impingement angle constant. This method would allow
us to probe all the scattering angles as a function of all impingement angles. The rotation of
the shaft (probing) could be done while the experiment runs under vacuum and, once a data-set
was taken, the chamber would need to be vented so that the molecular beam arm could be
adjusted to a new (impingement) angle. We have not, however, produced the metal version of
this arm because using a 3D-printed prototype was sufficient to reveal that it would not fully
work – the reasons for that will become clear once the result are shown. Another concern of
ours was the possibility of such a proximate gas source disturb the water jet so strongly that
it would completely disrupt it, causing it to not be flat any more and maybe even freeze when
under vacuum due to water touching walls. Tests in atmosphere revealed that this could indeed
be an issue, but only above a significant backing pressure threshold. Tests under vacuum would
need to be made to confirm how critical this disturbance was.

We have utilised a 3D-printed arm where the molecular beam source could be attached to, seen
in figure 6.7a. The molecular beam source is produced from the same PEEKsil capillaries we had
previously tested to produce microjets. We have chosen diameters between 50 and 150 µm for the
production of molecular beams, according to the dimensions involved in the gas expansion (Mach
disk) we expect them to generate and its compatibility with the flat-jet dimensions. Another
advantage of using such silica capillaries is that the diameter to length ratio is very small (we use
lengths of 5 to 10 mm), creating a strongly collimated beam. This is specially important for us
since we cannot use skimmers before the gas arrives at the water surface. Such small diameters
also reduce the gas load into the chamber and are a good match with the skimmer diameters
we use. The skimmer at the entrance of the differential chamber is the smallest one available
from Beam Dynamics (USA), with a diameter of 0.1 mm. As it can be seen from figure 6.7a, the
vertical alignment of the capillary was done by adjusting the height of the plastic mount, while
the horizontal alignment was performed by a precision screw which pushes the capillary inwards.
This mechanism, however, was far from perfect. The plastic pieces are slightly flexible and the
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(a) (b)

Figure 6.7: Flat-jet and molecular beam holder setup used for the first gas–water scattering experiments.
Image (a) is a CAD design of the two-armed structure, the rightmost arm, in stainless steel, holding the
flat-jet and the leftmost arm, stereolithography 3D-printed plastic, holding the molecular beam source. (b)
is a photograph of the device mounted in the vacuum chamber, placed above the jet catcher and in front of
the inlet skimmer.

alignment was very difficult to be done to the precision we require. First adjustments had to
be done outside of the vacuum chamber with the aid of a microscope, before the assembly was
inserted in the chamber. Then, fine adjustments were done to align the molecular beam capillary
directly at the entrance skimmer. This was done with the aid of two cameras, one of them
was permanently positioned outside of the vacuum chamber, imaging the setup with a zoom
lens through a glass viewport. During alignment inside the vacuum chamber, the microscope
was placed pointing directly into the entrance skimmer. The alignment of the molecular beam
capillary was checked and adjusted iteratively, by rotating the device 90◦ back and forth, and
checking its position with both cameras. The microscope was then removed prior to pumping
down the experiment. Figure 6.7b shows the best achieved alignment using this method. The
capillary used here had the internal diameter of 75 µm and it was modified such that the PEEK
envelope was removed, exposing the silica. This was done so that the orifice of the capillary could
be placed even closer to the water surface. Unfortunately, we did not have the means to precisely
measure the distance from the orifice to the water surface; our estimates lie in the range of 200
to 400 µm. Two parallel yellow lines were drawn in the image, around the skimmer entrance, to
assist with the alignment process. Another delicate alignment process that was necessary was
the alignment of the skimmers. This was done prior to the placement of the flat-jet mount, using
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Figure 6.8: Scheme of a supersonic expansion of CO2 very close to the surface of a water flat-jet at an
angle of 45◦. Note that this image is only a superposition of an undisturbed supersonic expansion with a
flat-jet surface inside its zone of silence. The actual expansion will have its features greatly changed due
to the presence of the water vapour and the liquid water so close to the gas nozzle.

a diode laser and two mirrors, being observed with a camera inside the vacuum chamber (when
not under vacuum). The diode laser also assisted with the alignment of the molecular beam
to the skimmers line. Testing of molecular beam alignment to the skimmers was done through
measurement of transmitted gas signal by the detector. In this phase, the detector in place was
the same residual gas analyser from SRS utilised in the preliminary experiment, from section 6.1,
due to problems of alignment and installation of the Extrel detector in the vacuum chamber.
It bent down under its own weight when installed horizontally and the current chamber design
would not allow for a correction to this. The entrance to the ionisation region of the Extrel
detector is a narrow 3 mm orifice that, at a distance of approximately 40 cm to the first skimmer,
meant that any deviation would prevent a direct beam to be detected efficiently. Also, at the
time, the DN-200 turbomolecular pump was not yet mounted in the main vacuum chamber. For
that reason, we could not use helium to produce the molecular beam as it would not be efficiently
pumped by the cryopump (tests were performed, which confirmed this). Therefore, we chose to
use carbon dioxide instead, as CO2 molecules are much heavier than water vapour molecules,
possibly enhancing the probability of them reaching the water surface, and also because the
interaction of CO2 gas with water has been studied before in the context of CO2 capture [19–21].

Figure 6.8 depicts the flat-jet placed very close to the gas capillary exit, such that its surface
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lies inside the zone of silence (considering an undisturbed expansion, as discussed earlier). The
background pressure in this situation will be considered to be equal to the vapour pressure of
water, since the gas is expanding into the vapour layer. Note that we expect the zone of silence
to be greatly disturbed by the presence of the liquid surface and the vapour layer – the figure
serves only as a guide of what we aim to achieve with our setup to enhance the probability
of single-scattering events. Using equation 2.8, we can estimate the distance of the Mach disk
to the orifice of the capillary to be of 500 µm, with backing pressure P0 = 1 bar and vapour
pressure of water PH2O(10 ◦C) = 12 mbar, considering that the water reservoir is kept at an
ambient temperature of ∼20 ◦C and that the evaporative cooling of the water inside the vacuum
chamber reduces its temperature to about 10 ◦C. With the 3D printed mount described here,
keeping the gas source so close to the surface is a significant challenge. From equation 2.10 we
can calculate the Mach number at the Mach disk position, which is at x/d = 500 µm/75 µm = 8,
using γCO2 = 1.22 [140] and K(γ = 1.20) = 4.29 [28], yielding M = 6.0. Then, applying this
to equation 2.9, we find that the temperature of the gas at that position will be of 60 K, using
T0 = 293 K = 20 ◦C.

6.3.3 Results and analysis

Using the aforementioned setup, we have acquired angle-dependent scattering spectra. Figure
6.9a shows a dataset taken for assessment of alignment and baseline signal. This measurement
was done by recording signal intensity as a function of angular position of the molecular beam
while the flat-jet was not running. Black curve is CO2 signal and blue curve is water signal.
The zero position was defined as when the molecular beam is pointing directly at the entrance
skimmer. The capillary diameter used here was 75 µm and the backing pressure applied was 1 bar
(this pressure is controlled manually using pressure regulators, so there were slight variations of
±5%). During the measurement, the pressure in the main chamber was maintained in the order
of 10−4 mbar. Water signal was also recorded for a baseline measurement, and it can be seen that
it dropped towards higher angle values. This is attributed to the fact that smaller angles were
recorded earlier, so the x axis is proportional to time, and water is always present in a recently
vented vacuum chamber (adsorbed to walls and objects inside it), reducing its background signal
as it gets pumped out with time. The fact that a CO2 signal maximum is seen at 20◦ to 30◦ is
probably due to imperfect alignment of the molecular beam to the skimmers, amplified by the
precession of the rotating shaft, but it could also be explained by imperfect alignment of the
skimmers with each-other. And yet, this was the best alignment attained with the previously
aforementioned setup – using the hand-actuated rotary feed-through, custom-made shaft and
3D-printed molecular beam support arm. In any case, we can still extract useful information
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(a) (b)

Figure 6.9: Experimental data of CO2 gas scattering at the surface of a water flat-jet. (a) shows the
assessment of the molecular beam alignment to the skimmers and the alignment of the skimmers between
themselves – an angular distribution of gas signal while the flat-jet was not running. Black line is CO2
signal and blue line is H2O signal recorded by the detector (RGA). A maximum was expected to be seen at
0◦ for perfect alignments. (b) presents a repetition of the measurement with the flat-jet on – a scattering
experiment. The flat-jet was set at a 50◦ relative to the normal of the water surface (see figure 6.10).
Black lines are CO2 signal, crosses are a reproduction from figure (a), square markers are measurements
with flat-jet on; blue line is water signal when flat-jet was on.

considering that we now know the angular distribution of the unobstructed molecular beam at 1
bar of CO2 to be compared with the distribution of signal when the flat-jet is on. The angle
between the molecular beam and the flat-jet was set to 50◦ – the intended alignment was 45◦ to
favour inelastic scattering of gas at the surface of water, but it was later verified that the actual
position was 50◦ (relative to the normal direction from the flat-jet). Therefore, the angle between
the molecular beam line and the flat-jet was 90◦ − 50◦ = 40◦ (see figure 6.10) and the alignment
was very sensitive, so it was maintained like so for this measurement. Such configuration means
that, for an aligned molecular beam (with maximum signal at 0◦), a new maximum was expected
to be seen at 40◦ · 2 = 80◦ due to inelastic scattering at the water surface (specular reflections).
The flat-jet flow was set to 4 mℓmin−1 and the distance between the molecular beam capillary
and the water surface was 1 mm, while all other parameters were kept the same they were for the
alignment measurement (figure 6.9a), and this produced the results shown in figure 6.9b. In this
figure, crosses are a reproduction of the CO2 signal from the previous image for reference, square
markers are CO2 signal crossed with the flat-jet, and the blue line correspond to H2O signal.
Water signal started at one order of magnitude higher than background water signal seen in the
previous measurement, which makes sense due to the presence of the flat-jet. At 0◦ (x axis), the
flat-jet was at an angle of 40◦ to the skimmers line, blocking the direct flow of the molecular
beam through the skimmers. The water signal reaches a minimum at 30◦ and then presents a
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Figure 6.10: Scheme illustrating the angular parameters of the CO2–water experiment shown in figure 6.9.
Entities not to scale. (a) shows the configuration of the system at the denoted molecular beam angle set
to 0◦, and (b) represents the system when rotated by 80◦, which is the expected maximum signal due to
specular reflection of the gas at the flat water surface.

steep increase towards higher angles. We speculate this is caused by a high amount of water
vapour being carried towards the skimmers by the gas, since it doesn’t happen when the opposite
face of the jet is facing the skimmers. For the CO2 signal, a maximum is observed at 70◦ which is
close to the specular reflection direction (80◦). Considering that a signal maximum was expected
at the specular reflection direction, this deviation was probably caused by the precession of the
main shaft, causing the point of the molecular beam–flat-jet system which is directly in front
of the entrance skimmer to change as the rotary feed-through is rotated. In other words, the
system is not rotating around the intersection between the molecular beam line and the flat-jet
surface, therefore this is not the point that remains in front of the skimmer for the whole angular
measurement. A molecular beam pressure test was performed and at approximately 2.5 mbar
the flat-jet became very unstable and small ice structures formed around the interaction volume.
We did not increase the pressure further at the risk of completely freezing the jet.

Before potentially disturbing the alignment, I have attempted to repeat it, but the microchip
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device was severely clogged the day after and had to be replaced. This required the mount
to be removed from the chamber, and in the process of removing it, the fragile naked silica
capillary was accidentally damaged. Unfortunately, any other attempted measurement showed a
completely inappropriate behaviour of the molecular beam alignment.

The measurement shown in figure 6.9 was the only one that had any interesting and explainable
behaviour. Subsequent attempts of repeating this measurement were unsuccessful, also not
displaying any reasonable angle-dependent signal. This can be explained by the extremely
sensitive alignments necessary for the experiment to work, together with the mounting mechanisms
that did not fulfil all the precision requirements. Nonetheless, it shows an extremely promising
behaviour pointing to a significant rate of transmitted CO2 gas, especially at the direction of
specular reflection. Since the measurement could not be reproduced, we can not state that this is
enough evidence that gas–water scattering has been performed in this experiment, however this
is a strong indication that, with alignment and precision positioning duly addressed, we would
be able to distinguish gas–surface scattering form other processes.

6.4 Conclusions

We have performed a carbon-dioxide–liquid-water scattering experiment using a novel approach
of bringing the target surface within the limits of the Mach disk from the gas expansion. The
experiment comprised of a molecular beam source situated as proximate as possible to the water
surface at an impingement angle of 50◦, and both were rotated jointly in front of an intake
skimmer which extracted the outgoing molecules from the system. A second skimmer, situated
96 mm away from the first, ensured an angular resolution better than 0.5◦. The measurement
suffered from alignment and precision issues, but we could still observe key features that point to
the observation of specular reflection of gas molecules at the water surface. We had understood,
at that point, that a much improved alignment and positioning system had to be developed, one
that also would allow us to move the flat-jet and the molecular beam independently while the
experiment is running under vacuum, so that the alignments can be attained by observing the
signal as a function of the relevant positions. We have succeeded in constructing an entirely new
device which fulfils those requirements, and it will be presented next.
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To overcome the alignment and positioning problems faced in the aforementioned experiments, it
was necessary to assemble a device which possessed the following:

1. a linear positioning mechanism for the whole system (X,Y, Z) such that the scattering
centre can be placed exactly 1 mm in front of the first skimmer (this is the minimum safe
distance possible between skimmer and scattering centre due to the dimensions of the
flat-jet);

2. a rotating stage for the whole system (Θ) for the probing of scattering angles;

3. independent positioning mechanisms for the flat-jet and for the molecular beam:

3.a. at least five directions of adjustment for the molecular beam – three linear (x, y, z)
and two angular (θ, φ) – for its full alignment with the skimmers line;

3.b. three linear directions of placement for the flat-jet (x′, y′ and z′) so that it sits exactly
at the main centre of rotation Θ;

4. electronic (piezo) actuators for the molecular beam – for its alignment as a function of
observed signal under vacuum conditions – and for the Θ rotation – for the probing of
scattered angular direction;

5. micrometer precision for the linear mechanisms and, for the rotational, 10−3 degrees.

6. dimensions compatible with the existing vacuum chamber, the most constraining of them
being the 100 mm diameter of the flange where it should be mounted. Manufacturing of an
entirely new vacuum chamber was not viable in the time available.

6.5.1 A 12 degrees of freedom gas–water scattering device

Our solution to this is a blend between a commercial device and our own designs built by the
mechanical workshop on our campus, depicted in figure 6.11. A six-axis piezo-actuated device,
called TRIPOD 52-6DoF produced by SmarAct GmbH, delivers movement in the amplitudes and
precisions we require – the advertised resolution of its movements is of < 10 nm and < 15 µrad
– while maintaining the overall dimensions within the limits of the existing vacuum chamber
[141]. It consists in two linear stages (x, y) on top of which a system usually called hexapod
sits. This hexapod is a rotating platform (θ) connected to three linear motors with ball joints.
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Figure 6.11: CAD design of the gas–water scattering device with 12 high precision degrees of freedom. The
two images are of the same object under different points-of-view. Explanation on the individual items in
the text. The length from the flange to the tip of the microchip is approximately 240 mm.

The coordinated movement of those three motors (done via kinetics controllers and software)
moves the platform in the z, φ and ψ directions. One extra rotational stage was purchased
from SmarAct to perform the probing of scattered species (Θ). Prior to shipping, the company
has totally adapted the devices for vacuum operation, down to 10−6 mbar. In the figure, those
instruments are indicated by the label (i). To adapt the instruments to our needs, several
custom-made parts were created in aluminium. The molecular-beam holder (ii) is essentially
an arm that holds an L-shaped PEEK union where a PEEKsil capillary is mounted, and from
this capillary the molecular beam is created. The holder is screwed to the Tripod, enabling the
molecular beam to be moved in the required x, y, z, θ and φ directions, and also around one
extra rotational direction ψ (this rotates the silica capillary around its principal axis) which is
not required in principle, but it is necessary for the pivoting of the capillary, a process which
will be explained shortly. Between the Tripod and the extra rotational stage it was placed an
intermediate platform on which a miniature linear 2D stage is screwed (iii). This stage is an
optical grade device from Newport and is actuated manually using a 3 mm Allen wrench. We
have exchanged its original lubricant grease with vacuum-compatible grease. The flat-jet holder
(iv) horizontal position is controlled by this linear stage in the directions labelled here as x′ and
y′. Water is supplied through an inlet built in the holder (using an HPLC pump and PEEK
tubes) to the microchip mounted on it, producing the flat-jet. This configuration allows the
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flat-jet to be placed at the exact centre of rotation Θ performed by the stage located above the
intermediate platform which, in turn, is fixed to a larger manual 2D stage (v) from Thorlabs (it
actually comprises of two linear stages attached to each other). This mechanism is similar to
the smaller one (iii), capable of supporting the total weight of the equipment under it (∼ 1 kg).
This stage performs the movement denoted as X and Y , responsible for placing the scattering
centre in the exact position in front of the entrance skimmer and above the catcher. Another
custom-made part is attached to the top of this stage, and its purpose is to provide a connection
to the vacuum flange while allowing a vertical movement (Z) kept stably aligned. The alignment
is assured by four stainless steel rods (vi) fixed to the flange (vii), which slide through brass rings
on the custom piece with high friction. The vertical movement in the Z direction is done by a
linear vacuum feed-through (viii) placed in the flange – the feed-through itself is not shown in the
figure, but can be seen in figure 6.12. This feed-through moves the whole device in the vertical
direction so that it places the flat-jet in the necessary position. The coordinate z′ of the flat-jet,
therefore, becomes Z and the coordinate z of the molecular beam also moves by dZ increments
when the flat-jet is dislocated vertically, maintaining its alignment to the water surface (therefore,
keeping the scattering centre fixed). Water and gas PEEK tubes enter the flange through 3/16"
tapped holes that work as convenient feed-throughs (ix) and are connected to the molecular beam
and flat-jet ports. Due to the relative stiffness of the tubes, they need to be carefully arranged
around the device so that the rotating movement can happen without significant resistance. The
Tripod unit requires six electrical connections and the extra rotating stage requires one more, so
in total there are seven electrical feed-throughs (x), each one with fourteen pins, mounted on the
flange to transfer data and electric power to and from the device. All the aforementioned design,
construction and assembly was made such that the device (together with the mounting) flange is
completely self-contained. This was necessary to ease preliminary assessments and alignments of
the equipment outside of the vacuum chamber and subsequent transfer to inside of it, a process
expected to happen often in the early stages.

6.5.2 Alignments and setup

During the designing and building of the gas–water scattering device (henceforth called Tripod
assembly), in parallel, we have done the proper installation and alignment of the Extrel detector.
A customized set of screws was machined by our workshop to be used in the place of the original
ones in the quadrupole external housing. The screws push the detector slightly away from the
chambers walls to balance the bending created by the detector’s own weight, aligning it perfectly
in the horizontal. There is a viewport at the centre of the detector flange which is in turn centred
to the quadrupole rods. This gives an unobstructed view of the entrance of the detector at the
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(a) (b)

Figure 6.12: Pictures of the flange denoted as item (vii) in figure 6.11.

vacuum side allowing, thus, a laser beam to be placed in the line which we desire our molecular
beam to be aligned to when it is at the position defined as 0◦. This is also the line where both
of the skimmers should be placed in. This was done using mirrors and cameras, similarly as
described in the previous sections. We have, then, tested the performance of the detector using,
initially, only gas leaked into the main chamber with a leak valve. We have verified that the
signal yield was orders of magnitude lower than what was observed during the tuning procedure
performed with a company representative. Technical support ultimately suggested us to use
an external amplifier connected to an oscilloscope as an alternative to having the equipment
stopped for lengthy diagnostic procedures. This method proved to enable us to bring the signal
yield back to normal levels and also made it possible for the data to be recorded in formats that
facilitate analysis, using the software LabVIEW.

A support structure was built on the top of the vacuum chamber for the Tripod assembly to
be placed. All connections (gas, water and electric) can be kept while the assembly is in the
support, and then it can be transferred to the vacuum chamber without any interruptions in the
connections. This is important because the alignments and calibrations require the Tripod to
perform several high-amplitude movements that are not possible to be done once inside the lack
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of available space around the entrance skimmer. From the outside of the chamber, we use two
high-magnification cameras, disposed 90◦ to each-other, to align the flat-jet to the centre of Θ
rotation. This is done similarly to what has been explained previously: the manual (x′, y′) stage
(iii) is adjusted so to bring the microchip to the centre of the image, using a rendered line for
reference. The Θ stage is then rotated by 90◦ and adjustments in the manual stage are done to
bring it to the centre of the cameras. The Θ stage is returned to the initial position and this
process is repeated iteratively, until no dislocation of the central channel of the microchip is
seen during rotation, meaning that the flat-jet is placed exactly (within the resolution of the
microscope image which is below 10 µm) at the centre of the Θ stage. The next step is to move
the molecular beam, which is done using SmarAct’s proprietary’s software. First, the Tripod
motors have to be calibrated such that their absolute zero position is used as reference for the
piezomotors. Once this is done, the pivot point has to be appropriately set. SmarAct’s software
coordinates the movement of all six piezomotors of the Tripod such that its platform performs
a spherical motion around any point in space. As it can be seen in figure 6.11, the molecular
beam capillary is placed at a significant distance from the platform of the Tripod (∼ 40 mm) and
we need the capillary to move with the flat-jet as its reference point. For that, we need to find
the exact position at which the molecular beam capillary is relative to the Tripod’s platform.
We start from the measurements in our CAD designs and, in a similar method as the one for
aligning the flat-jet, we request specific positions and rotations to be done by the Tripod while
observing the capillary with the microscope, in an iterative process, until the pivot point is found
accurately. Lastly, the flat-jet is switched on (still outside of the vacuum chamber) and the
molecular beam capillary is brought as close as possible to the surface of the water. The pivoting
is then adjusted to sit at the surface of the water – the pivot has to be set such that the axis of
the molecular beam is always directed at the same point of the flat-jet. The pivoting is once
again checked by placing the system such that the capillary points exactly at the microscope
camera, seen through the thin liquid layer. The capillary is marked on the video feed screen.
Then, we rotate the molecular beam by dθ and the main rotating stage by Θ = −dθ to verify
whether the capillary is still at the same position relative to the marking on the video feed. This
is done for the whole span of possible angles around the flat-jet (note that a full rotation around
the flat-jet is not possible; the molecular beam holder (ii) collides with the flat-jet holder (iv) for
a certain range of θ positions). If a problem is observed at this phase, the pivoting process has
to be repeated. This process requires significant time to be done correctly and its steps were
developed by us.

Once the pivoting is done, the flat-jet flow is set to 0.02 mℓ/min (this is to keep a minimum flow
and avoid the clogging of the microchip) and the assembly is mounted in the vacuum chamber.

111



Chapter 6. Gas–water scattering dynamics

Figure 6.13: The tripod assembly mounted inside the vacuum chamber.

For it to fit through the 100 mm orifice, the micrometer screws of the larger manual 2D stage
(v) have to be removed. The linear feed-through (viii, seen in figure 6.12) is set to its highest
position to avoid any collision with the skimmer or catcher entrance in the process of moving the
delicate equipment to inside the chamber. Once inside, it can be lowered down, the micrometer
screws can be mounted back, and the coordinated movement of X, Y and Z allows the flat-jet
to be placed in front of the entrance skimmer. The many, stiff and lengthy cables have to be
managed carefully not to collide with fragile objects inside the chamber. This also has to be
done for the cables not to hinder any movements done by the device (specially rotations) during
its operation. Figure 6.13 shows the Tripod assembly mounted inside the vacuum chamber.

A LabVIEW program was written to monitor and record every relevant data during measurements.
The six axes of the Tripod are controlled via software but the Θ rotation is done using an external
joystick. This was the only available option for us in due time because the joystick is also a
piezomotor driver, and there were no other drivers available in stock. This brings the advantage
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Figure 6.14: A screenshot of the data acquisition computer desktop during a measurement

of using the joystick, which is convenient, for most of the measurements because this controls the
scattering probing angle and is the stage which needs to be moved the most. In the LabVIEW
program we have also incorporated the raw readout from the detector. The official software from
Extrel called Merlin Automation still has to be used in the background for it sets and controls
the voltages and parameters of the instrument. In a normal measurement, it is be used to switch
on the voltages, select the mass range and adjust the voltage applied on the microchannel plate
so to yield count rates within ideal ranges, and it is left running in the background while the
LabVIEW program deals with the actual signal. We have written the program carefully such
that the mass spectrum can be seen in a live feed, mass ranges to be considered as signal and
background are selected, and computing of averages and noise subtractions can be done on-the-fly.
I have written a complete file recording system such that it saves general information on the
experiment such as pressures and temperatures at a selectable rate, and also saves the signal
from the detector, the selected angles on the Tripod and gas used (entered manually) and the
gas pressure applied to the molecular beam, in designated intervals and time steps. Figure 6.14
is a screenshot of the data acquisition computer desktop during a measurement, showing the
LabVIEW program at the left, the main camera view at the top-right (illumination was off at
that moment) and the Smaract control software at the bottom-left. We have also written a
MATLAB program to which the recorded data is then transferred and, once the parameters are
entered, it automatically extracts signal averages for each probing angle and plots the angular
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signal distribution.

Before taking an actual scattering spectrum, it is again crucial to measure the unobstructed
molecular beam profile similarly to what was described in section 6.3. With the flat-jet (com-
pletely) off, the chamber is pumped down. This causes water to be forced out of the microchip
and its feeding tubes. If the pressure drops too fast, icicles will form at the tip of the microchip,
what can greatly disturb the characterisation of the expansion from the capillary. Pressure is
re-established in the chamber for the ice to melt and the process is repeated until the microchip
and its tubing are completely dry. The chamber is pumped down to at least 10−5 mbar and gas
pressure is applied to the molecular beam gas line to produce the beam. We have determined
that 500 to 1000 mbar was the appropriate pressure range to produce good signal and to avoid
disrupting the leaf when the flat-jet is on. Note that the actual gas flow at the output of the
capillary highly depends on parameters such as the capillary length and diameter, and gas tube
length and diameter which, determines the pressure drop from the measuring point up to the
output. We have used, in this setup, PEEKsil capillaries of 50 µm internal diameter and ∼ 3 mm
length, and PEEK tubes of 1 mm internal diameter and length ∼ 50 cm from pressure gauge to
capillary connection. This means that a higher gas flow is to be expected with same pressures
compared to the experiments done previously. The gate valve to the detector is opened and the
expansion is then characterised as a function of incident angle (relative to the skimmers line)
similarly to what has been done in the previous phase of the experiment (section 6.3).

Once the angle-dependent characterisation of the beam is done, the gate valve to the detector is
closed and the chamber is then partially vented to allow for the flat-jet to be generated. The
catcher dewar is filled with liquid nitrogen, the catcher entrance heated up to 120 ◦C and the
flat-jet is started. The chamber is pumped down and liquid nitrogen is fed to the tubes for
the five copper plates. Once pressures and temperatures are nominal (at their expected levels
according to daily experiments), the gate valve to the detector is again opened and a scattering
measurement as a function of incident and outgoing angles relative to the water surface normal
starts.

The procedure described here is the one adopted when the signal behaviour is as expected, e.g.,
the shape and intensities of the mass spectrum peaks, and the signal intensity distributions as
functions of probing angle.

114



6.5 A gas–water scattering experiment: Second generation

6.5.3 Tests, results and discussion

We have performed several and exhaustive tests on the new setup to assess its functionality and
troubleshoot problems as they were identified. We have faced two main difficulties during this
process: skimmers alignment and detector instabilities.

The skimmers alignment problem is intimately related to their mounting in the differential
pumping chamber. This intermediate chamber, seen in figures 6.5 and 6.13, is made from three
3D-printed pieces. We have chosen this method due to its intricate overall shape, which is
required to fit at a corner of the main chamber and to interfere the least possible with the
movements of the Tripod. A stainless steel version was made in the past, before the Tripod
implementation, when the constraints were less binding. Our workshop spent several weeks to
prepare it in within all the specifications and the final product required a few concessions to
be made in order to have it working. A more complex piece made from standard methods in
due time was, then, not considered. The 3D-printed chamber is sufficient in creating a specific
intermediate volume between the experimental and detector chambers, with skimmers being
their only intended communication points. Due to its plastic composition, it is slightly flexible –
for that reason, its sealing with the walls of the main chamber was not ideal at all points and
reinforcement with vacuum-compatible tape was made. This flexibility can be one of the culprits
for skimmer misalignment over time.

The detector instabilities were observed as mass spectrum peak broadening and shifting, intensity
fluctuation and intermittent unknown background signal. Those effects would emerge and
disperse hourly or daily, such that measurement reproducibility was deeply compromised. Extrel
performed several remote servicing sessions on the equipment and optimisation measures were
taken, changing voltages and settings on specific components. The stock amplifier, controlled by
software, was replaced by another with selectable amplification intensity. Those improved the
situation such that measurements could at least be performed, however the Extrel technician
stated that solving the problems might require the detector to be dismounted or even sent back
for repairs. We could not afford such lengthy service at the moment so we have opted to keep
working under said conditions. To exemplify how significant were the problems encountered,
refer to figure 6.15. Image 6.15a is a screenshot of the Merlin software during a detector test after
the optimisations were applied, using the stock amplifier and CO2 gas, leaked into the chamber.
This gas has a molecular mass of 44 atomic units, so a sharp peak centred at 44 was expected to
be seen, but this broad and shifted shape was observed. There is a hint that this shape might
be formed by two less broad peaks. In image 6.15b it is shown a spectrum acquired by the
replacing amplifier using the LabVIEW program, under similar conditions and selected mass
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(a)

(b)

Figure 6.15: Mass spectra around the CO2 region recorded by the Extrel detector. The spectrum in (a)
was obtained using Merlin Automation software, from Extrel, and in (b) by a LabVIEW program written
by us using an oscilloscope.

range. The two vertical red bars mark the range where the CO2 mass peak was expected to be
seen according to the one seen in the previous image. The integration of the signal within those
lines is what will be denoted as "integrated signal" further in this section. We can observe the
appearance of a double peak with what seems to be a crescent exponential background baseline.
Signal between yellow lines was used to calculate background signal and be discounted from the
measured signal. A situation with better overall signal can be seen in figure 6.14.

Several attempts to measure an angle-dependent beam profile were performed and, as mentioned
previously, signal intensity often would point to skimmer misalignment. This was concluded by
carefully moving the molecular beam source around the entrance skimmer. We have searched
for an intense peak that would indicate that the beam is perfectly aligned to the skimmers line,
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6.5 A gas–water scattering experiment: Second generation

(a) (b)

Figure 6.16: (a) shows a beam profile measurement done using the Tripod assembly. (b) is the mass
spectrum observed during the measurement; data points recorded are the integration of the signal between
red lines. More details in the text.

but this was never observed. A beam profile assessment that was considered good enough for a
scattering measurement is presented in figure 6.16a, with crosses being averages of 30 seconds of
CO2 peak signal integration, with 1 bar of this gas applied to the molecular beam capillary. In
this measurement, for an unknown reason, we could not request the mass range to be focused
only around the CO2 peak. This caused the signal from the detector to oscillate quickly and
irreproducibly, also independently of sample gas load or background pressure. Instead, if the
full mass range was requested, the mass spectrum became stable and reliable. This situation
persisted for several days. So we have improved our LabVIEW program to determine mass peaks
using water and nitrogen peaks (always present and visually identifiable) as reference, to allow
for a reliable identification of the CO2 mass range to be considered during a measurement. A
screenshot of a full range mass spectrum is shown in figure 6.16b. As it was previously done, data
was recorded as integration of signal between red lines and discounted by background selected
between yellow lines. This method worked reasonably well, but greatly reduced the precision
of our measurements. This is reflected in a considerably large standard deviation of each data
point seen as error bars in figure 6.16a. The solid line in this image is the best fit automatically
found by MATLAB when requested to fit data excluding angles larger than 40◦, and it is a
sum of two Gaussian curves (this fit was only done as a guideline and was not actively used
in any calculation). Two Gaussians are to be expected if it is considered that the beam passes
through two skimmers, so the first skimmer determines a broad alignment, assumed to follow
the normal distribution as a function of incident angle, and the beam transmitted by the first
skimmer would repeat this process when encountered the second skimmer, at a lower intensity.
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Chapter 6. Gas–water scattering dynamics

Figure 6.17: Result from an attempted scattering experiment of CO2 on a flat surface of pure water.
Beam pressure was 1 bar, incidence angle was 45◦ and molecular beam distance to water was smaller
than 0.5 mm. X markers are the beam profile, data taken with the flat-jet off, and square markers are a
repetition with the flat-jet on.

This measurement, although not symmetric, was centred in Θ = 0◦, so it was considered to
be good for a scattering measurement. However, unfortunately, we could not perform this due
to microchip clogging and freezing issues. The Tripod assembly had to be removed from the
chamber for microchip replacement, so this measured beam profile would not hold for a new
measurement and is only shown here as an example for a beam profile measurement.

Again, for an unknown reason, the detector signal soon returned to yield more reasonable mass
spectra when the mass range was selected to be within 41 to 44 a.m.u. A new beam profile
measurement was done and, this time, a scattering experiment could be attempted. This is shown
in figure 6.17, in which the molecular beam was kept at 45◦ incidence angle (to the water surface)
and 1 bar of CO2 gas applied to the molecular beam capillary. Also here, each point is an average
of 30 seconds of measurement. Error bars are present (mostly not noticeable due to their small
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magnitude), denoting one standard deviation above or below the average of the integrated signal
for a given data point, taken over 30 s. These error bars and are notably smaller than when the
full mass range method is used, figure 6.16. Crosses are the measurement of the angular beam
profile, with flat-jet off. The vertical bar at Θ = 0◦ is the expected maximum. This time, the
best alignment found yielded a very broad beam profile, also shifted from its expected maximum.
This shows a similar behaviour seen in the measurements done using the previous mount design,
figure 6.9, despite the use of a much more precise instrument. However, a much better signal
contrast (ratio between maximum and minimum signal level) is present here in comparison to the
previous mounting mechanism. With the flat-jet on using pure water at a flow rate of 4 mℓmin−1,
the data marked with squares were recorded. A maximum at the specular reflection direction
was expected, denoted here with a vertical line at Θ = −90◦, but a descending quasi-linear
behaviour is seen throughout the measured range instead, from Θ = −100◦ to Θ = 45◦. This is a
clear indication of instabilities in the detector. After the completion of the measurement, the
probing angle Θ was returned to −15◦ (the observed maximum with flat-jet off), −45◦, −90◦

and −100◦ for assessment of reproducibility, which clearly did not stand. Lastly, the gate-valve
to the detector chamber was closed and one more data point was taken for the determination of
true background signal level. Figure 6.18a is a photograph taken during this experiment, at the
position Θ = −100◦. From this image and known dimensions, we estimate that the distance from
the molecular beam capillary orifice to the water surface was smaller than 0.5 mm. This distance
could be further reduced after removing the PEEK envelope around the silica capillary, like
shown in figure 6.18b, where the distance to the water surface is smaller than 0.2 mm. However,
any attempted measurements after the shown in figure 6.17 suffered even more heavily from
detector instability and yielded meaningless data. This, unfortunately, points to a deterioration
of the detector condition, specially when a higher gas load is directed to its chamber – such when
the flat-jet is on and its vapour increases the background pressure by one or even two orders of
magnitude. This was carefully reassessed and confirmed: a beam profile could be measured before
instabilities would take place, and 5 to 10 minutes after the flat-jet was switched on, the signal
would gradually drop without any changes of the system in the course of the measurement. A
similar effect would occur without the flat-jet on, but instead of 10s of minutes, it would require
a couple of hours until the effect was significant. The situation could be returned to normal if a
hard reset of the system was done, restarting all the equipment related to the detector. After
every reset, the shape of the mass peaks could change drastically (compare the spectra seen
in figures 6.14, 6.15b and 6.16b), such that the integrated signal could only be compared with
normalisation procedures, but still the ratio between maximum and minimum signal levels in a
profile measurement could also drastically change.
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(a) (b)

Figure 6.18: (a) is a photograph of the setup used to acquire the data shown in figure 6.17 when Θ was set
to −100◦. (b) shows an improvement on the setup, exposing the silica capillary such that the molecular
beam could be placed even closer to the water surface. Unfortunately, the mass spectrometer has since not
worked stably enough for a measurement using this setup.

6.6 Conclusions and prospects

We have built an experiment to perform gas–water scattering experiments. Our Tripod assembly
brings a molecular beam source close to the water surface, at a distance small enough to ensure
high sample gas density and minimise water vapour interference to inbound and outbound
molecules. The movements the equipment performs are of a variety and precision level that
guarantee enough control of the experiment under such conditions. A skimmer collects the
scattered molecules at a distance of 1 mm from the scattering centre, which is the minimum
distance possible due to the dimensions of the flat-jet. However, our vacuum chamber designs
might be flawed regarding the skimmers placement and alignment procedures, due to a complex-
shaped differential chamber which required a plastic (and, therefore, slightly flexible) 3D-printed
model. Additionally, the quadrupole mass spectrometer used as our main detector presented
serious instabilities when we were at the final phases of setting up the experiment, leaving us no
due time for a proper and, most probably, lengthy diagnosis and corrections of the problems.
For a continuation of the project, those problems have to be addressed, but we have proposed
and assembled solid solutions for the most difficult technical issues involved in performing such a
novel experiment; we believe we have reduced the required technical leap to a mere step.
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7 Summary of the thesis

This thesis presented mainly three works connected by the subject of aqueous interfaces.

The first one is the investigation of the liquid–liquid interface generated when a flat-jet is created
by colliding two microjets. We have used the chemiluminescence reaction of Luminol to answer
the question whether the individual liquids from each microjet mix in the flat part of the first
leaf of the flat-jet. Our results show that they do mix but only through the process of diffusion,
rendering flat-jets an excellent tool for liquid–liquid interfacial chemistry studies, as they generate
a steady-state interface between two solutions which is unhindered by other materials other than
the solutions themselves. The time coordinate in the order of 100s of microseconds is translated
into a spacial coordinate of a few millimetres, conveniently placed at a range that is currently of
difficult spectroscopical access.

The second study described in this thesis is concerning a recently employed absolute photoelectron
energy referencing on the field of liquid jet photoelectron spectroscopy. We have applied this
technique to sodium iodide and tetrabutylammonium iodide solutions, two well studied samples
in the field. With the former electron energy referencing methods, it was not possible to discern
whether the concentration of solutes cause a change in the binding energies in the range of the
valence bands of the systems. Our findings show that this indeed happens to a significant extent,
opening even deeper questions related to other less known systems.

As for the third work, it is the experimental development of a new apparatus which aims at
unravelling the gas–water scattering dynamics. Initially, we describe an experiment on the
transmission of a He molecular beam through a water microjet, which permitted us to conclude
that, for a molecular beam source to overcome the dense vapour layer formed around a liquid
water surface, it is key to approach the source as much as possible to the liquid. We have then
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Chapter 7. Summary of the thesis

built two generations of a machine with the goal of scattering gas at the surface of a water flat-jet
with angle and mass resolution (and, also, energy resolution with the implementation of the
velocity selector), granting us the distinction of some of the main physico-chemical processes that
are expected to be seen. Due to malfunctions in the detection system, we have not yet performed
a reliable and reproducible measurement.
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A LJ-PES – additional information

We display here some additional information regarding the experiments described in chapter 5.

Figure A.1: Same data for NaI as shown in figure 5.5 before normalisation of the signals. The intensities
of water features drop with increased NaI concentration, while the I– increase.

Figure A.2: Same data for TBAI as shown in figure 5.8 before normalisation of the signals. Analogously
to NaI, intensities of water features drop with increased TBAI concentration, and the I– increase.
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Figure A.3: The same data for TBAI(aq) as in figures 5.8 and A.2 but aligned to the same 1b1 peak
position for better comparison of spectral changes with increasing concentration. The grey curve shows the
difference between the 35 mM TBAI(aq) and neat water spectrum, which we assign to TBA+.

Figure A.4: Examples of fits for the spectra shown in chapter 5. The measured signal is in black, the
resultant fit is in red, water band features in green and iodide bands in purple.
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B Velocity selector

Due to the spacial constraints of the differential pumping chamber, we would not be able to
implement a traditional velocity selector using two chopper wheels, for example. Our solution
to this is a single wheel with its rotating axis perpendicular to the path of the molecules. This
wheel has slits placed in a manner such that, given their positioning, width and the rotational
speed of the wheel, only molecules travelling in a specific range will be able to traverse it. This
wheel is shown in figure B.1. The wheel is made in aluminium and has an outer diameter of
70 mm. Since it is meant to rotate in the range of thousands of rpm, it has to be fabricated
with very high precision and all features have to be radially symmetrical, so its centre of mass
remains at its centre of rotation. Slits are made using a wire saw, with 0.15 mm width in a thin,
0.3 mm deep ring section of the wheel. Using figure B.1 as reference, a slit is initially made in
the horizontal (red) line, cutting the wheel in both sides. Then the wheel is rotated around its
shaft axis by a desired angle θ between slits and a new identical slit is made (along the blue
line). This keeps the object symmetrical and balanced for high speed rotations. The angle θ
will determine the necessary rotational speed applied to the wheel that will allow molecules
with certain velocities to pass through its diameter. The section close to the position where
the slits are cut is machined down, to reduce the depth of the slits to 0.25 mm. The working
principle of this velocity selector is as follows: The aluminium wheel rotates at angular speed ω.
A molecule incoming from the left will enter the slit which is now at the central line. By the
time the molecule reaches the other side of the wheel, the correspondent opposed slit, at the
same line, will have rotated. Only if the molecule velocity causes it to arrive at the other side of
the wheel at the same time that the second slit has been dislocated of θ, the molecule will not
be blocked and make its way to the detector on the right hand side of the picture. Molecules
entering the second slit from the left (situated at the blue line) will not find an open path at
the other side and will be blocked – only molecules passing through the first slit at the left and
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Figure B.1: A CAD design of the velocity filter wheel.

reaching the second slit at the right will be detected. More slits are cut symmetrically around
the wheel to increase effective signal per rotation (duty cycle). The number of additional slits
allowed to be made will depend on the velocity spread of the incoming gas and on θ, to avoid
slower molecules to pass through an unintended combination of slits. Using Maxwell-Boltzmann
distributions for the gas samples we intend to use, the lightest one of them being helium, we can
decide on the values of the parameters, mainly θ and ω, for resulting selected velocities. The slit
width and skimmer diameter determine the opening time of the suitable path for the molecules,
therefore corresponding to a velocity spread around the selected velocity. The wheel made by our
workshop has a slit width of 0.15 mm and the smallest skimmer diameter is of 0.1 mm (those were
the lower machining limits available for us). All these parameters are taken into account for the
simulations in figure B.2. Solid black lines show the selected velocity (v0) for a given rotational
speed of the wheel in revolutions per minute (rpm), and coloured regions should be read with
vertical lines, denoting the accepted velocities in the y axis. Maxwell–Boltzmann distributions at
60 K are displayed to aid on the decision of the parameters for the construction of the wheel
with dotted lines at their maxima for general guidance – the temperature was chosen according
to the expected gas temperature after supersonic expansion at the surface of the water flat-jet.
For our slit width and skimmer diameters, different angular slit spacing simulations are shown.
Larger spacing translates in smaller pass velocity interval, but requires higher rotational speeds.

The selected velocity v0 is given by:
v0 = ωD

θ
(B.1)
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Figure B.2: Simulations of selected v0 and vpass for different angular dispositions of the entrance and exit
slits in the velocity selector wheel. Maxwell-Boltzmann distributions of gas samples of interest at 60 K
are displayed, together with their maxima, to assist with the visualisation of best trade-off between pass
velocity spread and required rotational speed of the wheel.

and the maximum and minimum pass velocities v+
pass and v−

pass are calculated with:

v±
pass = ωD

θ ∓ τ
, τ = w + sd

ωD
(B.2)

where D is the diameter of the wheel, the total path that the molecules cross at the selected
velocity during time (D/v0) and ω is given in revolutions per second3. τ is the time window in
which molecules can cross both slits; a slow molecule will enter the slit from the left as soon as
the path is opened and reach the other slit, at the right, immediately before the path is blocked,
while a fast molecule will pass thought the first slit before it closes and reach the second slit
as soon as its path is opened. The opening time is calculated using w, the slits width, and sd,
the skimmer diameter; in the case of our experiment, the smallest skimmer diameter is 0.1 mm
and the largest is 0.3 mm, so here we consider the accepted trajectories to be within the average
skimmer diameter sd = 0.2 mm. ∆v(θ) is the ratio between the range of accepted velocities and
v0, constant for a given slit spacing θ, given by:

∆v(θ) =
v+

pass − v−
pass

v0
(B.3)

For the angular spacings used in the simulation, we find ∆v(5◦) = 23%, ∆v(10◦) = 11%,
∆v(15◦) = 7% and ∆v(20◦) = 5%. An important fact should be noted: the larger θ is, the less
slits can be placed around the circumference of the wheel to avoid harmonics – the passage of
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Figure B.3: A CAD design of the velocity filter wheel mounted inside the differential pumping chamber.

molecules that are slower than v0 but still make through a second combination of slits due to
fast rotation of the wheel. For example, a wheel with θ = 10 and 8 slits distributed around its
circumference, therefore 45◦ apart, will allow molecules travelling at vpass/(45◦/θ) = vpass/4.5
to pass through the next (unintended) slit. Under the simulated conditions, this corresponds
to harmonic leakage only in the very extreme velocities in the MB distributions, e.g., for water,
450 m s−1 and 100 m s−1 or, for CO2, 360 m s−1 and 80 m s−1, placing the corresponding vpass at
the maxima of the MB distributions.

We have purchased a motor to provide the necessary motion to the wheel. It is a ECX SPEED
13 M from Maxon, vacuum compatible, small enough to fit our current differential chamber and
its maximum rotational speed is of ∼ 72 000 RPM. This number is much higher than necessary
because, as such, we assure the motor will operate at low current regimes, reducing the amount
of heat produced in its body. This is to allow us to use the motor under vacuum without
implementing a specific cooling solution on it. Figure B.3 shows the CAD design of the velocity
filter wheel mounted on the motor inside the differential pumping chamber.
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