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Abstract

The unique structure and dynamics of the water hydrogen (H)-bond network en-
able a multitude of structures and chemical reactions in both bulk solutions and
at interfaces. The underlying molecular interactions between water and dissolved
electrolytes, organic molecules, and nanoscale interfaces are difficult to study and
hence not fully understood, especially when it involves interactions of length scales
larger than one nanometer. In this thesis, we perform second order nonlinear light
scattering experiments to investigate extended hydration shells (over one nanometer)
and interfacial structures of buried aqueous interfaces that surround nanodroplets.

We investigate the spatial range of ion-water interactions by probing the
molecular structure of the water network in dilute electrolyte solutions. We find
that electrolytes induce long-range, non-ion-specific orientational order in the H-
bond network of water (over distances up to 70 hydration shells or 20 nm). These
modifications in the water network start at electrolyte concentrations as low as 10 uM.
The amount of induced orientational order and the concentration at which it occurs
is different between light and heavy water. We link the observed ion induced changes
in the bulk H-bond network of water to ion induced surface tension anomalies that
occur in the same concentration range.

We also study the same interactions in solutions with higher electrolyte con-
centrations focusing on cations. We observe specific ion effects in both the local
charge distribution and water ordering in extended hydration shells of ions. Cations
with larger charge densities induce larger changes in these two observables that follow
a direct Hofmeister trend. The ion-induced structural changes in the water network
are strongly correlated with the viscosity B-coefficient and hydration free energy
of cations. These correlations facilitate constructing a better molecular model for
specific ion effects in aqueous solutions.

Next, we study the nanoscale hydrophobe/water interface and related inter-
actions by probing the molecular structure of the interface formed with amphiphilic
alkanols. We find that alkanols form a fluid film at the oil nanodroplet surface. Long
chain alkanols show similar molecular structures and number densities at the inter-
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Abstract

face. With increasing alkanol density, interfacial water loses its initial orientational
alignment. The structure of interfacial oil molecules is more distorted for shorter
alkanols. This interfacial structure differs significantly from those of macroscopic
planar alkanol/water and alkanol/air interfaces and charged surfactant/oil/water
interface, which can be explained by the balance between dispersive and H-bonding
interactions.

Finally, we develop a new membrane model system: 3D-lipid monolayers
with tunable molecular structure on oil nanodroplets in water. This in-situ prepared
system mimics the structure of lipid droplets in cells. The interfacial structure of lipids
can be tuned from a tightly packed monolayer (liquid condensed phase) to a dilute one
(liquid condensed/liquid expanded coexistence phase) by varying the lipid/oil/water
ratio. The tunability of the chemical structure, the high surface-to-volume ratio, and
the small sample volume make this system ideal for studies of molecular interactions
of lipids in membranes.

Keywords: water, electrolytes, lipid, nanoscale interfaces, membrane, specific ion
effects, hydrophobicity, second harmonic generation, sum frequency generation,
nonlinear light scattering.
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Zusammenfassung

Die einzigartige Struktur und Dynamik des Wassernetzwerks durch Wasserstoffbriicken-
bindungen ermdéglicht eine Vielzahl von Strukturen und chemischen Reaktionen
sowohl in Bulk-Losungen als auch an Grenzflachen. Die zugrunde liegenden mole-
kularen Wechselwirkungen zwischen Wasser und gelosten Elektrolyten, organischen
Molekiilen und nanoskaligen Grenzflachen sind sehr komplex und daher noch nicht
vollstdndig verstanden. Dies gilt vor allem fiir die Wechselwirkungen, welche einen
Wirkradius von mehr als einem Nanometer haben. In dieser Arbeit wenden wir nicht-
lineare Lichtstreuungsexperimente der zweiten Ordnun an, um die ausgedehnten
Hydrationsschalen (ldnger als ein Nanometer) und die Struktur der Grenzflache zwi-
schen Nanotrépfchen und wéssrigen Losungen zu studieren.

Wir untersuchen den dreidimensionalen Raum von Wechselwirkungen zwi-
schen Ionen und Wasser, indem wir die molekulare Struktur des Wassernetzes in
verdiinnten Elektrolytlésungen bestimmen. Wir finden, dass Elektrolyte eine weitrei-
chende, nicht ionenspezifische Orientierungsordnung im H-Bindungsnetzwerk vom
Wasser induzieren (iiber Distanzen, die dquivalent zu maximal 70 Hydratationsschalen
bzw. 20 nm sind). Diese Verdnderungen im Wassernetz beginnen bei Elektrolytkonzen-
trationen von nur 10 M. Der Umfang der induzierten Strukturverdnderung sowie die
Elektrolytkonzentration, bei der sie auftritt, ist verschieden fiir leichtes und schweres
Wasser. Die beobachteten ioneninduzierten Verdnderungen im H-Bindungsnetz des
Wassers verkniipfen wir mit lonen induzierten Oberfldchenspannungsanomalien,
welche bei gleichen Elektrolytkonzentrationen auftreten.

Nachfolgend untersuchen wir dieselben Wechselwirkungen in hoher kon-
zentrierten Losungen und betrachten dabei schwerpunktsméllig die Kationen. Wir
beobachten spezifische lonenwirkungen sowohl in der lokalen Ladungsverteilung
als auch in der Orientierung von Wassermolekiilen, welche sich in der erweiterten
Hydrationsschale der Ionen befinden. Kationen mit grofSeren Ladungsdichten indu-
zieren groflere Verdnderungen in diesen beiden Parametern. Beide Parameter folgen
dabei einem direkten Hofmeister-Trend. Die ioneninduzierten Strukturverdnderun-
gen im Wassernetzwerk korrelieren stark mit dem Viskositéts-B-Koeffizienten und der
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Zusammenfassung

freien Energie, welche die Hydration der Kationen beschreibt. Diese Korrelationen
erleichtern die Konstruktion eines besseren Modells fiir spezifische lonenwirkungen
in wéssrigen Losungen auf einer molekulare Ebene.

Als nédchstes untersuchen wir die nanoskalige Grenzflache zwischen hydro-
phoben Molekiilen und Wasser und die damit verbundenen Wechselwirkungen. Dazu
sondieren wir die molekulare Struktur der durch amphiphile Alkanole modifizierten
Oberfldche. Wir zeigen, dass Alkanole einen fliissigen Film an der Olnanotrépfcheno-
berflache bilden. Langkettige Alkanole zeigen vergleichbare Molekiilstrukturen und
Anzahldichten an diesen Grenzflichen. Mit zunehmender Alkanoldichte verlieren
die Wassermolekiile an der Grenzfldche ihre anféangliche Orientierungsausrichtung.
Um so kiirzer die Alkanketten der Alkanole sind, desto stirker ist die Struktur der Ol-
molekiile an der Grenzfliche verzerrt. Die Grenzflichenstruktur an den Oltropfchen
unterscheidet sich deutlich von der Grenzflachenstruktur makroskopisch planarer
Alkanol/Wasser-, Alkanol/Luft- und geladenen Tensid/Ol/Wasser-systemen. Dieser
Unterschied kann durch das Gleichgewicht zwischen dispersiven Wechselwirkungen
und Wasserstoftbriickenbindungwechselwirkungen erklédrt werden.

Anschlielfend entwickeln wir ein neues Membranmodell-System: 3D-Lipid-
Monoschichten mit abstimmbarer Molekiilstruktur auf Ol-Nanotrépfchen in Wasser.
Dieses in situ vorbereitete System imitiert die Struktur von Lipidtrépfchen in Zel-
len. Die Grenzflichenstruktur der Lipide kann durch Variation des Lipid/Ol/Wasser-
Verhiltnisses von einer dicht gepackten Monoschicht (fliissig kondensierte Phase)
auf eine verdiinnte (fliissig kondensierte/fliissig expandierte Koexistenzphase) abge-
stimmt werden. Die Abstimmbarkeit der chemischen Struktur, das hohe Oberflachen-
zu-Volumen-Verhiltnis und das geringe Probenvolumen machen dieses System ideal
fiir Untersuchungen von Wechselwirkungen zwischen Lipiden in Membranen auf
molekularer Ebene.

Stichworter: Wasser, Elektrolyte, Lipide, nanoskaligen Grenzflachen, Membranen,
spezifische loneneffekte, Hydrophobizitét, Frequenzverdopplung, Summenfrequenz-
generation, nichtlineare Lichtstreuung
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|} Introduction

1.1 Water

“A colorless, transparent, odorless, liquid which forms the seas, lakes, rivers, and
rain and is the basis of the fluids of living organisms” is the definition of water in
the Oxford dictionary!. Water is omnipresent in nature. It covers 71% of the Earth’s
surface; it composes roughly 60% of the human body. One of the most important
and indispensable functions of water in nature is to dissolve different substances and
allow various biological processes as well as physical and chemical processes to occur.
As the universal solvent on Earth, water provides an essential environment for the

birth and evolution of life. There is no wonder that water is called the “matrix of life”.2

6+

0.97 A

1.74 A

276 A

Figure 1.1 — Schematic illustration of two hydrogen bonded water molecules. The two water
molecules are hydrogen bonded as indicated by the yellow dashed line. The properties of the wa-
ter molecules noted in the figure are obtained from Ref..

Water is simple in molecular structure, composed of only one oxygen (O)
and two hydrogen (H) atoms. Figure 1.1 shows a schematic illustration of two water



Chapter 1. Introduction

molecules connected by a hydrogen (H)-bond. Despite the simple three-atom struc-
ture, water presents extraordinarily complicated physical and chemical properties
due to its ability to form H-bonds and its amphoteric nature.® One example is that
the density of ice is lower than that of liquid water at 0 °C and standard atmospheric
pressure. As a consequence, ice can float on top of water. In contrast, the solid
state of almost every other compound is heavier (denser) than its liquid state. The
complicated properties of water make the solvation of different substances and their
interactions in water intricate and elusive.

1.2 Electrolyte solutions

One of the most fundamental and long-standing questions about aqueous solutions is
how electrolytes interact with water. Electrolyte solutions are ubiquitous and the basis
of complicated biological aqueous systems, where ions are present in solutions and as
functional groups on proteins, peptides, lipids, sugars and other macromolecules. The
hydration of ionic groups is related to various physiologically, medically, and chemi-
cally relevant processes. Examples are protein folding and precipitation, enzyme, ion
channel, or ion pump activity, the action potentials generation, the transport across
membranes, self-assembly processes, interfacial charging, and aerosol formation.*8
Physical properties of electrolyte solutions also depend on the electrolyte. Examples

are the surface tension?

, viscosity 1%, and hydration free energy!!'!2. In this thesis,
we will treat two open questions that are crucial for understanding the interaction
between electrolytes and water:
1. What is the spatial range of the interaction of ions with liquid water?
2. What is the connection between the molecular structure and the macroscopic
properties that are influenced by electrolytes, such as the surface tension, vis-

cosity, and hydration free energy? Are these long-range or only short-range?

13,14 13,15,16

Many previous experiments and simulation studies of the molecu-
lar structure and dynamics in electrolyte solutions showed that ions induce a short-
range perturbation in the structure and dynamics of water, up to the third hydration
shell.” The underlying interaction is mainly the charge-dipole interaction between
the ion and water molecules. Specific ion effects are observed at electrolyte concentra-
tions above ~0.1 M.!7 They constitute ion-specific changes in a physical or chemical

property, such as the surface tension, solubility, aggregation, or reactivity. Specific

1 We will refer to short-range when the interaction occurs within one nanometer, and refer that > 1 nm
to long-range.

2



Chapter 1. Introduction

ion effects have been the topic of many recent studies*!8-2!

and are important to
understanding a multitude of biochemical processes.

Long-range ion induced effects are less well studied and are often shrouded
in controversy. One effect that is of particular interest to this thesis is the Jones-
Ray effect. Jones and Ray reported on the surface tension of 13 different aqueous
electrolyte solutions at low ionic strengths.??-2® They measured, using the capillary
rise method, that the surface tension gradually decreases, reaching a minimum at ~1
mM, after which it levels off and finally increases at ionic strengths above ~100 mM.

The data of NaCl solutions measured by Jones and Ray?° is plotted in Fig. 1.2.

1.0004

1.0002

1.0000

Relative surface tension

0.9998

] | | ] |
0.002 0.004 0.006 0.008 0.01

NaCl concentration (M)

Figure 1.2 — Surface tension change as a function of NaCl concentration in water. The surface tension
of NaCl solutions was measured by the capillary rise method by Jones and Ray. This data is adapted
with permission from Ref.2°. Copyright 2017 American Chemical Society.

Surface tension reports on the free energy of an interface. As such, a lowering
of the surface tension suggests that the excess of ions at the interface increases,?’
meaning that there is some kind of ion binding. The data measured by Jones and Ray
is therefore controversial because it seems to suggest that there is some preferential

2829 or jon pairs3? at the interface.

unspecific concentration dependent binding of ions
This behavior seemingly contradicts expectations: Ions are preferentially hydrated,
and thus not surface active at low concentrations332. In addition, as a confirmation
of the previous statement, ions increase the surface tension at high salt concentra-
tions.?”33 Currently, even though Jones and Ray made their first observation in 1935,

9,29,34-42 it is still controversial. Questions that

and despite many studies on this topic,
are commonly asked revolve around the validity of the effect and its possible physical

origin.
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Periodic Table of Elements

Polyatomic lons

1A ammonium NH,* dihydrogen phosphate H,PO,
1

H* A hydroxide OH- sulphate SO VIIA
B Lt nitrate NO, thiocyanate ~ SCN-

- q 2-

= = perchlorate CIlO, thiosulphate  S,0, =

Na* | Mg? Cl-
19 20 35

K+ | Ca Br
37 38 53

Rb* | sr* I
5

Cs*

Figure 1.3 — Periodic table of elements, with ions studied in this thesis highlighted.

In the first part of this thesis, we will present studies of the molecular structure
of electrolyte solutions probed with femtosecond elastics second harmonic scattering
(fs-ESHS), a second-order nonlinear optical method. Figure 1.3 shows a periodic table
of elements, in which the ions that were studied in this thesis are highlighted. We
will discuss the ion-water interactions based on our experimental observations and
theoretical modeling and try to shed some new light on the above two fundamental
questions concerning electrolyte solutions.

1.3 Aqueous nanoscale interfaces

Another aqueous system of great importance in nature is the aqueous nanoscale
interface. An aqueous nanoscale interface is a boundary between water and an
insoluble substance with a nanoscopic size. Transitions between the hydrophilic
and hydrophobic environments take place at the interface. An aqueous nanoscale
interface can be the membrane in a cell, mainly composed of various lipids, ** and
can also be the surface of nanoparticles/droplets dispersed in water?*. As interfaces
are two dimensional and often exhibit different physical and chemical properties,
they play important roles in structural transformations, transport phenomena and
reactivities.#?”¥> Nanoscale droplets embedded in aqueous phases are important
constituents of many systems. Examples are emulsions in food, agriculture and
medical products, adiposomes (lipid droplets) in living cells and miniature vessels
for synthesis and reactions.*>*® Since it has been demonstrated only recently that
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Chapter 1. Introduction

such interfaces could be studied with molecular level precision*’, many aspects of
the physico-chemical properties of these systems are unknown.
One system of great interest is that of hydrophobic oil droplets in water. Two
topics are of particular interest in the frame of this thesis.
1. In such a system, how does the molecular structure evolve from the aqueous
phase to the hydrophobic phase?
2. Can small droplets be used to develop a platform for more realistic molecular
level membrane studies?

A B
/\/\/OH 1-pentanol j\
1
HiCH O 07 3 0 P~0 _~ ¢
\/\/\/OH 1-hexanol H3C(HoO)rg \ﬂ/o H O |

0]

NN 1octanol
\/\/\/\/\/\/OH 1-dodecanol

Alkanol Phospholipid

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)

Figure 1.4 - Structural formulas of alkanol and phospholipid molecules used in this thesis. (A)
Structural formulas of alkanols. (B) Structural formula of DPPC.

1.3.1 The transition from hydrophobic to hydrophilic bulk mate-
rial

The quantitative study of the hydrophobe/water interface and related interactions
started with interfacial tension studies on insoluble monolayers over a century ago. *8-50
Based on these studies, it was suggested that amphiphilic molecules can lower the en-
ergy of the interface and thus are surface active. Alkanols are uncharged amphiphilic
molecules consisting of a hydrophobic hydrocarbon chain and a hydrophilic hydroxyl
(OH) group (see the structural formulas in Fig. 1.4A). As such, they are the simplest
molecules to facilitate the formation of a hydrophobic/hydrophilic interface. Several
studies have been performed at the water/alkanol/oil interface. These studies®!™”
painted a picture of an alkanol layer that is highly structured, forming even crystalline
domains that facilitate the transition from the water to the oil phase. It is not clear
whether the exact same structures are found around small droplets.

In the second part of this thesis, we will present a molecular level in-situ

study of the transition from a hydrophobic to an aqueous phase at the nanoscale
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Chapter 1. Introduction

interface by using vibrational sum frequency scattering (SES) and second harmonic
scattering (SHS). A full molecular level insight into the molecular structural aspects of
the transition will be provided.

1.3.2 Lipid monolayers

Another type of molecules that is often found in nature and plays a very important role
in facilitating life is the phospholipid molecule. Phospholipid molecules (as illustrated
in Fig. 1.4B) consist of, like alkanols, a hydrophilic headgroup and a hydrophobic
tail. They form bilayer membranes in aqueous solutions and monolayer structures at
aqueous hydrophobic interfaces. Membrane studies on the molecular level are often
performed using Langmuir monolayers as a model system (as illustrated in Fig. 1.5).
Despite their advantages, such as an easy access to the interface and phase tunability
of the Langmuir monolayer, Langmuir troughs also have a number of drawbacks. One
main drawback is the small surface area of Langmuir troughs relative to their large
sample volume (e.g. the Microtrough XS from Kibron®® has a surface area of 135.7
cm? and a sample volume of 145 mL). As a consequence, large amounts of often hard
to come by biomolecules are needed. In addition, limitations on the available purity
of biomolecules (lipids, > 99%; proteins, ~ 95%) results in unavoidable concerns
regarding cleanliness and reproducibility/reliability. The presence of air as one of the
contact media also leads to an environment that is not very close to most membrane
environments. Meanwhile, in this environment, unsaturated lipids and compounds

(such as cholesterol) are not stable in the Langmuir monolayer due to oxidation. %

Langmuir monolayer

Barrier / Barrier
Liquid subphase

Stage

Figure 1.5 — Schematic illustration of a Langmuir monolayer.

In the last part of this thesis, we will present a new membrane model system
for in-situ lipid studies: phospholipid monolayer on oil nanodroplets in water, which
mimics the structure of a lipid droplet®. We will use 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, see the structural formula in Fig. 1.4B) as a model lipid. This

6



Chapter 1. Introduction

membrane model system has a surface area of 18 cm? in a typical volume of 60 uL, is
prepared in solution, and thus solves the above-mentioned issues.

1.4 Nonlinear optical methods

Second-order nonlinear optical methods are surface sensitive optical techniques that
are used to probe the molecular level structure at interfaces. In the next section, we
will introduce these methods in brief. Further information is provided in Ch. 2 and 5.

————— -—-- VS
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Figure 1.6 - Schematic illustration of the optical processes in SHG and SFG. (A) Illustration of the
energy level transition in SHG. Two incident photons with the same frequency w excite a molecule
from the ground state GS to a virtual state VS (red arrows). Subsequently, the molecule returns (green
arrow) to the ground state GS with an emission of a photon with the frequency 2w. (B) The geometry of
SHG at a planar surface. (C) The geometry of SHS in a bulk medium. (D) Illustration of the energy level
transition in SFG. It shows the potential energy surface of a molecular vibrational mode. The incident
infrared (IR) photon is resonant with the vibrational mode, resulting in an excitation (red arrow) of
the molecular vibration. This molecular vibration is upconverted to a virtual state (green arrow) by a
nonresonant interaction with the incident visible (VIS) photon. Subsequently, the molecule returns to
the initial ground state (purple arrow) with an emission of a photon with the sum frequency of the IR
and VIS photons. (E) The geometry of SFG at a planar surface. (F) The geometry of SFS at a nanoscale
interface.
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1.4.1 Second harmonic scattering

Second harmonic generation (SHG) is a second-order nonlinear optical process discov-
ered by Franken and co-workers®! in 1961. Figure 1.6A shows a schematic illustration
of the molecular transitions involved in the optical process. Two incident photons
with the same frequency w excite a molecule from the ground state GS to a virtual
state VS. Subsequently, the molecule returns to the ground state with an emission of
a photon with the second harmonic (SH) frequency 2w. As a second-order nonlin-
ear optical process, SHG is forbidden in a medium with centrosymmetry under the
electric-dipole approximation. %263 Therefore, SHG possesses a specific sensitivity to
noncentrosymmetric spatial symmetry. SHG is used, for example, as a way to generate

tunable femtosecond (fs) laser pulses %466

, oI to probe non-centrosymmetric struc-
tures in inorganic crystals®’, protein crystals®, cells®?, tissues and organisms *°. Since
the centrosymmetry is necessarily broken along the normal direction of an interface,
SHG is a powerful surface-specific tool to characterize interfaces between isotropic
media with molecular level details. Bloembergen and Pershan ! first considered and
theoretically formulated surface SHG in 1962. Following this early work, the theory
of surface SHG has been well developed.’> " Since its first employment to probe
surface molecular monolayers in 1969 by Brown and Matsuoka’®, SHG has been
broadly used in studies of various planar surfaces/interfaces including solid/liquid
and solid/gas’""®, solid/solid "?, liquid/gas %, liquid/liquid®’, and solid/liquid
interfaces. Figure 1.6B shows a schematic illustration of SHG at a planar surface.
SHG can also occur in a bulk medium, such as in pure water as illustrated
in Fig. 1.6C. In this case, SH photons are generated and scattered by individual
molecules that have a non-centrosymmetric electronic structure. Second harmonic
scattering (SHS) was first observed in water by Terhune et al. in 1965.8! This type of
SHS was explained to arise from isotropically distributed non-centrosymmetric water
molecules. It is also commonly referred to as hyper-Rayleigh scattering (HRS).%? The

theory of HRS was first proposed by Cyvin et al.83

in 1965 and then generalized by
Bersohn et al.®! and Kauranen and Persoons®°. The SH light of HRS originates from
molecules that are not correlated in their spatial (orientational) positions. Therefore,
there is no fixed phase relationship between the generated SH photons and the HRS
intensity is linearly proportional to the number density of the molecules.

HRS has been used in the optical characterization of minerals®’ and the
determination of the hyperpolarizability of noncentrosymmetric molecules.?%8 The
derivation of the HRS intensity from aqueous solutions will be presented in detail in

Ch. 2.
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In addition to SHS from uncorrelated molecules, SHS can also originate from
correlated molecules.?* Molecules are spatially correlated by, for example, being
present at the same interface. In this case, the optical process is coherent and the SHS
intensity depends quadratically on the number density of correlated molecules. 8
The theory of SHS from nanoscale interfaces was first worked out for metal parti-
cles® as a nonlinear extension of the linear Mie scattering in 1980’s. This theory
was then developed extensively for dielectric particles. %% Experimentally, SHS from
colloidal particles in water was first demonstrated in 1996 by Wang et al., in which
the resonant SH light originated from malachite green molecules (a water-soluble
dye) adsorbed to the particle surface. Since then, resonant coherent SHS has been
widely used to probe the adsorption kinetics of molecules and to probe metallic
nanoparticles (see the review articles Refs.82:98,100,101y 11 1998 Yan er al. %2 first used
nonresonant SHS to probe interfacial water molecules to obtain the surface potential
and charge of polystyrene particles in water. Following that, several studies have
been performed in which the orientational order of water at nano- and micro-particle

surfaces was probed. 193113

1.4.2 Vibrational sum frequency scattering

Vibrational sum frequency generation (SFG) is a second-order nonlinear optical pro-
cess that involves the generation of a photon at the sum frequency (SF) of the two
incident photons. Figure 1.6D shows an illustration of the optical transitions involved
in an SFG process. An infrared (IR) beam and a visible (VIS) beam with frequency
wr,wys and wavevectors k;g, ky s respectively are incident on a material. The inci-
dent IR photon is resonant with a vibrational mode of the molecule, resulting in an
excitation (red arrow) of the molecular vibration. The molecule is upconverted to a
virtual state (green arrow) by the incident nonresonant VIS photon. Subsequently,
the molecule returns to the initial ground state (purple arrow) with an emission of a
photon with the sum frequency of the IR and VIS photons. By tuning the wavelength
of the incident IR beam, SFG can be used to selectively probe the vibrational modes
of specific molecules. Similar with SHG, SFG can be used to probe surfaces/inter-
faces with a high sensitivity. To probe surfaces/interfaces, two geometries can be
employed: reflection (Fig. 1.6E) or scattering (Fig. 1.6F). The development of the
theory of surface SFG dates back to the early work by Bloembergen and Pershan’.
Subsequently, the theory has been developed extensively in 1980’s and 1990’s, 7>114-116
First SFG setups were built in the late 1980’s and early 1990’s to probe macroscopic
planar surfaces by measuring the reflected or transmitted SF light. 8117124 During
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the last decades, surface SFG has been broadly applied in studies of various pla-

9,125-132

nar interfaces, such as the air/water interface , solid/liquid and liquid/liquid

80,127,131,133,134 ' However, these traditional methods in a reflection or trans-

interfaces
mission geometry cannot be applied to nanoscale interfaces for in-situ studies of
particle and droplet interfaces.® Vibrational sum frequency scattering (SFS) from a
suspension of submicron particles was first demonstrated in 2003 by Roke et al.13°.
SES combines SFG with light scattering. In the experiment (Fig. 1.6F), an IR and VIS
beam overlap in a dispersion of particles. SF photons are generated at the particle
surface. These generated SF photons are scattered and detected. Using nonlinear
light scattering theories 99136137 the molecular structure of the nanoscale inter-
faces and the morphology of the particles can be retrieved. SFS studies have been
used to obtain molecular level insight into interfacial phenomena on nanoscopic

47,104,109,110,135,138 139-141 111,142

oil droplets , colloidal particles , vesicles and liposomes

Fundamental differences between nanoscale interfaces and macroscopic planar inter-

faces were found 103,105,110,111,138,143

1.5 This thesis

This thesis consists of two parts and is structured as follows:

Part I consists of 3 chapters (Ch. 2 - 4). In Part I, we focus on electrolyte solutions and
try to address the aforementioned questions concerning ion-water interactions. We
study ion-induced structural changes in the water network primarily using fs-ESHS
supplemented with surface tension measurements and theoretical modeling.

In Ch. 2, we will provide a detailed description of the theoretical background
and experimental details of fs-ESHS measurements of electrolyte solutions. The first
section of the chapter introduces the fundamental concepts of SHS and theoretical
calculations of the SHS intensity from liquids. The second section describes our
fs-ESHS experimental setup along with a systematic characterization of the setup.

In Ch. 3, we will present a multi-scale investigation of the bulk and surface of
aqueous electrolyte solutions at low ionic strengths (1 uM-100 mM). This study ex-
tends from nanoscopic length scales, using bulk and interfacial femtosecond second
harmonic measurements, to the macroscopic scale, using surface tension measure-
ments. We find that electrolytes induce orientational order at concentrations starting
at 10 uM that causes nonspecific changes in the surface tension of dilute electrolyte
solutions. Aside from ion-dipole interactions, collective hydrogen-bond interactions
are crucial and explain the observed difference of a factor of 6 between light and heavy

10
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water.

In Ch. 4, we will present our study of specific water ordering in extended
hydration shells around cations in concentrated electrolyte solutions (0.1 - 4 M, or
up to solubility limits). fs-ESHS is used to assess chemical effects at molecular and
nanoscopic length scales, probing changes in the charge distribution around ions as
well as the structural orientational order of water molecules in the extended hydration
shells. The viscosity and free energy of hydration of electrolyte solutions are used to
assess changes on the macroscopic level.

Part II consists of 3 chapters (Ch. 5 - 7). In Part II, we focus on molecular interactions
at aqueous nanoscale interfaces. We study the molecular structure and interactions at
various nanoscale interfaces with different chemical components, including alkanol
and phospholipid molecules. SFS is employed to selectively probe the interfacial
structure of the dissolved substances on the molecular level and SHS is used to probe
the interfacial water ordering.

In Ch. 5, we will provide the theoretical background of the experimental meth-
ods employed in our research of aqueous nanoscale interfaces. Specifically, theories
of SFS and SHS, dynamic light scattering and electrokinetic mobility measurements
of aqueous nanoscale interfaces will be introduced in detail. Experimental details of
SES and SHS measurements of aqueous nanoscale interfaces will be provided.

In Ch. 6, we will present our study of the molecular structure of the hex-
adecane droplet/alkanol/water interface using SFS and SHS. This combination of
methods allows us to investigate the interfacial alkyl chain conformation of the oil
and alkanols, ranging from 1-pentanol to 1-dodecanol, the orientational distribution
of the methyl groups, the surface density of the alkanols, as well as the orientational
alignment of interfacial water molecules. The found interfacial structures differ signif-
icantly from those of the planar alkanol/water and alkanol/air interfaces and charged
surfactant/oil/water interface.

In Ch. 7, we will present a new membrane model system: three-dimensional-
phospholipid monolayer on oil nanodroplets, composed of hexadecane, DPPC, and
water. This in-situ prepared membrane model system has controllable molecular
surface properties and mimics lipid droplets in cells. We characterize the molecular
interfacial structure of this nanoscopic system by using SFS and SHS.

Finally, in Ch. 8, we will provide a summary of this thesis as well as an outlook.

11
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The work in Ch. 3 of this thesis represents a collaboration with the following people:

Dr. Halil I. Okur and Prof. Dr. Paul S. Cremer (Fig. 3.7C) from the Laboratory for
Biointerfaces at Pennsylvania State University, headed by Prof. Dr. Paul S. Cremer;

Prof. Dr. Poul B. Petersen (Fig. 3.7B) from the Petersen Group at Cornell University,
headed by Prof. Dr. Poul B. Petersen,

Dr. Gabriele Tocci, Dr. Chungwen Liang, and Prof. Dr. Michele Ceriotti (Figs. 3.6 and
3.8A) from the Laboratory of Computational Science and Modeling at Ecole Polytech-
nique Fédérale de Lausanne (EPFL), headed by Prof. Dr. Michele Ceriotti;

Dr. David M. Wilkins (Fig. 3.8A) from the Manolopoulos Group at University of Oxford,
headed by Prof. Dr. David E. Manolopoulos.
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¥4 Background of Second Harmonic
Scattering

Second harmonic scattering is the key technique used in our studies of electrolyte
solutions. In this chapter, we will provide the theoretical background representing
the state of the art and experimental details of femtosecond elastic second harmonic
scattering measurements of electrolyte solutions.
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Chapter 2. Background of Second Harmonic Scattering

2.1 Theoretical background

2.1.1 Geometry of SHS

Figure. 2.1 shows a sketch of the SHS geometry. An aqueous solution is illuminated
with a fundamental beam with frequency w and wavevector k;. The fundamental
beam propagates along the Z-axis. The X Z-plane defines the scattering plane. The
generated SH beam with frequency 2w and wavevector k is detected at a scattering
angle 0 in the scattering plane. The scattering vector q is defined as q = ky — 2k;.
The polarization state of the fundamental/SH beam is described by the angle a/y
between the electrical field and the horizontal scattering plane. P/S refers to the light
polarization direction parallel/perpendicular to the scattering plane. The probed
molecules are described in a right-handed Cartesian coordinate system (a, b, ¢) as
illustrated in Fig. 2.1.

Figure 2.1 — Sketch of the SHS geometry. An aqueous solution is illustrated with a fundamental beam
with the frequency w and wavevector k;. The generated SH beam with wavevector kg is detected at
a scattering angle of 6 in the scattering plane (X Z-plane). (X, Y, Z) and (a, b, ¢) coordinate systems
define the lab frame and molecular frame, respectively. P/S refers to the light polarization direction
parallel/perpendicular to the scattering plane.

The relation between the lab frame (X, Y, Z) and the molecular frame (a, b, ¢)

16
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is given by

X =(cos¢ cosy cosp —siny sinp )a+ (—siny cosp —cose cosy sinp )b
+sin¢ cosy €

¥ =(cos¢ siny cosp —cosy sing )a+ (cosy cosp —cos¢ siny sinp)b  (2.1)
+sin¢ siny €

7 =—sin¢ cospa—sing singf)+cosqbé

¢, v, and p are the three Euler angles as defined in Fig. 2.1. ko, k;, X- and Z-axis all lie
in the same horizontal plane. X, Y, Z represent the unit vectors along the X, Y, Z axes
in the lab frame. a,b, & represent the unit vectors along the a, b, ¢ axes in the molecular
frame.

2.1.2 SHS from aqueous solutions

In aqueous solutions, the SHS light originates from second-order molecular dipoles
p® that are induced by the electrical field E(w) of the incident fundamental beam.
The general expression of p® is given by

p? = p? :E(0)E(w) 2.2)

where the second-order hyperpolarizability ) is a rank-3 tensor that characterizes
the SH response of the molecule. The detected SH field represents the sum of the SH
fields emitted from individual induced molecular dipoles. In what follows, we present
the theoretical derivation of the measured SHS intensity.

We define, in the frequency domain, the electrical field of a linearly polarized
incident fundamental beam at the position of a molecule as

Ew) =Ew)e™™ =E, (cosax+sinay) et (2.3)

where « is the angle between E(w) and the X-axis (Fig. 2.1) that indicates the polar-
ization state of the fundamental beam. The fundamental beam is propagating with a
frequency w and a wavevector k; and has an amplitude of Ey. r’ denotes the position
of the molecule. (k; - ') in the exponential term of Eq. 2.3 represents the phase of the
fundamental beam at the position of the molecule.

Inserting Eq. 2.3 into Eq. 2.2, we obtain the three orthogonal components of
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the induced second-order molecular dipole, p?, in the lab frame (X, Y, Z) as

ﬁg?) P;?) i2k; -1’

_ i2k;r' [ 2(2) . 2 2) 2 2) : (2) :

= Eoe ( XyySin“a+ By cos”a +ﬁXYXsmacosa+,BXXYsmacosa)
]9 _ p(Z)elzkl r

_ i2k; ¥ [ 2(2) . 2 ) 2 ) . 2) :

= Eoe (,BYYYsm a+ Py Cos”a+ Py sinacosa+ fy smacosa)
~(2) _ (@2 izk;r
Pz =pPze

_ i2k;r' [ p(2) - 2 (2) 2 )

= Eoe ( Syysin“a+ By cos a+ﬁZYXsmacosa+,BZXYsmacosa)

(2.4)

Here, the molecular hyperpolarizability p@ is given with respect to the lab frame
(X,Y, Z). The conversion of B from the molecular frame (a, b, ¢) into the lab frame
(X, Y, Z) can be done by using Eq. 2.1.

At the detection position R in the scattering plane (the X Z-plane in Fig. 2.1),
the electrical field of the emitted light from the induced molecular second-order
dipole (labeled by v) is given by: 144

i2 elko-R-1)
EQw) = > ———(Rxp?) xR 2.5
U( ) 4megR ( *P ) (2.5)
where ky is the magnitude of ko, the wavevector of the emitted SH beam. R is the unit
vector in the direction of R and is given by

R=sin0X+0Y+cosOZ

where 6 is the scattering angle as defined in Fig. 2.1. Extracting the exponential term
related to the position of the molecule, we can expand Eq. 2.5 as

E(2w) =E(2w) elko- ®-T)+i2ki 1’
v v

k2 eik()' (R—l‘/) +i2k; x
_ 0

Ane R {(pg?) cosZQ—p( sinf cosH)X+ p(z)Y (2.6)
T€o

(p(zz) sin®@ — p(z) sin@ cosG)Z}.

At the point of detection, the polarization state of the SH light, i.e. the oscillating
direction of the electrical field, can be analyzed by decomposing the electrical field
into two specified orthogonal directions. These two directions both are perpendicular
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to ko as the SH light is a transverse wave. As illustrated in Fig. 2.1, we can express a
specified direction €; and the corresponding orthogonal direction &, as:

é, =cosy cos@X+siny Y—cosy sinf Z

é, = —siny cos@ X+ cosy Y +siny sinf Z.

vy is defined as the angle between the direction €; and the X Z-plane. Thus, for the
polarization analysis, we can write the SH field (Eq. 2.6) as a combination of the two
orthogonal components:

k.2
I;](Zw) = ﬁ {(pg?) cosy cosO + p(lg) siny — p(ZZ) cosy sinH) e 07

+ (—pﬁ?) siny cos6 + pg/z) cosy + p(ZZ) siny sin@) ég}.

Each of the two components, in the directions of ; or &,, can be measured indepen-
dently.

Treating all molecules as individual scatterers, we can sum up the emitted SH
fields from all molecules and obtain the total SH intensity as

2

cne ~
2 T4
cne 2 i !
== L[| + ¥ EeoE @wet ] (2.80)
2 v 'V vAV v v
N—— “ —_ -
self-correlations, cross-correlations,
incoherent coherent

where c is the velocity of light in vacuum, n is the refractive index of air. r and r’ are
the positions of the molecules v and v/, respectively. q = ko — 2k; is the scattering
wavevector. In the far field, that is, r < R, the difference in kg of the SH light emitted
from molecules at different positions is negligible and the unit vector ko ~ R. l;* Rw)
is the complex conjugate of ]51(2w). Combining Eq. 2.4, Eq. 2.7, and Eq. 2.8b, we
obtain the expression of the measured SHS intensity as a function of the molecular
hyperpolarizability % in the lab frame.

It is worth noting that the first term in Eq. 2.8b represents self correlations of
individual molecules and is thus an incoherent contribution to the total SH intensity.
The second term in Eq. 2.8b, i.e. the double summation over v and v/, represents
cross-correlations between molecules that result in a coherent contribution to the
total SH intensity. 84 For the coherent term, the correlation between two molecules is
described by €' in which q- (r—r') is the phase difference between the SH fields
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of the two molecules. Before going into detailed discussion of incoherent and coherent
SHS, we first look at the symmetry properties of the molecular hyperpolarizability g,
which can significantly reduce the complexity of the calculation of the SHS intensity.

2.1.3 Symmetry properties of g

B? is a three dimensional tensor with 27 Cartesian elements. The symmetry prop-
erties of B are determined by the nature of the second-order optical process and
reflect the spatial symmetry of the molecule (assuming the molecule can be consid-
ered static). The total number of independent tensor elements is reduced by the
symmetry properties of %, In the following, we will first examine the symmetry
properties originating from the nature of the light-matter interaction process involved
in SHS. Then, we will present the influence of the spatial symmetry of the molecule
on the values of the ¥ elements.

For SHS, following Eq. 2.2, we can express the second-order molecular dipole
moment p*? in terms of the tensor element ﬁg.)k w,w,w) as

P =) B 2w,0,0)Ej(@) Erw), (2.9)
jik

where the subscripts i, j, k denote the polarization states of p® and the two incident

electrical fields E(w), respectively. Regardless of the used coordinate system, as i, j, k

are dummy indices, we can interchange j with k together with the related frequencies

and electrical field in Eq. 2.9 and have

B 2w,0,0)Ej (@) Ex ) = By, 2w, 0,0) By () Ej (). (2.10)
Canceling the product E;(w) Ex(w) on both sides, we obtain:

,Bg.)k(Zw,w,w) = ﬁﬁ)j Cw,w,w). 2.11)

This property of % is known as intrinsic permutation symmetry. 4>

For lossless media, the values of the p® elements are real. In addition, if the
2)
J

dispersion of the medium is negligible, the indices i, j, k of ﬁg. : k(2a),a),w) are fully
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permutable regardless of the frequency.'*° In this case, we have:

,3(2) w,w,w) :,6(2) Qw,w,w) = ,3(2) w,w,w)

ijk ikj jki
= ,Bs.zi)k(Zw,w,w) = ﬂf}i(Zw,w,w) (2.12)
=10
= ,Bki].(Zw,w,w).

B? for nonresonant SHS is independent on the frequency, which is a significant
difference with % for SEG that will be discussed in Ch. 5. Without loss of generality,
we will abbreviate ,Bg.zj)k Cw,w,w) as ﬁg.zj)k hereafter in this chapter.

B 1
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Figure 2.2 - Symmetry of the water and benzene molecule. (A) The water molecule belongs to the Cyy
point group with two mirror symmetry planes, the ac- and bc-planes, and a 2-fold axis of symmetry,
the c-axis. (B) The benzene molecule belongs to the Dg}, point group and is centrosymmetric. The
centrosymmetry center is the geometric center of the benzene molecule, i.e the origin point O in the
figure.

In addition to these intrinsic symmetry properties of B for SHS, the value
of ,Bg.)k depends on the molecular structure. The spatial symmetry of the molecule
determines the nonzero ﬁ%)k elements. For nonresonant SHS, the spatial symmetry
refers to the symmetry of the molecular structure. As the water molecule is the
primary source of SHS light in aqueous solutions, we firstly take the water molecule
for example.

As illustrated in Fig. 2.2A, under static conditions, the water molecule belongs
to the point group C,, with two planes of symmetry, the ac- and bc-planes, and a 2-
fold axis of symmetry, the c-axis, as symmetry elements. The coordinate system (a, b, c)
defines the molecular frame. As a molecular property, B2 of water possesses the
same symmetry. 14>146 By a symmetry operation, the water molecule is moved in such

a way that its final position is physically indistinguishable from its initial position. 146
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Accordingly, the value of ﬁg.zj.)k is unchanged by the same symmetry operation. To
illustrate, we discuss the reflection operation about the bc-plane in the following.

With the fundamental electrical field E;(w), the a-component of the induced
second-order water dipole moment is given by

pe = L Ec(w)Ec(w) (2.13)

Applying a reflection operation about the bc-plane to the water molecule, we invert the
a-component of vectorial quantities while the b- and c-components are unchanged.
,6;20)0 is unchanged under the reflection operation. Therefore, Eq. 2.13 is equivalent to

—pP = PO Ec(w)Ec(w) 2.14)

a

Equations 2.13 and 2.14 hold simultaneously only if ,Bﬁlzc)c = 0. More generally, we can

find in a similar way that for the bc-plane of symmetry, . with an odd number of
ijk
a in the subscripts is zero. The same consideration can be extended to all the other
symmetry of the molecule. As a consequence, there are only 7 nonzero ' elements
. . 2 2 2 2 2 2 2

out of 27 possible ones, which are ﬁfléc, ;ga, (C;a, ,B;)gc, ﬁézb, 'B(cb)b’ and ,B(CC)C.

For the elastic SHS measurements of electrolyte solutions presented in Ch. 3
and Ch. 4, the dispersion between the fundamental and SH beams is negligible. The
full permutation symmetry of ,Bg.)k is thus valid (Eq. 2.12). The nonzero B elements

of the water molecule are further related as follows

@ _p@ _ 3@

aac — Faca — Fcaa

@ _ p@ _ p@
bbc — 'Bbcb = ﬁcbb (2.15)

2

cce

A special group of molecules worth noting is the molecules with centrosym-
metry, for which all B elements are vanishing. We take the benzene molecule as
an example. The benzene molecule (as shown in Fig. 2.2B) belongs to the Dg}, point
group with a center of centrosymmetry (inverse symmetry) O. With the fundamental
electrical field E(w) and Ei(w), the i-component of the induced molecular dipole
moment is given by

Py = By Ej(w) Ex () (2.16)

Applying the inverse operation about the center O to the benzene molecule, we invert
2

all the components of vectorial quantities while '61] s

is unchanged. Equation 2.16 is
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equivalent to

~p? = By - Ej (@) [~ Ex(w)] 2.17)

Only if ,Bgi.)k =0, Egs. 2.16 and 2.17 hold simultaneously. As i, j, k are dummy indices,
all ﬁg:j')k elements vanish. Thus, there is no SH light generated by centrosymmet-
ric molecules. For electrolyte solutions studied in this part of the thesis, simple
centrosymmetric ions will have vanishing ﬁg.zj.)k elements. The water molecules are,
therefore, responsible for the SHS response.

In the next section, we will present calculations of the SHS intensity generated
by uncorrelated water molecules. The complexity of these calculations will be greatly
reduced by the use of the above discussed symmetry properties of .

2.1.4 Calculation of the incoherent SHS intensity

Incoherent SHS from noncentrosymmetric molecules with an isotropic distribution
is commonly referred to as hyper-Rayleigh scattering (HRS). HRS has been widely
used to measure the SH response of various solutions, especially that of pure liquids

(see the review articles Refs. %4101

and references therein). Pure liquids are usually
assumed to be isotropic, in which molecules are uncorrelated. The SH signal thus
solely originates from incoherent contributions,® represented by the first term in
Eq. 2.8b. The basic equations for HRS have been worked out by Bersohn et al.®* and
Kauranen and Persoons®. Here, we reproduce them for arbitrary polarization states
of beams and in SI units.

Given a large number of molecules contributing to the SH signal, the incoher-
ent contributions can be represented by a statistical average over all the molecules,

that is:

I _ Cneo 2
2w) = =NV ‘13(20))‘ , 2.18)

where < > denotes an ensemble orientational average over all contributing molecules
that randomly orient and distribute in space, N,, is the number density of molecules,
and V is the volume in which molecules contribute to the SH intensity. V typically
corresponds to the focal volume of the incident laser beam. For the SH intensity that
is analyzed in a linear polarization described by the polarization angle y (i.e., in the
direction of €;, Fig. 2.1), we obtain the detected SH intensity by inserting Eq. 2.7 into
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Eq. 2.18:

4

cnk 2
I2w) =mN <(p§?) cosy cosO + p(f) siny — p(ZZ) cosy sinﬂ) >

cnk}
— 0 2 2 2 2) ,(2) :
_327'[260R2 mV<[p cos”y cos” 0 +2py’p,’ cosy cos siny (2.19)
2
[p(z) sm2y—2p§?)p(22) cos®y cosf sin@ + [p(ZZ)] cos®y sin’6

—2p(yg) p(Zz) cosy siny sin9>,

where the second-order molecular dipole moments are given in the lab frame (X, Y, Z).
To obtain the SH intensity, it is essential to calculate the ensemble averages of the
respective products of p) components in Eq. 2.19. The p® components are given
by Eq. 2.4. The product of two p®’ components translates into a set of products of

two ﬁ(z) tensor elements, i.e. ,632])](,6(12,)], - Because in isotropic media the molecules

orient randomly with an even probability in all directions, (,B(IZJ)Kﬁ(ﬁ)], . has spatial

centrosymmetry. Similar to the spatial symmetry discussion for ,Bg.zj.)k in Sec. 2.1.3,
we can find that an even number of X, Y, and Z subscripts are required for nonzero

( ,B(IZJ)K,B%}, - Using Eq. 2.4 and the symmetry property of the ensemble average, we

have
) 4 @ 1%\ ina @ 1° 4 @ 1%\ a2 2
[p ] =E, [,BXYY] sin* a + [ﬁXXX] cos” a+ [,BXYX] sin“ a cos”
2
+<[ﬂ(}?)xy] >sin2a cosza+2< g‘?)yy (}?)XX>sin2a cos®
+2< ()?)YX %(Y>sin2a cosza}
?) 4 @ 12\ ind @ 1? 4 @ 1?2\ a2 2
[p ] =E, [,BYYY] sin* a + [,BYXX] cos” a + [ﬁyyx] sin“ a cos” a
2
+ <[ﬁ(1§)xy] >sin2a cosza+2</3(§)yy,6(;)xx> sin a cos®
+2 <ﬁ(f)YX,B(5)XY>sin2a cosza}
2 2 2 2
<[p(22)] >:Eg{<[ﬁg)yy] >sin4a+<[ %(X] >cos4a+<[,6(22)yx] >sin2a cos® a
2
+<[,B%(Y] >sin2a cosza+2< g)YY %(X>sin2a cos® a
+2< g)yx g)xy>sin2a cosza}
2) (2 2 2) ) 2
<pX Py > {<,BXYYﬂYYX>sm a cosa+<,6xyyﬁyxy>sm a cosa
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2) 2) : 3 2 2 : 3
+< XXX YYX>SIHOZ Cos a+< XXX'BYXY>Slna cos™ a

2) 2) i3 2) 2 ; 3
+< XYX YYY>SII] a COSGZ+< XY X YXX>sma cos  a

< g?)xyﬁ(;)yy>sm a cosoc+< g?)xyﬁ%()(>81na cos® a}

(P2p2) =(pPr?) =0. (2.20)

For an isotropic medium, the lab frame indices X, Y, and Z for the subscripts of
(,B(IZ])K,B(Z) ) can be mutually permuted. There are 5 permutation ways in total:

I/]/K!

X—=Y X—-Y X—=Z X—Z X—X
Y- Z, Y-X, Y-X, Y-Y, Y- Z.
Z—X Z—Z Z—-Y Z—X Z—-Y

and the remaining 6 independent (ﬁ(IZJ)Kﬂ(ﬁ)], « are as follows as given by Bersohn et
al.®

<[ﬁ(2) ]2> e i St byt by by —c
YYy 35 '35 %35 ° 35+ 35 ° 105 '
1 2 1 1

+——C+—c3+ —di1 + ——=db;
1052 10527 210 T

2 1 2 1
<[ g;(X] >:§h —bl——b2+—b3 b4+—b5+—61

105 ' 35 35+ 105 ° 35
1 1 1 1
ey ———Ci+ —dy — ——d:
2152 1053 720M " 210%
1 1 1 1 8
@ B2 >——h 2 m byt by —— by b+
< zxxPzyy/~ 705" 35 ' 105 % 35 ° 105 * 105 ° 105 '
1 1 1 1
t—C— -~ —d1+ —dy;

105 21 84 105

1 11 1 2 1 1 1
By By ) = ht b1+~ b+ ——by+ —by— b5+ ¢
<ﬁYYYﬁYX*' 355 105 T 2102 T 105 2 T o0 T 70 T 35
1 1 1 1
— -0+ —C3———d1— ——dy;

2107° 427 420" 210
2 2 8 2 8 2
@ g2 ] S A M. AN AL N
<[ﬁZYZ Pzzy > 35° 35 105 ° 105 ° 105 © 105 ° 105 '

1 4 1
cre ot tas —dy:
702 1053 T 2N T 0%

2\ 4 4 4 4 4 1 2
@) © ] =—h-—b———by+—bs———by+—bs— —c
<[ﬁXYZ Pxzy > 105 105" 105 27357 105 ¢ 217 219

L 8 i g _La. 2.21)
3527 1053 210M T35 '
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where the parameters £, b, ¢, and d are defined by

2
— )
h—Z ['Biii
— (2) (2
by = Zﬁlllﬁl]]
1]
2 [ p2) (2)
b, ‘Zﬁm(ﬁjiﬁﬁm)
b= [p2 2
3T Fijj
L]
— ) ) )
bs=) P, (ﬁjiﬁﬁjﬁ)
2) 2)
Z('Bll] +'6]]l)
_ 2) p@2)
=) BijiBik
i,j,k
_ (2) (2) 2) )
=2 (652, +65%) (B + B

_ @ (g@ . @
C3 = ‘Zkﬁijj (ﬁkik+ﬁkki)
L],

= > (php)

r])
_ (2) ) (2) (2)
dy = ‘Zk(ﬁiijr'Bikj) (ﬁjik+ﬁjki)' (2.22)
L],

The subscripts i (j, k) refer to a, b or ¢ of the molecular coordinate system (Fig. 2.1).
The conversion of B tensor elements from the molecular frame to the lab frame
follows the rules given by Eq. 2.1 and result in the fractional numbers in Eq. 2.21. For

2

example, %h in the expression of < [ Byyvy

2
] > results from the following integral:

1 1 b4 ) 2n 2m ) ) 61 @2 12
—h :—f sin¢ d(,bf dy dp{(coscp siny cosp —cosy sing )’ [y,
7 8m%Jo 0 0

2
+ (cosy cosp —cos¢ siny sinp )’ [ﬁfzb] +sin® ¢ sin®y [B. ? }

For SHS in a lossless and dispersionless medium, the full permutation sym-
metry is valid. As discussed in Sec. 2.1.3, the subscripts of /3(2) can be mutually
permuted as shown in Eq. 2.12. We thus have ,Bg)y 7= g)ZY and ,Bg?)y 7= ()?)ZY that
further simplify Eq. 2.21 and also the calculation of the parameters in Eq. 2.22. Ap-

plying these permutation symmetries, we obtain a simplified general expression for
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I(2w) in terms of the B tensor elements for nonresonant SHS and arbitrary linear
polarization states:

cnk}E} 2 _ _
12w) :ﬁNmV{< [,Bg?)yy] > [cos®a sin®y (1+3sin®a)

1
+ cosf sin2a sin2y + 1 cos? Y (2 (5+3cos2a) cos’ 0 sin’ a

2
+ (3 +cos4a)sin’0 ) | +<[ g?)yz] >sin22a cos®y sin’@

2
+ < [,3(5)“,] > [cos® a cos?y cos®6 +sin* a sin®y]
2) )
+ < XYYy XXX>

1
+ > <ﬁ(2) @ >sin22a cos®y sin®@ }

1
sin2a (5 sin2a (cos*6 cos®y +sin®y) + cos6 sin2y)]

zyyFPzxx
(2.23)

The SHS intensity of the beams with specified polarization states can be de-
duced from Eq. 2.23. Defining P/S polarization in the direction parallel/perpendicular
to the scattering plane (Fig. 2.1), @ =y = 0 for P polarized light and a = y = 90° for
S polarized light. The expressions of SH intensities measured at different scattering
angle 0 for the four nonzero polarization combinations are then:

cnk*EAN,,V 2
IsssQuw) = —20 7 < (2) ]>

327I2€0R2 YYY
cnkg EgNy, V 5 12 o 12\ .
IPPP(Z(U)ZW{< IB(Y)YY] >C0829+<[ g()YY] >sm29}

4174 (2.24)
cnkyEyNpy,V @ 12
Ipss(2w) = —<[:BXYY] >

32m2¢eg R?
414
ISPP(Zw):—anOEONmV< 2) ]2>
327[260R2 XYY

The subscripts of I(2w), from left to right, denote the polarizations of the involved
beams from the high frequency (SH) to the low frequency (fundamental), respectively.
In the example of Ispp(2w), the subscripts SPP indicate that the SH light is S polarized
and the incident fundamental light is P polarized. Knowing values of the ﬁ%)k elements,
such as those calculated for water molecules by ab initio calculations '*’, we can calcu-
late SHS patterns from a liquid in different polarization combinations by combining
Egs. 2.20-2.24. Any significant deviation between the calculation and experimental
data may indicate the presence of coherent SHS and thus cross-correlations between
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the noncentrosymmetric molecules in the liquid.

2.1.5 Coherent SHS

Coherent SHS originates from correlated noncentrosymmetric molecules. These cor-
relations pertain to the orientational order of molecules in the liquid. For electrolyte
solutions, the SHS light originates mainly from water molecules. To calculate the co-
herent contribution to the SHS intensity (the second term in Eq. 2.8b), knowledge of
the molecular correlations are necessary. These correlations depend on the molecular
level details of the system. In Ch. 3 and Ch. 4, we will model electrolyte solutions in
several ways in which the correlations may be taken into account.

Once the molecular correlations are known, the spatial symmetry considera-
tion discussed in Sec. 2.1.3 can be extended to the correlated molecules to determine
the polarization combinations for which the coherent SH intensity is nonzero. These
selection rules will help to attribute observed scattering contributions to either in-
coherent self-correlations or coherent cross-correlations. An example can be given
for molecular correlations with spherical symmetry. As illustrated in Fig. 2.1, the SHS
geometry has a plane of symmetry, the scattering plane. As a result of the combination
of the spherical symmetry of the molecular correlations and the reflection symmetry
of the SHS geometry, the coherent SHS process should be symmetric with respect
to the scattering plane. Thus, an even number of S polarized (perpendicular to the
scattering plane) beams are required for nonvanishing coherent SHS. Accordingly,
we can only measure nonzero coherent SHS contributions using the polarization
combinations of PPP and PSS but not SPP or SSS.

More detailed discussions of coherent SHS from electrolyte solutions are
presented in Ch. 3 and Ch. 4.

2.2 Experimental details

Ultrashort laser pulses with high intensities are needed to perform SHS measurements
in liquids and other non-crystalline media. In this thesis, we utilize femtosecond (fs)-
laser pulses to measure elastic non-resonant SHS responses from aqueous solutions.
Since fs-laser pulses are much shorter than the orientational relaxation time of the
H-bond network of water (~1 ps) 148149 snapshots of the self- and cross-correlations
of water molecules are obtained. As this method is different from the commonly
employed SHS/HRS using nanosecond laser pulses®"10-152 (which may involve an
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153y 'we refer to this method as femtosecond elastic second

inelastic scattering process
harmonic scattering (fs-ESHS). A detailed description of the fs-ESHS experiment is

given in the following section.

/f 7\”:7":”"’::*‘—::7‘,::,‘,‘
<200fs / H /N
1030 + 5nm /" }7::;,::::7777 band ,;/ |
FWHM 9.8nm / /,’ ”’;’*’:;*::;—::7‘,:,\,2;:ap; dpass il
200tz filter”“:ff";—:%,;#
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Figure 2.3 - Illustration of the fs-ESHS experimental setup. Same with Fig. 2.1, the X Z-plane defines
the scattering plane.

2.2.1 Experimental setup of fs-ESHS

Figure 2.3 shows an illustration of our fs-ESHS experiment setup 4. 1030 + 5 nm, <
200 fs laser (PHAROS-SP, Light conversion) with a 200 kHz repetition rate is utilized
as the source of the input fundamental beam. The polarization of the input beam is
controlled by a Glan-Taylor polarizer (GT10-B, Thorlabs) and a zero-order half wave
plate (WPHO05M-1030). The polarized input beam with a 0.3 uJ pulse energy is filtered
(with a FEL0750 filter, Thorlabs) and then focused by a plano-convex lens (f = 7.5 cm)
into a cylindrical glass cuvette (LS instruments) with an inner diameter of 4.2 mm. The
focused beam has a waist diameter of ~35 pm at the focus and a Rayleigh length of 0.94
mm. The sample cuvette is placed in a customized temperature controller (Quantum
Northwest) that provides a local environment with the controlled temperature in
a range of -20 °C to 150 °C with a precision of + 0.1 °C. The scattered SH beam is
collected and collimated with a plano-convex lens (f = 5 cm). The angle of acceptance
for the scattered SH beam is controlled by an iris sitting behind the collimating lens.
The collimated SH beam is then analyzed (GT10-A, Thorlabs), filtered with a notch
filter (ET525/50, Chroma), and finally focused by a plano-convex lens (f = 1.5 cm) into
a gated PMT (H7421-40, Hamamatsu). The signal from the PMT is amplified by a
GHz wide band amplifier (HFAC-26dB, Becker & Hickl) and is then read out by a two
channel gated photon counter (SR400, Stanford research systems).
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Figure 2.4 — Characterization of incident fs-laser pulses. (A) SH transmission spectrum of the incident

fs-laser pulses from a BBO crystal. The inset shows the spectrum of the near IR fundamental beam.
The spectra are fitted with Gaussian functions. (B) Pulse duration measured with an autocorrelator.

2.2.2 Characterization of the fs-ESHS system

Specifications of incident fs-laser pulses

We characterized the spectral and temporal profiles of the incident fs-laser pules using
a USB spectrometer (USB4000, Ocean Optics) and an autocorrelator (PulseCheck,
A.PE.). The USB spectrometer has a detection range of 345-1037 nm and a spectral
resolution of 0.2 nm. As such, a part of the red side of the spectrum could not be
measured. To check the complete spectral shape of the fs-laser pulse, we measured
also the non-resonant SH signal from a type-I beta barium borate (BBO) crystal that
was illuminated by the fs-laser beam. Figure 2.4A shows the measured spectra (circles)
of both the incident fs-laser beam and the SH signal from the crystal. The data was
fitted with Gaussian functions (solid line). The incident fs-laser beam has a symmetric
spectral shape close to a Gaussian-shape, as indicated by the SH spectrum. The central
frequency and the bandwidth of the incident fs-laser beam from the fit are 1032.3 nm
and 9.8 nm (FWHM; 2.76 x 1012 Hz in frequency space), respectively. Figure 2.4B shows
a screenshot of the measured pulse autocorrelation of the incident fs-laser beam. The
autocorrelation has an FWHM of 246 fs, which translates to a pulse duration (FWHM)
of 246/v/2 = 174 fs. The time-bandwidth product of the incident fs-laser beam is
thus 174 fs x2.76 x 1012 Hz = 0.48, which is not far from the theoretical minimum
time-bandwidth product of bandwidth-limited Gaussian-shaped pulses (~0.44) 1%,
The incident fs-laser beam is thus of good quality.
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Figure 2.5 — Elastic and inelastic SHS. (A) Plot of the SH intensity divided by the square of the incident
laser power as a function of the incident laser power (bottom axis) and fluence (top axis). The red line
indicates the quadratic dependence of the SH intensity on the incident power. (B) Normalized SH
spectra of pure H,O at different incident powers.

Power dependence of the fs-ESHS response of water

Although neither the fundamental nor the SH beam is at resonance with any transi-
tions of the studied molecule species, it is important to verify that the measured SH
response results from elastic scattering. To do this, we recorded the scattered SH in-
tensity as well as the spectrum of the scattered light as a function of the incident laser

power (Pj4s0r). If any perturbing effects (e.g. realignment of water molecules by the

d %% or higher order processes %) occur, the ratio of the SH intensity to the

2
laser

With energy transfer between the laser pulses and water, inelastic scattering will lead

laser fiel
square of the incident laser power (I(2w)/P ) will no longer be power independent.
to changes in the spectral shape. Figure 2.5A shows the measured SH intensity from
pure H, O, plotted as I(2w)/ Plzaser versus the incident laser power P; ., (bottom axis)
and the pulse fluence (top axis). Figure 2.5B shows SH spectra recorded with different
incident laser powers. Both recordings were done in the SSS polarization combination
(where the incoherent electronic single molecule response of water is maximum) and
at a scattering angle of 90°. The data shows that the SH intensity depends quadrati-
cally on the incident power up to 80 mW, and that up to this incident power the SH
spectrum does not display any changes. At higher powers, it can be seen that the
power dependence of the SH intensity starts to deviate from quadratic behavior and
that the SH spectra become blue-shifted and broadened with increasing intensities on
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the wings. fs-ESHS measurements of electrolyte solutions were performed at 60 mW.

Polarization response of the system and influence of the sample cuvette geometry

To test that the experimental system is equally sensitive to S and P polarizations, we
performed angle resolved scattering measurements of a 40 uM trypan blue (Sigma-
Aldrich) solution. Upon excitation with the 1030 nm laser beam, the trypan blue
molecules undergo a 2-photon fluorescence process. This process results in an
isotropic scattering pattern that does not depend on the polarization state of the
light. Figure 2.6A shows the recorded patterns for the SSS and PPP polarization com-
binations. In these 2-photon fluorescence measurements, the gate delay of the PMT
for detection was increased by 19 ns to detect only the fluorescence signal. With such
a gate delay, the detected SH signal was reduced to zero. Other experimental settings
were kept the same with routine fs-ESHS measurements. It can be seen that both
patterns are identical within the experimental errors. The experimental system is thus
equally responsive to both S and P polarization states.

A B
Trypan blue SSS H,O
100 © PPP 1000 o cylindrical
e SSS o spherical

[(2w) (counts/s)
g
HEOB8H
-8
2 %)
o8
i= "é’
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0 1 | 1 | 1 ] 1 | 0 1 | 1 | 1 | 1 |
-40 0 40 80 -40 0 40 80

Scattering angle 0 (°) Scattering angle 0 (°)

Figure 2.6 — Response of the fs-ESHS system. (A) Fluorescence from a 40 uM trypan blue solution
measured in the SSS and PPP polarization configurations. (B) SSS fs-ESHS patterns of pure water using
a cylindrical and a spherical sample cuvette.

We use cylindrical glass sample cuvettes in the fs-ESHS measurements of
aqueous solutions as illustrated in Fig. 2.3. The spot diameter of the fundamental
laser beam on the wall of the glass cuvette is ~100 um (Gaussian width), much smaller
than the inner diameter of the cylindrical cuvette (4.2 mm). For such a small spot of
the laser beam, the difference in the transmitted beam spot between the horizontal
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and vertical dimensions is expected to be negligible. To verify that the geometry of the
sample cell does not influence the polarization dependent scattering, we compared
experiments performed in the cylindrical sample cuvette to those performed in a
spherical sample cuvette (25 mL round bottom flask, Duran). A spherical sample
cuvette does not induce a distortion in the scattering patterns because of its spherical
symmetry. To compare these two cuvettes, we measured fs-ESHS from pure water
in the SSS polarization configuration. As can be seen in Fig. 2.6B, the data for both
cuvettes is indistinguishable. The geometry of the cylindrical cuvette thus has no
influence, in agreement with the above expectation.
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8] Non-specific lon-water Interactions at
Low Ionic Strengths

Electrolytes interact with water in many ways: changing dipole orientation, induc-
ing charge transfer, and distorting the hydrogen-bond network in the bulk and at
interfaces. Numerous experiments and computations have detected short-range per-
turbations that extend up to three hydration shells around individual ions. We report
a multi-scale investigation of the bulk and surface of aqueous electrolyte solutions
that extends from the atomic scale (using atomistic modeling) to nanoscopic length
scales (using bulk and interfacial femtosecond second harmonic measurements) to
the macroscopic scale (using surface tension experiments). Electrolytes induce orien-
tational order at concentrations starting at 10 uM that causes nonspecific changes in
the surface tension of dilute electrolyte solutions. Aside from ion-dipole interactions,
collective hydrogen-bond interactions are crucial and explain the observed difference
of a factor of 6 between light and heavy water.

For the work in this chapter, Yixing Chen performed the fs-ESHS measurements, data analysis, and
phenomenological, analytical nonlinear light scattering modeling. This work also represents a collabo-
ration with the following people:

Dr. Halil I. Okur and Prof. Dr. Paul S. Cremer (from the Laboratory for Biointerfaces at Pennsylvania
State University, headed by Prof. Dr. Paul S. Cremer) performed the surface tension measurements and
related data analysis (Fig. 3.7C);

Prof. Dr. Poul B. Petersen (from the Petersen Group at Cornell University, headed by Prof. Dr. Poul B.
Petersen) performed the surface resonant SH measurements and related data analysis (Fig. 3.7B) as
part of his PhD work in the lab of Prof. Richard J. Saykally at University of California, Berkeley;

Dr. Gabriele Tocci, Dr. Chungwen Liang, and Prof. Dr. Michele Ceriotti (from the Laboratory of
Computational Science and Modeling at Ecole Polytechnique Fédérale de Lausanne (EPFL), headed by
Prof. Dr. Michele Ceriotti) and Dr. David M. Wilkins (from the Manolopoulos Group at University of
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Oxford, headed by Prof. Dr. David E. Manolopoulos) performed the MD simulations and mean-field
modeling using Debye-Hiickel theory (Figs. 3.6 and 3.8A);
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3.1 Introduction

The hydration of ions is related to physiologically, medically, and chemically rele-
vant processes such as protein folding/precipitation, enzyme/ion channel/ion pump
activity, action potentials generation, transport across membranes, self-assembly;,
interfacial charging, and aerosol formation.*®!4 Jons interact with dipolar water
molecules mainly through ion-dipole interactions. The electrostatic potential around
an ion decays with 1/R (with R being the distance away from the ion) and is damped by
the high dielectric constant of water and the presence of other ions. The orientation-
averaged interaction energy of a dipole and an ion decays with 1/R*. The structure
and dynamics of water around ions have been studied with neutron scattering 1>-159,
X-ray diffraction 169161 X_ray absorption spectroscopy %163, Raman spectroscopy %4,

165,166 167

dielectric spectroscopy , solvent relaxation measurements

168-172

, vibrational dy-

namics measurements
173,174

, infrared photodissociation spectroscopy of small gas

clusters 12,13,172,175,176. In

, and molecular dynamics (MD) simulation studies
these studies, a significant perturbation in the structure and dynamics of liquid water
by ions is observed only at high ionic strengths (e.g. > 0.1 M for univalent ions) and
not beyond the third hydration shell. While the perturbation is found to depend
primarily on the valency of the ions, specific effects of chemical structure, size, and
polarizability are clearly present 929, Jon pairing becomes relevant at the same ionic
strengths %6, In general, there is an agreement that the ions’ influence on the water
network is mainly dictated by behavior that can be described with mean-field mod-
els, in which water is treated as an ideal gas of dipoles and ion-dipole interactions
are the sole driving force. However, water is a structured liquid in which complex
collective H-bond interactions account for many of its unusual properties (such as
the high melting and boiling points, the large viscosity, and the high surface tension).
In addition, most experiment methods in previous studies rely on either using local
probes or determining differences in an average property. Local probes include, for
example, the O-H stretch frequency, which can be used as an indicator of either chem-

ical interactions %4

or molecular reorientation1?, or the structure factor of O atoms
in the first solvation shell, which only changes significantly for water molecules in
the first few hydration shells. High electrolyte concentrations are needed to detect a
difference in the average distribution of such a property (the O-H stretch frequency,
the orientational relaxation, or the structure factor). Similarly, computer simulation
methods are typically limited to a relatively small number of molecules'?, applicable
to either “infinite dilution” or high concentrations (~1 M), making it impractical to

simulate the dilute electrolyte solutions (< 0.1 M).
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In this chapter, we report a multi-scale investigation of the bulk and surface
of dilute aqueous electrolyte solutions. fs-ESHS is used to detect changes in the orien-
tational order of water molecules in bulk electrolyte solutions over nanoscopic length
scales. Snapshots of changes in the orientational distribution of water molecules
in different polarization combinations of the incoming and outgoing light reveal
that electrolytes induce a perturbation in the orientational order of bulk water. The
orientational order, recorded for 21 different electrolytes, starts to change at ionic
strengths < 10 uM. This seemingly long-range and universal effect is independent
of the chemical structure, polarizability, and size of the ions. H,O (hydrogen ox-
ide, light water) and D, O (deuterium oxide, heavy water) show remarkably different
responses: the absolute fs-ESHS intensity of pure H,O is 40% lower than that of
D,0, whereas a 6x higher ionic strength is needed to perturb D,O compared to H»O.
The amount of orientational order induced by the electrolytes is also a factor of 3
lower for D,0O. A mean-field model that exclusively incorporates ion-dipole inter-
actions cannot describe the experimental data. MD simulations that include both
ion-dipole and dipole-dipole interactions show that ions induce long-range changes
in the orientational order of the bulk water network, modulating the intrinsic H-bond
correlations. That the H-bond is somewhat shorter and stronger for D,O than for H,O
(anuclear quantum effect) qualitatively explains the observed difference between neat
light water and heavy water and their respective electrolyte solutions. The resultant
orientational order can be detected macroscopically. Macroscopic surface tension
measurements display changes at ionic strengths that match the saturated values for
H,0 and D, 0, as well as the phenomenological differences observed between them.
A comparison with surface- and ion-specific resonant reflection SH measurements
shows that the nanoscopic restructuring of the bulk H-bond network is responsible
for the non-ion-specific changes in the surface tension.

3.2 Materials and methods

3.2.1 Sample preparation

CCly (99.9%, Sigma-Aldrich), LiCl (99.999%, Sigma-Aldrich), NaCl [(99.999%, Acros)
for fs-ESHS measurements and (99.999%, Sigma-Aldrich) for surface tension measure-
ments], KCI (99.999%, Acros), MgCl, (99.99%, Sigma-Aldrich), CaCl, (99.99%, Sigma-
Aldrich), SrCl, (99.99%, Sigma-Aldrich), BaCl,-2H>0 (99.9999%, Alfa Aesar), NaNOs
(99.999%, Fluka), NaBr (99.995%, Fluka), Nal (99.999%, Sigma-Aldrich), NaH,PO4
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(99.999%, Fluka), NH4Cl (99.9995%, Fluka), NaSCN (99.99%, Sigma-Aldrich), Na»,S,03
(99.99%, Sigma-Aldrich), Na,SO4 (99.99%, Sigma-Aldrich), BeSO4-4H»0 (99.99%,
Sigma-Aldrich), MgSO, (99.99%, Sigma-Aldrich), CaSO,4 (99.99%, Sigma-Aldrich),
NaClOy4 (99.0%, Acros), NaOH (99.99%, Sigma-Aldrich), and HCI (Ultrapur, Merck)
were used as received without further purification. All samples were made by dis-
solving the electrolytes in degassed ultrapure water to obtain a stock solution with
a high concentration. The stock solutions were filtered (Millipore Millex-VV 0.1 ym
polyvinylidene difluoride membrane filters) and diluted to the desired concentra-
tions. To purify H,O, we used a Milli-Q UF-Plus instrument (Millipore Inc.) for the
fs-ESHS measurements and a NANOpure Ultrapure Water System (Barnstead) for the
surface tension measurements. The purified H,O has an electrical resistance of 18.2
megohm-cm. For the experiments with heavy water, degassed D,O was used: D,0O
(99.8% d, > 2 megohm-cm, Armar) for the fs-ESHS measurements and D,0 (99.9% d,
Cambridge Isotope Laboratories) for the surface tension measurements.

3.2.2 Femtosecond elastic second harmonic scattering

fs-ESHS measurements were performed with the fs-ESHS experimental setup de-
scribed in Ch. 2. For fixed angle measurements of concentration series of electrolyte
solutions, the detection angle was set to 90° with an acceptance angle of 11.4°. Data
points were acquired with an acquisition time of 50 x 1 s [that is, using 50 x (2 x 10°)
pulses in total]. For scattering pattern measurements, the detection angle was set
from —90° to 90° with a step of 5° and an acceptance angle of 3.4°. Data points were
acquired with an acquisition time of 20 x 1 s [that is, using 20 x (2 x 10°) pulses in
total]. For the signal detection, the gate width of PMT was set to 10 ns. The fs-ESHS
signal of pure H,O or D,0 was measured between every two samples and was used
as areference. The reproducibility error of the fs-ESHS measurements was 1 to 3%.
Samples were stored and measured in sealed glass sample cells. All measurements
were performed in a temperature- and humidity-controlled room (7 = 297 K; relative
humidity, 26.0%). The obtained relative intensities as a function of the ionic strength
were fitted with a Langmuir equation, whose functional form is given by

ol A

AIQCw)=C
1+p/A

) (3.1

where p is the ion concentration and A and C are constants. For temperature-
dependent measurements, the temperature of the sample was changed by a tempera-
ture controller (Quantum Northwest) and was kept for 5 minutes to reach equilibrium
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before fs-ESHS measurements. More details about fs-ESHS measurements can be

found in Ref. 124,

3.2.3 Molecular dynamics simulations

Fully atomistic MD simulations were performed using the GROMACS 5.0.4 package'"*
and making extensive use of GPU acceleration. The TTP4P-2005 model'’® was chosen
to model water, and the CHARMM36 parameters179 for the Na* and Cl" ions. The
SETTLE algorithm '8 was applied to constrain the bond lengths and angles of the
water molecules, allowing an integration time step of 2 fs. Long-range electrostatic
interactions were calculated by the Particle-Mesh-Ewald (PME) method 181 with a grid
spacing of 0.12 nm. Short-range repulsive and attractive dispersion interactions were
described with the Lennard-Jones potentials, using 0.9 nm for the cut off length. The
simulation systems were constructed in the following steps. First, a box was filled with
pre-equilibrium water molecules, and several ion pairs were randomly added to the
systems to reach the desired concentrations. Second, after steepest descent energy
minimization, the systems were equilibrated for 2 ns in the NPT ensemble simulations
using the Berendsen thermostat and barostat'®? to reach a target temperature of
298 K and pressure of 1 bar, respectively. The ion concentration was 8 mM (40 ion
pairs), the number of water molecules was 264,443 (0 mM) and 264,363 (8 mM), and
the length of the cubic simulation box was 19.94 nm. After equilibration, 50 ns long
MD simulations were performed in the NVT ensemble. The target temperature of

t183 with a

298 K was kept constant using the canonical velocity rescaling thermosta
coupling time of 1 ps. The analysis of the water-water correlations has been performed

over the full duration of the simulations, sampling every 2 ps.

3.2.4 Surface tension measurements

Surface tension measurements were performed using the Wilhelmy plate method?’.
The Wilhelmy plate method uses a vertically suspended Pt plate with a perimeter /,
which is pulled out of the electrolyte solution towards air. The force (F) acting on this
plate is correlated to the surface tension y by the following equation

_F
~Icosg’

Y (3.2)
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where ¢ is the contact angle between Pt and water, which has a value of ¢ = 0.184 The
measurement error of this method is 0.1%. 2

The surface tension measurements were performed using an Attension Sigma
701 force tensiometer (Biolin Scientific), which was equipped with an Attension Pt
Wilhelmy plate (Biolin Scientific). This instrument was placed on a Micro-g lab table
(TMC), located in an ISO class 6 (1000 p/ft®) clean room (Clean Air Products) to
minimize environmental noise and reduce atmospheric dust. All solutions were kept
and measured in glassware, which was previously treated with a standard Piranha
glass cleaning procedure. Namely, the glassware was first treated for a minimum of
5 minutes with a 3:1 mixture of concentrated sulfuric acid (95-98%, Sigma-Aldrich)
and hydrogen peroxide solution (30%, Macron fine chemicals). After this process, the
glassware was washed with copious amounts of water. Each sample solution has been
scanned a minimum of 40 times, and every surface tension value has been reproduced
independently at least 5 times.

3.3 Results and discussion

3.3.1 Femtosecond snapshots of collective effects

In our fs-ESHS experiments (illustrated in Fig. 3.1B), S- or P-polarized femtosecond
laser pulses interact with an aqueous electrolyte solution and induce a second-order
polarization (P (2w), Eq. 3.3) that instantaneously emits polarized SH photons. This
second-order polarization originates from two main sources®*: electronic anisotropy

within an individual non-centrosymmetric molecule 3485150

and structural anisotropy,
which reports on the combined structural electronic anisotropy of many molecules.
The first term is an incoherent contribution and can be understood as a measure
of charge asymmetry within a molecule (and is also known as the self-correlation
term; Egs. 3.10 and 3.12). The second term is a coherent contribution and reports
on the total sum of static positional orientational correlations between any pair of
molecules (Eq. 3.13). A randomly distributed set of water molecules (as in an ideal
gas) contains electronic anisotropy but no orientational correlations. For this reason,
femtosecond second harmonic scattering is used routinely to probe particle and
droplet surfaces®>°1: Water molecules aligned by a surface through H-bonding, by
an electrostatic field, or by other interactions have orientational correlations. As an
example, the orientational correlation of a pair of water molecules (as illustrated in Fig.
3.1A) can be changed by breaking an H-bond through a rotational or bending/libration
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motion, but not by stretching the H-bond. Femtosecond laser pulses that are shorter
than the orientational relaxation time of water are necessary to take snapshots of the
static collective orientational correlations in water 1481%6 In what follows, we refer to
the structural collective orientational correlations as orientational order.
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Figure 3.1 - Snapshots of long-range perturbations in aqueous NaCl solutions. (A) [llustration of
two H-bonded water molecules that are orientationally correlated. The black arrows represent different
axes along which H-bonds can be broken. fs-ESHS is only sensitive to the breaking of this H-bond
via rotation (black curved arrow). Nuclear quantum effects predict that the H-bond bending mode
is stronger, whereas the H-bond stretching mode is weaker, for D,O compared to H,O. (B) Sketch of
the fs-ESHS experiment. fs-ESHS intensities are recorded at a scattering angle (8) of 90°. P/S refers
to a polarization direction parallel/perpendicular to the scattering plane. (C) Top: Illustration of the
different regimes probed in the experiment. At low ionic strengths (1), each ion induces long-range
structural water correlations in its vicinity, forming a water-ordered domain. At higher ionic strengths,
more domains appear. These domains (2) start to overlap and (3) interfere with one another, leading to
a saturation of the detected fs-ESHS signal. Bottom: fs-ESHS intensities of NaCl solutions, relative to
that of H,O. Four different polarization combinations were measured: PPP, PSS, SPP, and SSS. Only the
PPP and PSS intensities change with increasing NaCl concentrations.

3.3.2 Induction of structural orientational order by electrolytes

The polarization combination of the exciting and emitted beams can be used to obtain
information about the nature of the induced second-order polarization. Electronic
anisotropy can be found in all eight possible polarization combinations. Orientational
order (structural correlation) that is, on average, spherically symmetric, appears only
in four polarization combinations: PPP, SSP, PSS, and SPS829 1f centrosymmetric
ions induce changes in the orientational order of water, we expect these changes to
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appear only in the abovementioned polarization combinations, and not in the combi-
nations SSS, PPS, SPP, and PSP. The latter combinations report on translational/dipolar
order as found in noncentrosymmetric crystals'®. By examining the polarization
dependence of the fs-ESHS intensities of aqueous solutions of NaCl from 1 uM to
0.1 M, we can determine whether the ions induce changes in the orientational or-
der of the water network. Figure 3.1C (bottom) shows the change in the fs-ESHS
intensity relative to that of pure H,O (at 8 = 90°) for 1 uM to 0.1 M NaCl solutions
for four different polarization combinations: PPP, SSS, SPP, and PSS, reporting on
the collective orientational order (PPP and PSS)% and the electronic structure of
individual molecules (SSS and SPP) 185, The polarization combinations SSS and SPP
do not display any concentration-dependent intensity change with respect to the
signal of pure H,O. This excludes a change in the ion-induced electronic anisotropy
of molecules. However, the PPP and PSS intensities increase by 30 + 3% and 25 + 3%,
respectively, before reaching a plateau at ~1 mM. Despite being a bulk phenomenon,
the dependence of the intensity on concentration is well captured by the functional
form of the Langmuir equation. The Langmuir equation is most commonly used to
describe surface adsorption processes. Figure 3.1C is concerned with a bulk measure-
ment and we note that this correlation is purely empirical. The observed changes
in these polarization combinations alone indicate that the orientational order of wa-

8595 js changing, in qualitative agreement with the inelastic nanosecond HRS study

153

ter
conducted by Shelton

3.3.3 Estimate of the spatial range of the perturbation

To make an estimate of the spatial range and magnitude of the ion-induced orien-
tational order in water, we simplistically place each ion at the center of a spherical
domain that is surrounded by a monomolecular shell of water at a distance R and is
distorted in its structure by a tunable phenomenological parameter 7, in analogy with
nonlinear light scattering models®29118  In detail, we consider two contributions
that can be used to explain the change in fs-ESHS intensity observed in Fig. 3.1C:

1. The short-lived structural perturbations as arising from an unknown structural
correlation, which we represented by spherical shells with a certain adjustable
anisotropy () that surround domains with a radius R around a central ion.
These shells with structurally correlated water molecules generate SH photons.

2. The single molecule electronic response of water as described by the third-order
hyperpolarizability elements B, that couples to the electromagnetic fields
of the incoming laser pulses and the screened electrostatic field of the ions in
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solution.

To model these contributions, we use a nonlinear Rayleigh-Gans-Debye (RGD)
light scattering model, which assumes that the linear refractive index is perturbed

135,187 and is valid for domain sizes R < 250 nm. 141

minimally by the presence of ions
In this model we make use of the following coordinate systems (from large to small
length scale):

¢ The right-handed Cartesian coordinate system of the laboratory frame (x,y,z).
Here, x,z determines the horizontal plane of scattering, with z being directed
along the SH 2k; vector, and y indicates the vertical direction out of the scat-
tering plane. The polarization of light is indicated with P or S and labeled with
u; (as well as the electrical field components). In the frame q is defined as
the scattering wave vector, such that q = ko — 2k;, and the scattering angle 6 is
defined as the angle between the scattered wave and the incoming beam.

* The right-handed Cartesian coordinate system of the effective susceptibility I'®,
which is needed to calculate scattering integrals analytically and allows easy
predictions of symmetry selection rules. '3 This frame is rotated with respect
to the lab frame (and depends on the scattering geometry), with the principal
axis lying along the scattering vector q. In coordinate transformations, we label
these indices with a;.

* The spherical coordinate system of the nanoparticle surface or a monomolecular
shell, which is indicated by (r/,6’,¢"). In coordinate transformations, we label
these indices with b;.

» The Cartesian molecular coordinates, designated by (a, b, c), where ¢ represents
the direction of the dipole moment of water. In coordinate transformations, we
label these indices with c;.

These coordinate systems are illustrated in Fig. 3.2.

The response from structural correlations

The total SH polarization of a single spherical domain originating from structural

perturbations of water is given by %8

2
P1(420)u1u2 Cw) < Z rglzo)alaz H(qdi -€y,;) By, () Ey, (), 3.3)

apa) az i=0

where E,, (w) is the amplitude of the incoming electrical field (the subscript u; refers

to the polarization state and here u; = uy for fs-ESHS), F%)al a, 18 an effective suscepti-
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Figure 3.2 — Sketch of the relevant parameters needed in the phenomenological discussion. The
illustration shows an ion and its extended hydration shell that are illuminated by fundamental laser
pulses with a wave vector k;. The fs-ESHS intensity is measured at a scattering angle (8) of 90°. The
scattering vector, q, is defined as the difference, ko — 2k;. The scattering vector defines the direction of
the orthonormal coordinate system used for calculating the effective susceptibility (I'?) elements. The
inset shows a close-up of the water shell, relative to which the y® elements are defined. The principal
coordinate system of the water molecule is (g, b, ¢). The molecular hyperpolarizability % is defined
with respect to that system.

bility element (which is further described below), and e,; denotes the polarization

state unit vector of the electrical field. The effective susceptibility Fgo) a, €lements
can be calculated using 136187
(2) @) , i 2 .
1q-r
Tamar= 2 | Xigpy, @€ []@a;-e0)dr, (3.4)
bob1 b 1) iso

where V;; denotes the volume of the domain in which molecules are correlated. The
structural correlations of water molecules are represented by X(bzo)bl by which is the
angle averaged susceptibility of correlated water molecules at position r’ with a
phase factor !4, For SHS from correlated molecules with spherical symmetry, e.g.
molecules at a particle surface or in a monomolecular shell around a point center,
f @) =6(r'| — RE). The results of the integrals in Eq. 3.4, as reported in Ref. 187 can be

expanded as a power series of the radius R of the spherical domain (or the monomolec-
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ular shell). The power series is given by
I® ~ P R*(g1(qR) + g3(g B’ + Ol(GR)") 3.5)

with g; the expansion coefficients. For the present case, gR < 1, so the effective
susceptibility I'® is mainly determined by the first term in the above expansion.
Therefore, the total SH polarization Pl(fo)ul u, (2w) has a cubic dependence on the radius
of the spherical domain (i.e., Pfo)ul u, CW) R?) for nanometer length scales. The
(bzo)bl by and the second-order molecular hyperpolarizability ﬂg‘))cl c, 18

given by a coordinate transform

relation between y

N,
2) _.'m 2
Xbo bib, €o <Tb0 o (l‘,) Tb1 ] (rl) sz () (r,)>ﬁ(co)cl X (3.6)

where (Tp,c, (t") Tp, ¢, () Tp,c, (r')) is the averaged transformation from the molecular
coordinate system (co, 1, ¢2) to the monomolecular shell coordinate system (by, by, b).
The averaged transformation is determined by the orientational distribution function
(ODF) of water molecules, and reflects molecular structural correlations. If the water
molecules exhibit no structural correlation and thus are completely isotropic, the
average of Eq. 3.6 equals zero and no coherent fs-ESHS signal is generated. Note
that in order to introduce the effective susceptibility we assumed that the orientation
of molecules is correlated with the center of the spherical domain, but not with the
orientation of neighboring molecules.

The extent of the structural correlation is described by an average angle ¥
between the water dipole and the radial direction (assuming azimuthal isotropy).
The product {Tp,c, @) Tp, ¢, ®') Th,c, (¥')) can be calculated as a function of this average
angle ¥. The solutions for the expression (Tpc, (t) Tp, ¢, (') Tp,c, (') can be found in
Ref. 137, Changes of the water structure, which result from all possible interactions in
the system, are included in this relation. Since we do not have any information on the
precise molecular structures, we introduce a relative structural anisotropy parameter
7 to capture the ion induced structural changes in the nonlinear susceptibility. Our
definition of the relative structural anisotropy is n = €y )((rz,)r,r,/ (N m ,B(CZC)C), where 1’ is the
shell normal/radial direction, and c is the direction of the dipole moment of the water

2
bob1 b2

between molecules, 1 reports on the ion induced water structuring that results in
changes in the fs-ESHS intensity.

molecule. Since a non-zero y results from changes in the structural correlation
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The response from third-order single molecule interactions

In addition to structural correlations between water molecules, there is also a contri-
bution to the fs-ESHS response from a pure third-order electronic single-molecule
interaction. Here, the intensity of the scattered light is determined by the third-order
hyperpolarizability . Following Ref.'®, the induced SH polarization of a single
water molecule at position r’ is given by
3) NEY-16)) / / / /

p; Qo) =g, ) E;(,r)E(,r)Epc0,r), 3.7)

in which Epc(0,r’) is the magnitude of the electrostatic field. Since the electrostatic

field Epc(0,r') is directed in the radial direction, the rotational average of this induced

2

boby by
Xi))bl Do (arising from ﬁg,?})kr,) can thus be calculated in the same way with Eq. 3.6. An
effective susceptibility, 1"%)
the integral of Eq. 3.4. The total B -related SH polarization of water molecules within

SH polarization has the same symmetry properties as y A similar quantity

a a,r» €aN be calculated as well if we include Epc (0,r) in

an extended water domain around an ion is then given by

2

PY, Loy Y TD [1@a-euw)Ew (@) Ey, (), (3.8)
apay az i=0

which is a function of the volume in which water molecules are contributing to the SH

polarization. The effective size of the volume is determined by the strength of Epc (0, ).

Combining both second- and third-order effects, the intensity of the scattered SH

light of structurally correlated water molecules in a single domain is now given by

2
,» (3.9)

kte2
Teornspu (260) = C*=5 (00 ()
0

2
2 3
Z (raoalag + raoalazr) 1_[ (qai ) eui)
apay a i=0
where C is a constant (which depends on the chosen system of units), ry is the detector
position (in the far field), ky is the magnitude of the scattered SH wavevector.

The fs-ESHS intensity from uncorrelated water molecules in an isotropic

liquid is given by 189

ik} 2
Iuncorr,uoul U (2w) = Czr_gElztl (w)EiZ (w) < [ﬁ(uzo)ulug] >Nm];/ dgrl; (3.10)
0 0

where N,, is again the number density of water molecules and fvo denotes a volume
integral over the water volume that is associated with one ion.
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Spherical domain size dependence of the fs-ESHS signal

To estimate the length scale that contributes most to relative changes in the fs-ESHS
intensity (as plotted in Fig. 3.1C), we calculate the response of all extended hydration
shells in the solution by dividing the intensity of a single ion domain (arising from
single molecule responses (Eq. 3.10) as well as structural correlations and third-order
interactions (Eq. 3.9)) by the intensity from uncorrelated water molecules in the same
volume (Eq. 3.10), i.e.

IcorrQw) + Lyncorr(2w) _ IcorrCw)

AIQ2w) =
TLuncorr Cw) TIuncorr Cw)

(3.11)

We use the values of Table 3.2 as input. The domain size (R) and the relative structural
anisotropy () are adjustable parameters. By adjusting these we can find a (R, 1)
parameter space which is compatible with the measured intensity change. At very
low electrolyte concentrations, we can assume the position of the ions to be largely
uncorrelated, so the intensity will increase linearly with the concentration of ions. The
change in the total fs-ESHS signal can then be taken as the linear sum of the intensities
from all ions. At higher electrolyte concentrations (when the intensity curve in Fig.
3.1Cis no longer linear), ions or their domains become correlated. We will discuss the
implications of ion correlations in the next section.

Figure 3.3 shows the computational results for dilute electrolyte solutions for
four different fs-ESHS intensity changes that correspond to four different electrolyte
concentrations. We assume for simplicity that only a mono-molecular shell of radius
R contributes to the signal, so that the intensity that arises from a single ion can
be obtained from the absolute square of Eq. 3.3. This treatment differs from the

f.190 where entire bulk domains are used. Both methods,

description of bulk water in Re
however, do not provide any information about the structure of water and serve to
assess length scales only.

We can now investigate which combinations of domain size and relative
anisotropy are compatible with the measurements. The red curve represents the
parameter space of (R, n) for which an intensity change of AI(2w) = 1.05 is calculated,
which corresponds to the measured value at a NaCl concentration of 10 uM. Such a
response can be achieved with a monomolecular shell with a domain radius of 21.8
nm and a relative structural anisotropy of 0.0245. In this case, each water molecule has
an additional radial alignment that corresponds to 2.45% of the electronic anisotropy
of a single water molecule. Smaller domain radii but with larger relative anisotropies
that lie on the red curve can also lead to AI(2w) = 1.05. The orange, green and
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30F
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Figure 3.3 — AI(2w) as a function of domain size and relative structural anisotropy. The solid curves
represent calculated relative intensities that match the relative intensities for 10, 50, 100 and 500 uM
NaCl solutions, respectively, as a function of the amount of structural anisotropy (), X-axis) and domain
size (R, Y-axis). The dashed lines indicate half of the average separation of ions for each electrolyte
concentration. The corresponding relative structural anisotropy that is needed to obtain the measured
AI(2w) is also indicated.

blue curves represent AI(2w) for different values that correspond to different NaCl
concentrations (50, 100, and 500 uM). The horizontal dashed lines indicate the domain
radius that corresponds to half the average distance between the ions, here calculated
from simple cubic packing of ions. Table 3.1 summarizes the relevant domain sizes,
corresponding number of hydration shells, and anisotropy in case that the domain
size is only determined by the average ion separation.

¢ (uM) || R (nm) | Number of water layers (hydration shells) n
10 21.8 70.3 0.0245
50 12.8 41.3 0.0901

100 10.1 32.6 0.1512
500 5.9 19.0 0.4321

Table 3.1 —- Domain radius (R), corresponding number of hydration shells, and anisotropy (1) in case
the domain size is determined only by the average ion separation.

Figure 3.3 shows that if the structural anisotropy matches the electronic
anisotropy in magnitude (n = 1), a minimum domain radius of ~5 nm is needed
to reach the observed increase of the fs-ESHS intensity. Alternatively, from Fig. 3.1C
we see that the ion positions become correlated at ~55 M, which requires a domain
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radius of 6.1-12.4 nm and a relative anisotropy of 1-0.097, which corresponds to
the range of values that are permissible by taking either the domain radius as being
determined by the average separation or the relative anisotropy (n = 1) as limiting
parameters. Furthermore, the domains become structurally intertwined when the
data in Fig. 3.1C levels off at ~500 uM, which requires a maximum radius of 5.9 nm
and a structural anisotropy of 0.43. If the observed effect would be short-range and
the increase of signal of electrolyte solutions from 0 to 10 uM would originate from a
monomolecular shell of ~1 nm size, then a relative anisotropy of ~8.4 x 10° would be
needed, which is physically unreasonable.

The importance of the single molecule third-order contribution can also be
estimated. Using the average separation of ions as an indicator for the effective size of
the volume for the calculation of the ﬁ(3) contribution to the SH polarization, we see
that this contribution to the signal is minor: At an electrolyte concentration of 50 uM,

the pure g©

contribution to the relative increase of the SH intensity is only 0.014%,
which is negligible compared to the total increase of 15%.

Summarizing what we have seen so far, in measurements of up to ~55 uM (Fig.
3.1C), the spherical domains do not overlap and the measured intensity increases
linearly with concentration. At higher concentrations, the fs-ESHS intensity levels off.
As more ions are added, the volumes associated with different ions begin to overlap, to
interfere with one another, and to exhibit spatial correlations. The preceding analysis
that considers water molecules as organized in concentric shells is not a physically
meaningful representation of water and should not be interpreted as such. However,
this oversimplified representation does serve to show that within this model (i) the
length scale over which the orientational order extends is > 5 nm and (ii) short-range
(< 1 nm) structural changes cannot account for the observed changes. From the
preceding analysis, it is easy to see that the collective orientational order could extend
as far as 19 to 70 hydration shells (Table 3.1).

3.3.4 Distortion of the H-bond network over nanoscopic distances

Next, we want to determine whether the observed increase in orientational order
depends on the chemical structure and charge of the ions. We addressed this question
by repeating the fs-ESHS measurements for 20 other electrolytes together with a
nonpolar neutral molecule (CCly) as a control. Figure 3.4 shows the PPP fs-ESHS
intensity in the same ionic strength range for a monovalent Cl” cation series (NH4Cl,
KCl, Na(Cl, LiCl, and HCI) and for a monovalent Na* anion series (NaH,PO,4, NaOH,
NacCl, NaBr, Nal, NaNOs, NaClO4, and NaSCN). The divalent cationic-monovalent
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anionic pairs (MgCl,, CaCly, SrCl,, and BaCl,), the monovalent cationic-divalent
anionic pairs (Na,S,03 and Na,S0y4), and the divalent cationic-anionic pairs (BeSOy,
MgSQO,, and CaS0O,) are also shown. For all electrolyte solutions, the same trend is
observed: a rise in intensity up to a plateau. In contrast, for nonionic CCly, the fs-
ESHS intensity remains unchanged. Note that the ionic strengths at which the curves
change slope, as well as the relative intensity of the plateau, are independent of the
electrolyte used. Thus, there is no dependence on the ionic radius, the polarizability,
or the chemical structure of the ions. This absence of ion specificity is consistent with
the notion that the fs-ESHS signal generated by the immediate neighborhood of the
ion is negligible (see Fig. 3.3).

o ccl, MgCl, O BeSO,
4 4L0 Ha caCl, © MgSO, PPP
| o NaOH o srcl, O CaSO,
O LiCl o BaCl, o
0 NaCl 0 NaS,0, 2Ll o 2
1.3}-0 Kal 0 Na,SO, Wo oo
0 NH,CI 200
O NaClo, Q/E, S
NaSCN eo
1210

NaBr /
L

I2w),,/ I(2u))Hzo

09H I | | | l
1 10 102 10° 104 10°

lonic strength (uM)

Figure 3.4 - Nonspecific long-range changes in the H-bond network of water. fs-ESHS intensities,
relative to that of pure water, of 21 different electrolyte solutions obtained at a scattering angle of 90°
(PPP polarization combination). The relative intensities of all electrolyte solutions can be fitted with the
same Langmuir type equation. The dashed line indicates the concentration of half saturation. fs-ESHS
intensities of aqueous CCly solutions are also plotted for comparison (the X-axis should be read here as
“Concentration (uM)”).

3.3.5 Origin of the nanoscopic distortions

Thus far, the origin of the increase in orientational order observed in Figs. 3.1C and
3.4 has not been attributed to any specific type of interactions. Ion-dipole interactions
as captured by a mean-field description are a candidate, but so are collective H-
bond interactions between water molecules that are distorted by electrolytes. In the
appendix (Sec. 3.5.2), we consider a Debye-Hiickel (DH) model that treats water as
an ideal gas of dipoles, in which ions interact by means of ion-dipole interactions.
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This model predicts that the fs-ESHS response saturates as a function of the ionic
strength. The fs-ESHS response is also expected to scale as 1/temperature. Light water
and heavy water have comparable dipole moments and dielectric constants (1.8546
D/1.8558 D and 78.45/78.08 for H,O/D,0; Table 3.2) and thus generate identical fs-
ESHS responses within this framework. However, we observed that the temperature-
dependent fs-ESHS response (Fig. 3.8B) does not follow the trend found by the DH
model.

Isotope experiments

In order to further investigate the validity of the DH model, we measured the fs-ESHS
response of pure light and heavy water. Figure 3.5A shows fs-ESHS scattering patterns
of bulk H,O and D-,O0. It can be seen that the scattering patterns are isotropic for the
SSS polarization combination and peaked towards the forward direction in the PPP
polarization combination. The straight lines represent a calculation of the fs-ESHS
response assuming that only the incoherent electronic single molecule response gives
rise to fs-ESHS signal. According to this assumption, the curves should obey Eq. 2.24,
that is (Ref. 4, Eq. 50, only the first term)

Isss(Cw) = A<[:6(13)yy]2>

) ) (3.12)

Ippp(za)) =A < [ﬁ(}?)XX] >C0829 + A< [ g;{X] >sin2 9,
in which A is the scaling constant, 0 is the scattering angle as defined in Fig. 3.1B,
and ,B(IZ;K is the effective hyperpolarizability in the laboratory frame coordinates
(Fig. 3.2). () represents an orientational and temporal average over a large num-

2 2
ber Ofmolecules_ <[ﬁ(Y2)YY] > = <[ﬁ(}?)XX] > =282.1 [X (320 X 10_53C3m3]_2)2] and

ZXX
isotropic environment. These values are calculated based on the hyperpolarizability

2
<[ﬁ(2) ] > = 33.2 [x (3.20 x 10_53C3m31‘2)2], for isolated water molecules in an

values given in Table 3.2 in combination with the response for molecules of the Cy,
point group (Appendix B of Ref.3%).

Based on the ideal gas model that underlies the DH theory and the assump-
tion of isotropy, we should not expect a difference between the fs-ESHS patterns of
H,0 and D,0. Furthermore, the shape of the data would follow the calculated lines.
Figure 3.5A shows fs-ESHS patterns of bulk H,O and D, 0. The SSS data can be seen
to follow the trend of the predicted line shape of Eq. 3.12, while the PPP data does
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Figure 3.5 — Nuclear quantum effects. (A) fs-ESHS patterns for pure H,O and pure D, 0. Both the SSS
(circles, red for H,O and blue for D,0) and the PPP fs-ESHS patterns (squares, red for H»O and blue for
D»0) are plotted. The solid lines correspond to an incoherent averaged single molecule response. It
can be seen that such a response does not fully capture the shape of the data. Note that the computed
single molecule responses are here scaled to coincide with the experimental data at the scattering
angle of 6 = +90°. (B) Relative fs-ESHS intensities of NaCl in H,O and D, O (PPP and SSS polarization
combinations).

not. Additionally, the D,O response is significantly more intense than the H,O re-
sponse (e.g. 40% bigger for PPP at 8 = 90°; or 20% for SSS). The intensity ratios of
Ippp(0°)/Ippp(90°) are 7.8 + 0.3 for H,O and 6.9 + 0.3 for D, O, whereas a purely inco-
herent ideal gas response would have a ratio of 8.5 for both H,O and D0 (using the
values and formulas of Refs.34191), The above deviations (deviations in the magnitude
of the polarization ratios and in the scattering pattern, the isotope effect) suggest
that structural correlations/collective H-bond interactions play a significant role here.
Only by including these interactions we can account for the differences between the
data and the ideal gas model. Incorporating collective H-bond interactions in the
explanation, a direct relationship between H-bond properties and fs-ESHS response
is expected: As D, 0 has stronger H-bonds than H,O, there is more orientational order,
which translates into a stronger fs-ESHS response. In addition, in agreement with the
observation, the polarization ratios for D, O are expected to deviate further from ideal
gas behavior than those of H,O.

In addition to pure light and heavy water, we also investigated electrolyte
solutions with D, 0O at different ionic strengths compared to those with H,O. Figure
3.5B compares the fs-ESHS measurements of NaCl dissolved in H,O and D,O (PPP
and SSS polarization combinations). The PPP intensity change up to the plateau for
D, 0 solutions is 9 + 3% (instead of 30 + 3% for H,O, a factor of ~3.3). The ionic strength
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at half saturation is 310 + 71 uM for D, O (instead of 55 + 5 uM for H,0, a factor of 6 +
1.9). In contrast, the DH model predicts a saturated fs-ESHS response that is a factor
of 20 (for D,0) or a factor of 6 (for H,O) larger than the measurement. The predicted
onset of the increase is either on the order of the observed value (H,0) or off by a
factor of 7 (D»0). Within the DH framework, there are no adjustable parameters that
can account for any of these effects.

Molecular dynamics simulations

Orientational order arising from H-bond interactions has not been considered relevant
in the interpretation of SH data from bulk water°*192, However, experiments of SHS
from surfaces of oil nanodroplets in aqueous solutions !*#119 hint at the importance
of H-bonding. Including H-bond interactions here will likely modulate the fs-ESHS
signal and may reduce the orientational order found from the DH model. Indeed,
liquid water derives its unique properties from its three-dimensional H-bond network,
which ensures that some degree of structural orientational order is present. This can
be demonstrated with an MD simulation of 264,000 (TTP4P 2005) water molecules
that includes both ion-dipole and dipole-dipole interactions. Such a large simulation
box (or an even larger one) is necessary to approach the low concentration limit that
is probed by the experiments and to reduce finite-size artefacts in the electrostatic
potential. Figure 3.6A shows the orientational order in water (that is, the water-water
orientational correlations among all pairs of water molecules) as a function of distance.
At water-water distances of R < 1 nm, water molecules experience changes in their
orientational distribution on the order of 10° to 20° per molecule. Ions will distort
this distribution by means of ion-dipole interactions and by changing the H-bond
network of water, which are both probed in the fs-ESHS measurements.

We computed the ion-induced changes in the water-water orientational corre-
lations for a NaCl solution with a concentration of 8 mM (Fig. 3.6B) by calculating the
difference in orientational correlations between the ionic solution and the pure water.
This can be related to the fs-ESHS response as follows: The coherent contribution to
the fs-ESHS response involves a quadratic distance dependent term, which is written
for a pair of molecules as

o] 1 R
f dR %Rz f do, f d0y g(R, 01, 0) %, Q1675 (), (3.13)
0

see Bersohn et al.?, Eq. 55. Here, R is the separation between two water molecules
(labeled 1 and 2), with orientational angles Q. The orientational correlations that enter
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Figure 3.6 — MD simulations of orientational order in the H-bond network of water. (A) Water-water
orientational correlations (left) and corresponding changes in average tilt angles (right) obtained from
an MD simulation of pure water. (B) Ion-induced change in the orientational order for an 8 mM NaCl
solution. Changes in the distance-weighed water-water orientational correlations are shown (left axis),
as well as the corresponding changes in the distance-weighted average tilt angle per water molecule
(right axis).

the definition of g(R,Q;,Q») are contained in the MD simulations. To express clearly
the effect of ions on such correlations, we focus only on the angle ¢ between the
dipoles of a pair of water molecules (as sketched in the inset of Fig. 3.6A). Considering

that for the experiment Sin;zm — 1, the contribution to the fs-ESHS response (Eq. 3.13)
can be represented by
o0
f dR R*(cos¢). (3.14)
0

Figure 3.6B shows the distance dependence of the ion induced change in the fs-
ESHS response, i.e. it shows the difference in the average orientational distribution
with and without 8 mM NaCl, ({cos¢),—(cos¢),) multiplied by R?. The resulting
distance-weighted angular distortion is plotted on the right axis. Perturbations with
a magnitude of ~0.02 °nm? are induced by the presence of ions and persist over a
length scale > 8 nm (here limited by the size of the simulation box).

Possible role of nuclear quantum effects

The contribution of H-bond interactions offers an explanation for the phenomenolog-
ical differences between light water and heavy water observed in Figs. 3.5A and 3.5B.
The strengths of the H-bond in H,O and in D, 0 are different and are modulated by
nuclear quantum effects. The bending mode of the H-bond (illustrated in Fig. 3.1A) in
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D, 0 is stronger than that in H,O, whereas the stretching mode of the H-bond displays
the opposite behavior. Isotope effects are usually not more than a few percentages
in magnitude because of the competition of these opposite quantum effects along
the two different molecular axes illustrated in Fig. 3.1A.182193194 In the data of Fig.
3.5B, a much bigger difference between H,O and D, 0 is found because only one of
the two modes (the bending motion of H-bond) modulates the fs-ESHS response. A
stronger H-bond in D, 0 (along the bend axis) consistently implies a higher fs-ESHS
intensity of pure D0, a higher ionic strength for the half saturation, and a smaller
relative saturation intensity.

3.3.6 Orientational order probed macroscopically

We have seen thus far that electrolyte concentrations as low as 10 uM induce orienta-
tional order in water that amounts to a fraction of a degree. At such concentrations,
each ion is surrounded by 2.75 + 10® water molecules. Therefore, although the magni-
tude of the change in orientation order is small, the total cooperative effect can be
significant. Macroscopic properties might be influenced, too, if they report on changes
in orientational order. We will explore macroscopic changes next. The method that we
used for that was surface tension measurements, which may seem to be an unusual
method for probing ion-solute interactions.

Surface tension (y) measures the work needed to create a unit surface area of
liquid-vapor interface. Adding electrolytes to water leads to a change in the surface
tension Ay. The change in Ay is in turn linked to a change in the net surface excess
or depletion of the electrolyte at the interface by the Gibbs adsorption equation. The
surface excess (I';) of component i is defined as

r - (O_Y) , (3.15)
T

The chemical potential (¢;) of component i is given by
i :u?+2kBTlnfix,- (3.16)

for a 1:1 electrolyte, where f; refers to the activity coefficient, x; to the partial concen-
tration, and u? to the standard chemical potential. Since y; contains both bulk (first
term) and surface (second term) properties, a measurement of Ay as a function of
the ionic strength reports on both bulk and surface properties of an electrolyte solu-
tion. 1% Another way of understanding this is that the surface tension is also defined
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as the change in the free energy when the surface area is increased by a unit area.?’
For an air (a)/water (w) interface it can be expressed by:

1 1
7=5Ww+5Wa—Wwa, (3.17)

where W, and W, are the reversible work needed to separate two unit areas of two
surfaces from contact with each other to infinite spacing in vacuum for water and for
air, respectively. Wy, refers to the work of adhesion due to the interfacial interaction
energy per unit area of air and water (see Fig. 3.7A for a sketch). Since molecules
in an ideal gas are non-interacting, W, — 0. W, — 0 as well because of the low
concentration of gas molecules compared to the concentration of water molecules
(about a factor of 1000 lower). The change in the surface tension Ay (Ay = Yso1ution —
Ywater) as a function of electrolyte concentration ¢ can be expressed as

0Ny 10AW,, 10AW, O0AWyu, 10AW,

dc 2 Oc +2 oc dc 2 dc (3-18)

Since W, — 0 and W,,;, — 0, aAC.,ZV“ = % = 0. Thus aaA—CY reports on breaking H-
bonds.

For electrolytes at molar concentrations, the surface is depleted relative to
the bulk, leading to an increase in surface tension (that is, Ay > 0) 1. At concentra-
tions < 1 mM, which are much smaller than those at which depletion effects become
measurable, Jones and Ray?® measured a decreasing Ay that reaches a minimum at a
concentration of ~1 mM, using the capillary rise method. A possible explanation for
this observation is that, at such low concentrations, the decrease in Ay does not stem
from the surface segregation of the bare ions, but rather from the relative stability of
the weakly oriented water that surrounds the ions. An increase in the orientational
order of the water H-bond network entails an entropic penalty that is greater in the
bulk than at the surface, leading to a net favorable interaction with the surface and,
hence, to a decrease in Ay.

To verify this hypothesis, we measured (i) the concentration-dependent sur-
face adsorption of ions by means of resonant SH measurements in reflection mode
(Fig. 3.7B) and (ii) compared the Ay values of electrolyte solutions for light water and
heavy water at different ionic strengths up to 100 mM (Fig. 3.7C). Starting with the
first set of experiments, SH measurements in reflection mode were recorded under
resonant conditions, probing the charge-transfer-to-solvent (CTTS) transition of I
present in Nal and KI solutions. The surface activity of I is found from spectral decom-
position and is plotted for Nal and KI solutions as |x®|? in Fig. 3.7B (black and red
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Figure 3.7 — Macroscopic manifestation of orientational order in the H-bond network of aqueous
electrolyte solutions. (A) An illustration of the concept of surface tension. (B) Normalized resonant
I" surface SH response of Nal and KI (|x?|?; black and red data) ' and normalized fs-ESHS (bulk)
intensity change originating from constraints in the orientational order of bulk water (blue and green
data). Ion-induced changes in the H-bond network of bulk water occur at lower concentrations (55 M)
than the surface adsorption (4 mM). The saturation of the bulk structural changes coincides with the
minimum in Ay (dashed line). The top panel shows an illustration of resonant surface SHG. VIS, visible;
UV, ultraviolet; GS, ground state. (C) Measured surface tension difference (Ay) for NaCl solutions of
H,O0 (blue data) and D,O (brown data). Above 20 mM, Ay increases, as indicated by the dashed line
(see Jarvis and Scheiman33). A cartoon illustrating the structural changes in the electrolyte solution is
shown on top. The numbers correspond to the different regimes of ionic strength and are also indicated
in (B).

data). The I" surface SHG signal increases at micro-molar concentrations close to the
minimum of the surface tension measurements and then saturates at ~100 mM. Other
salts that have an optically accessible CTTS transition, such as K4Fe(CN)g, also lead
to changes in the surface SH signal. The smaller halide ions have CTTS transitions at
shorter wavelengths that are not optically accessible. The changes in the surface SHG
signal were nonetheless interpreted as non-specific.?%19 The bulk fs-ESHS responses
of NaCl and Nal solutions are also shown (blue and green data). As discussed, it shows
that the orientational order of bulk water is changed at ~1 mM. The ionic strength
for the half saturation of both curves (55 uM and 4 mM) is different by ~2 orders of
magnitude.

Figure 3.7C shows the second set of experiments: Ay recorded for NaCl solu-
tions in H,0 and D0 using the Wilhelmy plate method?’. As worked out in detail in
the above, here, Ay reports on the ion-induced free-energy change involved in creat-
ing a water-air surface, with an accuracy of 0.1% (0.072 mJ/m?). It can be seen in Fig.
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3.7C that Ay reaches a minimum at 2 + 1 mM for NaCl in H,O and at 14 + 0.5 mM for
DO (thatis, at an ~7x higher ionic strength than for H,0). Beyond ~20 mM (H,0), Ay
increases. 1223 Within the error of the measurements, the concentrations for which the
minima are reached are the same as the ones for which the fs-ESHS signal saturates
for both H»,O and D, O (Fig. 3.5B). The difference equals the phenomenological factor
of ~6 observed in the fs-ESHS measurements (Fig. 3.5B). Because surface tension
measurements cannot distinguish between the different axes along which H-bonds
can be formed/broken (Fig. 3.1A), the magnitude of Ay is expected, and observed, to
be the same for H,O and D,O0. In agreement with this observation, interfacial isotope
effects are small: Sum frequency experiments on isotopic mixtures at the air-water
interface indicate no substantial isotope effect % or, at most, a 4% isotope effect 198

Thus, although the change in the orientational order of a single water molecule
is small, the collective effect appears to be linked to macroscopically detectable dis-
tortions in the H-bond network of water. This is a remarkable manifestation of how
an accumulation of small distortions may result in macroscopic effects. Water plays
an omnipresent role in physics, chemistry, biology, and medicine, and subtle effects
can have significant consequences for equilibrium and non-equilibrium processes.
The observed effects may well be relevant to a wide variety of phenomena, and the
sizable difference observed between H,O and D, O provides us with a handle to under-
stand and verify models aimed at understanding nuclear quantum effects in aqueous
systems.

3.4 Conclusions

In summary, we observe electrolyte-induced perturbations in the H-bond network of
liquid water that start to appear at ionic strengths < 10 uM. The changes level off at ~1
mM, are constant up to ~0.1 M, and can be explained as an increase in orientational
order in the H-bond network of water. The observed perturbations are independent
of the chemical nature of the 21 ion pairs used, indicating a universal effect that is
also present at physiological electrolyte concentrations. The observed constraint in
the orientational order of water molecules is also detectable macroscopically: The
decrease in surface tension measured at micromolar concentrations points to a quali-
tative change in the surface propensity of ions that can be explained in terms of the
collective interaction between nanoscopic "ordered domains" of water around ions
and the interface. The H-bond restructuring observed in the fs-ESHS measurements
occurs in both H,O and D, 0O, but the comparative response of D,0 is a factor of
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~3 lower in relative fs-ESHS intensity than that of H,0, and occurs at an ~6x higher
electrolyte concentration. This is consistent with H-bonds being stronger in D,O than
in H,O as a result of nuclear quantum effects, which leads to smaller perturbations
in heavy water than in light water. This large difference in the onset concentration
is also observed in surface tension measurements, suggesting a further link between
nanoscopic and macroscopic length scales.
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3.5 Appendix

3.5.1 Constants and properties of H,O and D,0

Property H,O D,O
e 514 nm 1.3363 | 1.3308
Refractive index, **Y 298 K
1028 nm 1.3245 | 1.3215
Divol (D) gas phase?% 1.8546 | 1.8558
ipole momen
P liquid phase 7, 300K | 2.95 -
Permittivity at infinite frequency?°! 4.49 -
Static dielectric constant?92, 298 K 78.45 | 78.08
@ -11.064 | -10.83
@)
ﬁ(Z) in gas phase 146,203-206 ga -11.244 | -10.98
i aes B2 -5.873 | -5.89
(3.206361 x 10-3C3m?] 2) b
'Bcbb -5.343 -5.36
@ -15.240 | -15.07
2)
5.7 -
B? in liquid phase ! o
—53 (31372 'Bcbb 10.9 —
(3.206361 x 107%3C°m?] 2) c
@) 31.6 -
g)c)ma 768 -
3)
IBbbbb 4936 -
B in liquid phase %! S 2504 —~
(6.235378 x 10~%°C*'m*] %) s 902 -
3)
'B(cgc)bb 1197 -
ccaa 490 -

Table 3.2 - Constants and properties of H»O and D, 0.

3.5.2 Mean-field models

Here we obtain an analytical expression for the intensity of scattered SH light us-
ing mean-field models that describe water as a dipolar gas that interacts with ions.
Water-water correlations are here neglected, and the electrolyte solution is mod-
eled as a gas of non-interacting dipoles, for which the statistical mechanics is well
known. The structural correlations of water molecules are here solely determined
by the interaction potential that each water molecule has with a single ion, and are
described by an ionic form factor (F), while the ion-ion correlations are later included
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by means of a structure factor (S). The derivation borrows concepts from different
studies®188.207-209 'Erom the analysis we find that a mean-field model does not cap-
ture the essence of the experimental observations. As can be seen from the below
analysis (Fig. 3.8) we find that:

1. The outcome of a mean-field model critically depends on the shape of the
chosen interaction potential and specifically on how it is decaying at nanoscopic
distances. Values for the saturated intensity deviate by a factor of 103,

2. Models can either under or over represent the found intensities, and the half
saturation concentration and the saturated intensity cannot be predicted simul-
taneously for either H»O or D, 0 solutions.

3. Differences between H,O and D0 electrolyte solutions cannot be accounted
for.

4. Temperature dependent measurements do not agree to the predicted (1/7)
trend by the mean field theory.

Ordering of dipoles around a single central ion

Considering first the water molecules surrounding a single monovalent ion, and
referring to the Pz(42())u1 u, (2w) term, inserting Egs. 3.4 and 3.6 into Eq. 3.3 and using the

fact that Tp,, (') = (ep, - e, (r')) gives the average polarization

Pitzo)ul U w) x Nmf <(eb0 <€ (l‘,)) (eb1 <€cy (l‘,)) (ebz *€c, (r,))>T (Ci)cl C eiq-r’d?)rl’ (3.19)

where the average is weighted by a Boltzmann factor. Next, we take a Boltzmann
average of the non-observable quantity pﬁfguluz (2w) because we are assuming that
water molecules, while correlated by the ion, are not orientationally correlated with
each other. The energy of a dipole atr’ is —u-Epc(0,1') = —uEpc(0,1') cosy, where v is
the angle between the dipole and the electrical field Epc(0,1'), and p is the static dipole
moment. The ensemble-average can be written as an average over all orientations

((eno-€q (') (en, - €0, (') (en, -€c, (1))

= ((esy €0y (1)) (€1, -0, (1)) (€0, - €, (1)) P ErcOD kT (320
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which, expanded to first order, is (with the constant term giving an average over three
direction cosines and thus zero average)

1Epc(0,r)

2 (e e () (e -0 (1) (er, e (1)) cos). .21

Carrying out the averages and taking the sum in Eqgs. 3.3 and 3.4 give

2

£tzt))u1 u Qw) x NmEu1 (w)Euz (w)3k T fEDC(O I') | |u0 lqr ds ! (3.22)
with
ﬁ(Z) = uoulﬁ(Z) ( uoul) f)) (323)

where ,6(2) and B are defined by Ref.?4, in which c is the molecular dipole axis. A
similar analysis can be carried out for the third-order hyperpolarizability 8® to give

I

P, 1, w) o NipEy, (@) Ey, (@) f° f Epc(0,1)" = l”" T ¢’y (3.24)

Wlthﬁ(S)_6u0u1:6(3) (1_6u0u1) f)'

The final expression for the intensity of generated SH light due to ion-dipole
correlations around a single ion is thus

2

ED (0 r) I |u0 lqrd3 /

'uﬁ(Z)

k’ 2
o 2) = C*—3 Ef (@) Ejy (@)Np, | o +

2u1
0

(3.25)

where Epc(0,r) stands for the radial electrostatic field originating from the ion. We
will consider various possible expressions for Epc(0,r’) at a later stage.

In the experiment the relative change in fs-ESHS intensity, AI(2w) (Eq. 3.11),
is reported. For a solution with ion number density p, it becomes

AIQw, q,p) = Kp|F(q,p)|° S(q,p) +1. (3.26)

Here, K is a constant depending on the experimental setup and the molecular proper-
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ties of pure water. For the PPP polarization combination, it reads

2)\2 252 2
_ (uﬁl ) N f(0)2Z2%e 5.27)

_ 3kgT €0€<[/3%X]Z>,

where p is the dipole moment of a water molecule in gas phase, Ny, is the solvent

number density, f(0) is the Lozrentz local field factor, Z is the ion’s valence, e is the
2
elementary charge, and % = 2.8 (see Ref.!%1). F(q, p), is the ionic form factor,
i.e., the amplitude scattered by each ion that can be written as the Fourier transform
of the electrical field. Contrary to what is usually seen in other scattering experiments,
F(q, p) can have a pronounced concentration dependence, which is related to the
decay of Epc(0,r') as we will discuss in the following paragraphs. Finally, S(g, p) is the
structure factor, which accounts for the correlations between the ions, and for liquids

can be written in terms of the Fourier transform of the radial distribution function.

Different mean-field models

Next, we describe the scattered intensity AI(2w, g, p) (Eq. 3.26) for different scenarios
involving different choices of the form and structure factors. For the form factor,
we have compared three possibilities with three slightly different but very similar
electrostatic potentials.
1. A dielectrically but otherwise unscreened Coulomb potential V(r), and corre-
sponding form factor F¢

Ze
Vi(r)=
ATegET (3.28)
Fc=1/qg

2. The same Coulomb potential that is truncated at the position where the next
ionic domain starts (estimating this mean domain radius from a simple-cubic
packing of ions). We obtain for the form factor (Fr¢)

sin(qR) — gR 1

F ,p) = ————, R= 3.29
TC(q p) qu 23 2p ( )

3. An exponentially-screened potential as obtained from DH theory and the corre-
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sponding form factor Fpgy

e *plr 7o
Vir)=——
Ameper
q
Fpp=———
DH P +xp(p)? (3.30)
21(p)e?
2 _
kplp)” = eockgT

where 1/xp(p) is the Debye screening length and I(p) is the ionic strength.

These form factors can be compared with different structure factors. At very
low concentrations (when the ions are not correlated in position), the contributions
from individual ions can reasonably be represented by summing them incoherently.
The structure factor takes the form: S(q, p) — 1. We refer to this structure factor as S;.
AI(2w, g, p) would then be determined solely by the ionic form factor. At intermediate
and larger concentrations, the distribution of ions will not anymore be random, and
ion-ion correlations exist. Both positively and negatively charged ions contribute to
the signal, and so one has to combine the structure factors of same-sign and opposite-
sign species. If one calculates the appropriate combination within DH theory, one
obtains for the structure factor?!%

q2

_ 3.31
q* +xp(p)? 53

Spu(q,p) =
Monovalent electrolytes are used in the calculation as a representative, for which
I(p) = pZ2.

Experimental data vs mean-field models: Dependence on the ionic strength and
temperature

Figure 3.8A shows incoherent combinations (S(q, p) = S; = 1) of the different form
factors F¢ (green curve) and Fpy (red curve). The computed incoherent response for
a truncated potential (F7) does not generate a AI(2w) bigger than 107 and is omitted
from the graph. If neither screening nor ion correlations are included (F¢ + S;, green
curve), the intensity increases linearly with concentration. Clearly this overshoots the
experimental data (black lines). On the other hand, if one considers the Coulomb field
to be abruptly truncated at half the mean ion separation (Fr¢ + S;, not shown) the
predicted signal is orders of magnitude smaller than what is observed. A DH screened
potential agrees somewhat with an increasing signal at low concentration (Fpg + S1,
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red curve), and has a maximum that agrees with the 50% saturation point of the H,O
data (indicated by the black vertical line), but not that of D,O. At higher ionic strengths,
AI(2w) returns to the level of the neat water intensity without saturating. Thus, even
though the electrostatic potential of the ions (V(r)) are almost indistinguishable up
to several tens of nanometers away from the ion, the three implemented potentials
result in curves for AI(2w) that differ by orders of magnitude. Already for the very
low ionic strengths, where ion-ion correlations are absent, the curves are remarkably
different. Thus, due to the long-range nature of fs-ESHS experiments, minute changes
in the long-range screening of the potential result in dramatic changes of the predicted

signal.
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Figure 3.8 - Mean-field models and temperature dependence. (A) fs-ESHS response relative to that of
pure water computed for a solution of monovalent ions in water. Plotted are the combination of a form
factor arising from a Coulombic potential (F¢) with a structure factor of uncorrelated ions (S;, green
line), a form factor arising from a DH potential (Fpy) with a structure factor of uncorrelated ions (S,
red line), a form factor arising from a DH potential (Fpg) with a DH structure factor of correlated ions
(SpH, grey line), and a form factor arising from a Coulombic potential (F¢) with a DH structure factor
of correlated ions (Spy, blue line). The black lines indicate the data for NaCl in H,O and D, 0O, and the
vertical lines mark the ionic strengths of half saturation. (B) Temperature dependence of the saturated
fs-ESHS intensity. fs-ESHS intensities were recorded for a 10 mM NaCl solution in HO at different
temperatures (red markers, left axis). The computed saturation value obtained from the combination
of F¢ and Spy is plotted as a black line (right axis). The inset shows both curves on the same scale.

Including ion-ion correlations, by combining Fpy with Spy (grey curve) or
Fc with Spy (blue curve) we find that big differences between those two models
remain: The gray curve is seen to reach a maximum, while the blue curve saturates.
Interestingly the blue curve, a combination of an unscreened Coulomb potential and
a DH structure factor, captures the shape of the experimental data. This combina-
tion, which corresponds to the linear superposition of the effect of ions on dipolar
water molecules with correlated (ionic) positions, is arguably the most consistent
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application of DH theory, and we will focus on it in what follows.

The 50% saturation point (45 uM) is close to that found for H,O, but not for the
one found for D,0 (310 uM). The saturated value for AI(2w) is reached at 2.8, which is
an over representation of the experimental data (1.3/1.09 for H,O/D,O0, respectively).
The ionic strength at the point of 50% saturation (pso) and the saturation intensity
(AI;(2w)) are given by the following expressions

_ q2€0€kBT
@) \2 P
0)°kgT 3.32)
AIS(ZQ))Z('U'BJ' ) psfOkpT
3kgT

2€0€<[/3(ZZ§(X]2>

It can be seen that p5p does not contain any parameters that would generate a different
curve for H,O and D,O. Similarly AI;(2w) does not contain parameters that allow for
a downward adjustment by a factor of 6 (H,0) or 20 (D,0), in order for it to agree to
the experimental result.

Both expressions do allow for a further check in terms of the broader validity
of the model. By performing temperature dependent measurements, we can check
the validity of Eq. 3.32, and hence determine how well this particular mean field
model describes the experimental findings. Figure 3.8B shows the measured intensity
of saturation Al;(2w) for a 10 mM NaCl solution in H,O (red data points, left axis).
The computed value for Al;(2w) is plotted as well (black line, right axis). The inset
shows both traces on the same scale. It can be seen that the experimental data does
not change much in magnitude in the temperature range from 4 °C to 50 °C. There is a
slight reduction in AI;(2w) at both high and low temperatures. The mean-field model
predicts a decrease in AI(2w) going from low to high temperatures. It therefore seems
that the combination of an F form factor and an Spy structure factor are not well
suited to predict the trends that are experimentally observed.

Thus, several approaches for mean-field models that treat the water as an
ideal gas that interacts with a cloud of ions using electrostatic potentials that differ
only marginally have been considered. We observe that the computed fs-ESHS signal
of a monovalent electrolyte solution relative to that of pure water varies from a negli-
gible contribution to the fs-ESHS response to a fs-ESHS response twice that of pure
water. The models do not allow for the prediction of a difference between H,O and
D, 0, nor can they capture the temperature dependence. Since small differences in the
interaction potentials lead to large differences in the fs-ESHS response, it is necessary
to consider the fs-ESHS response using a molecular dynamics simulation, which
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contains not only the ion-dipole interactions, but also other water-water interactions.
These interactions may modify the interaction potentials and lead to additional coop-
erative effects that are not included in any of the mean field models considered here.
To capture also the observed difference between light water and heavy water, more
sophisticated models (that are still to be developed) are needed.
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Specific Ion-Water Interactions at
High Ionic Strengths

Specific ion effects in aqueous solutions are investigated on the molecular, nanoscopic
and macroscopic level. Femtosecond elastic second harmonic scattering is used in this
chapter to assess chemical effects on molecular and nanoscopic length scales, probing
changes in the charge distribution around ions as well as structural orientational order
of water molecules in the extended hydration shells. We measured a series of > 0.05
M chloride salt solutions (LiCl, NaCl, KCI, CsCl, RbCl, NH4Cl, MgCl,, CaCl,, and
SrCly). Ion specificity is observed in both the local electronic anisotropy and the
nanoscopic orientational ordering of water. Both observables are influenced more by
cations with larger valencies and smaller sizes and follow a direct Hofmeister trend.
These ion-induced structural changes in the hydrogen-bond network of water are
strongly correlated with the viscosity B-coefficient and the hydration free energy. Such
a connection between the nanoscopic and macroscopic changes provides a possibility
to construct a better molecular model for specific ion effects in aqueous solutions.
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4.1 Introduction

Inorganic ions play specific and irreplaceable roles in various physical, chemical,
and biological processes in aqueous solutions, from colloid assembly and bubble
coalescence to protein folding and enzyme activities. »1>1718:21.211 gpecific ion effects
are shown to be present in various macroscopic properties of bulk aqueous solutions,
such as viscosity of electrolyte solutions and hydration free energy of ions, typically ob-
served above the physiological concentration of electrolytes (~0.1 M). 1911212 Recent
work also reports observations of changes that occur on the molecular level. 1213213
Neutron and X-ray diffraction studies that measure the structure factor of ionic hydra-
tion shells report ion-specific coordination numbers of alkali ions. 157158160214 The
electronic state of ion hydrating water molecules can, for example, be probed with
X-ray absorption. It was found that cations with a low charge density weaken the
H-bonds of hydrating water molecules whereas cations with a high charge density

164,216

cause the formation of strong H-bonds. ¢221%> Raman spectroscopy, vibrational

dynamics measurements, 168:169,171,172

173,174

and ensemble infrared photodissociation spec-
troscopy probe the O-H stretch modes of hydrating water molecules in the
vicinity of ions. These studies show that different ions perturb the water network
and restrain the dynamics of water molecules to different extents, which lead to
ion-specific changes in the spectra of O-H stretch regions. Changes in the complex
permittivity of electrolyte solutions as probed by dielectric spectroscopy measure-
ments indicate that small and highly charged cations align and irrotationally bind
water in the first hydration shell.?!” Auger electron spectroscopy studies of ultrafast
charge delocalization phenomena in electrolyte solutions show that cations with
bigger charges slow down the electron-hopping in the oxygen atoms of hydrating
water molecules.?!'®219 Computer simulations that calculate the radial distribution
and orientation of water molecules in the ionic hydration shells 141%:164,172,176,220,221
show that ions induce distinct changes in the water network that involve changing
the number of H-bonds per water molecule and affect the reorientation of individual
water molecules.

All the above studies report specific ion effects on the structure and dynamics
of water molecules in the first few hydration shells of ions in aqueous solutions. How-
ever, there is still a lack of an overarching molecular model that explains how specific
ion effects extend from the first few hydration shells of ions to the bulk water network
and lead to macroscopic effects in the bulk properties of electrolyte solutions. To help
with this issue, a technique that is able to probe the hydrating water on the molecular

level with a sensitivity to longer range structural changes in extended hydration shells
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is needed. fs-ESHS has been shown to access molecular level properties of electrolyte
solutions up to nanoscopic distances (Ch. 3 and Ref.???). Specifically, fs-ESHS studies
on electrolyte solutions with ionic strengths in the range of 1 uM to 100 mM found
a universal long-range (~20 nm) influence of ions on the H-bond network of water
molecules. As a second-order nonlinear optical process, fs-ESHS selectively probes
both local electronic anisotropy of individual molecules and nanoscopic structural
anisotropy (i.e. orientational order) in liquids. The electronic anisotropy gives rise to
an incoherent response and the structural anisotropy gives rise to a coherent response
that reflects the orientational order of molecules, whereas no SH signal is generated
in a centrosymmetric environment composed of centrosymmetric molecules. The
coherent and incoherent contributions can be investigated separately using different
polarization combinations of the incoming and outgoing light. The sensitivity to the
orientational order as well as the electronic charge distribution suggests that fs-ESHS
could also provide molecular level insights into specific ion effects in concentrated
aqueous solutions. As the orientational order in the H-bond network relates directly
to the forming and breaking of H-bonds, its connection with macroscopic properties
of electrolyte solutions, such as viscosity and the Gibbs free energy of hydration, may
also be worth investigating.

In this chapter, we probe aqueous solutions, with ionic strengths > 0.05 M, of
a series of chloride salts (LiCl, NaCl, KCl, CsCl, RbCl, NH4Cl, MgCl,, CaCl,, and SrCl,)
with fs-ESHS. We observe ion specificity in both the local electronic anisotropy and
the nanoscopic orientational ordering of water in extended hydration shells. Both
observables are influenced more by cations with larger valencies and smaller sizes
that follow a direct Hofmeister trend. We also find that the ion-induced orientational
ordering in the water network, revealed by a linear increase in the fs-ESHS intensity
of the coherent response as a function of the electrolyte concentration, strongly cor-
relates with the viscosity B-coefficient and the hydration free energy of electrolytes.
These findings are of particular interest, given that cations play critical roles in bio-
logically relevant aqueous systems. The mechanism of specific cation effects is not
yet fully understood.” A well-known example is the high selectivity of ion channels
for either K* or Na* ions, which cannot be understood simply by a difference in size
alone.??>224 Another example is that Na* is essential to regulate blood pressure but
toxic with a high intracellular concentration, whereas K* is not toxic and serves as
the major intracellular monovalent ion.?*® The observed connection between the
molecular (electronic anisotropy), nanoscopic (orientational ordering of water) and
macroscopic (viscosity/hydration free energy) observables will undoubtedly further
our understanding of the hydration of ions as well as specific ion effects in aqueous
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solutions.

This chapter is structured as follows: We first present theoretical calculations
of the SH intensity of aqueous solutions of a series of chloride salts. The incoherent SH
responses from single spherical ions with different radii and single water molecules
are considered first. The coherent SH intensity is calculated for electrolyte solutions
based on the DH theory, in which a dielectric continuum, a gas of water dipoles,
and statistical distributions of ions that follow the linearized Boltzmann distribution
are assumed. Then, we compare these relatively simplistic theoretical results with
the data of fs-ESHS measurements of electrolyte solutions for the incoherent and
coherent responses separately. We find that the experiments contain many details
about the intricate relationship of water and ions that are not captured by the models
(that consider only ion-ion and ion-dipole interactions). Finally, we correlate the
fs-ESHS responses with the viscosity B-coefficient and hydration free energy to show
a connection between the nanoscopic and the macroscopic observations. Such a
connection evidently warrants further investigation into the atomistic details that
underlie the presented experiments.

4.2 Materials and methods

4.2.1 Sample preparation

MgCl, (99.99%, Sigma-Aldrich), CaCl, (99.99%, Sigma-Aldrich), SrCl, (99.99%, Sigma-
Aldrich), LiCl (99.999%, Sigma-Aldrich), NaCl (99.999%, Acros), NH4Cl (99.9995%,
Fluka), RbCl (99.95%, Sigma-Aldrich), CsCl (99.9995%, Fluka), and KCl (99.999%,
Acros) were used as received without further purification. All samples were made by
dissolving the electrolytes in degassed ultra-pure water (18.2 megohm-cm, Millipore,
Inc.) to obtain a 5 ml stock solution with a high concentration by using a 5 + 0.025
ml volumetric flask (Duran) at room temperature. The stock solutions were filtered
(0.1 pum PVDF membrane filters, Millex-VV, Millipore) and then diluted to the desired
concentrations.

4.2.2 Femtosecond elastic second harmonic scattering

As previously described in Sec. 3.2.2, fs-ESHS measurements of electrolyte solutions
were performed at a fixed scattering angle of 90° with an acceptance angle of 11.4°.
Data points were acquired with an acquisition time of 50 x 1 s [that is, using 50 x (2
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x 10°) pulses in total]. The fs-ESHS signal of pure H,O was measured between every
two samples and was used as a reference. The reproducibility error of the fs-ESHS
measurements was 1 to 3%. Samples were stored and measured in sealed glass sample
cells. All measurements were performed in a temperature- and humidity-controlled
room (T = 297 K; relative humidity, 26.0%). A detailed description of the fs-ESHS
experimental setup can be found in Ch. 2 and in Ref. >4,

4.2.3 Molecular dynamics simulations

Polarizable MD simulations were performed using the TINKER 7.1 package??® to

calculate the electrostatic field Epc(0) on an ion. The Amoebal4 model??” was chosen
for the water molecules, and the Amoeba ion parameters??8 for the sodium and
chloride ions. Cubic simulation boxes, with a side size of 5 nm, were prepared by
combining ~4,000 water molecules with randomly distributed pairs of ions, up to the
concentration of 2 M. After initial equilibration of 100 ps, simulations were run for
500 ps, and snapshots of the instantaneous configurations of water and ions were
saved for every 100 fs. During equilibration in the NPT ensemble, the velocity Verlet
method was used with 1.0 fs integration time steps. The system temperature was
kept at 298 K using Andersen thermostat with a coupling time of 0.1 ps. The system
pressure was kept at 1.0 atm using Berendsen barostat with a coupling time of 2.0 ps.
The particle mesh Ewald method '8! was used to evaluate the long-range electrostatic
interaction, and the real space cutoff for Ewald summation as well as for van der Waals
interactions was set to 12.0 A. The convergence threshold of 10 D was applied during
calculation of self-consistent induced dipoles. During production runs in the NVT
ensemble, Langevin dynamics with velocity Verlet integrator were employed. The
Langevin dynamics used a friction coefficient of 1.0 ps. The system pressure was

t229

kept at 1.0 atm using the Nosé-Hoover thermostat““” with a coupling time of 0.1 ps.

4.2.4 Fitting of the fs-ESHS data

The fs-ESHS data of Figs. 4.3 and 4.4 was fitted with a linear function:
y=kx+b 4.1)

where y and x are fitted to the relative SH intensity and electrolyte concentration, k is
the fitted slope, and b is the intersect of the Y-axis of the linear curve. Linear fittings
with this given equation were performed for the fs-ESHS data shown in Figs. 4.3 and
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4.4 by using the built-in fitting function “Line” in IGOR Pro 6 (WaveMetrics), in which
the singular value decomposition algorithm?3° is employed for this non-iterative
curve fitting. The coefficient of determination R?, indicating the quality of the linear

fit, can be calculated by?3!
2
Rzzl——Zl(yl ]i’)z (4.2)
Yi(yvi-7)

where y; is the data and y is the mean value of y;, and f; is the corresponding predicted
value. When a value of R? close to 1 is obtained, the regression line well fits the data.
The fitted k values of the SH intensity data in Figs. 4.3 and 4.4 are shown in
Table 4.2. Note that the relative error in the electrolyte concentration is ~0.5%, which
is much smaller than the 1-3% error in the measured SH intensity. For the obtained k
values of the SH intensity in Figs. 4.5 and 4.6, the reported error bar of k is given by
the 95% confidence interval of the fitted k from the linear fittings of the SH intensity.

4.3 Results and discussions

4.3.1 Theory: Expected fs-ESHS response from electrolyte solutions

For an ionic solution, incoherent SH intensity from electronic anisotropy within
individual water molecules or ions may be expected. We can also consider whether
there are coherent contributions from structural orientational order between water
molecules or ions to the fs-ESHS response. Both contributions are illustrated in Figs.
4.1B and 4.1C and will be described below. In what follows, we will first calculate the
incoherent SH intensity from individual ions by using the results from a MD simulation
in combination with the scaling law for & (which is used for describing non-resonant
nonlinear optical interactions) !*°. Single spherical ions with different radii will be
considered. The incoherent SH intensity from water molecules will be discussed
briefly as well. Then, we will focus on the expected coherent SH intensity from water
molecules as induced by ions. To estimate this coherent SH intensity from electrolyte
solutions, we make use of the mean-field DH model that was described in the appendix
of Ch. 3.222 In this model, the medium is considered as a dielectric continuum. It is
also assumed that the statistical distribution of ions follows the linearized Boltzmann
distribution. Water molecules are considered as a non-interacting gas of dipoles.
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Figure 4.1 — Illustration of possible contributions to the fs-ESHS response of electrolyte solutions.
(A) Sketch of the fs-ESHS experiment and the different coordinate systems. (B) Illustration of possible
incoherent contributions to the fs-ESHS responses of spherical ions (row 1 and 2) and water molecules
(row 3) in an electrolyte solution. (C) Illustration of possible coherent contributions to the fs-ESHS
responses of ions (left) and water molecules (right). These responses correspond to changes in the
structural orientational correlations in the solution and can only be probed in the PPP and PSS polar-
ization combinations. The inset illustrates two correlated water molecules with an H-bond. The black
arrows represent two directions along which the H-bond can be broken (via bending and stretching).
fs-ESHS is only sensitive to the bending motion of the H-bond. %22 Epc,ion-ion (0) and Epcion-H,0(0)
represent the electrostatic field from ions on a central ion or on water molecules, respectively.

Incoherent response: Local electronic anisotropy

As shown in Fig. 4.1B, for centrosymmetric ions, the absence of molecular electronic
anisotropy results in a vanishing '* tensor. Spherical ions will, therefore, contribute
primarily through the third-order response (B -related) that requires an interaction
with two optical photons and an electrostatic field component. The electrostatic field
originates from surrounding water molecules and ions in the solution. A value for this
electrostatic field Epc(0) is obtained from atomistic polarizable MD simulations using
Amoeba models??"??%, These computations show that the electrostatic field Epc (0)
that is felt by the ions originates primarily from the surrounding water molecules. We
find concentration-independent values of |[Epc, anion (0)| ~ (12.2 +4.2) x 10° V/m on the
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anions and |Epc,cation (0)| ~ (4.9 £2.0) x 10° V/m on the cations, for aqueous solutions
of 13 mM, 40 mM, and 2 M NaCl. The contribution of other ions to Ep¢(0) is found to
be negligible compared to that of neighboring water molecules, probably due to an
on average, symmetric arrangement of ions around the central one as illustrated in
Fig. 4.1C. In addition, these surrounding ions are further away than the surrounding
water molecules.

The average magnitude of B of the chloride ion was calculated previously
using quantum chemistry calculations: 232 ’B(gl{) ~1.86+107% C*.m*/J3. Knowing
this value, we can compute B for other spherical ions by using the following scaling
law for non-resonant nonlinear optical processes: 4°

-(3) Rion 7
- |Bcl || 7 (4.3)
Cl-

»(3)
‘ﬁ ion

where R;,, is the ionic radius. The incoherent fs-ESHS intensity from individual ions
in water of an AB; electrolyte is thus given by

»3)
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2
|Enc,anion (0) I) } (4.4)

where c is the concentration of electrolytes in M. j = 1 for chloride salts with monova-
lent cations and j = 2 for divalent cations.

In contrast to spherical ions, % is nonzero for dipolar water molecules,
which thus gives rise to the leading-order contribution to the incoherent SH emission.
Values of ¥ of liquid water are obtained from an ab-initio study by Gubskaya and
Kusalik'%!. The incoherent response is expected to contribute to all four accessible
polarization states (PPP, PSS, SPP, and SSS, with collinear illumination).

Coherent response: Orientational order of water

In addition to an incoherent contribution to the fs-ESHS intensity, there is also a
coherent contribution to /(2w) that reports on orientational correlations between
water molecules. As illustrated in Fig. 4.1C the coherent contribution from ions is
expected to vanish according to symmetry considerations. Structural correlations or
orientational order is represented by the second term in Eq. 2.8b. This orientational
order gives rise to ion-induced coherent SH water signals in two (PPP, PSS) of the
four accessible polarization states. The orientational order that is probed in this way
reports, for a significant part, on the breaking and forming of H-bonds. As illustrated
in the inset of Fig. 4.1C, coherent fs-ESHS is only sensitive to bending of the H-bond
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(rotational motion of water), but not to stretching of the H-bond (translational motion
of water).

The orientational order of water can be qualitatively (not quantitatively as
shown in Ch. 3 and Ref.???) described by the DH model. The coherent fs-ESHS
intensity is found to relate to the structure factor S(q, ¢) of a gas of water dipoles in
contact with ions: %2

2
Ieon,s@w) o ¢| PP, 20)| S(q,0 (4.5)

where sz_)w ](Za)) is the second-order polarization induced in the water molecules by
a single ion. S(qg, c¢) reflects the relative positions of ions in an aqueous solution that is
modeled as a uniform dielectric material. S(g, c) is given by

2

q
S(q,¢) = ———
(g,c) 100
. (4.6)
Kp(c) = (Zgation + ]Zazmion) CNAeZ
€0€]CB T

where xp(c) is the DH screening parameter, Zcation (Zanion) is the valency of cations
(anions), N, is the Avogadro’s number, e is the elementary charge, € is the vacuum
permittivity, € is the static relative permittivity of water (at 293 K), kp is the Boltzmann
constant, and T is the temperature in K. j = 1 for chloride salts with monovalent
cations and j = 2 for divalent cations. For the coherent PPP fs-ESHS intensity mea-
sured at a scattering angle 0 of 90°, the orientational distribution of water dipoles can
be computed in terms of the ion-dipole interactions and thermal fluctuations. Using
the linearized Boltzmann distribution, we find the second-order polarization that is

induced in the water molecules: 88222
3(2) ,
@) s | MPBrxx 2 N €7 iqegr 43,
Pi_w@w)rf\’m( zxx* 307 | Bx@ fEDc(o,r)We 0T ¢y

. . 4.7)
g2)  _ @ @) 16) - @) @3
ZXX " & Z (ZIBZM B ﬁaaz) » Pzxx ~ g (ﬁabba + Z'Baabb)
57 153

where N,, is the number density of water molecules, u is the permanent dipole
moment of a water molecule, e is the unit vector in the Z direction in which the P
polarized SH light is at the scattering angle of 90°, and |qgo| = v/2|ko|. With Epc(0;r')
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from a single ion given by the Coulomb equation, the integral

/
. . , VA
fEDC(O,r’)ﬂel%o-r d3r = ﬂ 4.8)

x| qgeoe

in which f(0) is the local field factor for the ionic electrostatic field. Note that the
32

F;’[ZXTX in Eq. 4.7 is typically valid

for ion-dipole distances exceeding 1 nm, i.e. |r’| = 1 nm, at which the ion-induced

linearization of the Boltzmann distribution to obtain

interaction energy is much weaker than the thermal energy kg 7. As mentioned, in this
calculation, water molecules are approximated as an ideal gas, for which water-water
interactions are neglected. Using Egs. 4.5-4.8 we can then compute the coherent SH
response of water molecules in an electrolyte solution within this model.

Computational results

Figure 4.2A shows the calculated incoherent SH intensity Iip,(2w) from individual
ions in aqueous solutions of chloride salts with different cations. It can be seen
that according to the computation (Egs. 4.3 and 4.4) Ijon(2w) increases linearly with
the electrolyte concentration. There is no distinguishable difference in Iijo, (2w) for
different monovalent cations and different divalent cations. The absence of ion
specificity in Ijop (2w) is probably caused by the facts that the intensity scales with
R (|B§§L| x R, Eq. 4.3) and that the CI" ion (Rg- = 0.181 nm) is much bigger in
size than any of the studied cations (0.065 nm < R¢ation < 0.169 nm, see Table 4.1). In
addition, |[Epc,anion (0)| is more than twice larger than |[Epc cation(0)| . The contribution
from cations to [jon (2w) is thus negligible. The difference between the divalent and
monovalent series is caused by the different number of CI” in solution; when the
curves are corrected for the number difference of Cl', this difference vanishes.

Cations | Mg?* | Ca?" | Sr** | Li* | Na® | NHs* | Rb* | Cst | K* ol

R (nm) | 0.065 | 0.099 | 0.116 | 0.068 | 0.095 | 0.148 | 0.149 | 0.169 | 0.133 | 0.181

Table 4.1 - Effective ionic radii233234

ual ions in Fig. 4.2A.

used for calculations of the incoherent SH intensity from individ-

The computed coherent, concentration-dependent response of bulk water is
shown in Fig. 4.2B. The intensity increases at very low electrolyte concentrations. As
will be discussed in the next chapter, this increase is caused by ions inducing a small
amount of orientational order in water molecules. In the electrolyte concentration
range from 1 uM to 100 mM, the actual observed increase in the orientational order
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is 6 times smaller and displays a large isotope effect. The difference between the
experimental data and theoretical curve is probably caused by neglecting H-bonding
in the DH model. For the present study at high electrolyte concentrations, we note
that the DH model does not predict any ion specificity, and the SH intensity remains
constant up to 4 M.
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Figure 4.2 —- Computed SH intensities from electrolyte solutions. (A) The incoherent SHS intensities
from individual ions are calculated based on Eqgs. 4.3 and 4.4 for a cation series of chloride salts. All
monovalent and divalent cations behave approximately in the same way so that the curves overlap.
(B) The coherent SHS intensities of electrolyte solutions are calculated based on the DH theory (Egs.
4.5-4.8) for monovalent and divalent cations. There is no ion specificity in the calculated SH intensity.

4.3.2 Experiments: fs-ESHS from electrolyte solutions

The fs-ESHS intensities (I, (2w)) from aqueous electrolyte solutions were measured
in the SSS (Fig. 4.3) and PPP (Fig. 4.4) polarization combinations at a scattering angle
of 8 = 90° for electrolyte concentrations up to 4 M (or approaching the solubility limits
of SrCl,, RbCl, and KCl). The SSS signal contains only incoherent responses, whereas
the PPP signal contains both coherent and incoherent responses. The plotted I (2w)
is normalized by that of pure water (Iyater(2w)) measured in the same polarization
combination. In both cases the curves were fitted with a linear function (Eq. 4.1). The
linear increase rate of PPP (SSS) Iga1t(2w)/ Liyater (2w) is labelled as kppp (sss). Fit values
are listed in Table 4.2.

As shown in Fig. 4.3, the measured incoherent response differs from ion
to ion, and ksss changes from negative (K*) to almost zero (Cs*) and to positive
(other cations). The linear increase is observed to start at ¢ > 0.8 M (Mg?*) or higher
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Cation series MgCl, | CaCl, | StCl, | LiCl | NaCl | NH4Cl | RbCl | CsCl KCl

kppp M) 0.45 036 | 0.34 | 0.22 | 0.20 0.18 0.17 | 0.16 0.14

ksss M) 0.111 | 0.064 | 0.001 | 0.068 | 0.054 | 0.035 | 0.020 | 0.001 | -0.013

PPP | 0.21 0.36 0.49 | 0.42 | 0.47 0.47 0.15 | 0.59 0.15
Onset (M)

SSS | 0.79 0.94 - 2.00 | 1.90 0.75 1.12 - -

Table 4.2 - Empirical rate and onset of the increase of fs-ESHS intensities obtained from the linear fits
to the fs-ESHS data in Figs. 4.3 and 4.4.

concentrations (¢ >2 M, Na* and Li*). Comparing Fig. 4.2A to Fig. 4.3, we observe
differences between the computation and the measurement: The presence of ion
specificity is not predicted by the theory nor is the large onset concentration of the
intensity increase in Fig. 4.3. Instead of incoherent single ion contributions that
mainly arise from Cl™ anions, there must be another effect that dominates the SSS
fs-ESHS intensity. As we have seen in Eq. 2.8b, the incoherent response of water
is the other origin of the fs-ESHS intensity. This response, which depends on the
electronic structure of water, can possibly be influenced by ions in highly concentrated
electrolyte solutions. 28219235236 The measured intensity changes start to appear at
ion : water ratios of about 1:14 (NaCl) or 1:23 (MgCl,). At such concentrations, ion-
induced changes in the electronic structure of the hydration shells may be playing a
role that could comprise charge transfer effects or ion pairing. Within this explanation,
a decreasing intensity then implies that K" ions reduce the electronic anisotropy to
a more spherical distribution of electron density, whereas an increase in intensity
implies an increase in the amount of electronic anisotropy in the hydration shells.
Cs* and Sr?* do not or hardly influence the response of water, which means that the
electronic structure of the closely associated water molecules is not different from
that of bulk water. MgCl, and CaCl, do influence the electronic anisotropy in the
neighboring water molecules, with Mg?* having a bigger influence than Ca?*. This is
expected because of the double valency and smaller size of Mg?* compared to Ca"*.
For the ions Li*, Na*, NH4*, Rb*, and Cs* the amount of distortion is governed by
the size of the ion.?37?38 Why K* has an opposite effect on the electronic structure of
water cannot be explained by the size and charge difference with respect to the other
ions. In fact, in order to reduce the electronic anisotropy of the first hydration shell,
the lone pair electrons of water oxygen need to shift towards the hydrogen of the same
hydrating water molecule. The distribution of the lone pair electrons of water oxygen
highly depends on the local environment, which can be changed by H-bonding or the
presence of ions as indicated by previous oxygen K-edge X-ray emission spectroscopy
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measurements on liquid water. >3
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Figure 4.3 — Measured SSS fs-ESHS intensities of electrolyte solutions. The fs-ESHS intensities
(Isa1¢2w)) of electrolyte solutions for the chloride salt series were measured in the SSS polarization
combination. I (2w) is normalized by that of pure water (Iiyater (2w)) measured in the same polariza-
tion combination. The solid lines represent a linear fit of the fs-ESHS intensity. Note that the computed
Y-scale in Fig. 4.2A cannot be compared to the measured Y-scale in Fig. 4.3.

Turning now to the combined coherent and incoherent responses (Fig. 4.4),
we observe that in the PPP polarization combination the fs-ESHS intensities show
the same type of behavior: The fs-ESHS intensity increases linearly with electrolyte
concentration. There are, however, two notable differences: Figure 4.4 displays an
increase of a larger magnitude (from 1.3 to 3 instead of from 1 to 1.3 for MgCl,) as
well as an onset concentration that is roughly a factor of 5 lower, bringing the ion :
water ratios to hundreds of water molecules per ion. It is unlikely that at such low
concentrations ions already induce a significant perturbation in the distribution of
electronic charges of the hydration shell that is necessary to change .12 For such
low onset concentrations, and to generate a bigger change in the PPP fs-ESHS intensity,
ion-induced orientational correlations between water molecules are needed.

Figure 4.4 shows that for increasing salt concentrations the normalized inten-
sities start to diverge, which may be a consequence of the hydration shells becoming
smaller and being influenced by the charge, electronic structure, shape, and size of
the ions. It can be seen in Fig. 4.4 that all the slopes are positive and that kppp follows
the order: K* < Cs* < Rb* < NH,;* < Na* < Li* < Sr?* < Ca®* < Mg2+, which resembles a
direct cationic Hofmeister series (with K* and NH,4* as exceptions).!”?4 The excep-
tion of NH,* is likely due to H-bonding with water molecules, which induces changes
in the orientational order of hydrating water molecules. A possible reason for the
special behavior of K" might be that the water network becomes more disordered
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and the hydration shell becomes looser, as indicated by the larger ion-water oxygen
distance than the oxygen-oxygen distance as well as the large ion-hydrogen distance
measured by neutron diffraction.?!#?4! It can be seen that small divalent ions have the
biggest influence on kppp and thus the most restricting influences on the rotational
motion (or H-bond bending mode) of water molecules. In contrast, larger monovalent
ions have a smaller influence on restricting the H-bond bending mode and lead to a
lesser increase in the orientational order of water as represented by the PPP fs-ESHS
intensity.

35 PPP
— o0 MgCl,
—o CaCl,
—o SiCl,
O LiCl
— O NaCl
NH,CI
— O RDbCI
— 0 CsCl
— 0 KCI

water(zw)

Qw) /1

salt

Concentration (M)

Figure 4.4 — Measured fs-ESHS PPP intensities of electrolyte solutions. The fs-ESHS intensities
(Isart (2w)) of electrolyte solutions for the chloride salt series were measured in the PPP polarization com-
bination. Ig,)(2w) is normalized by that of pure water (Iiyater (2w)) measured in the same polarization
combination. The solid lines represent a linear fit of the fs-ESHS intensity.

Figure 4.2B shows the computed coherent relative SH intensity based on the
DH theory. This curve reflects the ion-induced orientational order in a dipolar gas
of water molecules. This model does not describe the experimental data well. It
can be seen that the DH model fails to capture the observed ion specificity. It does,
however, show the extent over which ions could influence the orientational order of
water if all water-water interactions would be turned off. As can be seen, at 4 M, the
MgCl, curve reaches a relative intensity of I (2w)/ Iyater(2w) = 3, which is close to
the limiting value of the DH theory, namely ~3.5 (assuming the values for %) reported
by Gubskaya and Kusalik'%!). This suggests that, at such high salt concentrations,
the Mg?*-water interactions strongly contribute to the orientational order of water
molecules. In previous X-ray Raman and small angle X-ray scattering studies by
Nilsson and coworkers,?!®> Mg?* has also been shown to have strong interactions with
water molecules and form tightly bound hydration shells.
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With the structure of the water network being changed specifically by cations,
we might expect similar changes to occur as well on macroscopic properties of bulk
water that are sensitive to water-water interactions. Two of the most well-known can-
didates are the viscosity of electrolyte solutions and the Gibbs free energy change on

hydration of electrolytes, both bulk properties that display ion specificity. 10-12:242:243

4.3.3 Macroscopic properties of aqueous solutions of electrolytes

Viscosity B-coefficients

The resistance of a fluid to deformation by an external stress is described by the vis-
cosity, which is a measure of intermolecular interactions, such as H-bonding in water.
The dynamic viscosity of an aqueous electrolyte solution can be described by the

10,242

empirical Jones-Dole equation as a power series of the electrolyte concentration

¢ in the solution:
nine = 1+ Act?+ Bc (4.9)

where 7 is the dynamic viscosity of the solution, 7 the viscosity of pure water, A
the viscosity A-coefficient, and B the viscosity B-coefficient. The A-coefficient is
thought to be related to ion-ion interactions and influences the value of n/ny for
¢ < 0.05 M. The B-coefficient displays ion specificity, and is thought to reflect ion-
water interactions influencing the value of n/n for ¢ > 0.05 M.!° In a traditional
view, weakly hydrated ions with negative B-coefficients are referred to as “structure
breakers” and strongly hydrated ions with positive B-coefficients are referred to as
“structure makers”. 14244 Even though this idea has been challenged, 1* it is widely
accepted that the B-coefficient is pertinent to the hydration of ions and ion-induced
structural changes in the water network.

Cation series MgCl, | CaCl, | SrCl, | LiCl | NaCl | NH4CI | RbCl CsCl KCl

B-coefficient M™!) | 0.375 | 0.274 | 0.251 | 0.141 | 0.080 | -0.013 | -0.038 | -0.052 | -0.014

—AGhydr (kKJ-moll) | 2532 | 2209 | 2080 | 828 722 639 628 605 651

Table 4.3 - Viscosity B-coefficients '° and hydration free energy!! values of chloride salts for Figs. 4.5
and 4.6.

Ion-induced orientational order of water molecules can be understood as a
restriction of the motion of water molecules. This restriction may influence the fluidity
of the liquid and the motion of other objects in the water and thus is related to changes
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in the viscosity. From Fig. 4.4 we observe that the onset electrolyte concentration
of the linear increase of the PPP fs-ESHS intensity coincides with the concentration
range where the B-coefficient starts to dominate (i.e. 0.05-0.1 M). As we have seen
that the PPP fs-ESHS intensity is a measure of the ion-induced orientational order of
water molecules, a correlation between the electrolyte-induced PPP fs-ESHS intensity
increase and the viscosity B-coefficient may be expected. In Fig. 4.5A, we correlate
kppp of the linear fit of the fs-ESHS intensity (Fig. 4.4) with literature values (see
Table 4.3) ! of the viscosity B-coefficient for different electrolytes. The quality of the
correlation is indicated by R?, the coefficient of determination. A perfect correlation
is achieved with R? = 1.23! It can be seen that there exists a very good correlation
(R? = 0.97) between the B-coefficient and kppp. This correlation can be qualitatively
explained by noting that viscosity is determined by the rate at which H-bonds are
broken and formed, which is what the fs-ESHS experiment probes (as illustrated in
Fig. 4.1C).
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Figure 4.5 — Correlations between fs-ESHS intensity increase and viscosity B-coefficient. (A) kppp
vs. the viscosity B-coefficient for the monovalent and divalent cation series of chloride salts in Fig. 4.4.
(B) ksss vs. the viscosity B-coefficient for the monovalent and divalent cation series of chloride salts
in Fig. 4.3. The error bar in k represents the 95% confidence interval of the linear fit of the fs-ESHS
intensity to Eq. 4.1. The values for the viscosity B-coefficient are taken from Ref. '°.

In contrast, as can be seen in Fig. 4.5B, no clear correlation between ksgs and
the viscosity B-coefficient can be observed (R? = 0.41). The linear change of the SSS
fs-ESHS intensity starts at electrolyte concentrations much higher than 0.05 M (e.g., 2
M for LiCl). Thus the electronic structural changes in the hydrating water molecules
do not correlate with the B-coefficient. This is not entirely unexpected: Viscosity is a
property that depends more on intermolecular interactions than on changes in the

molecular electronic structure.?33
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The viscosity B-coefficient of electrolyte solutions dominates the influence of
ions on the structure of water for electrolyte concentrations > 0.05 M. !* A recent neu-

tron diffraction study?*!

reasons that ion induced viscosity changes are not caused by
changes in the H-bond network of water as the viscosity B-coefficient correlates with
the difference between the oxygen-oxygen distance in pure water and the ion-oxygen
distance in an electrolyte solution. The experimental data supporting this argument
is, however, incomplete since neutron diffraction is only sensitive to up to the first
two hydration shells. Here, we observe a strong correlation between the viscosity
B-coefficient and ion-induced orientational order in water as measured by fs-ESHS,
which reports on changes in hundreds of water molecules (i.e. the extended hydration
shell). Qualitatively, this correlation can be understood since the ions impose a re-
striction to the degrees of freedom in the H-bond network. As the resistance of water
to objects moving through it is determined by the breaking and forming of H-bonds,
it is clear that there can indeed be a connection. The viscosity of electrolyte solutions
is thus highly related to the ion-induced distortions in the H-bond network of water.

Gibbs free energy change on electrolyte hydration

The hydration free energy (Gibbs free energy change on the hydration of electrolytes,
AGnyqr) describes the total free energy change during the formation of hydrated indi-
vidual ions (cations and anions) from pure liquid water and ions in the gas phase. The
free energy change of water molecules in the ionic hydration shells dominates A Gy,
since AGyyqy is given in the limit of infinite dilution and thus ion-ion interactions
are excluded. '? Thus, AGhyq directly reflects the ion-induced energy changes in the
extended hydration shells of ions.

In Figs. 4.6A and 4.6B, we correlate the rates of changes in the fs-ESHS in-
tensity (Figs. 4.3 and 4.4) - kppp and ksss - with literature values (see Table 4.3) W of
—AGhydr, respectively. As Fig. 4.6A shows, a strong correlation exists between AGhygr
and kppp for the cation series of chloride salts, with R? = 0.96. Cations that induce
larger orientational order in the water network, characterized by a larger kppp, cor-
relate to larger values of —AGyyq,. This means that ions which constrain more water
molecules generate a bigger (negative) increase in the free energy of hydration. For
example, Mg®* induces a larger constraint on water molecules than Cs* and the hydra-
tion of Mg?* is energetically more favorable. As such, smaller ions with larger valencies
induce larger structural changes in the water network that lead to a larger reduction in
the Gibbs free energy of the water network for the ion hydration. AGyyq, is thus highly
related to the ion-induced distortions in the H-bond network of water. In contrast,
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there is no clear correlation (R? = 0.29) between kgss and —AGhydr, as shown in Fig.
4.6B. The ion-induced electronic changes, in the hydrating water molecules, do not
correlate with the changes in the total free energy of the solution. We can explain the
correlation by noting that AGpyg, mainly results from the ion-water and water-water
interactions related to the orientational order of water molecules.
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Figure 4.6 — Correlations between fs-ESHS intensity increase hydration free energy of electrolytes.
(A) kppp vs the hydration free energy of electrolytes (-~ AGpyqy) for the monovalent and divalent cation
series of chloride salts in Fig. 4.4. (B) ksss vS. —AGpyq; for the monovalent and divalent cation series of
chloride salts in Fig. 4.3. The error bar in k represents the 95% confidence interval of the linear fit of
the fs-ESHS intensity to Eq. 4.1. The values for the hydration free energy are taken from Ref.!!.

Thus, we find that the viscosity B-coefficient, —AGpyqr, and kppp increase
in magnitude following a direct cation Hofmeister series. "2 It is also evident that
for these three observables changes in the H-bond network play an important role.

k220 show that the influence

Recent MD simulations performed by Thomas and Elcoc
of ions on the relative number of H-bonds per water molecule in electrolyte solutions
is ion specific and follows a direct Hofmeister series. Connecting both aspects, there
is a qualitative explanation for the observed correlations. What the exact molecular
mechanism is for the observed increase in the fs-ESHS response and what the exact
mechanism is behind the correlations observed in Figs. 4.5 and 4.6 need to be inves-
tigated in more detail. More sophisticated atomistic simulations that calculate the

electronic anisotropy as well as the induced orientational order will be useful.
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4.4 Conclusions

We have probed ion-induced electronic and structural changes in water for a cation
series of chloride salts using fs-ESHS. For both the incoherent and coherent responses,
specific ion effects are observed above concentrations of ~1 M and ~0.1 M, respectively.
Comparing the changes in the molecular electronic anisotropy (incoherent response)
as measured with fs-ESHS in the SSS polarization combination to theoretical con-
siderations, we conclude that the spherical cations themselves do not significantly
contribute to the measured fs-ESHS response. An ion-specific SSS response is rather
originating from ion-induced changes in the electronic structure of water molecules
adjacent to the ion. Positive changes as much as 37% (Mg?*, 4 M) and negative
changes of -4% (K*, 4 M) indicate the extent of the impact of the ions on the electronic
structure of hydrating water molecules. The increased responses are stronger for
smaller ions with larger valencies. The K*-induced reduction in the fs-ESHS response
is, however, anomalous. It means that K* reduces the overall electronic anisotropy of
water, for example via a redistribution of charge in an H-bonding event. The difference
in hydration between K* and Na* is particularly interesting in light of the unusual

223,224 and our experimental

sensitivity of ion channels to either one of the species,
data might prove to be useful in elucidating the molecular cause of the functional
difference.

The coherent PPP fs-ESHS response reports mainly on ion-induced changes
in the structural orientational order of water in the extended hydration shells of the
ions. Specific effects that follow a Hofmeister trend are observed. Smaller ions lead
to a larger increase in the fs-ESHS response, and an increasing valency also results
in a higher fs-ESHS intensity. The measured trend shows how cations restrict the
orientational freedom of water, which is more effectively achieved for smaller ions
with larger valencies.

Such a reduction in the orientational freedom of water molecules also in-
fluences macroscopic properties of bulk water. Both the viscosity B-coefficient and
hydration free energy AGyyq; correlate well with the linear increase in the PPP fs-ESHS
response. These observations open up a possible connection between these three
observables, among which the first two observables report on ion-water interactions
on a macroscopic scale and the last observable on a molecular scale. This connection
would make it possible to connect molecular and macroscopic properties of water
with atomistic details and undoubtedly further our understanding of the ion hydration.
Given the omnipresent role that ions and water play in physics, chemistry, biology,
and medicine, this study is relevant for a wide variety of phenomena. The observed
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specific cation effects in both the electronic structure and the orientational ordering
of water molecules provide us with a handle to understand and verify models aimed
at understanding specific ion effects in water on both the molecular and macroscopic
levels.
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Methods to Probe Aqueous Nanoscale
Interfaces

In this chapter, we will provide the theoretical background and experimental details
of the techniques employed to probe aqueous nanoscale interfaces. In particular,
vibrational sum frequency scattering will be discussed in detail. We will also give a
brief introduction to second harmonic scattering from nanoscale interfaces, dynamic
light scattering, and electrokinetic mobility measurements.
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5.1 Introduction

Vibrational sum frequency scattering (SFS) and second harmonic scattering (SHS)
are noninvasive second-order nonlinear optical techniques that can access buried
droplet/particle surfaces with molecular specificity. In this chapter, we will present
the theoretical background of SFS and SHS as well as the used instrumentations. In
addition, we will provide a brief introduction of dynamic light scattering (DLS) and
electrokinetic mobility measurements for further characterizations of the dispersed
nanodroplets.

5.2 Theoretical background

5.2.1 Vibrational sum frequency scattering

Geometry of SFS

Figure. 5.1 shows a sketch of the SFS geometry. A spherical nanodroplet with a radius
of R is illuminated with two laser beams with the wavevectors of k; (for VIS) and k, (for
IR). The X Z-plane defines the scattering plane. The direction of the P/S polarization
is parallel/perpendicular to the scattering plane. The opening angle between the VIS
and IR beams is f and the angle between the IR beam and the direction of k; + ko
(Z-axis) is a as shown in the figure. The scattering angle between the scattered SF
wavevector kg and the sum of the two incident wavevectors, k; + ko, is labeled by 6.
The scattering vector q is defined as kg — (k; + ko) and g = |q| = 2k sin(0/2). The four
related coordinate systems are thus, the lab frame (X, Y, Z), the rotated lab frame
(x, y, z) defined by the scattering wavevector q, the interface frame (1,0, ¢’), and the
molecular frame (a, b, ¢) as illustrated in Fig. 5.1.
In the lab frame, the k-vectors are given by

ko = kosin@ X+0Y + kycosO Z
ki =—k;sin(f—a) X+0Y+ ko cos(f—a) 7
ko =kysinaX+0Y+kycosa Z

ki +k :OX+OY+|k1+k2|Z

(5.1)

where X, Y,Z represent the unit vectors along the X, Y, Z axes. The unit polarization
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vectors of the scattered and incoming beams are given by

ugp=cosX+0Y-sin6 Z
u p=—-cos(f-a)X+0Y+sin(f—a)Z 5.2
ug,p:sinaX+OY+cosaZ .

U s=ups=uzs :0X+?+OZ

Figure 5.1 - Sketch (top view) of the SFS geometry. A spherical nanodroplet is illuminated with two
pulses of different frequencies and wavevectors k; (for VIS) and k; (for IR). The generated SF light
is detected at a scattering angle of 8 with a wavevector of ky. The scattering vector q is defined as
ko — (k; + k). The effective particle susceptibility I'? is defined in the rotated lab frame defined by q.

u ()) indicate the parallel (perpendicular) directions with respect to q. The inset shows a close-up of the

nanodroplet surface, relative to which the surface susceptibility x?) is defined. The hyperpolarizability

ﬁ(z) is defined in the molecular coordinate system (a, b, c).

The relation between the rotated lab frame (x, y, z) and the lab frame (X, Y, Z)
can be given by

%=-sin(@/2)X+0Y—-cos(0/2) Z
y=0X+Y+0Z (5.3)
Z=cos(0/2)X+0Y—-sin(@/2)Z
where X, ¥,Z represent the unit vectors along the x, y, z axes.
The spherical coordinate system (r/,6’,¢') defines the interface frame. The

polar axis is along the z-axis of the rotated lab frame. r' represents the position of the
interface and is along the radial direction emanating from the center of the droplet.
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The relation between the interface frame and the rotated lab frame can be given by

r' =sinf’ cos¢’ x+sinf’ sin¢’' y—cosh’ 2
0' = cosO' cos¢’ x+cosh’ sing’ y—sinf’ 2z (5.4)

@' =—sing’ X+cos’ §+02

where r', ', ([;’ are the unit vectors along the r’,0’, ¢’ axes.
The conversion of the molecular frame (a, b, ¢) into the interface frame can
be performed as follows

a=(cos¢ cosy cosg —siny sing )r' + (—siny cosg —cos¢ cosy sin<p)é’
+sing cosy ¢’

b =(cos¢ siny cos¢ +cosy sing ) ¥ + (cosy cosg —cos¢ siny sinw]é’ (5.5)
+sin¢ siny ¢'

¢=sin¢ cos@r +sin¢ sing 0’ + cos¢ ([;’

where a,b, ¢ are the unit vectors along the a, b, c axes.

SFS from nanoscale interfaces

The local interface SF response, characterized by the surface susceptibility XEZ), isan
orientation-weighted sum of the molecular response, characterized by the molecular
hyperpolarizability $#'. The measured SES intensity thus contains information of the
interfacial structure of molecules. To retrieve this information, we need to first convert
the scattered SF light intensity measured in the lab frame to parameters that relate
to the local interfacial structure and molecular orientation. The effective particle
susceptibility I'® has been developed for this purpose. 136 I'® is defined in the rotated
lab frame (Fig. 5.1) as the susceptibility that describes the integral SF response of the
surface of a nanodroplet. The electrical field of the detected SFS light can be expressed
as a function of I'® by

2
Eo(wsp) < E1(yis)Ez(@ir) Y, TE, . (wsp) [] (i ui,) (5.6)
ap,a1,az i=0

where the SE VIS, and IR beams are labeled with 0, 1, and 2, respectively. The subscript
apa, a, of T'® denotes the tensor element in the rotated lab frame (x, ¥,%). a; can be X,
y, or 2. The index [ denotes the polarization state of the beam and can be either P or S.
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Achiral droplet interfaces between isotropic liquid media can be probed with
four polarization combinations: PPPB, SPP, SPS, and PSS. This is similar to the coherent
fs-ESHS intensity emitted by spherically correlated water molecules as discussed in
Sec. 3.3.2. For these four polarization combinations, the SFS electrical field amplitudes

can be given by 13"

0 0 0 0
Eppp c0s > €S (5 —a) cos (5 —a+,6) F(IZ) +cos(0-a+p) cos(g—a) Fg)
6 @) e
+ cos (0 — a) cos E—a+,6 I3 +cos,Bcos51“4 ,

)
re, (5.7)

0
Espp x COS(E—CZ
E 6 F(Z)
sps X COS §—a+,6 3
0
Epgs x cosE Ff)

@ _r@ _v+@ _7@ _y@ @) _ 1@ @) _ 1@ 2 _ 1@ _
whereI'}™ = o 1“””L F||¢|| FL””, ;"= F””l, ry” = l"Hl”, andI';” = Fl””. The sub
scripts L (||) denotes the direction parallel (perpendicular) to the scattering wavevector
q. The measured intensity is [ « |E 2.

For a spherical nanodroplet, I'® is given by an integral of ¥, the surface

second-order susceptibility, over the interface where xgz) @)= x@a"6(r'| - R) as

2 2 iqr 12
I = Zk s j( (T1: Ty Tier) €9"dr (5.8)
iy

where (TH Tyj TKk) represents a coordinate transformation from the interface frame
to the lab frame. For achiral interfacial molecules, Eq. 5.8 becomes

' [2R-5R 0 o0 o0 |[x?

re o 2R 0 0 [[x%

|l | E 0 2 0 |[[4+? 69
3 2 1 X3

re F> 0 0 2R/\x?

@_,2 _. 2 _ 2 _ @ 2 _ .2 2 _ .2 2 _ .2
where x\" = X7 XL XL T XD X2 = Xy Xs = XL and xy = x 1. The

subscripts L (||) denote the direction perpendicular (parallel) to the particle surface
plane. F and F, are the two scattering form factors for second-order scattering from
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spherical nanodroplets and are given by

Fi(gR) = ZHRZi(Sin(qR) B Cos(qR))

(gR)? qR
sin(gR) _3cos(qR) B sin(qR))
(gR)* (gR)3 (gR)?

(5.10)

F>(gR) = 4nR%i (3

The RGD approximation is used in the derivation of the expressions of these two
form factor functions. 3%188 The RGD approximation assumes that the refractive
index difference between the two media is negligible. For scattering from spherical
particles and droplets, the RGD approximation is valid if gR(1 — m) <« 1, where m
is the relative refractive index of the scatterer with respect to the solvent.?*> For the
samples (hexadecane nanodroplets dispersed in water) studied in this thesis, this
condition holds. }41:188

For an azimuthally isotropic interface, the relation between y® and ¥ can

be given based on Eq. 5.5 by 19137

2

A 5D-3 0 0 0)(p¢

2 N, _ 2

X | _ Ns(cos¢p)|1-D 2 0 0 5 5.11)
12 2€0 1-D 0 2 of|pY '
x P 1-D 0 0 2J{p?

) _ p@) 2) ) 2 p@2) _[p2) (2) 2 _ [ p@2) )
where 3, = Bicc— By — B3 — By B —( Mc+ﬁbbc)/2"63 —( am+ﬁbcb)/2,and

f) = ( (cz,;a + ,B(Czlzb) /2. Ny is the interfacial number density of the probed chemical
groups. {cos¢) denotes the average cosine of the tilt angle ¢ of the studied chemical
group relative to the interface normal. D = {cos> ¢) / {cos ).

It is worth noting that the nanodroplets dispersed in water are uncorrelated,
so are the SF photons generated from each nanodroplet. For the dispersions of oil
droplets in water studied in Ch. 6 and Ch. 7, no multiple scattering occurs. 47 Therefore,
the total SFS intensity is proportional to the product of the volume fraction of the oil
droplets and R®. Combining Egs. 5.7-5.11, we can express the relative amplitude of
the SFS signal (i.e. the ratio of SFS amplitudes in different polarization combinations)
as a function of solely ¢ and . The ¥ values can be calculated using the bond
polarizability derivative model %246 with measured Raman depolarization ratio p, as
is shown next. Thus, we can retrieve the orientation (i.e. the average tilt angle ¢) of
the chemical group of interest from the measured SFS amplitudes.
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SF response of a single molecule: %

The SH response of a single molecule and the molecular hyperpolarizability were
discussed in Ch. 2. Here, we describe the molecular response in an SFS experiment.
The SH/SF response of a molecule is characterized by the second-order hyperpolar-
izability, B®, as for all second-order nonlinear optical processes as introduced in
Ch. 2. The SF intensity is given by p® as Isr o< |p® |2. For SFS, the quantum me-
chanical expression of B is derived from the electric dipole approximation for the

light-molecule interaction using perturbation theory. The result is as follows 5115247

(laijlv){viuclg) ( o o
__ 5.12
Zy’ WIR— Wy +iYy ( g ~Pu ) (122

(glaijiv) =Y (glils) (slujlv) <g|u,|s><s|ul|u>)

WSF —Wsg WSF + Wsy

2)
ﬁﬁjk (wsF,WyIs,WIR) =

(5.12b)

where p is the electric dipole operator. {g|u;|s) represents the dipole transition from
the (quantum) energy state s to g. «;; represents the (i j) component of the Raman
polarizability tensor a for the v — g transition and pj represents the k component
of the IR transition moment for the g — v transition. As illustrated in Fig. 1.6D, g
denotes the ground energy state, v denotes the excited vibrational state, and s denotes
the virtual higher energy state. w, is the frequency of the vibrational transition from
state g to v, i.e. the transition energy is equal to liw,. wsg and wy, are the transition
frequencies between state s and g and between state s and v, respectively. y, is the
damping rate of the vibrational transition from state g to v. y,,! is the dephasing time
of the molecular polarization. ' pg)) and p(o) are the fractional population of state
g and v, respectively. The indices i, j, and k denote the polarization states of the SE

VIS, and IR beams, respectively.

Symmetry properties of %

The value of @ is determined by the nature of the underlying molecular transition
and the molecular symmetry. The symmetry properties of B’ determine the relations
between tensor elements and reduce the number of nonzero elements. In Sec. 2.1.3,
we have discussed the symmetry properties of ¥ for nonresonant SHS, including
the permutation symmetry and spatial symmetry. In this section, we will discuss
additional symmetry properties of B for SFS due to the vibrational resonance and
the molecular spatial symmetry.

The full permutation symmetry in nonresonant SHS of lossless and disper-
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sionless media discussed in Sec. 2.1.3 is not valid in SFG since the value of ,Bg.)k is
complex as indicated in Eq. 5.12a. Instead, a permutation between i and j together
with wsr and wy s for the SF and VIS light is valid as the SF and VIS photons are off
resonance. This permutation is independent of the frequency if the dispersion of
the medium for wsr and wy s can be neglected. This permutation symmetry can be
described as

2 2
,ng)k((USFyCUVIS;(UIR) = ﬁ;i)k(wszr,wvzs,wm)- (5.13)

Without loss of generality, we will always refer the subscripts of ,6%.) , from left to right,

)
ijk

to the SE VIS, and IR beams, respectively, and abbreviate ﬁ%)k(wsp, wyrIs,WIR) as f
hereafter.

The spatial symmetry relates to both the geometric symmetry of the molecule
and the symmetry of the vibrational mode. We have discussed the influence of the
molecular geometric symmetry on spatial symmetry properties of B in Sec. 2.1.3.
The symmetry of the vibrational mode relates to the IR and Raman transitions. The
molecular dipole vibration determines the nonzero component p of the IR transition
moment. The symmetry of the Raman transition determines the nonzero Raman
tensor component «;;. The ﬁ%.)k elements are nonzero only when both y and «;; are
nonzero (Eq. 5.12a).

To illustrate, we discuss the nonzero ﬁﬁ)j elements for the symmetric and
antisymmetric stretch modes of the CH3 and CH; groups in the following. These
two molecular groups are studied in Ch. 6 and Ch. 7 and these symmetric and
antisymmetric stretch modes are probed. Figure 5.2 illustrates the symmetric and
antisymmetric stretching of the CHs and CH; groups. The blue arrows indicate the
motions of atoms in each vibrational mode. The red arrows indicate the vibration
directions of the molecular dipoles.

The CH3 group belongs to the C3y point group with a C3 symmetry axis along
the c-axis as shown Fig. 5.2. For the symmetric stretch mode (s-CH3), all the three H
atoms vibrate symmetrically (as indicated by the blue arrows in Fig. 5.2). The ac-plane
is a plane of symmetry. The molecular dipole vibrates along the c-axis(the red arrow
in Fig. 5.2), leading to a nonzero y.. The nonvanishing Raman tensor components
are a,q = app and a.. Inserting u. and the nonzero Raman tensor elements into Eq.
5.12a, we have the nonzero B elements for the s-CHz mode as?4®

2 @) ()] (5.14)

aac = IBbbC’ ccer
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Symmetric stretch Antisymmetric stretch

Figure 5.2 — Illustration of symmetric and antisymmetric stretch modes of the CH3 and CH; groups.
The principle symmetry axis of the molecular group is directed along the c-axis of the molecular
coordinate system (a, b, ¢). For the CHs group, the ac-plane bisects two C-H bonds. The third C-H
bond is in the ac-plane. For the CH, group, the two C-H bonds are in the ac-plane. The blue arrows
indicate the motions of the atoms in the stretch. The red arrows indicate the vibration directions of the
molecular dipoles.

For the antisymmetric stretch mode (as-CH3), as illustrated in Fig. 5.2, two H atoms
move synchronously away from the central C atom while the third H atom moves
towards the C atom. The two H atoms that move synchronously are switching among
the three H atoms. The vibration direction of the molecular dipole is parallel to the ab-
plane. The nonvanishing Raman tensor components are & 44 = —Qpp, App = Agp = Apg,
Qgac = Ape, and a4 = a.p. Correspondingly, the nonzero [3(2) elements for the as-CHs

mode are 246

@ __p@ @ _p@ _ p@
aaa — 'Bbba’ hba_ﬁabb_ﬂbab (5.15a)
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2) _ p@ 2) _ p@

Elc)a = Byep (ccza = Pcbb (5.15b)
As the SF and VIS photons are both off resonance, the Raman tensor elements have
the relationships that @, = a¢4, apc = a¢p. Equation 5.15b is changed as

@ :,6(2) _p@ _ p@ (5.16)

aca bcb — Fecaa ™ Fcpp

The CH; group belongs to the C,, point group with a C, symmetry axis along
the c-axis as shown in Fig. 5.2. The ac-plane is a plane of symmetry. All the atoms of
the CH; group are in the ac-plane. For the symmetric stretch mode (s-CHy), all the two
H atoms vibrate symmetrically in the ac-plane. The molecular dipole vibrates along
the c-axis, leading to a nonzero p.. The nonvanishing Raman tensor components are
Qaar @pp, and a ... Correspondingly, the nonvanishing ﬁ(z) elements for the s-CH»
mode are?46

2 2 2
@ BE. BE.. (5.17)

For the antisymmetric stretch mode (as-CHy), as illustrated in Fig. 5.2, one H atom
moves away from the central C atom while the other H atom moves towards the C
atom. The vibration direction of the molecular dipole is parallel to the a-axis, leading
to a nonzero y,. The nonvanishing Raman tensor components are a .. = a., with the
SF and VIS photons off-resonance. Correspondingly, the nonzero B elements for

the as-CH, mode are?*6

2 2
Ezga = E:cga (5.18)
The above-discussed symmetry properties of B govern the SF response of a

single molecule and are reflected in the measured SFS intensity through Eqgs. 5.7-5.11.

5.2.2 SHS from aqueous nanoscale interfaces

The geometry of SHS is similar with that of SFS shown in Fig. 5.1. The difference is that
the particle is illuminated by only one incident beam propagating along the Z-axis in
SHS. The scattering vector q is defined as ko — 2k;. The angles a and (3 are zero. For
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the case of non-resonant SHS from particles, the expressions of Eq. 5.7 thus reduce to

0 0 0 0
Eppp o cOS> 3 F(IZ) +cos0 cos > F;Z) +cos0 cos 3 Féz) + cos 3 1“512),

e

EsppO( COSE FZ ,
5.19

0 o (5.19)

Esps x (:0551“3 ,

0
Epss o cos 2 Ff)

The B® elements are the same as discussed previously in Ch. 2.

5.2.3 Dynamic light scattering

DLS measurements are used to determine the size distribution of the nanodroplets
used in this thesis. DLS, also known as photon correlation spectroscopy, measures the
linear light scattering (Rayleigh scattering) intensity from small particles in suspension
as a function of time. The scattered light intensity fluctuates due to the Brownian
motion of the particles. An intensity-intensity autocorrelation function, g?(r), can
be obtained directly from this measurement, which can be converted to an electrical
field autocorrelation function g(q, 7). This is illustrated in Fig. 5.3A for a suspension
of 2 vol. % hexadecane nanodroplets in water with 10 mM sodium dodecylsulfate. For
a mono-dispersive sample, g(gq, T) decays exponentially with respect to the time-lag ©

g(1) x exp(—-Dg°T)

4 (5.20)
q= T sin(6/2)

where ¢q is the wavevector of the linear scattering and 0 is the scattering angle. The
diffusion constant D is related to the hydrodynamic radius R of the particle by the

Stokes-FEinstein relation 28

kgT
D=
61nR

(5.21)

where 7 is the solvent dynamic viscosity. Therefore, the size distribution of particles
can beretrieved from the measured linear scattering intensity fluctuations. Figure 5.3B
shows the size distribution of the droplets retrieved from the intensity autocorrelation
function shown in the panel A.
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Figure 5.3 - Retrieval of the particle size from DLS. (A) The intensity autocorrelation function, g(7),
as a function of the time-lag 7. g2(r) is calculated from the measured linear scattering intensity
fluctuations. (B) The size distribution of the measured nanodroplets. The measured sample is a
nanoemulsion consisting of 10 mM sodium dodecylsulfate and 2 vol. % hexadecane in water.

5.2.4 Electrokinetic mobility measurements

A charged particle dispersed in water is surrounded by an electrical double layer. This
double layer is illustrated in Fig. 5.4 and originates from the interaction of ions with
the particle’s electrostatic field. The ions close to the particle are immobilized. Further
into the solution, ions become mobile. The plane that divides these regions is called
the slipping plane. The electrostatic potential at the slipping plane is referred to as the
zeta ({)-potential.?*® The {-potential is a common indicator of the colloidal stability.
A {-potential magnitude larger than 30 mV normally indicates a stable colloid.%°

The (-potential of dispersed small particles can be determined using elec-
trokinetic mobility measurements. Electrokinetic mobility is the phenomenon of the
movement of dispersed charged particles driven by an external electrical field. The
velocity v, of the particle can be measured by Laser Doppler velocimetry. The particle
mobility u, can be given by the measured quantity

Ve

— (5.22)
Eext

He

where E,; is the applied external electrical field. . can be expressed as follows

_ 2e(f(xpR)
= —317

(5.23)

e
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where, € is the dielectric constant. f(xpR) is Henry’s function that depends on the
particle size R and the Debye length 1/xp (Equation 3.30). When the particle size
is much smaller than the Debye length, i.e. R < 1/xp, the Smoluchowski theory is
applicable, resulting in f(xpR) = 1.5, which corresponds to a thin double layer. This
condition usually holds for aqueous solutions of particles with radii ~100 nm.

® o ®

Charged nanodroplet surface
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Distance from nanodroplet surface

Figure 5.4 — Schematic illustration of the electrical double layer." The {-potential, stern potential,
and surface potential are defined as the electrical potentials at the slipping plane, stern layer, and the
nanodroplet surface, respectively.

A more detailed description of DLS and electrokinetic mobility measurements

of the particle’s size and {-potential can be found in Ref, 249251,

t This diagram is modified and adapted from the image: http/en.wikipedia.orgwiki’
File:Zeta_Potential_for_a_particle_in_dispersion_medium.png by Mjones1984 and Larryisgood.
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5.3 Experimental details

In this section, we will present our SFS experimental setup as well as the SFS spectrum
acquisition and analysis. Following that, experimental details of SHS measurements
of the interfacial water structure will be presented.

5.3.1 The SFS experimental setup

Our SFS experimental setup is composed of a laser system, an SFS stage, and a de-
tection unit. Figure 5.5 shows an illustration of the SFS experimental setup. In what
follows, each component will be described in detail.

The laser system

The laser system consists of 4 units: an fs oscillator (Integral 50, Femtolasers), a
chirped pulse amplifier (Spitfire, Spectra-Physics), an IR generator (HE-Topas, Light
conversion), and a home-built pulse shaper. The fs oscillator generates 3 nJ, 800 nm,
50 fs laser pulses with an 18 nm spectral FWHM. These laser pulses are directed into
the Spitfire as the seed pulses. The incident seed pulses are first stretched in time to
~200 ps by a stretcher to reduce the peak power. Then the stretched seed pulses are
amplified sequentially by a regenerative amplifier (RGA) and a double pass amplifier
(DPA). The final pulse energy is ~6 mJ. The gain media of the amplifiers are Ti:Sapphire
crystals, pumped by Nd:YLF pump lasers (527 nm, 150 ns, 1 kHz, 20 m]J). In the last
step, the amplified laser pulses are re-compressed by a compressor to their specified
duration of ~100 fs. The output pulses have a repetition rate of 1 kHz and are centered
at 800 nm. 90% of the power of the output from the amplifier is directed into the
Topas. IR pulses with tunable wavelengths from 2.5 to 15 pm are generated using
white-light-continuum generation, optical parametric amplification, and difference
frequency generation. The rest of the 800 nm output pulses are directed into a home-
built pulse shaper. In the pulse shaper, the pulses are horizontally dispersed by a
blazed diffraction grating for 800 nm (PC 1800 50x50x10 NIR, Spectrogon) and then
propagate through a lens and a vertical slit. After that, the cut pulses travel back
through the same path via a reflection mirror. In this way, the spectral content of the
pulses can be reduced down to ~5 cm™. We refer to these pulses as the VIS pulses.
The time delay of the VIS pulses relative to the generated IR pulses is adjusted by
a retroreflecting mirror on a motorized translation stage. The generated pulses of
this laser system thus consist of broadband IR pulses and narrowband VIS pulses as
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RGA: Regenerative amplifier
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OPA: Optical parametric amplification
DFG: Deference frequency generation
|I-CCD: Intensified charge-coupled device

Figure 5.5 — Illustration of the SFS experimental setup. The SFS experimental setup consists of a laser
system providing a VIS and a tunable IR beam, an SFS stage, and a detection unit.
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illustrated in Fig. 5.6.
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Figure 5.6 — Typical VIS and IR pulses used in the SFS experiment. The VIS pulse is centered at 12450
cm’! (~803 nm) and the IR pulse is centered at 2900 cm™! (~3448 nm). The FWHM of each pulse is ~9
cm! (VIS) and ~165 cm™! (IR).

The SFS stage

The SFES stage consists of optical paths for the IR and VIS pulses and a sample stage.
The IR pulses from the Topas propagate through two BaF, wire grid polarizers (WP25H-
B, Thorlabs). The first polarizer controls the transmitted energy and the second
controls the polarization state. The frequency content of the IR beam is then cleaned
by a Germanium longpass IR filter (704024001, 50% at 2.4 um, Laser Components
GmbH) and focused by a 90° off-axis parabolic bare gold mirror with an effective focal
length of 101.6 mm (84-625, Edmund optics). The polarization of the VIS beam is
controlled by a polarizing beam splitter cube (PBS-800-050, CVI) and a half-wave
plate (460-4215, EKSMA). The polarized VIS beam is focused by a plano-convex lens
with a focal length of 125 mm (LLA1986-B, Thorlabs). The focused IR and VIS beams
are overlapped under an angle of 15° (measured in air). This angle corresponds to an
open angle of f = 5° in the sample cuvette (Fig. 5.5). The optical path length inside the
sample cuvette is ~200 um. The angle between the IR beam and the normal direction
of the incident window of the sample cuvette is 45°. The IR and VIS pulses are also
temporally overlapped by adjusting the delay of the VIS pulses using the retroreflector
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stage. The sample cuvette consists of a 1.3 mm thick CaF, window (CeNing optics)
facing the incident IR and VIS beam and a Quartz cell with a 0.2 mm depth (106-
QS, Hellma analytics). The sample cuvette is mounted on a platform of two stacked
translation stages to ensure a two-dimensional precise positioning. The cuvette is
mounted in such a way that the outgoing window is perpendicular to the scattered SF
beam.

The detection unit

The scattered SF light from the sample is collected and collimated by a plano-convex
lens with a focal length of 15 mm (LLA1540-B, Thorlabs) at a scattering angle of 57°
(measured in air). This angle corresponds to a scattering angle of 35° inside the
cuvette. The reported scattering angles in Ch. 6 and Ch. 7 refer to the scattering
angles in solution samples. Two shortpass filters (3RD770SP, 3rd Millennium) are
used to clean the collimated SF beam and its polarization is analyzed by a Glan-
Taylor polarizer (GT15-B, Thorlabs). Then, the SF beam is focused into a spectrometer
(SpectraPro 2300i, Acton) by a plano-convex lens with a focal length of 50 mm (LA1131-
B, Thorlabs). The spectrum of the SF beam is recorded with an intensified charge-
coupled device camera (I-CCD, PI-Max3, Princeton instruments).

5.3.2 SFS spectrarecording

SES spectra were recorded in four polarization combinations -PPP, SSP, SPS, and
PSS- for which the interfacial coherent SFS signal is nonzero. The SFS spectrum of a
reference -a nanoemulsion containing 2 vol % dss-hexadecane (~100 nm radius) in
D,0 with 10 mM sodium dodecyl sulfate (SDS)- was measured between every other
measurement to detect and correct for possible fluctuations during the course of the
experiment. The acquisition time for a single spectrum was set to either 150 or 300 s
with a gate width of 10 ns of the I-CCD. The spectrum of the incident IR pulses was
obtained by measuring the reflected SFG spectrum from a flat z-cut quartz window
in the IR frequency range = 2000 cm™. For the IR frequency range < 2000 cm™ a
bare gold mirror was used in a reflection geometry. The spectrum of the incident VIS
pulses was measured directly in the reflection geometry with the two shortpass filter
in the detection unit removed. The background noise was recorded by removing the
temporal overlapping of the incident IR and VIS pulses.
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5.3.3 SFS spectra analysis

The measured SFS spectra were processed and analyzed using IGOR PRO 6 (WaveMet-
rics). First, the narrow spectrum of the VIS pulses was fitted with a Gaussian function.
The SF data was then rescaled using the central frequency of the VIS pulse. The spectra
were corrected for noise by subtracting the background spectra. After that, the sample
spectra were normalized by the normalized IR spectrum, the acquisition time, and
incident IR and VIS pulse energies.

The SFS spectra were fitted using Levenberg-Marquadt iterations2°>2%3 by the
following expression

. A, 0 2
Isrs(wir,0) o ANR(Q)f(wIR)eI(PNR+Z v(@)yy

— | - (5.24)
v WIR— Wy +1Yy

From the fits, the following parameters were retrieved: the amplitudes of the reso-
nant (A,(0)) and nonresonant (Ayng(0)) responses, the linewidth y,, and the phase
difference ¢ nr between the resonant and nonresonant responses.

The amplitudes of the vibrational modes report on the amplitude of these
modes in the SFS pattern at the scattering angle 6. Using the relative values of the
amplitudes of, for example, the s-CH3 and as-CH3 modes, it is possible to determine
the molecular tilt angle as discussed in Sec. 5.2.1.

5.3.4 SHS measurements of aqueous nanoscale interfaces

SHS measurements of aqueous nanoscale interfaces were performed with the fs-ESHS
experimental setup as introduced in Sec. 2.2.1 and under the same experimental
conditions. The SHS intensity, I,;uision(2w,0), of the dispersion of nanodroplets
(nanoemulsion) was measured at different scattering angles from —90° to 90°. The
HRS intensity, Iso;,ri0n(2w,0), of the corresponding aqueous solution (without the
dispersed nanodroplets) was measured at the same scattering angles for the correction
of the background signal from the bulk water phase in the nanoemulsion. In addition,
the HRS intensity, I,y4rer 2w, 0), of pure water was measured as a reference. All SHS
signals were recorded in both PPP and SSS polarization combinations. The SHS
pattern from nanodroplets was obtained by subtracting the PPP SHS intensity of
the solution, Isy;ysi0n,ppr(2w,0), from that of the nanoemulsion, I¢;,yu15i0n,ppp(2w,0).
The obtained SHS intensity was normalized by the SSS SHS intensity of pure water

108



Chapter 5. Methods to Probe Aqueous Nanoscale Interfaces

Lyater,sssCw, 0):

Iemulsion,PPP Cw,0) — Isolution,PPP Lw,0)

(5.25)
Iwater,SSS(zw;H)

The normalization by I, 4er,sss(2w,8) was done both to correct for possible experi-
mental aberrations between measurements and to rescale for the different overlapping

focal volumes at different scattering angles.
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The molecular structure of the hexadecane droplet/alkanol/water interface has been
investigated using vibrational sum frequency scattering and second harmonic scat-
tering. This combination of methods allows us to investigate the interfacial alkyl
chain conformation of the oil and several alkanols, ranging from 1-pentanol to 1-
dodecanol, the orientational distribution of the methyl groups, the surface density of
the alkanols, as well as the orientational alignment of water. For the hexadecane/1-
dodecanol/water interface, dodecanol alkyl chains form a fluid layer with a wide distri-
bution of tilt angles of the terminal CH3 groups. Indistinguishable spectra are recorded
for the alkanol alkyl chains of 1-pentanol, 1-hexanol, 1-octanol, and 1-dodecanol.
Alkanols with chain length longer than 6 carbon atoms all form films with similar
densities. In contrast, the alkyl chains of the oil phase are relatively more distorted
with respect to the pure oil/water interface for alkanols with shorter chain lengths.
The projected surface area of a saturated film of hexanol is 29 + 5 A2, which requires
a free energy of adsorption of AG = —26.3 £ 0.7 kJ/mol. In addition, with increasing
alkanol density the interfacial water structure loses its initial orientational alignment,
which matches with the added number of interfacial 1-hexanol molecules. The found
structures differ significantly from those reported on the planar alkanol/water and
alkanol/air interfaces and charged surfactant/oil/water interface.
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6.1 Introduction

The structural elements that form the building blocks of life are composed of aqueous
regions that are in contact with hydrophobic domains or cores, such as the structures
found in membranes, peptides, and proteins. The transition from a hydrophilic to
a hydrophobic environment is, therefore, essential for understanding fundamental
aspects of living systems. The quantitative study of this type of structures and the
related interactions started over a century ago when interfacial tension studies were
performed on insoluble monolayers. 850 It was suggested that molecules are surface
active when they lower the energy of the interface. This lowering of the interfacial
energy was explained in terms of solubility: When a molecule has parts that dissolve
better in a polar/nonpolar solvent it will orient itself in a configuration of lowest
energy, that is, partially dissolved in oil and partially dissolved in water. Alkanols are
uncharged amphiphilic molecules with a hydrophobic part and a hydrophilic part
that dissolve well in an oil phase and a water phase, respectively. They form essen-
tial building blocks that provide a transition between hydrophobic and hydrophilic
environments. Depending on the chain length, the partitioning of alkanols between
water and oil as described by the partitioning coefficient changes, as well as the free
energy of transfer from the oil to the water phase. Figure 6.1 shows the partitioning
coefficient derived from the Ostwald solubility (A) and the free energy of transfer
(B) for several 1-alkanols in the hexadecane/water system, which is exemplary of a
true hydrophobic liquid in contact with water (used, for example, to estimate the
activity of pharmaceuticals?>*). Here, the partitioning coefficient is the ratio of the
concentration of 1-alkanols in hexadecane to that in water at equilibrium. It can be
seen that 1-propanol, 1-butanol, and 1-pentanol are more soluble in water than in
oil, while for 1-hexanol, 1-heptanol, 1-octanol, and 1-decanol the reverse applies.
The free energy of transfer from water to hexadecane shows a similar trend, but here
only 1-propanol has a positive free energy of transfer to the oil phase. This difference
is possibly due to the lower molar concentration of hexadecane relative to that of
water. At the same concentration where the partitioning coefficient equals 1, the mole
fraction of alkanols in hexadecane ({x,;}) is larger than that in water ({Xyater}). This
leads to a negative free energy of transfer since AG = —RTln{){Cfv—‘:t‘e}r}, in which R is the
gas constant and T is the temperature. How the transition from oil to water occurs
on the molecular level, whether this transition requires a particular structure of the
alkanol, the water or the oil, and whether it depends critically on chain length is not
conveyed by the data in Fig. 6.1.

Molecular level information about the electronic order present in the inter-
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Figure 6.1 - Thermodynamic data of solute transfer. (A) Partitioning coefficient of several 1-alkanols
with chain lengths from C3-C,g,derived by dividing the Ostwald solubilities of the respective 1-alkanol
in hexadecane by that of water. (B) Free energies of transfer from water to hexadecane. The data was
adapted from Ref. %%,

facial layer can be obtained from X-ray reflection measurements in combination
with appropriate modeling of ordered monolayers of alkanols on water (see, for
example, Refs.?5>256), Molecular level insight combined with intrinsic interfacial
sensitivity can also be obtained by means of SFG, a vibrational coherent interface
spectroscopy that measures the combined IR and Raman spectrum of molecules in
non-centrosymmetric environments such as interfaces. 126138257 The majority of the
vibrational SFG studies have been performed on the air/alkanol interface with a focus

5152 "and on the water/alkanol/air interface®->° with

on the alkyl chain conformation
a focus on both the alkyl chain conformation and the effects of hydration®®>7. The
choice of these systems is likely determined by the experimental geometry, which
permits unhindered access to the interface. Studies of the liquid/liquid oil/water
interface are more challenging for several reasons: The optical beams need to pass

through one of the often absorptive phases, 2%

the formation of a planar oil/water
interface is non-trivial, and it often consists of a heterogeneous structure?®® made
up of nano- and micro-scopic islands, which are critically influenced by the tiniest
amount of intrinsic impurities that might be present.?° Therefore, the focus is often

261-264 o1 the alkyl chain conformation?°8.

on one aspect, namely the water structure
The latter can be probed by measuring SFG spectra in the C-H stretch region. The
amplitude ratio (referred to as d*/r* ratio) of the symmetric methylene (d* at ~2850
cm™) and the symmetric methyl (r* at ~2876 cm’!) stretch modes is a common em-

pirical indicator for the conformation of alkyl chains. 19265266 A value of d* /1" <« 1is
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associated with a stretched all-trans chain conformation, whereas a value of d*/r* > 1
indicates that gauche defects dominate the measured SFG spectrum. Using selective
deuteration it is possible to independently probe the surfactant and the oil molecules
since C-D and C-H modes vibrate at different frequencies. 26

In order to obtain full molecular level insight into the molecular structural
aspects of the transition from a hydrophobic to an aqueous phase without being hin-
dered by the above restrictions, we use a dispersion of ~100 nm (radius) hexadecane
droplets in water that also contains 1-pentanol, 1-hexanol, 1-octanol, or 1-dodecanol.
We study the transition from the hydrophobic to aqueous phase and the role of hy-
drophobic interactions by determining the alkyl chain conformation of the alkanols
and the oil, the surface density of the alkanols, and the structural changes imposed

on the water using a combination of SHS§829%100 and SFS82135 Second harmonic??”

99,102,107,154 i5 3 process that occurs only in non-centrosymmetric materials.

scattering
The SHS signal can be used as a probe for the interfacial water around nanoscopic
droplets and reports on the difference in dynamic orientational directionality of the
water molecules in the interfacial region compared to the orientational directionality
in the bulk solution. 103:207,267,268 At the same time, the SFS signal can be used to probe
the chemical composition, alkyl chain conformation, and density of molecules at
the droplet/water interface.?>137143 Using selective deuteration and probing the C-H
stretch mode region we have measured the conformation of the alkyl chains present on
the 1-pentanol, 1-hexanol, 1-octanol, and 1-dodecanol/ds4-hexadecane interface and
the d;;-1-pentanol, d;3-1-hexanol, d;7-1-octanol, and dz5-1-dodecanol/hexadecane
interface. Starting with the hexadecane/1-dodecanol/water interface, we find that the
relative chain conformation represents that of a fluid layer with a wide distribution of
tilt angles of the terminal CH3 groups. Changing the chain lengths of the alkanol, the
alkanol alkyl chains adopt a conformation that generates indistinguishable SF spectra.
Comparing the amplitude of the spectra it appears that the alkanols with chain lengths
longer than 6 carbon (C) atoms all form films with comparable chain densities. In
contrast, the alkyl chains of the oil phase are relatively more distorted with respect
to the pure oil/water interface for shorter alkanol alkyl chains. For 1-hexanol, we
determined the surface density more accurately by means of an adsorption isotherm
measured with SFS. We found a projected surface density of 29 + 5 A2 and a free energy
of adsorption of AG = —26.3+0.7 kJ/mol. SHS measurements of the same system show
that with increasing 1-hexanol density the interfacial water structure loses its initial
orientational alignment in a way that matches with the added number of interfacial
1-hexanol molecules. The found conformations differ significantly from that reported
at the planar alkanol/water and alkanol/air interfaces.
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In what follows, we will first present and analyze SFS spectra of the hexadecane/1-
dodecanol/water interface. Then we will change the chain length and investigate the
isotherm of 1-hexanol. Finally, we will turn to the water structure and discuss our

findings in a broader scope.

6.2 Materials and Methods

6.2.1 Sample preparation

Hexadecane (C;6Hsq4, 99.8%, Sigma-Aldrich), ds4-hexadecane (Cy1D34, 98% d, Cam-
bridge Isotope), 1-pentanol (CH3(CH»)4OH, 99%, Acros), 1-pentan-d;;-ol (CD3(CD3)4-
OH, 98% d, Sigma-Aldrich), 1-hexanol (CH3(CH3)50H, 99.5%, Sigma-Aldrich), 1-
hexan-d;3-ol (CD3(CD2)50H, 98% d, Sigma-Aldrich), 1-octanol (CH3(CH2)70OH, 99%,
Sigma-Aldrich), 1-octan-d;7-ol (CD3(CD3);0H, 98% d, Sigma-Aldrich), 1-dodecanol
(CH3(CH>);;0H, 98%, Sigma-Aldrich), and 1-dodecan-d,5-ol (CD3(CD>);;0H, 98% d,
Sigma-Aldrich) were used as received. All aqueous solutions were made with ultrapure
water (H,O, Milli-Q UF plus, Millipore, Inc., electrical resistance of 18.2 megohm-cm;
D,0 99.8% Armar, > 2 megohm-cm). Glassware was cleaned with a a 3:1 mixture of
concentrated sulfuric acid (95-98%, Sigma Aldrich) and hydrogen peroxide solution
(30%, Reactolab SA), after which it was thoroughly rinsed with ultrapure water (H,0O,
Milli-Q UF plus, Millipore, Inc., electrical resistance of 18.2 megohm-cm).
Dispersions of oil nanodroplets in water were prepared with 1 vol % (Figs. 6.2,
and 3) or 2 vol % (Fig. 6.8) of n-hexadecane or ds;-hexadecane in D, 0O for SFS and in
H, O for SHS. The solutions were mixed with 5 mM alkanols for 4 min with a hand-held
homogenizer (TH, OMNI International) and subsequently placed in an ultrasonic bath
(35 kHz, 400 W, Bandelin) for the same duration. The resultant emulsions of alkanols
except hexanol were directly used for SFS. An alkanol concentration of 5 mM was
used in the study of the interfacial structures of alkanols and oil. The resultant stock
emulsion of hexanol was diluted to an oil concentration of 1 vol % for SES (0.1 vol %
for SHS) with a solution of alkanol in water to yield the desired hexanol concentration.
The size distribution and ¢-potential of the nanodroplets were measured with DLS and
electrokinetic mobility measurements (Malvern ZS Nanosizer) as previously described.
The nanodroplets were consistently found to have a mean hydrodynamic diameter in
the range of 220-300 nm with a polydispersity index (PDI) of less than 0.3. All samples
were stable for at least several weeks. All measurements were performed at 24 °C.
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6.2.2 Second harmonic scattering measurements

SHS measurements were performed, as previously described in Sec. 3.2.2 and Ref. 154

using the experimental setup as described in Ch. 2. The input pulse energy at the
sample was set 0.25 uJ (incident laser power Pjyger = 50 mW). The detection angle
was set 6 = 35°, where the SHS intensity from nanodroplets with radii of ~100 nm is
maximum. The acceptance angle of the SHS signal was set 11.4°. Data points were
acquired with 20 x 1 s acquisition time and a gate width of 10 ns. The plotted data
points represent the SHS signal corrected for the background HRS and normalized by
the PPP signal of neat water

ISHS,emulsions,PPP (9 = 350) - IHRS,solutions,PPP (9 = 350)

(6.1)
Iirs,water,ppp (6 = 35°)

The reproducibility of the SHS measurements is in the range of 1-3%. Samples were

stored and measured in sealed glass sample cells. All measurements were performed

in a temperature- and humidity-controlled room (T = 297 K; relative humidity, 26.0%).

6.2.3 Vibrational sum frequency scattering measurements

SFES spectra were measured using the experimental setup as previously described in
Ch. 5 and Refs.4"?%9_ The SFS light was spectrally dispersed with a monochromator
(Acton, SpectraPro 2300i) and detected with an I-CCD (Princeton Instruments, PI-
Max3) using a gate width of 10 ns. The acquisition time for a single spectrum was 150
s. The SFG spectrum obtained in the reflection geometry from a z-cut quartz crystal
was used to normalize all the SFS spectra of tested samples. Concentration series
were measured against a reference sample that was inserted between every other
measurement to detect and correct for possible fluctuations during the course of the
experiment. The d*/r* and r*/r” amplitude ratios were obtained from a global fitting
applied to the SFS spectra in which the weak nonresonant background was taken
into account by using a measured SFS signal from an all-deuterated sample. This
was done because the nonresonant background varied per sample and polarization
combination. More details can be found in Ref.?"°.
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6.3 Results and discussion

6.3.1 Surface structure of 1-dodecanol

By deuterating hexadecane or 1-dodecanol, we can selectively probe the C-H stretch
modes of interfacial 1-dodecanol or hexadecane molecules in the respective SFS mea-
surements and thus deduce the interfacial molecular structures. Figure 6.2 shows
SES spectra of the C-H stretch modes of the 1-dodecanol/dss-hexadecane droplet
interface (A) and the d5-1-dodecanol/hexadecane droplet interface (B) in D,O. The
spectra were recorded in three different polarization combinations: SSP, PPP, and SPS.
Here the three letter code represents the polarization of each beam from high fre-
quency to low frequency, with P(S) referring to light polarized parallel (perpendicular)
to the scattering plane. The spectra were fitted according to the procedure described
in the Sec. 5.3.3.

SF intensity (a.u.)
SF intensity (a.u.)

2800 2850 2900 2950 3000 3050 2800 2850 2900 2950 3000 3050
IR wavenumber (cm™) IR wavenumber (cm-")

Figure 6.2 — The surface structure of 1-dodecanol and hexadecane at the hexadecane nan-
odroplet/water interface. SFS spectra of the C-H stretch modes of the 1-dodecanol/d3s-hexadecane
droplet interface (A) and the dy5-1-dodecanol/hexadecane droplet interface (B) in D,O. The spectra
are recorded in three different polarization combinations, PPP (red), SSP (green), and SPS (blue). The
black lines are fits to the spectra.

Starting with the SSP spectrum of 1-dodecanol and hexadecane (green lines
in Fig. 6.2), it can be seen that the following peaks are present:*?> The symmetric
(s) CH, stretch mode (~2850 cm!, d*), the s-CHjs stretch mode (~2876 cm™!, r*), the
antisymmetric (as) CHj stretch mode (~2965 cm’!, r), the s-CH,-Fermi resonance

(~2905 cm™!, d*pRr), the s-CH;-Fermi resonance (~2933 cm™!, r*ggr), and the as-CH,
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stretch mode (~2920 cm™!, d°). The latter three modes are broad and overlap.°"?"!

Fitted values to Eq. 5.24 can be found in Table 6.1. The obtained d*/r* amplitude
ratio for 1-dodecanol is 0.7 + 0.2, while that for hexadecane is 1.1 + 0.2. This shows
that there are fewer visible gauche defects in the spectra of the alkyl chains of the
1-dodecanol than in the alkyl chains of the hexadecane.

1-dodecanol hexadecane
mode | w; cm™) y; (cm™) SSPA; PPPA; SPSA; | w;(cm™) y;(cm) SSPA; PPPA; SPSA;
d* 2848 13 1.2 1.1 0 2855 12 1.2 1.8 0
dpr* 2905 12 0.3 0.8 0 2905 15 0 1.4 0
d 2920 16 0.7 0.8 0.8 2920 12 0.7 0.8 0.3
rt 2876 12 1.7 1.1 0 2877 14 0.9 1.2 0
rer? 2933 9 1.2 0.4 0 2936 13 1.1 1.7 0
r 2965 16 -0.6 1.4 -1.6 2965 13 0.3 1.7 0.6
ANg 0 0.2 0.3 0 0.3 0.5
ONR 0 274°  224° 0 84° 325°
d/rt 0.7 1.0 - 1.3 1.5 -

Table 6.1 - Fitted frequency, amplitude, and linewidth of the 1-dodecanol and hexadecane spectra of
the hexadecane nanodroplet/1-dodecanol/water interface (Fig. 6.2).

Comparing the three polarization combinations, we observe that the spectra
are different. Specifically, it can be seen that the SSP spectra in Fig. 6.2 show less
antisymmetric character and have a smaller relative d*/r* ratio than the PPP spectra.
The relative phase of the 1 mode is also different for the SSP and PPP polarization com-
binations. On the other hand, the SPS spectra display only the d” and r” mode. These
differences are not a consequence of a different relative tilt angle of the alkyl chains
with respect to the surface normal as it would be for SFG in the reflection geometry, %
but are a consequence of the nonlinear light scattering geometry. Nonlinear light
scattering theory predicts that for SFS each polarization combination has a different
number of surface susceptibility elements that contribute to the SFS spectra with dif-
ferent weights (represented by form factor functions that are determined by scattering
angle and droplet size 137 ' As a result, the PPP spectra are often the most intense ones
because this polarization combination reports on all tensor elements of the surface
susceptibility, which also appear with a larger magnitude. 37272 They are also subject
to some weakly dispersive interaction from D,0O as we observed before.?’? In contrast,
here only the antisymmetric modes are visible in the SPS spectra, which is expected
because SPS is the only polarization combination for which the ﬁﬁlzc)a element of the
hyperpolarizability tensor is dominant. A molecular tilt angle ¢ away from the surface
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normal does reduce the overall intensity because SES is only reporting on molecular
groups that have some kind of preferential alignment along the surface normal of an
isotropic surface (see Eq. 5.11 in Sec. 5.2.1, just like in reflection mode SFG). We found
previously '3’ that the r mode is sensitive to the tilt angle of the methyl group, while
the r" mode is less sensitive, and the d* mode is not sensitive at all to the tilt angle.
Thus, by calculating the different amplitude ratios '3’ we can determine the average
tilt angle ¢ of the terminal CH3 group with respect to the droplet surface normal.

Orientation of terminal methyl groups

With its unique molecular symmetry and polarization selection rules, SES is an ef-
fective tool for investigating the conformation of the interfacial alkyl chains. The
molecular orientation of the terminal CH3 groups can be retrieved by measuring the
relative electrical field amplitudes of different vibrational modes of the same moi-
ety.®2137 In the following, we will compare SFS amplitudes of different polarization
combinations to determine the average tilt angle (¢) of the terminal CH3 groups with
respect to the droplet surface normal (i.e., the radial direction).

As previously described in Sec. 5.2.1, the relative amplitude of the SFS signal
is seen to be determined only by the average tilt angle ¢» and molecular hyperpolariz-
ability ¥’ by combining Egs. 5.7-5.11. For the vibrational modes of the CH3 group,
we use a bond polarizability derivative model?*® from the single C-H bond polariz-
ability derivative to calculate . The single bond polarizability derivative ratio r
can be obtained from the measured Raman depolarization ratio p. p = 0.053 and so
r = 0.026 were obtained for the CH3 group in ethanol and are used for 1-alkanols with
longer chains. The corresponding hyperpolarizability ratio Saac/ Bype €quals 3.4.246
To make the modeling more accurate, we employ a correction term to Eq. 5.9, which
accounts for the small jump that the amplitude of the radial part of the electrical field
experiences when it crosses the interface.?’3 The correction factor consists of multi-
plying the radial x® elements with n?, i.e. )(|(|2”) | — n*(wr) )(|(|2”) - Introducing such a
factor generates a very good agreement with results from nonlinear Mie theory.% The
values used for the refractive index are given in Table 6.2. All amplitude ratios were

SF (650 nm) | VIS (800 nm) IR (3450 nm)
hexadecane (Re, Im)2°8274 (1.43, 0) (1.43, 0) (1.40, 0)
D,0 (Re, Im) (1.32,0)% | (1.32,0)%> | (1.23,0.0023)276

Table 6.2 — Refractive index elements used for the calculation of the SFS electrical field.
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simulated for nanodroplets with a radius of R = 115 nm. A §-function distribution
was used for the tilt angle ¢. The opening angle = 15° and scattering angle 6 = 57°
that were used in experiments were measured in air. When the beams travel through
the cuvette, which is placed perpendicular to the outgoing scattered SF wavevector
(see Fig. 5.1 and 5.5), these angles change. The opening angle f is reduced to 5° in
D, 0 and the scattering angle 0 is also reduced to 35°. These values are then inserted
in Equations 5.7-5.11. Figure 6.3 shows the computed SFS electrical field amplitude
ratios for different tilt angles of the CH3 group. The r"/r* amplitude ratio of the SSP
spectrum is plotted whereas the opposite amplitude ratio (r*/r") is plotted for the
other three polarization combinations. This is done to keep the ratio values in the
same range for a clear comparison. Results of the simulations with (A) and without (B)
the correction for the small jump in the amplitude of the radial part of the electrical
field at the interface are both shown in Fig. 6.3. The difference between Figs. 6.3A
and 6.3B shows the necessity of including the correction. Compared to other possible
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Figure 6.3 - Calculated SFS electrical field amplitude ratios. Equations 5.7-5.11 with the first order
correction for the change in refractive index along the radial direction (A) and without this correction
(B) were used for the calculation. All amplitude ratios were calculated using R = 115 nm, f =5°, 8 = 35°
(values inside the cuvette). For simplicity and without bias to the result, a §-function distribution of
the tilt angle ¢ was used.

peak ratios, the r*/r~ amplitude ratio of the SSP spectrum shows the highest sensitivity
to the change of the tilt angle of the CH3 group.

Figure 6.4 shows a computation of the r*/r amplitude ratio as a function
of ¢ assuming a hyperpolarizability ratio?*® of 3.4 and a §-distribution (blue line),
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Figure 6.4 — Calculated r*/r" amplitude ratio as a function of the average tilt angle ¢ of the end
methyl group of the alkyl chain with respect to the surface normal. The distribution of tilt angles is
represented by both a §-function and a Gaussian function (assuming an angular FWHM of 70°). For the
hyperpolarizability ratio Baac/ Bece, we used the value 3.4.246 The average radius R of the nanodroplets
is 115 nm (1 vol. %). For the opening () and scattering (9) angle, we used § = 5° and 8 = 35° (which
represent the values inside the cuvette), and appropriate refractive index values are given in Table 6.2.

as well as a broad Gaussian distribution (assuming an angular FWHM of 70°) of the
tilt angles (red line). Both functions for the orientational distribution thus represent
two extremes of a surface structure: a highly ordered one and a highly disordered
one in terms of the tilt angle. The experimental values found for the r*/r” amplitude
ratio from the fits in Fig. 6.2 are 2.8 for 1-dodecanol (C120OH) and 3.0 for hexadecane
(C16). Comparing these values to the calculated lines, we find (assuming a 6-function)
that ¢c,,on =33 +5° and ¢¢,; = 38 £ 5°. These values are both not far away from the
values reported for a random distribution of tilt angles and do not necessarily report
on an actual narrow tilt angle distribution.?’” For the broad Gaussian distribution,
we find ¢¢,on =49 +17° and ¢¢,, = 66 £ 17°. Because both tilt angle scenarios can
describe the spectral data, it is likely that there is a broad distribution of tilt angles,
as would be the case in a liquid phase. This agrees with the shape of spectra of Fig.
6.2, which are clearly not representative of a crystalline-like film (which would have a
negligible amount of d* signal, as found for the 1-dodecanol/water interface®®). The
d*/r* ratios and the tilt angle analysis thus both indicate a broad distribution, which
is in agreement with the interfacial layer being liquid-like. To further investigate the
interaction of oil and alkanols, we vary the chain length of the alkanols and compare
their alkyl structures as well as the oil chain structure using selective deuteration and
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make a comparison to the pure oil droplet/water interface.

6.3.2 Chain length dependence

Figure 6.5A shows SFS spectra of the C-H stretch modes of different alkanols that
are present at the interfaces of dss-hexadecane droplets dispersed in D,O with 1-
dodecanol, 1-octanol, 1-hexanol, or 1-pentanol added to it. The spectra were recorded
in the SSP polarization combination and normalized to the symmetric methyl stretch
mode. Figure 6.5B shows the corresponding SF amplitudes, which were obtained
by taking the square root of the integrated C-H spectra. The corresponding spectral
changes for the hexadecane are shown in Fig. 6.6. These spectra were obtained by
using deuterated alkanols and recorded in the PPP polarization combination. It can
be seen that both the spectral shape and the intensity change with respect to pure
n-hexadecane droplets in pure water (black line).
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Figure 6.5 — The surface structure of alkanols of different lengths at the hexadecane nan-
odroplet/water interface. (A) Normalized spectra in SSP polarization for 1-pentanol, 1-hexanol, 1-
octanol, and 1-dodecanol at the interface of d34-hexadecane droplets in water (see the Materials and
Methods for details on droplet size and concentrations). The spectra were normalized to the s-CHj
stretch mode. (B) Spectral amplitude corresponding to the data in panel A.

Figure 6.5 shows that the spectral shape (A) and amplitude (B) for 1-hexanol,
1-octanol, and 1-dodecanol are not changing much. Both results combined suggest
that the interfacial density of the three longest chain alkanols is constant and adding
CH; pairs to the backbone of the alkyl chain does not contribute to the SFS signal.
The spectrum of 1-pentanol has a reduced amplitude but an identical shape, which
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indicates a reduced surface coverage. In theory, it could also indicate an identical
surface density but with a molecular orientation that is more parallel to the interface.
This explanation of the lower amplitude does not agree with the fact that 1-pentanol
is the most hydrophilic of the alkanols studied here (see Fig. 6.1). We have also tried
to measure the 1-butanol spectrum but we were not able to detect any SF signal in the
C-H stretch region. This agrees with earlier studies '°>27® that showed that at least 4 C
atoms are needed to render a molecule hydrophobic and SFS visible.
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Figure 6.6 — The surface structure of hexadecane at the hexadecane nanodroplet/water interface
with alkanols of different lengths. Hexadecane spectra for the same concentration of deuterated
alkanols recorded in PPP polarization.

Figure 6.6 shows that in contrast to the alkanols, the hexadecane does have a
different SF spectrum for each different interface. The spectrum of pure oil droplets
in pure D,0 contains spectral features that match with alkane chains that are pre-
dominantly oriented along the interfacial plane and not with alkane chains that are
perpendicularly oriented.??%?7> MD simulations point to a similar conclusion.?”® We
see from Fig. 6.6 that the shorter alkanols lead to a bigger change in the oil structure:
The overall intensity increases, the d*/r" ratio becomes bigger and more antisym-
metric stretch mode character is observed in the spectra (which is why we chose to
plot the PPP polarization combination). Thus, it is likely that for a bigger mismatch
in chain length more defects appear in the alkane chains, which results in a larger
overall number of chain segments that are tilted toward the surface normal. That the
1-dodecanol covered hexadecane droplets differ less from the pure oil spectra than
the 1-hexanol covered droplets indicates that the oil phase is shielded better by longer
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chain alkanols than by shorter chain alkanols as expected. This implies that some part
of the longer alkanol chains will have to follow the parallel structure of the oil chains.

6.3.3 Concentration dependence: Isotherm and water structure.

Having thus determined that the alkanols seem to form a liquid-like layer on the
surface of the oil droplets and that they induce structural changes in the oil phase, we
now turn to estimating the surface density in a more precise way. To this end, we use
1-hexanol, which is soluble in both water and hexadecane.

In order to determine the interfacial density of 1-hexanol, we collected SFS
spectra of ds34-hexadecane droplets in water that were all prepared in the same emul-
sification procedure, and to which different amounts of aqueous 1-hexanol solution
were added (following the procedure described in Sec. 6.2.1 and in Ref. 143y Using this
procedure, the droplet concentration and average radius remain constant.
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Figure 6.7 — Isotherm of hexanol. (A) Amplitude of the C-H stretch modes of 1-hexanol that is adsorbed
at the surface of dss-hexadecane droplets (R = 163 + 24 nm). The SFS spectra were recorded in the PPP
polarization combination and with a scattering angle of 8 = 57° (measured in air). Two different fits
are shown: a fit to the Langmuir equation (red) and a fit to the modified Langmuir equation (blue). 280
The fit parameters are AG = —24.7 kJ/mol (Langmuir model, red) and AG = —26.3 kJ/mol; R = 139 nm;
Ag =30 A? (modified Langmuir model, blue). (B) Contour plot of the squares of the difference between
the modified Langmuir fit and the experiment data for R = 139 nm. The white plus sign indicates the
parameters of the blue curve in (A). The dashed line indicates the limiting surface area based on the
increase in SFS amplitude.

Figure 6.7 shows the amplitude of the total C-H stretch mode signal of 1-
hexanol that is adsorbed at the surface of d34-hexadecane droplets (black squares)

124



Chapter 6. From Hydrophobic to Hydrophilic

in water. The spectra from which these points are derived were recorded in the PPP
polarization (as the relative error is the smallest) and they did not change much in
spectral shape. Because of this, the SF amplitude can be considered proportional
to the surface density of adsorbed molecules (IN), which can be described using
the Langmuir adsorption equation and Eisenthal’s modified Langmuir equation. 28
Taking the maximum achievable surface density as Ny ¢, we can then describe the
amplitude as being proportional to the ratio N/ Npax. If the maximum surface site
concentration is much smaller than the total concentration c of 1-hexanol, we can

express the fraction of occupied adsorption sites as

N Kc

= with K = e 2CG/ReT, (6.2)
Npmax ¢®+Kc

It should be noted that N and N4« are given in the unit of mol/L here, which are
to be interpreted as the equivalent bulk concentration of adsorbed molecules and
the equivalent maximum achievable bulk concentration of adsorbed molecules, re-
spectively, that is, N (INj;,4x) represents the (maximum) number of surface molecules
divided by the total bulk volume of the sample.**° K is the equilibrium constant, R,
is the gas constant (Rg = 8.31 J/mol-K with a subscript g to distinguish it from the
radius of the droplet R), T is the temperature in K, AG is the free energy of surface
adsorption in kJ/mol, and c® is the molar concentration of water (55.5 mol/L). In
this case, AG is the only fitting parameter. For the case that a significant number of
1-hexanol molecules are depleted from the solution, we can use Eisenthal’s modified
Langmuir model. This model is expected to be closer to reality since a 1 vol % solution
of 163 nm radius droplets can accommodate ~1.5 mM of 1-hexanol on its surface,
using a projected surface area per molecule of 20 A2, which is close to the projected
area of an alkanol molecule in a packed alkanol layer (18.7-21.0 A%)281 We then use

N ! + N, +Ce ( + N, +ce)2 4cN, (6.3)
— = c ——1/|c —| —4c , .
Npax  2Nmax max g mat g max

which uses the same parameters as Equation 6.2. For this case, N, and AG are both
fitting parameters. Ny can further be expressed as Nyax = (Schmth_3) [ (RNayAs)
where ¢ is the volume fraction of oil droplets, Vi is the total volume of the emulsion,
and R is the average (hydrodynamic) droplet radius. We used R = 163 + 24 nm, which
was the range of values obtained from DLS measurements. In the fitting procedure,
we let R free to vary between 139 and 187 nm. N,y is Avogadro’s number (6.02 x 10?3
mol!) and A; is the projected minimum surface area per 1-hexanol molecule. Note
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that for both models, it was assumed that the probability for adsorption or adsorption
energy is independent of the surface occupation or structure, that is, it was assumed
to be an ideal gas. Figure 6.7A shows the obtained fits for both models. The fit values
are AG = —24.7 kJ/mol (Langmuir model, red curve) and R = 139 nm, AG = —26.3 kJ/
mol, and A = 30 A? (modified Langmuir model, blue curve). Figure 6.7B shows a
contour plot of the square of the difference between the modified Langmuir fit (using
R =139 nm) and the data points. The white plus sign indicates the parameters of the
blue curve. It can be seen that there is a greater relative sensitivity to AG than to As.
Nevertheless, the data does show that it is reasonable to expect that the projected
area per 1-hexanol molecule is in the range of 20-34 A2, with AG values in the range
of —25.6 > AG > —27.0 kJ/mol. In addition, the range of A; can be narrowed down
by noting that the SFS amplitude (and hence the surface density) cannot exceed the
maximum amount that could be present at the surface for the lowest concentration
(i.e., all hexanol molecules present in the system) multiplied by the relative amplitude
increase (13.6) in going from the lowest (100 uM) to the highest concentration (20
mM). For the experimental average of R = 163 nm, we arrive at a lower limit of 24
AZ for Ay, such that A; = 29 +5 A2, The projected areas agree qualitatively with the
SFES spectrum of the alkyl chains of 1-hexanol, which shows a fairly ordered alkyl
chain (d*/r* = 0.7) that is also close to what is found with SFG studies on the planar

interface of 1-hexanol liquid in contact with air, >’

and temperature-dependent
surface tension measurements on the 1-hexanol/hexadecane/water interface?®? that
reported areas of 28-70 A? per molecule with a AG value of -23.3 kJ/mol. In addition,
the value found for AG is much larger than that found for the transfer of 1-hexanol
from water to hexadecane which is -9.08 kJ/mol.2>* Also, because the SF spectra for
the alkanols are very similar in both shape and intensity based on Fig. 6.5, we can
expect that the surface densities of 1-octanol and 1-dodecanol are comparable.

We thus see that the alkanols form liquid-like films at the hexadecane droplet
interface that influence the oil structure. Shorter alkanol chains lead to bigger changes
in the oil structure. Next, we determine if the water structure is also influenced by the
alkanols. To investigate this, we used again 1-hexanol and probed the water structure

with SHS.104

6.3.4 Interfacial water alignment

The interfacial water around nanoscopic droplets can be measured with SHS, a pro-

cess that occurs only in noncentrosymmetric materials. As shown by Eisenthal and

207

co-workers,“"‘ the SH signal reports on the difference in dynamic orientational direc-
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tionality of the water molecules in the interfacial region compared to the orientational
directionality in the bulk solution. 103207:267.268 The reason for this is that for a nonres-
onant SHS process the SH intensity depends quadratically on the number density of
each component that is both dipolar and present in the noncentrosymmetric interfa-
cial region. Because water has the largest hyperpolarizability (which also contributes
quadratically) and because it greatly outnumbers the other species, the SHS signal
reports primarily on the water orientation. Here, the change in directionality is in-
duced only by interactions between the water and the 1-hexanol molecules. Charge
effects on the water reordering can be excluded because the adsorbed 1-hexanol
molecules are neutral and the {-potential of the droplets is verified to be constant. For
a discussion about the origin of the large electrokinetic mobility and our explanation
as originating from charge transfer effects in water, we refer to Ref.?”3. Figure 6.8A
displays the SHS intensity obtained at a scattering angle (0) of 35° using the PPP polar-
ization combination (i.e., all beams are polarized in the horizontal scattering plane),
and around the angle of maximum intensity!8® for emulsions containing different
concentrations of 1-hexanol. The above derived projected average surface area for
each hexanol molecule is plotted on the top axis. The measured intensity was cor-
rected for HRS from the same solution without droplets and then divided by the HRS
intensity in the PPP polarization of pure water for normalization purposes (following
Ref.106),

It can be seen that the interfacial SHS intensity of hexadecane droplets in
water is approximately three times of the value of the SHS signal from pure water. That
means that in absence of 1-hexanol orientational directionality of water is increased
by the presence of oil droplets. This oriented water has a small majority of H atoms
pointing toward the surface.?%*283 Upon adding 1-hexanol to the emulsion, a reduc-
tion of the directionality of water along the surface normal is observed. This reduction
can be explained by the additional H-bonding interaction that occurs between the
hydroxyl group of the added hexanol molecule and the water. The -CH,OH group is
sticking into the water phase and only H-bonds with a water molecule that has its O
atom pointing toward the interfacial plane (see Fig. 6.8B; note that this illustration
purely serves to highlight the changing directionality of H-bonding). When the con-
centration is increased and more 1-hexanol molecules are present at the interface, a
larger number of water molecules will be reoriented, which means that the net orien-
tational directionality of water molecules will be reduced, thereby decreasing the SHS
signal. Because one 1-hexanol molecule forms only one H-bond, there should be a
linear relationship between the number of 1-hexanol molecules that are present at the
interface and the reduction in the number of water molecules that contribute to the
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Figure 6.8 — Water alignment at the hexadecane/hexanol/water interface. (A) SHS intensities for
hexadecane droplets in water prepared with different amounts of 1-hexanol. The PPP intensity was
measured at the maximum scattering angle (6 = 35°), corrected for HRS and normalized by the PPP
signal of pure water. It can be seen that relative to a pure oil droplet/water interface the orientational
directionality of water is reduced when more 1-hexanol is present at the interface. The blue line
represents a fit to the function (A - B(N/Nmax))2 with A = 1.79 and B = 0.83. The values used for
(N/ Npmax) originate from the fit of the data in Fig. 6.7A. (B) Illustration of the effect of the hexanol

hydroxyl group on the interfacial water structure. The {-potential of all droplets is the same, —60+ 6
mV.

SHS signal. If this is the case, we can use the outcome of the modified Langmuir model
fitting of the SFS data in Fig. 6.7A to fit the data in Fig. 6.8. N/ Npax should also repre-
sent the number of water molecules that have been reoriented by H-bonding. The
SHS intensity should then be described by a function of the form (A - B(N/ Nma))?,
which, as can be seen from Fig. 6.8A, is indeed the case. The parameters A and B have
no physical meaning other than to represent the geometry of the experiment. Thus,
the SHS measurement of water and the SFS measurement of 1-hexanol are in good
agreement with each other.

6.3.5 Full picture of the interfacial structure

Here we will first discuss the interfacial structure of the hexadecane/alkanol/water
interface and then make a comparison to the planar alkanol/air and water/alkanol/air
interfaces. The alkanols studied in the oil droplet/water system form a transition
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layer between a relatively ordered structure on the water side of the interface, which is
determined by the H-bonding network of water that allows only certain configurations
of the -OH groups to a relatively ordered structure of mostly parallel oriented oil
molecules, as present at the pure hexadecane/water interface.?’%?7227 The longer
chain 1-dodecanol forms liquid-like films with a fairly high degree of chain order that
is visible in the SFS spectra (d*/r* < 1). Shortening the alkyl chain length, we observed
that the SFS spectra for C4-Cy2 are identical in shape and amplitude. Thus, the surface
density for Cg-Cy» is comparable. In contrast, 1-pentanol is much less surface active
and 1-butanol was not detected in the SFS experiments. We also observed that the
hexadecane alkyl chains are strongly influenced by the alkanol monolayer. The oil alkyl
chains appear to intercalate with the alkanol alkyl chains, as their SF spectra change
when alkanols are added to the interfacial region and they become more distorted in
their conformation by shorter alkanols than by the longer ones. SFS measurements
and subsequent fitting with the modified Langmuir model on a concentration series
of 1-hexanol show that 1-hexanol films with a projected molecular area of 29 + 5 A2
are formed. The corresponding free energy of adsorption is in the range of —25.7 >
AG > —-27.0 kJ/mol. SHS measurements that report on the directionality of interfacial
water show that the interfacial water restructures as well, whereby it is seen that the
orientational directionality of the interfacial water is reduced. The reduction of SHS
signal is proportional to the formation of one H-bond per 1-hexanol molecule.

Water

Figure 6.9 - Illustration of possible surface structures of 1-hexanol (A) and 1-dodecanol (B) at the
hexadecane droplet/water interface.

Starting at the water side, the H-bonding network and the high chain density
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result in a large degree of order between the C,OH groups. Moving toward the oil
phase the chance of forming a gauche defect increases.®” For 1-dodecanol, we see
that the distribution of orientational angles of the terminal CH3 group with respect to
the interfacial normal is broad and close to a random distribution. For 1-dodecanol,
the oil is also minimally perturbed compared to the other shorter chain alkanols. This
behavior can be explained by a structure that consists of alkyl chains of 1-dodecanol
molecules that bend from a nearly perpendicular orientation (imposed by the water)
into one that is more parallel (imposed by the oil), following the structure of the oil
surface. The shorter alkyl chains will do the same thing on the water side but are not
long enough to make a smooth transition to the more parallel oriented alkyl chain
orientation of the oil phase. Aided by thermal fluctuations, they will perturb the oil
phase more (as seen in Fig. 6.6). If the chains would not bend toward the interface but
form structures of more perpendicularly oriented chains, we would not expect the
result of Figs. 6.5 and 6.6. Namely, unbent alkanols would distort the oil molecules
independent of chain length and would also have different d*/r* ratios.?% Figure 6.9
shows an illustration of possible structures that agree with the above considerations.
To arrive at this particular illustration, we have taken into consideration that the
end methyl groups are most likely SF visible as they are thermally free to adopt any
conformations (which is clear from the analysis in Fig. 6.4). For the methylene groups,
we consider that only the CH, groups that are neither even in number nor oriented
parallel to the interface are SF active.

6.3.6 A comparison to the alkanol/water and alkanol/air interfaces

51,53-56 j5 characterized by alkyl chains with very

The water/dodecanol/air interface
few gauche-trans defects (reporting a d*/r* ratio for 1-dodecanol of < 0.1 for the solid
phase and 0.3 for the liquid phase) and an almost perpendicular chain orientation
with respect to the interface. Here, the layer consists of a relatively tightly packed
structure of alkyl chains with projected areas of 21.5 A2 per molecule in the solid phase
(below 38.5 °C) and 23.8 A? (Ref.%®, ellipsometry and SFG) or 25 A? (XRD, Ref.?%)
for the liquid phase. The difference with the oil/water interface is the absence of a
hydrophobic condensed phase that participates in dispersive interactions. In absence
of a liquid oil phase, the dispersive attraction between the alkyl chains results in a
more tightly packed layer.

SFG measurements in reflection mode from the C;OH-CgOH/air interface
showed that the alkanol alkyl chains have as well a preferential orientation toward the
air®%7 but with a very broad orientational distribution, and a larger amount of gauche-
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trans disorder that increases with the chain length. For the 1-hexanol/air interface, the
reported d*/r* ratio is approximately ~0.6 and for 1-octanol it is approximately 0.9. In
this case, the H-bonding interaction is different (namely, between the alkanols only),
which likely results in a different packing and thus different chain conformations.

The planar hexadecane/1-hexanol/water interface was studied with temperature-
dependent surface tension measurements. 232 Fits with various models reported on
a projected surface area of 28-70 A%, Anomalies in the temperature dependence
of the surface tension and the relative insensitivity of Gibbs free energies on chain
length were attributed to hexanol induced structural rearrangement of the water at
the interface.

Alkanols with longer chain lengths (Cy-Csg) were studied with X-ray diffrac-
tion at the hexane/water interface. A typical projected surface area of 23 A2 was
retrieved for these liquid-like layers. It was also found that disorder increases from the
headgroup downward and that for every five alkanol chains there is one intercalating
hexane molecule. In addition, there is also some water on the top of the surface
layer. 28!

Comparing our data to the above studies, we see that there is a qualitative
agreement: The changes in the water structure corroborate the anomalies in the
temperature-dependent surface tension measurements, the projected surface areas
and free energy of adsorption are in the same range as the reported XRD and surface
tension measurements, and the amount of alkyl chain disorder (as empirically re-
ported on by the d*/r* ratios) is in between that of liquid alkanols and “solid” alkanols
at the air/water interface. These differences are probably caused by the presence/ab-
sence of oil and water that provide constraints on the possible geometries that can be
adopted by the alkanols. Compared to hexadecane droplets dispersed in water and
covered with charged surfactants of dodecyl trimethylammonium bromide (DTAB)
and sodium dodecyl sulfate (SDS), 194 we find that there are clear differences in surface
density (which is much higher in the case of the neutral alkanols) and surface oil and
surface water structure. While all surfactants studied change the water structure,
they do so differently. The same is true for the oil phase. Thus, by spectroscopically
measuring the oil, the surfactant, and the water on these nanoscopic droplets we see
that the specific chemical interactions are highly relevant to the interfacial properties
rather than just the concept of geometrical packing.
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6.4 Conclusions

We have obtained molecular level insight into the molecular structural aspects of the
transition from a hydrophobic to an aqueous phase, using a dispersion of ~100 nm
hexadecane droplets in water that also contains 1-pentanol, 1-hexanol, 1-octanol,
or 1-dodecanol. We examined the alkyl chain conformation of the alkanols and the
oil, the surface density of the alkanols and the structural changes imposed on the
water using a combination of second harmonic and sum frequency scattering. The
hexadecane/1-dodecanol/water interface has a chain conformation that represents
that of a fluid layer with a wide distribution of tilt angles of the terminal CH3 groups.
Changing the chain length of the alkanol, the alkanol alkyl chains adopt a conforma-
tion that generates indistinguishable SF spectra for pentanol to dodecanol, whereby
the alkanols with chain length longer than 6 C atoms all form films with compara-
ble chain densities. In contrast, the alkyl chains of the oil phase are relatively more
distorted with respect to the pure oil/water interface as the alkyl chain length of the
alkanol decreases. The surface density was determined more accurately by means of
an SFS isotherm of 1-hexanol, which generated a projected surface density of 29 + 5 A2
and a free energy of adsorption of AG = —26.3 £ 0.7 kJ/mol. With increasing 1-hexanol
density the interfacial water structure loses its initial orientational alignment in a
way that matches with the added number of interfacial 1-hexanol molecules. The
found conformations differ significantly from that reported on the alkanol/water and
alkanol/air interface, which can be explained by the balance between dispersive and
H-bonding interactions.
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fd Three Dimensional Nano “Langmuir
Trough” for Lipid Studies

A three-dimensional-phospholipid monolayer with tunable molecular structure was
created at the surface of oil nanodroplets from a mixture of phospholipids, oil, and
water. This simple nanoemulsion preparation technique generates an in-situ pre-
pared membrane model system with controllable molecular surface properties that
resembles a lipid droplet. The molecular interfacial structure of such a nanoscopic sys-
tem composed of hexadecane, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
and water was determined using vibrational sum frequency scattering and second
harmonic scattering techniques. The droplet surface structure of DPPC can be tuned
from a tightly packed liquid condensed phase like monolayer to a more dilute one
that resembles the liquid condensed/liquid expanded coexistence phase by varying
the DPPC/oil/water ratio. The tunability of the chemical structure, the high surface-
to-volume ratio, and the small sample volume make this system an ideal model

membrane for biochemical research.
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7.1 Introduction

Lipid membranes are one of the most fundamental structures in biological systems.
They provide the essential barrier between the intra- and extra-cellular domains, form
an essential environment for receptors, proteins, and peptides, and conduct charge.*3
Crucial membrane properties such as fluidity, heterogeneity, alkyl chain, and head-
group structure, as well as the influence of water and electrolytes on lipid membranes
can be inferred from molecular level studies using, for example, sum frequency gen-
eration, 59130:284-295 X _ray diffraction, 29639 neutron reflectivity, 391393 fluorescence

304,305 306,307 i combination with molecular

microscopy, and pressure-area isotherms
dynamics simulations.3%8-315 Phospholipid Langmuir monolayers at the air/water or
substrate/water interface have been widely used as a model system in these studies,
and it has been proven to be an invaluable tool for the understanding of molecular
level interactions that underlie the properties of the monolayer. However, the absence
of a liquid hydrophobic phase that is always present in a bilayer membrane might
influence the applicability of the results to real membranes. In addition, several im-
portant membrane constituents (e.g., unsaturated phospholipids, cholesterol) oxidize
in air.%® Furthermore, a typical monolayer experiment in a Langmuir trough requires
a sizable volume of water (typically > 18 mL) and being a single monolayer in nature
only produces a tiny surface-to-volume ratio. This means that fundamental issues
with impurities and heterogeneities can arise easily and that for membrane-protein in-
teractions relatively large quantities of rare compounds are needed. ?°9269.28% A system
that mimics the structure of a lipid droplet, that is, a solution of nanoscopic liquid hy-
drophobic droplets that are covered by phospholipids in water, ® would dramatically
reduce these issues, because the interfacial layer can be prepared in situ by sonication
in a small volume (< 1 mL), which would still have a large surface-to-volume ratio
(6000 cm? for 2 vol % droplets with 100 nm radius in 1 mL).

In this chapter, we demonstrate the creation and characterization of three-
dimensional (3D) DPPC monolayers at the hexadecane nanodroplet/water interface
with a tunable molecular structure. We used DPPC in combination with hexadecane
and water to facilitate a comparison to already characterized monolayer systems
(DPPC Langmuir monolayers). Hexadecane is chosen as it has been successfully

316 and forms nanoemulsions that

applied in the formation of black lipid membranes
are stable for many months. 43 By mixing oil (hexadecane), water, and lipid in different
ratios we create nanoemulsions.** The droplets have interfacial monolayers whose
surface structure can be varied from a tightly packed layer that closely resembles

the liquid condensed (LC) phase to a more dilute layer that resembles the liquid
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condensed/liquid expanded (LC/LE) coexistence phase. Molecular level insight into
the interfacial structure was achieved by using SES and SHS. We utilized SFS to probe
not only the surface composition of the oil and the lipid phase independently (by
means of selective deuteration?66-317:318) but also to demonstrate tunable lipid packing
densities, reminiscent of lipid monolayers made in a Langmuir trough. The alkyl
chain conformations were determined empirically using the amplitude ratio (referred
to as the d*/r" ratio) of the symmetric methylene (d*) and the symmetric methyl
(r*) stretch vibrational modes. 119265266 A value of d*/r* < 1 is associated with a
stretched all-trans alkyl chain conformation, whereas a value of d*/r* > 1 indicates
that gauche defects dominate the measured vibrational spectrum. Furthermore,
we determined the orientation of the lipid headgroups in the LC phase from the
vibrational fingerprints of the phosphate group in the SFS spectrum. SHS, %1% which
reports on the difference in orientational directionality of the water molecules in the

interfacial region compared to the orientational directionality in the bulk solution, }*3

was used as a probe for the interfacial water around the nanoscopic droplets. !%°

7.2 Creation of 3D lipid monolayers on oil nanodroplets

7.2.1 Materials

Hexadecane (C;6Hs4, 99.8%, Sigma-Aldrich), ds4-hexadecane (CyD34, 98% d, Cam-
bridge Isotope), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 99%, Avanti)
and 1,2- dipalmitoyl-d62-sn-glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-
d9 (d75-DPPC, 99%, Avanti) were used as received. All aqueous solutions were made
with ultra-pure water (H,O, Milli-Q UF plus, Millipore, Inc., electrical resistance of 18.2
megohm-cm; D,0, 99.8%, Armar, > 2 megohm-cm). Glassware was cleaned with a a 3:1
mixture of concentrated sulfuric acid (95-98%, Sigma Aldrich) and hydrogen peroxide
solution (30%, Reactolab SA), after which it was thoroughly rinsed with ultrapure
water (H0, Milli-Q UF plus, Millipore, Inc., electrical resistance of 18.2 megohm-cm).

7.2.2 3D monolayers on oil nanodroplets

3D monolayers on oil nanodroplets in water were prepared with 2 vol. % of hexade-
cane or d34-hexadecane in D, O (for SFS characterizations) or H,O (for SHS character-
izations). The solutions were mixed at a temperature of 45 °C (above the transition
temperature of 41 °C for DPPC) with different amounts of DPPC powder using a hand-
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held homogenizer (TH, OMNI International) for 4 minutes and an ultrasonic bath (35
kHz, 400 W, Bandelin) for the same duration. 3D lipid monolayers were created at the
surface of the resultant oil nanodroplets. The size distribution and {-potential of the
nanodroplets were measured with DLS and electrokinetic mobility measurements (ZS
Nanosizer, Malvern). The nanodroplets had a mean hydrodynamic radius in the range
of 75-260 nm with a PDI of less than 0.3. The hydrodynamic radii were calculated
from the intensity autocorrelation function, using the optical properties of the liquids
(hexadecane, dss-hexadecane, H,O and D,0). The droplet dispersion was directly
characterized with SFS measurements and was diluted to 0.1 vol. % of hexadecane
with pure water for SHS characterizations. The data shown in Fig. 7.1A are taken from
dispersions that have average hydrodynamic radii of 260, 230, 110, 75, and 90 nm for
the systems containing 0.05, 0.1, 1, 5, and 10 mM of DPPC, respectively. Although
the prepared nanoemulsions are stable for at least several months, all samples were
freshly prepared before each measurement. The samples were stored and measured
in sealed cuvettes. All characterization measurements were performed at 24 °C. The
whole procedure from sample preparation to actual measurement took place in a time
frame of no more than a few days.

7.3 Tunability of 3D lipid monolayers

DPPC monolayers at the air/water interface have a tunable surface packing density
that can be varied from an LE phase that consists of disordered alkyl chains to an LC
phase that consists of nearly perpendicularly oriented all-trans alkyl chains. This tun-
ability is achieved by increasing the lateral surface pressure that results in an increase
in the surface density of DPPC.284285288291,319 A gimilar effect can be achieved in the
nanodroplet system by simply varying the amount of DPPC in the solution.

Figure 7.1A shows SFS spectra of the C-H stretch modes for five different DPPC
monolayers on dss-hexadecane nanodroplets in D,O that correspond to different
amounts of DPPC that were added to the solution. The SSP spectra contain the
following peaks: 284290:320.321 The symmetric (s)-CHj stretch mode (~2852 cm™!, d*),
the s-CHj stretch mode (~2876 cm™!, r*), the antisymmetric (as) CHs stretch mode
(~2965 cm’!, 1), the s-CH,-Fermi resonance (~2919 cm’!, dpg?), the s-CH3-Fermi
resonance (~2935 cm™!, rgg*), and the as-CH, stretch mode (~2905 cm™, d°). Table 7.1
shows values of the spectral parameters obtained from fittings following the procedure
described in Sec. 5.3.3. Figure 7.1A shows that with increasing DPPC concentration the
SFS amplitude of the d* mode decreases (and vanishes at 1 mM), while the amplitude
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Figure 7.1 — The surface structure of DPPC at the hexadecane nanodroplet/water interface. (A) SFS
spectra of DPPC monolayers on 2 vol. % ds4-hexadecane nanodroplets in D, O taken for different DPPC
bulk concentrations in the C-H stretch region. The SFS spectra were recorded in the SSP polarization
combination. The spectral fits (black lines) were obtained using the procedure described in Sec. 5.3.3.
(B) Molecular model of DPPC with arrows indicating the atomic motions that correspond to the probed
vibrational modes, and an illustration of the conformational changes that occur when the concentration
is changed.

of the r* mode increases. Correspondingly the d*/r* ratio decreases from 2.0 + 0.2 (for
0.05 mM) to ~0 (for > 1 mM). Thus, with more DPPC present in the system, it appears
that the DPPC monolayer alkyl chains become more ordered with less gauche defects
(as illustrated in Fig. 7.1B). Comparing this data to SFG spectra taken from DPPC at

284,285 \ve see that the spectra in

the air/water interface for different surface pressures,
Fig. 7.1A are nearly identical. The 3D monolayers prepared at high concentration (> 1
mM, Fig. 7.1A) display no detectable gauche defects and are similar to the spectra of
the LC phase.?®® The lower concentration spectra (0.05 mM, 0.1 mM, Fig. 7.1A) are
similar to the ones obtained for a mixture of the LC and LE phase, that is, a coexistence
region in a planar two-dimensional Langmuir film. 284285291 The surface structure of

the 3D DPPC monolayer is thus tuned by varying the DPPC/oil/water ratio.
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C-H stretch modes
0.05mM 01mM ImM 5mM 10mM
mode | w; (cm™) y; (cm™) A; A; A; A; A;
d* 2852 12 0.84 0.71 0 0 0
drr* 2905 8 0.20 0.08 0 0 0
d 2919 14 0.77 0.21 0 0.10 0.10
rt 2876 11 0.41 0.59 1.00 1.08 1.41
rert 2937 14 0.47 0.71 0.66 0.82 0.45
I 2965 14 -0.13 -0.19 -0.35 -0.38 -0.42
ANR 0 0 0.07 0.15 0.17
(NR 0 0 41° 48° 68°
d*/r* 2.0 1.2 0 0 0

Table 7.1 - Fitted frequency, amplitude, and linewidth for the DPPC spectra in the C-H stretch region
of the hexadecane nanodroplet/DPPC/water interface of Fig. 7.1.

7.4 Surface density and chain orientation of DPPC

As the spectra of Fig. 7.1A bear great resemblance to those observed for DPPC at the
air/water interface, we can estimate the DPPC surface density on the oil droplets
by comparing the d*/r" amplitude ratios of the SFS spectra in Fig. 7.1A with those
obtained for DPPC at the air/water interface??®, for which a simultaneous lipid density
measurement was performed. In doing so, we assumed here that the d*/r* amplitude
ratio is independent of chemical environment, which seems reasonable because
the C-H stretch modes are localized vibrational modes. Figure 7.2A shows the d*/r*
amplitude ratio and projected area per molecule of a planar air/DPPC/water interface,
where the black data points were adapted from Ref.?8°. The d*/r* amplitude ratios
of the 3D DPPC monolayers, obtained from the spectral fits to Fig. 7.1A (Table 7.1),
are indicated by blue squares. The red curve represents a power law fit to the d*/r*
amplitude ratios as a function of projected surface area per DPPC molecule of the
planar air/DPPC/water interface. By fitting the d*/r* value of the 3D DPPC monolayer
(Fig. 7.1A) onto this fit curve, we can obtain, as indicated by the corresponding value
on the X-axis, a projected molecular surface area that a DPPC molecule occupies in the
monolayer. For the DPPC monolayers that were prepared with a DPPC concentration
> 1 mM, a projected molecular surface area of ~48 A? was obtained. For the lower
concentrations, bigger projected areas of 71 A% (0.1 mM) and 78 A (0.05 mM) were
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obtained.
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Figure 7.2 — Surface density and average tilt angle of the DPPC chains. (A) Comparison of the d*/r*
ratio and projected area per molecule between an air/DPPC/water planar interface (black data points
were adapted from Ref.?®%) and a DPPC monolayer at an oil nanodroplet/water interface (blue squares,
from fits to the spectra in Fig. 7.1A). The red line represents a power law fit to the data from the
air/DPPC/water planar interface. The arrow indicates the direction of increasing DPPC concentration
in the nanodroplet dispersion. (B) Regions of calculated amplitude ratios of the r* and r” methyl stretch
modes of the tail CHs groups of the 3D DPPC monolayers at the oil nanodroplet/water interface as a
function of the average tilt angle (¢) of the tail CHs groups with respect to the surface normal. Both a
6-function distribution (to represent an ordered DPPC monolayer, red area) and a Gaussian function
(assuming an angular FWHM of 70°, to represent a disordered DPPC monolayer, blue area) were used.
For the hyperpolarizability ratio Baac/ Becc, a value of 3.4 was used. 246 Droplet radii that correspond to
the average of the measured distribution (by DLS) were used in the computation. The open squares
represent the d*/r* values from fits of the SFS spectra in Fig. 7.1A.

The corresponding average tilt angles (a) of the DPPC alkyl chains can be
determined based on the order of the chains and the orientation of the tail CHs
group.?®* The average tilt angle {¢) of the tail CH3 group with respect to the droplet
surface normal can be retrieved, following the same procedure described in Sec.
6.3.1, from the SSP amplitude ratio of the r” and r* modes.'!*!3” Figure 7.2B shows a
computation of the r*/r” amplitude ratio as a function of {(¢). Two different scenarios
are considered in this figure. A §-function distribution of tilt angles (red area) was
employed to model a uniformly tilted monolayer, along with a Gaussian distribution
with an FWHM of 70° (blue area) to model a more disordered monolayer. The open
squares represent the data points obtained from the fits of the SFS spectra in Fig. 7.1A.
The data points for the more ordered alkyl chains lie on top of the curves calculated
for the 6-function distribution, which indicates that the alkyl chains are not only
all-trans, but also oriented in a narrow range of tilt angles comparable to the structure
of an LC monolayer. From the values of |E(r*)|/|Er™)| =2.9+0.2 (1 mM), 2.8 +£0.2
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(5 mM), 2.7+ 0.2 (10 mM), and the relation between the CH; and chain tilt angle 23
of (@) = |[41.5° — {¢)|, we then found for (a) values of 1.6 +4°, 2.1 +4°, and 6.2 + 4°,
respectively. Because the values do not change much, it appears that an ordered layer
is already formed for 1 mM, which is compressed only a little bit further with added
DPPC. Indeed, it can be calculated that for an average radius of 110 nm and a droplet
volume percentage of 1%, 0.94 mM of DPPC is needed to cover the entire droplet
surface area (assuming a projected molecular area of 48 A?). This indicates that, in

contrast to single tail charged surfactants, 104143

zwitterionic phospholipids can form
densely packed monolayers, much like those at an air/water interface. The found
tilt angles are in qualitative agreement with the values found for the LC phase at the
air/water interface?®* for which the tilt angle is typically found to be ~25°. Qualitative
agreement also exists with X-ray scattering measurements from a mixed monolayer
of DPPC and hexadecane at the air/water interface.3°° Our system has DPPC tails
adjacent to a condensed phase that limits the degree of freedom in the direction
normal to the surface, especially at higher (> 1 mM) DPPC concentrations. On the
other hand, for lower DPPC concentrations, we have seen that monolayers with more
gauche defects in the alkyl chains are formed. For these monolayers, the data points lie
on top of the curves calculated for the broad Gaussian distribution, which agrees with
the chains being in a more disordered LC/LE coexistence phase.?84285291 The chain
tilt angles of 0.05 mM and 0.1 mM DPPC monolayers were found to be 16 +4°, and
14+4° from the |E(r™)|/|E(r™)| ratios of 3.2+ 0.2 and 3.1£0.2, respectively. This is again
in qualitative agreement with previous experimental observations at the air/water
interface?8* and follows the trend that a monolayer adjacent to a condensed phase
appears to be more restricted in its motion.

7.5 The molecular structures of the interfacial oil and

water

7.5.1 OQil structure

To understand if the surrounding liquids are affected in their structure by DPPC, we
measured the conformational changes in the interfacial oil chains and the change
in interfacial alignment of the water molecules. The interfacial oil structure was
determined by recording SFS spectra of the oil molecules in the C-H stretch region
using selectively deuterated d;5-DPPC in combination with hydrogenated hexadecane
molecules. Figure 7.3 shows the SFS spectra (in the SSP polarization combination)
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of interfacial hexadecane molecules with d;5-DPPC at three different concentrations
corresponding to the monolayers that resemble the LC and LC/LE coexistence phases
and the pure oil/water interface (using 1, 0.1, and 0 mM DPPC, respectively). Compar-
ing the SFS spectra of the three different interfaces in Fig. 7.3, the spectral shape of
hexadecane is shown to change. As the DPPC concentration in the solution (and at the
interface) increases, more SFS signal of the hexadecane d* mode was obtained and the
d*/r" ratio value increases from 1.0 +0.2 (0 mM) to 1.8 £0.2 (0.1 mM) and 2.2 +0.2 (1
mM). Thus, while the DPPC alkyl chains increase in order, the hexadecane alkyl chains

SSP

| =—1mM
= 0.1 mM
= 0 mM

Normalized SF Intensity (a.u.)

2800 2850 2900 2950 3000

IR Wavenumber (cm™)

Figure 7.3 - The molecular structure of interfacial oil covered with a DPPC monolayer. SFS spectra
in the C-H stretch region of hexadecane nanodroplets prepared with d75-DPPC at different concentra-
tions corresponding to surface densities of ~48 A?/molecule, ~70 A?/molecule, and oo A?/molecule (no
DPPC added). The spectra are normalized by the maxima of the r* peak for a clear comparison of the
d*/r* ratios.

display more gauche defects. This can be understood as follows: Alkane chains at the
surface of pure oil nanodroplets in pure water are predominantly oriented along the
interfacial plane to reduce the amount of hydrophobic contacts.?’%272279 The DPPC
chains are nonpolar and thus lift this restriction allowing the hexadecane chains to
experience more degrees of freedom, which is manifested in more spectral gauche de-
fects. From the above spectra, it cannot, however, be concluded that the hexadecane
chains orient themselves in a parallel manner to the DPPC alkyl chains as suggested by
studies conducted on the planar water/mixed hexadecane-DPPC monolayers. 390322 [f
this would be the case, we would expect to observe an increase in the r* and a decrease
in the d* mode, which is opposite from what was observed here. It thus appears that

there is some interaction, but this interaction is most likely restricted to the end of the

141



Chapter 7. Three Dimensional Nano “Langmuir Trough” for Lipid Studies

DPPC alkyl chains as was observed earlier for alkanol monolayers!'? and calculated
for the interaction between CCl,; and DPPC at the air/water interface.3%

7.5.2 Water structure

The alignment of interfacial water around the DPPC monolayer was measured with

SHS, which reports on the difference in orientational directionality of the water

molecules in the interfacial region compared to that in the bulk solution, 103-207.267,268

207

As elegantly shown by Eisenthal and co-workers<"’, this can be understood by noting
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Figure 7.4 - Hydration of DPPC monolayers. (A) Comparison of the maximum SHS intensity of
nanodroplets with a dense DPPC monolayer (1 mM, R =110 nm, { = -5+ 6 mV), an SDS monolayer (1
mM, 800 A%/molecule, R = 90 nm, { = —80+6 mV) to that with a neat oil droplet/water interface (R = 90
nm, { = —-50+6 mV). 104 (B) SFS spectrum of DPPC (1 mM) in the P-O stretch region. The spectral
fits (black lines) were obtained using the procedure described in Sec. 5.3.3. The inset illustrates the
different headgroup orientation of the DPPC monolayer on the surface of hexadecane nanodroplets
(top), compared with that at the planar air/water interface (bottom).

that, for a nonresonant SHS process'*® as probed here, the SH intensity depends
quadratically on the number density of each molecule that is both dipolar and present
in the non-centrosymmetric interfacial region. Because water has the largest hyperpo-
larizability (which also contributes quadratically) and because it greatly outnumbers
the other species, the SHS signal reports primarily on the water orientation. Figure
7.4A shows the SHS intensity of a DPPC monolayer in the LC phase on hexadecane
nanodroplets in water, the pure oil nanodroplet/water interface from hexadecane
nanodroplets in water, and a negatively charged sodium dodecyl sulfate (SDS) mono-
layer with a projected surface area of ~8 nm?/dodecyl sulfate anion on hexadecane
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nanodroplets in water. ** The data was recorded at the scattering angle of maximum
intensity using the PPP polarization combination. The graph represents the SHS
intensity change as induced by the nanodroplets (i.e., the SHS intensity from the main
bulk phase is subtracted from the raw data) relative to the HRS signal of pure water.
(-potential values are also shown for a direct surface charge comparison.

For the pure oil/water interface, there is some preferential orientation of water
molecules that consists of a small excess of water molecules with their H atoms point-
ing toward the oil phase.?%*283 Upon adding dodecyl sulfate anions, this interfacial
alignment increases, as there is cooperativity between the H-bonding interaction with
the sulfate headgroups and the charge-dipole interaction.'%1% In contrast, an or-
dered densely packed DPPC monolayer induces a drastic reduction in the SHS signal
of the water molecules. Thus, by adding DPPC the preferential average alignment of
water along the radial direction is almost completely lost. This suggests that the water
molecules are preferentially oriented parallel to the interfacial plane. If this is the
case, we expect that the DPPC headgroup should be oriented with the P and N atoms
nearly in plane to facilitate this type of water alignment. The interfacial orientation of
the headgroup for the LC like system can be inferred from Fig. 7.4B, which shows the
SES spectrum in the P-O stretch region for the solution with 1 mM DPPC. Table 7.2
shows values of the spectral parameters obtained from fitting to Eq. 5.24. Here, two

P-O stretch modes

mode w; cm™) y; (m?l) A;

s-CO-0-C 1073 12 0.54
s-POy” 1100 13 1.06
ANR 0.14
PNR 174°

Table 7.2 - Fitted frequency, amplitude, and linewidth for the DPPC spectrum in the P-O stretch region
of the hexadecane nanodroplet/DPPC/water interface with 1 mM DPPC in the solution.

resonances are observed at ~1070 cm™! for s-CO-O-C stretch mode (orange arrows in
Fig. 7.1B) and at ~1100 cm™! for the s-PO," stretch mode (blue arrows in Fig. 7.1B) of
DPPC in a hydrated monolayer. These assignments are in agreement with previous
SFG studies. 89321323 Eor both modes to be visible in the SFS spectra, their dipole
orientation has to have a component that lies along the surface normal. It can be
seen that both modes give rise to a strong SFS signal, which indicates that the P-N
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headgroup axis has a significant component that lies along the surface plane (putting
the probed modes aligned along the surface normal). For a planar DPPC monolayer

d?8 and MD simula-

at the air/water interface, a very similar spectrum is observe
tions showed that the P-N axis is oriented at an angle of ~90° away from the surface
normal.3%” Given the spectral shape and similarities to the air/water SFG data, it is
likely that the headgroup of DPPC is tilted away from the normal of the nanodroplet
surface and is on average oriented parallel to the interface. Thus, the orientation of
the DPPC headgroup in the 3D monolayer with a small degree of curvature matches
with what is expected based on the loss of water alignment along the droplets surface
normal. Comparing this water response to the water SFG signal in reflection mode
from the air/DPPC/water interface we note that the obtained SHS signal appears to
be relatively smaller than the SFG signal. This would suggest that the orientational
distribution of the headgroup is narrower and more parallel to the interface in the 3D
monolayer on the droplet. This could be due to a surface curvature effect: The lipid
headgroups have slightly more surface area (4.3 +0.7%) that could lead to a more tilted
headgroup structure by reducing the geometric restrictions between the zwitterionic
head groups that exist in a planar geometry (a schematic illustration can be seen in
Fig. 7.4B).

7.6 Conclusions

Summarizing, we have created 3D phospholipid monolayers with a tunable molecular
structure on oil nanodroplets by mixing oil, water, and DPPC in different ratios. The
choice of components was inspired by biomimetic film formation (such as black lipid
membranes and Langmuir monolayers); however, monolayers of any kind of lipids can
potentially be formed with this new method. Molecular level insight into the interfacial
structure of this system was obtained with SFS and SHS. At high concentrations, the
DPPC molecules form a monolayer on the surface with alkyl chains that are oriented
along the surface normal. The SFS spectra display no detectable gauche defects.
The headgroup spectrum agrees with a headgroup orientation that is on average
parallel to the interface. Upon decreasing the amount of DPPC in the solution, the
monolayer spectra show more gauche defects and the chain orientational distribution
becomes broad with a larger average tilt angle (i.e., away from the interfacial normal).
Comparison of the SF spectra to those obtained from an air/DPPC/water interface
for which the molecular density has been determined allows us to also estimate the
average projected surface area per DPPC molecule. The spectra and analysis indicate
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that the high-density layers have a structure reminiscent of the LC phase, while the
lower density films have a structure that is similar to the LC/LE coexistence region. The
surface oil chains do influence the alkyl chains of the lipids, but not to the degree that
complete mixing with parallel alignment is observed. Water alignment that is initially
present at the bare oil droplet/water interface is almost completely reduced to zero by
a condensed DPPC monolayer. The proposed 3D monolayers can be prepared in situ
in the liquid phase, which reduces any issues with chemical instability that occurs, for
example, for cholesterol and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC).>°
Moreover, sample volumes are kept very small (< 1 mL), while retaining a high surface-
to-volume ratio, which favors the use of biochemical compounds that are difficult to
obtain in a large quantity (such as most proteins). In addition, the controllability of
the monolayer structure and the similarity to naturally occurring lipid droplets make
it an ideal model system for biochemical and soft functional materials research on
membrane interactions with molecular sensitivity. The system also allows itself to be
used in microfluidic chambers, bringing the possibility of biochemical screening in
lipid layers with molecular sensitivity closer to reality.
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Summary and Outlook

8.1 Summary

The main focuses of this thesis were ion-water interactions in electrolyte solutions
(Part I) and molecular interactions at aqueous nanoscale interfaces (Part II).

In Part I (Ch. 2 - 4) of this thesis, we treated two open questions about elec-
trolyte solutions that are crucial for understanding ion-water interactions: (1) What
is the spatial range of the interaction of ions with liquid water? (2) What is the con-
nection between the molecular structure and the macroscopic properties that are
influenced by electrolytes, such as surface tension, viscosity, and the hydration free
energy? Are these long-range or only short-range? To obtain molecular-level insights
into these questions, we employed fs-ESHS to probe ion-induced structural and elec-
tronic changes in the bulk water. The theoretical background and experimental details
of fs-ESHS were provided in Ch. 2.

In Ch. 3, we presented a systematic fs-ESHS study of dilute electrolyte solu-
tions (up to 100 mM) for 21 different ion pairs. We found that ions induce long-range
non-ion-specific perturbations in the H-bond network of water. These perturbations
start to appear at ionic strengths < 10uM and lead to an increase in orientational order
in the H-bond network of water. The collective orientational order extends as far as 70
hydration shells. We also observed significant differences in the fs-ESHS intensities
between electrolyte solutions of light and heavy water. Ions impose a smaller effect
on the orientational order of heavy water than on that of light water due to nuclear
quantum effects. This ion-induced orientational order in the water network can be
linked to changes in the surface tension of electrolyte solutions. The electrolyte con-
centration where the ion-induced orientational order saturates matches the critical
concentration (~1 mM) of the 80-year mysterious minimum in the surface tension
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of electrolyte solutions (the Jones-Ray effect). The decrease in the surface tension
at micromolar concentrations may be explained by a qualitative change in the sur-
face propensity of ions due to collective interactions between nanoscopic "ordered
domains" of water around ions and the interface.

In Ch. 4, we studied the same interactions in concentrated electrolyte solu-
tions focusing on cations. We used fs-ESHS to probe changes in the charge distribution
around ions as well as structural orientational order of water molecules in the ex-
tended hydration shells for a series of chloride salt solutions at concentrations from
0.5 M to 4 M. We observed ion specificity in both the local electronic anisotropy and
the nanoscopic orientational ordering of water. Both observables are influenced more
by cations with larger valencies and smaller sizes and follow a direct Hofmeister trend.
The ion-induced structural changes in the H-bond network of water are strongly cor-
related with the viscosity B-coefficient and the hydration free energy of ions. Such a
connection between the nanoscopic and macroscopic changes provides a possibility
to construct a better molecular model for specific ion effects in aqueous solutions.

In Part IT (Ch. 5 - 7) of this thesis, we focused on molecular interactions
at aqueous nanoscale interfaces. We used SES to selectively probe the structure of
interfacial molecules and SHS to probe the interfacial water ordering. Details of the
measurements were provided in Ch. 5.

In Ch. 6, we studied the nanoscopic hydrophobe/water interface and related
interactions by probing the molecular structure of the interface formed with am-
phiphilic alkanols. We obtained insights into the molecular structural aspects of the
transition from a hydrophobic phase to an aqueous phase by using a dispersion of
~100 nm radius hexadecane droplets in water that contains 1-pentanol, 1-hexanol,
1-octanol, or 1-dodecanol. The hexadecane/1-dodecanol/water interface has a chain
conformation that represents that of a fluid layer with a wide distribution of the tilt
angle of the terminal CH3 groups. Alkyl chains of alkanols from pentanol to dodecanol
adopt a conformation that generates indistinguishable SES spectra. Alkanols with
chain lengths longer than 6 C atoms all form films with comparable densities. In
contrast, the alkyl chains of the oil phase are relatively more distorted with respect
to the pure oil/water interface as the alkyl chain length of alkanols decreases. The
surface density of alkanol molecules was determined by means of an SFS isotherm of
1-hexanol, which generated a projected surface density of 29+5 A? and a free energy of
adsorption of AG = —26.3 £ 0.7 kJ/mol. With increasing the 1-hexanol surface density,
the interfacial water structure loses its initial orientational alignment in a way that
matches with the added number of interfacial 1-hexanol molecules. These found
conformations differ significantly from that reported at the planar alkanol/water and
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alkanol/air interface, which can be explained by the balance between dispersive and
H-bonding interactions.

In Ch. 7, we presented a new model membrane at aqueous nanoscale in-
terfaces: 3D phospholipid monolayers with a tunable molecular structure on oil
nanodroplets created by mixing oil, water, and DPPC in different ratios. The choice
of components was inspired by biomimetic film formation (such as black lipid mem-
branes and Langmuir monolayers); however, monolayers of any kind of lipids can
potentially be formed with this new method. We used SFS and SHS to characterize
the interfacial molecular structure of this nanoscopic model membrane. This new
in-situ prepared membrane model system possesses controllable surface properties
and mimics lipid droplets in cells. The interfacial structure of DPPC can be tuned
from a tightly packed LC phase like monolayer to a more dilute one that resembles the
LC/LE coexistence phase by varying the DPPC/oil/water ratio. The tunability of the
chemical structure, the high surface-to-volume ratio, and the small sample volume
make this system ideal for studies of molecular interactions of lipids in membranes.

8.2 Outlook

In the first part of this thesis, we have experimentally demonstrated that electrolytes
induce long-range orientational order and free energy changes in the H-bond net-
work of water. We observed a link between the ion-induced water ordering and the
anomalies in the surface tension of electrolyte solutions at concentrations ~1 mM.
This link indicates a bulk origin of the surface tension that is traditionally considered
as a pure surface phenomenon. These findings refresh our understandings of the
spatial range of ion-water interactions and provide a new perspective to explaining
surface phenomena based on changes in the bulk. Considerations of ion-water inter-
actions at a long length scale larger than one nanometer are thus needed to have a
complete understanding of various processes in aqueous solutions as ions are om-
nipresent. Besides, despite the small differences in the molecular properties, we also
observed significant differences between light and heavy water in both ion-induced
ordering in the bulk water network and changes in the surface tension. This finding
well proves the significance of nuclear quantum effects on the H-bonding and so
the water network and provides new materials for both experimental and theoretical
studies of nuclear quantum effects. Meanwhile, the new experimental findings in
this thesis also call for developments in theoretical modeling of long-range ion-water
interactions in dilute electrolyte solutions. Current mean-field models have severe
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limitations in quantitative prediction of the experiment results due to the assumption
that water behaves as a dipolar gas. H-bonding between water molecules can hardly
be described by mean-field models, neither can nuclear quantum effects be. At the
same time, MD simulations are typically limited to simulating either “infinite dilu-
tions” or concentrated solutions (> 1 M). Only a few MD simulations showed some
long-range responses of water to ions but still cannot completely predict the exper-
iment observations reported in this thesis. Better ways are required to incorporate
ingredients on a more detailed level.

For concentrated electrolyte solutions (> 100 mM), we also observed cation-
specific changes in both the charge distribution and molecular structure in extended
hydration shells of ions. The microscopic structural changes in the bulk water network
can be correlated with macroscopic properties of aqueous solutions and follow a
direct Hofmeister trend for the studied cation series. This finding once again reveals
the underlying connection between macroscopic phenomena and the bulk water
structure. It suggests a bulk-origin, water-mediated specific cation effects in aqueous
solutions, which differs from specific anion effects that are commonly thought as
directly surface-related. Further studies of specific cation effects especially in the
aspects of how the water network evolves are of great interest to clarify the mechanism
of specific cation effects in biological processes. One example is to use fs-ESHS to
study the influence of cations on the solvation of proteins in aqueous solutions by
probing structural changes in the water network in the presence of different ions and
proteins. Also, the influence of anions on the bulk water network in concentrated
solution and its connection to the commonly considered "surface-related" specific
anion effects are an interesting topic for subsequent studies with fs-ESHS. Meanwhile,
MD simulations of these concentrated electrolyte solutions are desired but challenging
as it is necessary to find proper polarizable models for different ions. How to interpret
the measured incoherent and coherent fs-ESHS responses in a comprehensive way
and disentangle different structural and electronic contributions from the fs-ESHS
signal is also a topic for future studies.

In the second part of this thesis, we presented a new membrane model system
(3D phospholipid monolayer at aqueous nanoscale interfaces). This in-situ prepared
model membrane possesses tunability in its molecular structure similar with that
of the Langmuir monolayer while having additional advantages of the large surface-
to-volume ratio, small sample volume requirements, and good chemical stability.
For the proof-of-concept, we created a 3D DPPC model membrane in this thesis
and characterized its molecular structure using SFS and SHS. The work of this thesis
demonstrates that SFS and SHS can be used to obtain molecular-level insights into the
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interfacial structures of molecules and the hydration of the membrane, respectively.
Applying these two techniques to the new membrane model system provides us with
a new viewing angle of biological processes occurring in membranes with molecular-
level details. As subsequent studies, further characterizations of this model membrane
composed of different types of lipids would give us a complete understanding and
so better control of the properties of this membrane model system. For instance,
an interesting topic is the roles of the lipid hydrophilic headgroup and hydrophobic
tails in the formation of lipid membranes. More importantly, this membrane model
system provides a new platform for extensive studies of interactions between lipid
membranes and ions, biomolecules, and water in an environment close to the reality.
The adsorption/aggregation behavior of biomolecules to the lipid membrane, the ion
binding to specific sites in the membrane, and the change in the molecular structure
of the membrane induced by changes in temperature are exemplary topics that are of
great interest to be studied with this new membrane model system.
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