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Abstract

Although not proven, it is generally excepted that life without water is not possible.
From cloud formation to protein folding, water holds an irreplaceable position in its
importance for life. This thesis investigates the structure and the vibrational dynamics
of the interfacial water hydrogen bond network at various charged interfaces. The
hydrogen bond network is studied by specifically exciting the stretch vibration and
probed with interface-specific sum-frequency spectroscopy. Moreover, phase-resolved
and pump-probe spectroscopy are used to obtain molecular orientational and temporal
information, respectively. At first the muscovite mica mineral-water interface, important
for the heterogeneous ice nucleation, is investigated. A correlation between the interfacial
water orientation and the ice nucleation temperature on mica is found, establishing
water orientation as a possible inducer for ice nucleation. Then the effect of Na2SO4
and Na2CO3 on the water-air interface is compared. Despite significant differences
in the static vibrational spectrum, due to the electrolytes, the same is not found for
the vibrational dynamics, hinting towards ion independent water dynamics, even for
the here tested large ion concentrations. Last, the influence of charged induced water
orientation on the vibrational dynamics of lipid bound interfacial water is studied. The
water orientation is hereby controlled using lipids with either a zwitterionic phospho-
choline, or a reversed choline-phospho headgroup. The vibrational dynamics, as well
as the energy transfer are found to be identical, suggesting orientation independent
vibrational dynamics for lipid-bound water.



Zusammenfassung

Obwohl nicht bewiesen, so ist doch allgemein anerkannt, dass Leben ohne Wasser
nicht möglich ist. Wasser ist zum Beispiel für Wolkenbildung oder auch Proteinfaltung
entscheidend und in seiner Rolle ist Wasser unersetzlich. Diese Dissertation untersucht
die Struktur und die Schwingungsdynamik des Wasserstoffbrückenbindungsnetzwerks
in Wasser an unterschiedlichen geladenen Grenzflächen. Durch Anregung der Streck-
schwinung des Wassers wird, mittels grenzflächensensitiver Summen-Frequenz-Spektros-
kopie, das grenzflächennahe Wasserstoffbrückenbindungsnetzwerk untersucht. Mittels
phasenaufgelöster und Pump-Probe Summen-Frequenz-Spektroskopie wird sowohl die
molekulare Orientierung, als auch die Lebensdauer der angeregten Zustände, untersucht.
Zuerst wird die für heterogene Eisbildung wichtige Muskovit(Glimmer)-Wassergrenz-
schicht untersucht. Dabei wird eine Korrelation zwischen der Orientierung des grenz-
flächennahen Wassers und der Nuklisationstemperatur gefunden und somit die Orien-
tierung des Wassers als möglicher Beeinflusser von Eisnukleation vorgestellt. Folgend
wird der Effekt von Na2SO4 und Na2CO3 auf die Schwingungsdynamik der Wasser-
Luftgrenzschicht untersucht. Obwohl es im Schwingungsspektrum des Wassers auf-
grund der Elektrolyte zu deutlichen Änderungen kommt, wird das Selbe nicht für die
Schwingungsdynamik festgestellt. Alle Systeme verhalten sich, innerhalb der Fehler-
toleranz, identisch. Zuletzt wird der Einfluss der Wasserorientierung auf die Schwing-
ungsdynamik an Lipid-Wassergrenzflächen untersucht. Die Orientierung des Wassers
kann hierbei durch das elektrische Feld der Lipidkopfgruppe gesteuert werden. Es
wird gezeigt, dass die Schwingungsdynamik unabhängig von der Wasserorientierung
ist. Gleiches gilt auch für den vibrationellen Energietransport an der Grenzfläche,
welcher ebenfalls durch die Orientierung des Wassers an der Wasser-Lipidgrenzfläche
nicht verändert wird.
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1 Introduction

Vibrational spectroscopy is one of the most successful scientific tools of the last decades.
From the comparable simple gas systems, to complex biological structures, the use
of vibrational spectroscopy has advanced knowledge in many fields considerably.
Vibrational spectroscopy is nowadays routinely used in engines to monitor and tune the
conditions for ideal combustion, increasing the efficiency and lifetimes of such engines.1

On airports, the availability of small Raman spectrometers has made a quick test for
drugs and common compounds of explosives possible.2,3 By combining IR spectroscopy
of human blood serum with modern reinforcement learning algorithms, it might be,
in the near future, possible to have a quick test for diseases currently difficult to
diagnose.4 As such, scientific work in the field of vibrational spectroscopy is often of
interdisciplinary nature with biologically relevant systems, a chemical interpretation,
and a physical investigation method.
The interface of different media is of the highest importance for many chemical
reactions. In general, all kinds of interaction processes between two media, happen via
some kind of interface. It is often the molecular structure and dynamics at interfaces
that govern chemical reaction rates and processes.5 However, the interface is also a
notoriously difficult system to study. First, most measurement techniques are not
interface-specific, but rather investigate the bulk of a sample. Second, the number of
molecules directly at the surface is usually several orders of magnitude smaller than
the number of bulk molecules. Thus despite the substantial interest in the properties
of materials at the interface, relatively little is known about interfacial mechanisms
and how in detail, they affect chemical reactions and their rates.
Throughout the last decades, it has become obvious that the most important
biomolecule is water. Although not proven, it is widely accepted, that life without
water is not possible. A famous example highlighting the importance of water in
biological processes is protein folding. Here water is guiding the backbone of the
peptide through its secondary structural assembly into its active structure.6–8 The
lipid-water interaction is crucial for the aggregation of lipid bilayers, forming cell
membranes, which are determining the boundary of a cell.9 However, water is not
only important for small scale inner cell effects, but also shapes the climate on
earth. Heterogeneous ozone chemistry is largely driven by interfacial chemistry on
aerosols. Aerosols are finely suspended particles in water droplets, and they can contain
electrolytes at high concentrations on the level of 1 M.10 Clouds accommodate a large
number of aerosols, and cloud formation plays a significant role in the complex and
delicately coupled system that shapes the weather on the short and the climate on
long time scales. The spatial extent, lifetime, particle size, and radiative properties
of clouds are influenced by heterogeneous ice nucleation in aerosols. At temperatures
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1 Introduction

above −15 °C, ice nucleation is likely initiated by aerosols.11 At lower temperatures the
ice nucleation in clouds is probably dominated by the water-mineral, and in particular
the water-feldspar interface.12

This thesis provides new insights into the interface-specific vibrations of the water-
mineral interface. Specifically the muscovite mica-water interface is studied, where
the effect of various surface cations on the average water alignment is investigated and
compared to heterogeneous ice nucleation temperature measurements on the same
interfaces. A study of the electrolyte influenced water-air interface follows. Where the
focus shifts from the cation to the anion. The vibrational dynamics of the Na2SO4-
water-air, the Na2CO3-water air, and the water-air interfaces are compared, and an
extensive investigation of the vibrational dynamics of the OD-stretch vibrational region
is given. The influence of water alignment on the interfacial vibration dynamics is then
studied, by comparing the water zwitterionic lipid interface of two lipids, known to
orient the water dipole moment on average in opposing orientation.

1.1 Water as Vibrating Molecule

Water is one of the most, if not the most, important ingredients for life. The molecular
structure of water was revealed in the second half of the 18th century, where it was
experimentally shown that water consists out of two components, known as oxygen and
hydrogen. Up until today the scientific interest in water, and its properties has never
rested and is still ongoing. Despite the long and successful story of water studies,
still many, in particular collective, properties of water are not well understood and
characterized.

O H

H

O

H

H

0.96 Å

104.5 ° Hydrogen

Bond

Figure 1.1: Model of two hydrogen-bonded water molecules.

Figure 1.1 shows a molecular model of two hydrogen-bonded water molecules.13 A
single water molecule consists of a single oxygen atom (red), and two covalent bond
hydrogen atoms (grey). The average distance between the oxygen and the hydrogen
atom is about 0.96Å. The O-H-O opening angle is about 104.5° and due to the different
electronegativity of the oxygen and the hydrogen atoms, water has a dipole moment
of about 1.85 D.14 Two water molecules can form an intermolecular hydrogen bond
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1 Introduction

with a typical energy barrier of about 0.1 eV-0.3 eV.15 Each water molecule can as well
be a hydrogen bond donor and a hydrogen bond acceptor and form up to four well
defined hydrogen bonds with its surrounding water molecules. This hydrogen bond
network is related to many of the unusual properties of water and still under intensive
investigation.16

A method to probe the water hydrogen bond network experimentally is vibrational
spectroscopy. Here vibrational normal modes of water are excited and because the
surrounding water environment can alter the resonance frequency of the vibrational
modes, information about the water environment itself can be extracted.

O

HH

O

HSymmetric Asymmetric
Stretch

HHa) b)

O

HH Bend
c)

Figure 1.2: Fundamental vibrational modes of a single water molecule.

Figure 1.2 shows the three fundamental vibrational water modes. Figure 1.2 a) depicts
the bending mode of water, where the O-H-O angle is altered with a vibrational
frequency of about 1600 cm−1. Figure 1.2 b) depicts the symmetric stretch mode.
It can be understood as the symmetric change of the distance between each hydrogen
atom and the oxygen atom. The asymmetric stretch is shown in Figure 1.2 c) and
corresponds to a movement where one hydrogen decreases the distance to the oxygen,
while the other increases the distance.
From Figure 1.2 and Figure 1.1 one can see, that the strength of the hydrogen bond,
and the vibrational frequency of the OH-stretch vibration are coupled.17,18 Very
generally speaking, the resonance frequency of the undamped harmonic oscillator ω
scales with

ω =
√
k/µ (1.1)

with the force constant k of the harmonic oscillator and µ as effective mass of the
system. Upon strengthening the hydrogen bond, one effectively reduces k of the OH-
stretch vibration, as k scales with the inverse of the hydrogen bond strength. E.g. the
OH-Stretch vibration has a higher resonance frequency for weakly hydrogen-bonded
water then for strongly hydrogen-bonded water. This means that the OH-stretch
vibration can be used as a reporter of the hydrogen bond strength, as its frequency
depends on the local hydrogen bond environment of the probed water.

1.2 Interaction of Light and Matter

In the following, those parts of light-matter interaction relevant for this thesis are
discussed. This section is limited to the minimum needed interpreting the following
experimental section. It starts with the introduction of matter as a polarizable
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1 Introduction

medium, describing the fundamentals of light-matter interaction, following a brief
introduction to the symmetry properties of the second-order susceptibility. Later on,
some useful semiclassical relations of the second-order susceptibility will be presented.
In the end, the processes most important for determining the intensity of the pump-
probe SFG signal will be discussed.

1.2.1 Matter as Polarizable Medium

The Maxwell equations are a set of differential equations that can be used to describe all
optical phenomena. In general, they can be used to describe light-matter interaction.
One of the many possible forms of the Maxwell equations is given in the following:

∇ ~D = ρ (1.2)

∇ ~B = 0 (1.3)

∇× ~E = −∂
~B

∂t
(1.4)

∇× ~H = ~j +
∂ ~D

∂t
(1.5)

With the electric displacement field ~D, the electric field ~E the magnetic flux density
~B, the magnetic filed ~H, and the current and charge density j and ρ. ~D and ~B are
linked with ~E and ~B via the dielectric and magnetic properties of the present media.

~D = ε0 ~E + ~P (1.6)
~B = µ0

~H + ~M (1.7)

With ~M the macroscopic magnetization and ~P the polarization of the media. ε0 is the
permittivity and µ0 the permeability of the vacuum. In the following, natural units
will be used, thus ε0 ≡ 1, µ0 ≡ 1 as well as the speed of light c ≡ 1. Note that the
polarization and the magnetization are, within the frame of the Maxwell equations,
the only properties of a medium, relevant for light matter interaction. The physical
interpretation of this is, that only polarization and magnetization of a material are
relevant for light-matter interaction. To describe the propagation of light in a neutral
medium e.g. water, it is often possible to simplify the equations by assuming no free
charges ρ = 0, currents ~j = 0 as well as a vanishing magnetization ~M = 0. With this,
the so called wave equation can be derived by calculating ∇×∇× ~E:

∇2 ~E − ∂2 ~E

∂t2
=
∂2 ~P

∂t2
(1.8)

This differential equation links the motion of an electric field with the polarization of
the surrounding media. It can be interpreted as if the right hand side of the equation
acts as source of radiation, representing the response of the media to the applied electric
field. Thus if one wants to understand optical phenomena of light-matter interaction,
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1 Introduction

the polarization of the medium is of decisive importance. To describe the polarization
of matter as a function of the applied electric field, the following power series expansion
has been proven to be useful.19

~P (t) = ~P (1)(t) + ~P (2)(t) + ... (1.9)

~P (1)(t) =

∫ ∞
−∞

χ(1)(t− t′) ~E(t′)dt′ (1.10)

~P (2)(t) =

∫ ∞
∞

χ(2)(t− t1, t− t2) ~E(t1) ~E(t2)dt1dt2 (1.11)

~P (3)(t) =

∫ ∞
∞

χ(3)(t− t1, t− t2, t− t3) ~E(t1) ~E(t2) ~E(t3)dt1dt2dt3 (1.12)

~P (4)(t) =

∫ ∞
∞

χ(4)(t− t1, t− t2, t− t4) ~E(t1) ~E(t2) ~E(t3) ~E(t4)dt1dt2dt3dt4 (1.13)

Where χ(1) to χ(4) are the linear, second, third and fourth order nonlinear
susceptibilities of the medium.1 It is those χ(n) terms, that are of general interest,
because if the significant elements of χ(n) are known, the polarization of a medium
for a given electric field can be calculated. The convolution in Equation 1.10 -
Equation 1.13 is needed to account for causality, meaning that matter can not polarize
instantaneously, but instead depends on its prior history. From an experimental point
of view it is desirable to transform the polarization into frequency space via Fourier
transformation as well as to use a Fourier component Ansatz for the electric field.
Because the second-order effect will be the most important throughout the rest of this
thesis, we focus on the second-order terms.

~P (2)(ω) =

∫ ∞
−∞

~P (2)(t)eiωtdt, ~E(t) =
∑
ω

~E(ω)e−iωt (1.14)

together with Equation 1.11 and some resorting we get:

~P (2)(ω) =
∑
ωi

∑
ωj

∫ ∞
−∞

dtdt2dt1χ
(2)(t− t1, t− t2) ~E(ωi) ~E(ωj)e

−iωit1−iωjt2+iωt (1.15)

With ω = ωi + ωj we see that we now have formally the Fourier transformation of
χ(2)(t− t1, t− t2) times some electric fields.

χ(2)(ω = ωi + ωj) =

∫ ∞
−∞

dtdt2dt1χ
(2)(t− t1, t− t2)ei(ωi(t−t1))+ωj(t−t2) (1.16)

Thus the polarization in frequency space becomes:

~P (2)(ω) =
∑
ωi

∑
ωj

χ(2)(ω = ωi + ωj) ~E(ωi) ~E(ωj) (1.17)

1For simplicity the spatial components are neglected here. See19,20 for a complete description.
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Interestingly we observe that while the field has frequency components of ωi and ωj the
polarization has terms with 2ωi, 2ωj and ωi±ωj . It is the existence of those terms that
are responsible for the nonlinear processes, called Sum Frequency Generation (SFG),
Difference Frequency Generation (DFG) and Second Harmonic Generation (SHG). To
observe effects induced by the higher-order terms of the polarization, large amplitudes
of the electric field are needed. Therefore the first observation of SHG was published
in the year 1961 using a ruby optical maser and shortly after the first observation of
SFG proving the fundamental correctness of Equation 1.17.21,22 Interestingly, it took
another 25 Years until 1987 for SFG to be used on a molecular monolayer as a surface-
specific spectroscopic tool for the first time.23 Due to the still ongoing improvements of
fs laser systems, SFG has developed into a versatile tool for spectroscopic investigation
of interfacial properties on the molecular scale.24 In the following, some properties of
the second order susceptibility will be discussed.

1.2.2 Properties of the Second-Order Nonlinear Susceptibility

The second order susceptibility is a unique material property. Within the electric
dipole approximation it exhibits a certain amount of symmetry and inherits symmetry
properties from its optical medium. The second order susceptibility in tensor notation
for fixed frequencies can take the following form:

P
(2)
i =

∑
jk

χ
(2)
ijkEjEk (1.18)

With i, j, k as the Cartesian coordinates and thus χ(2) is a rank three tensor. By
inspecting Equation 1.18, one can see that the indices j and k are dummy indices.
They can be freely interchanged without changing the polarization. E.g.:

χ
(2)
ijk = χ

(2)
ikj (1.19)

Qualitatively this means the order of the two ~E fields in Equation 1.18 is irrelevant.
Because changing the sign of all three subscripts is the same as reversing the axis
system, the physical phenomena described by χ(2)

ijk must reverse sing under inversion
transformation as well:

χ
(2)
ijk = (−1)3χ(2)

−i−j−k (1.20)

More constrains on the symmetry of χ(2) come from the symmetry of the optical
medium itself. In the case of a centrosymmetric media the χ(2) tensor must be invariant
under inversion transformation of all coordinates:

χ
(2)
ijk = χ

(2)
−i−j−k (1.21)

However, the only way to fulfill Equation 1.20 as well as Equation 1.21 at the same time
is, if all components of χ(2) are 0. Thus the χ(2) tensor of a centrosymmetric medium
vanishes. Yet at the interface of two media, this centrosymmetry is necessarily broken,
even if the involved media are centrosymmetric themselves.
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1 Introduction

Considering a medium at an interface with a C∞ symmetry axis around the z-axis as
shown in Figure 1.3 a), the medium must have inversion invariant and interchangeable
x and y components of the χ(2) tensor as the axes are per definition inversion invariant.
In other words, χ(2)

xxx equals χ(2)
−x−x−x. Because Equation 1.20 still holds, the

χ(2)
xxx component must vanish.

x

z

y

sample

C∞

Figure 1.3: Medium with C∞ axis. Most liquids, and also water, fall into this category.
The coordinate system typically has a z-direction perpendicular to the
sample surface and the x-y plane parallel to the sample surface.

As a result of these symmetry considerations, the following eight χ(2) components are
left, of which 4 are independent: χ(2)

zxx = χ
(2)
zyy, χ

(2)
xzx = χ

(2)
yzy, χ

(2)
xxz = χ

(2)
yyz and χ

(2)
zzz.

This means the second-order susceptibility of a medium with C∞ symmetry at the
vacuum interface is completely described by four independent susceptibility values.

1.2.3 Semi-classical Simplifications

The above-mentioned properties of χ(2) are very useful in many cases. However, they
tell very little about the physical insights of the χ(2) tensor. An extensive description
can be found in literature and is beyond the scope of this thesis.25–27 Instead,
semiclassical models are often used to derive some of the fundamental properties
of χ(2). The semiclassical approach is particularly helpful when dealing with large
molecular ensembles and collective effects, as these ensemble effects can overshadow
the quantum mechanical details. Semiclassical models can result in a simpler and more
intuitive understanding of nonlinear optical effects. It is very useful to relate χ(2) with
the number density of excited oscillators, their average orientational dipole alignment
and the so-called hyperpolarizability β(2)

i′j′k′ .
28

χ
(2)
ijk = N

∑
i′j′k′

〈Rii′Rjj′Rkk′β
(2)
i′j′k′〉 (1.22)

With Rλλ′ as element of the Euler rotational transformation matrix, transforming from
the molecular coordinates system λ’(a,b,c) to the laboratory coordinates λ(x,y,z). The
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1 Introduction

hyperpolarizabilities βi′j′k′ have been worked out in detail by Hirose et al.29 Typically
for molecular SFG spectroscopy, the IR frequency is near a molecular vibrational
resonance. Thus the second-order molecular polarizability is described by:

β(2) = β
(2)
NR +

∑
q

βq

ωIR − ωq + iΓq
(1.23)

With the first term β
(2)
NR representing a non-resonant contribution and βq, ωq and Γq as

the sum-frequency strength factor tensor, resonant frequency and damping constant
of the qth molecular vibrational mode. The tensor elements of β are in turn related
to the IR and Raman properties of the vibrational mode:30

βqr′j′k′ = − 1

2ωq

∂α
(1)
i′j′

∂Qq

∂µk′

∂Qq
(1.24)

with
∂α

(1)

i′j′
∂Qq

and ∂µk′
∂Qq

the partial derivatives of the Raman polarizability tensor and the
IR transition dipole moment of the qth vibrational mode. Qq is the normal coordinate
of mode q. The appearance of these two terms is also the reason why a molecular
vibration needs to be Raman and IR active to be resonant in SFG Spectroscopy. Thus
for simple molecules, this can serve as a quick check whether a vibration is SFG-
resonant, by checking whether the vibration changes the dipole moment as well as the
polarizability of a molecule. If both are the case, then a vibration can be expected to
be SFG active. Further one learns that the intensity of the SFG signal increases with
the average alignment of the oscillators. However note that the term alignment can be
misleading in this case, as both, a completely random, as well as a centrosymmetric
confirmation can lead to a cancellation of the SFG signal.31
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2 Interface Specific Vibrational
Spectroscopy

Up to this point it is not clear how to experimentally access any of the mentioned
material properties. However from Equation 1.20 and Equation 1.21, one can see
that the χ(2) tensor of a centrosymmetric medium vanishes. Thus a χ(2) signal of
a centrosymmetric medium must originate from the inherently non-centrosymmetric
interface of the medium. This is the reason why SFG is considered interface specific,
even though it technically is just suppressed within centrosymmetric media.
In the following, the most important experimental aspects of interface-specific
vibrational spectroscopy will be explained. It will start with an introduction of the
experimental details of static SFG. Here both, static, as well as phase-resolved SFG
will be discussed. Following an introduction to the field of time-resolved pump-probe
SFG. Afterwards, the setup used throughout this thesis will be described, and the
basic properties characterizing the setup will be presented.

2.0.1 The Intensity of Sum Frequency Generation

To access vibrational modes of molecules, typically laser light close to the resonance
of the investigated vibrational mode is used. The stretch vibration of, e.g., water
has its fundamental resonance frequency at 3200 cm−1. If heavy water (D2O) is used,
the stretch vibration is found at 2400 cm−1.32,33 This means, to probe vibrational
modes Infrared (IR) laser light in the range of 1000 cm−1 to 4000 cm−1 can be used.
The availability of short-pulsed, high power Ti:sapphire laser systems marks a major
breakthrough in this field, as it allows to generate broad band IR pulses with a
spectral width of up to about 1000 cm−1, depending on the central frequency.34,35

This is particularly useful for the study of the water stretch vibration, having a broad
resonance of about 800 cm−1 at a central frequency of about 3200 cm−1.
Figure 2.1 a) depicts the energy scheme of an SFG process. An IR photon excites the
sample resonantly from the ground state |g〉 into the vibrational excited state |v〉. A
second photon (VIS) upconverts the system into an unstable virtual state |s〉, from
where the SFG photon, with a frequency of the sum of ωIR+ωV IS = ωSFG is emitted.
The exact frequency of the VIS photon is, as long as it is far from any resonance, not
important. It is simply there to up-convert the resonant IR laser beam into interface-
specific SFG light. A practical advantage of 800 nm up-conversion is that the resulting
SFG light can be detected at around 675 nm and is thus in the visible region, where
many and also cost efficient optical elements are available. Figure 2.1 b) shows the
beam configuration of an SFG setup. To generate SFG light, the two laser beams IR
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Figure 2.1: a) Energy levels of the SFG process. The IR beam is resonant with a
molecular vibration and the VIS up-converts to a virtual vibrational state.
Upon relaxation, SFG light is emitted. b) Beam geometry of an SFG
experiment. Reflection and transmission of IR, VIS, and SFG beam are
omitted for clarity. n1 is the refractive index of air, n2 is the refractive
index of the medium.

and VIS need to be overlapped in time and space on the sample. From now on a beam
oriented geometry instead of a cartesian coordinate system is used. In this geometry,
all beams, IR, VIS and SFG lie within the same plane of incidence. The beam angles
ΘIR, ΘVIS and ΘSFG are defined with respect to the surface normal of the sample.
Thus, the polarization of the a beam can be described by two components, an in-plane
component (p for parallel) and an out-of-plane component (s for senkrecht). As such
the electrical components of the laser beams translate to:

Ex = Ep cos θi, Ey = Es, Ez = Ep sin θi (2.1)

By probing different polarization components, it is possible to probe different
components of the χ(2) tensor. The following table shows a mapping between
polarization combinations and Cartesian χ(2)

ijk elements in the case of an azimuthally
isotropic interfaces (C∞) like water-vacuum. Note the polarizations are typically given
in the order of SFG, VIS, IR.

Polarization Elements of χ(2)
ijk

PSS χ
(2)
zyy

SPS χ
(2)
yzy

SSP χ
(2)
yyz

PPP χ
(2)
zzz, χ

(2)
zxx, χ

(2)
xzx, χ

(2)
xxz

In the following the relation between χ
(2)
SSP and χ

(2)
yyz will be shown, as the SSP

polarization is the only polarization used throughout this thesis. The complete set
of equations can be found in literature.36 The SFG intensity in the reflected direction
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is given by:

I(ωSFG) =
8π3ω2

SFG sec2 θSFG
n(ωSFG)n(ωVIS)n(ωIR)

∣∣∣χ(2)
eff

∣∣∣2 IVIS(ωVIS)IIR(ωIR) (2.2)

Here n is the refractive index of the sample as a frequency dependent function, ωi with
i ∈ {SFG,VIS, IR} the respective wavenumber, θSFG the reflection angle of the SFG
light and I the respective Intensity. The effective nonlinear susceptibility is given by
χ

(2)
eff as:

χ
(2)
eff = [~e(ωSFG)~L(ωSFG)]χ(2)[~L(ωVIS)~e(ωVIS)][~L(ωIR)~e(ωIR)] (2.3)

With ~e(ω) the unit polarization vector and ~L(ωi) the Fresnel factor at frequency ωi.
To transform between the beam coordinate system (SSP ) and the sample coordinate
system (yyz) the following equation can be used:

χ
(2)
SSP = Lyy(ωSFG)Lyy(ωV IS)Lzz(ωIR) sin θIRχ

(2)
yyz (2.4)

With Lyy(ω) and Lzz(ω) as diagonal elements of ~L(ω) given by

Lxx(ωi) =
2n1(ωi)cosγi

n1(ωi)cosγi + n2(ωi)cosθi
(2.5)

Lyy(ωi) =
2n1(ωi) cos θi

n1(ωi) cos θi + n2(ωi) cos γi
(2.6)

Lzz(ωi) =
2n2(ωicosθi)

n1(ωi)cosγi + n2(ωi)cosθi

(
n1(ωi)

n′(ωi)

)2

(2.7)

With γi the refracted angle from n1(ωi) sin θi = n2(ωi) sin γi. n′ is the effective
refractive index parameter of the interfacial layer. Typically n′ is an unknown
parameter in this equation. However for a selected amount if systems, n′ was studied
in greater detail.36,37

This means χ
(2)
SSP and χ

(2)
yyz are proportional and to translate between the two

coordinate systems, the refractive index nj of the media, as well as the angles of
incidence need to be known. A practical implication of this is that Fresnel factors
need to be taken into account, if one wants to compare SFG spectra of different setups
having different beam geometry. This is in particular important for buried interfaces,
where the Fresnel factors can introduce significant distortion to the observed spectra.38

At this point by combining Equation 2.2 with Equation 1.22, we see that the intensity
of SFG light scales like:

ISFG ∝ |ESFG|2 ∝ |χ(2)|2 = N2|〈β(2)〉|2 (2.8)

with ESFG as electric field of the emitted SFG light, N the number of oscillators
and 〈β(2)〉 the orientational average of the hyperpolarizability closely related to the
dipole moment 〈µz〉 in the case of SSP polarization.27 Therefore relative SFG intensity
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variations can be caused by changes in the orientation of the oscillators (〈β(2)〉), and/or
changes in the density (N2) of the oscillators.
In summary, SFG allows observing several interfacial properties of water. By
comparing relative intensities, one can investigate the average alignment of water at
the interface. Further changes in frequency can hint towards structural changes in
water, where the hydrogen bond can be strengthened or weakened.17

2.0.2 Signal Normalization to Correct for the IR-Spectrum

2000 2200 2400 2600 2800
Frequency/cm 1
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ts
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Raw Data

Water
Quartz/100
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Figure 2.2: a) SFG of the D2O-Air and Quartz-Air interface. Measurement time for
water is 100s, the measurement time for quartz is 10s. Counts on quartz
are divided by 100. b) Normalized water spectrum after division with the
quartz spectrum.

To account for the spectrum of the broad IR laser pulse, a reference SFG spectrum
has to be recorded during each SFG measurement. Due to its strong and reproducible
SFG signal, z-cut quartz is used for this. Figure 2.2 a) shows the raw SFG signal
generated at the Quartz-Air and the D2O-Air interface. The quartz spectrum was
recorded for 10 s, while the water spectrum was recorded for 100 s. Still, the quartz
signal is roughly 100 times larger than the signal generated by the D2O-Air interface.
All recorded SFG spectra are divided by the corresponding quartz SFG signal. Because
all angles and the coherence length of the SFG setup are known, as well as the |χ(2)|2
of quartz in absolute numbers (V4m−2), this could, in principle, be used to calculate
an absolute scale for the SFG signal.39,40 However, the care needed to do so is
experimentally demanding, and most of the time not necessary. Thus SFG spectra
are typically reported in arbitrary units (a.u.), and amplitudes are only compared if
the experimental conditions allow so.
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2.0.3 Separating Real and Imaginary part of χ(2)

As seen from Equation 2.2, intensity-based SFG, only allows to access |χ(2)|2. As χ(2)

is, in general, a complex quantity, information about the real and imaginary part of χ(2)

is lost. With so called phase-resolved SFG (PS-SFG) this obstacle can be overcome.
PS-SFG was first deployed in the year 199041 with a ps laser system, it matured
through the years and was 2008 for the first time used in a fs based laser systems.42

It quickly became an important tool in the field of surface sensitive spectroscopy. For
an in-depth explanation of the method, the interested reader is redirected to.42

IR

VIS

LO Sample

Interference Pattern

Delay 
Plate

Figure 2.3: Sketch of the sample stage of a phase-resolved SFG setup. The Local
Oscillator (LO) generates a strong SFG signal. The reflected laser beams
are focused by a curved mirror onto the sample generating a second SFG
signal. The frequency-dependent interference pattern of both SFG signals
is recorded on a CCD Camera.

Figure 2.3 is a conceptual sketch of the sample stage of a PS-SFG setup. At a
qualitative level, PS-SFG extends SFG by an additional signal from a local oscillator
(LO). Often the LO SFG signal is produced on either a gold or a quartz sample. Instead
of directly recording the LO SFG signal, it is, together with the reflection of the visible
and the IR laser beam, collected on a parabolic mirror and refocused on to the sample.
It is of crucial importance that the LO signal is temporally delayed with respect to
the reflected IR and visible beams. At the sample, the visible and the IR beam are
overlapped once again, generating sum-frequency light. The two SF signals (the one
from the LO and the one from the sample) generate an observable interference pattern
on the detector. This interference pattern is then compared to the interference pattern
of a reference, and via Fourier transformation, the real and imaginary components of
the signal are extracted. These real and imaginary components are proportional to
the real and imaginary parts of the sample χ(2).
Figure 2.4 shows the data processing pipeline of a PS-SFG experiment. At first, an
interference pattern is observed a). This interference pattern is Fourier transformed
into time-space as seen in b). Only the, by the delay plate, delayed components of
the signal are extracted. This corresponds to a bandpass filter in time. Next, an
inverse Fourier transformation is performed, resulting in the spectrum shown in c).
After normalization with a reference signal the real and imaginary components of the
signal are obtained d) and these components are proportional to the real and imaginary
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FT

Normalization

FT

Frequency Time

Real

Imag

a) b)

c)d)

Figure 2.4: Data processing of a PS-SFG setup. a) Fourier transformation is used to
separate the real and imaginary parts of the interference pattern. b) The
time selection is based on the delay due to the thickness of the delay plate
(green rectangle). c) Reverse Fourier transformation transforms the signal
back into frequency space, and after normalization with a reference (d) real
and imaginary component of χ(2) can be extracted.

components of the samples χ(2).
One of the most important features of PS-SFG is that it can be used to determine
the orientation of the transition dipole moment. Because the sign of the imaginary
component of χ(2) corresponds to the sign of the transition dipole moment. The
transition dipole moment of water points into the direction of the two hydrogen atoms,
this means, if the sign of the Im(χ(2)) is negative, water points on average into the
bulk phase and if the sign is positive water points on average up into vapor phase.
Therefore this technique can be used to investigate interfacial water orientation.

2.0.4 Bulk Signal due to Field Induced χ(3) Effects

Field-induced effects can add bulk contributions to the observed SFG intensity. This
is known as a field-induced χ(3) effect and arises, when an electric field, reaching from
the interface into the bulk, is present.43–45 This can be the case if, e.g., water with
surface-active ions is investigated.
Figure 2.5 is a sketch, for surface active ions, with the cations on average closer to
the surface then the anions. Due to the different average distance of the anions and
cations to the water-vapor interface, an electric field, Ez arises. This electric field can
in turn effectively enlarge the non centrosymmetric interfacial region. As a result the
SFG signal does not only depend on χ(2), but is accompanied by a χ(3) bulk term
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+ +
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Ez
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Figure 2.5: Sketch of the water-air interface in the presence of ions. If one species of
ions is on average closer to the interface than the corresponding counter ion,
an interfacial electric field is induced. This electric field effectively increases
the region of non-centrosymmetry and thus adds a bulk-like contribution
to the measured SFG intensity.

resulting in:

I(SFG) ∝
∣∣∣∣EVISEIR

(
χ(2) +

∫ ∞
0

χ(3)Ez(z)e
i∆kzzdz

)∣∣∣∣2 (2.9)

with the electric field Ez(z) and the phase mismatch ∆kz integrated from the interface
z = 0 into the bulk.
It is neither trivially possible to disentangle the χ(3) and the χ(2) signal from one
another, measuring the total SFG intensity, nor is the absolute size of the χ(3) term
known in general. However, in the case of water, the frequency dependency of the χ(3)

term has been measured.45 This χ(3) spectrum of water can be used to estimate the
influence on the spectral shape of the measured I(SFG) intensity.46

2.1 Vibrational Dynamics of Molecules at Interfaces

The methods discussed up to this point all investigate the static properties of χ(2).
However in particular for chemical reactions, also the dynamics are relevant.5 For
example, it has been shown that water exhibits fast vibrational dynamics on the sub
ps time scale.47–49 Thus throughout this section, Pump-Probe SFG (PP-SFG), a
method for investigating the temporal evolution of vibrational modes at the interface,
is presented. PP-SFG is a time resolving extension of ordinary SFG. Here two IR
laser, the so-called pump and probe lasers are used. The probe laser corresponds to
the IR laser of an SFG experiment. However, the intensity of the SFG light is different
in the presence or absence of the pump laser. Thus by comparing the SFG signal
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intensity with and without the pump laser and by changing the time delay between
the pump and the probe laser pulses, the vibrational lifetime of the excited states can
be investigated.

2.1.1 The Intensity of a Pump-Probe SFG Experiment

During a pump-probe experiment, the sample is probed within two different states. In
the following, these two states will be called pumped and unpumped. The sample is
unpumped, if no interaction with the pump laser has taken place. This corresponds
to the ordinary SFG process described in subsection 2.0.1. Consequently, the state
after interaction with the pump laser is called pumped. Physically this translates into
probing two different terms of ~P (t). If the pump laser is off, P (2) from Equation 1.11 is
probed. If the pump laser is on, P (4) of Equation 1.13 is probed. Figure 2.6 shows the
most important double-sided Feynman diagrams of a pump-probe SFG experiment.
The rules for generating double-sided Feynman diagrams are beyond the scope of this
thesis, and the interested reader is redirected to26,50

1   0
t1

t2

SFGa)

Probe

VIS

SFG

Pump off

1   0
t4

1   0

0   0

GBb)

1   0

1   0

1   1

SEc)

2   1

1   0

1   1

ESAd)

Pump

Pump

Probe

VIS

SFG

t1

t2

t3

Pump on

Figure 2.6: Double-sided Feynmandiagrams of pump-probe SFG. The diagramm of
a) corresponds to an ordinary SFG experiment. b) describes ground state
bleach (GB), c) stimulated emission (SE) and d) excited state absoprtion
(ESA).

Figure 2.6 a) shows the diagram for ordinary SFG and corresponds to the unpumped
state thereafter probing P (2)

pump off. At t1 the system interacts with an incoming IR
pulse and the system is in the |1〉〈0| state. This is called a coherence and the quantum
mechanical source of polarization. The second interaction at t2 with the visible pulse,
generates a virtual state, that is not resonant with any vibrational mode. This
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interaction generates SF light obeying the selection rules of subsection 1.2.2.
Figure 2.6 b)-d) shows the most significant diagrams with the pump laser on. The
diagram of Figure 2.6 b) refers to ground state bleaching (GB), for simplicity often just
called bleach. Here the first interaction with the pump pulse at t1 causes a coherence,
that is then removed by the second pump pulse interaction at t2. Figure 2.6 c) describes
stimulated emission (SE). For SE the first pump pulse interaction at t1 creates a |1〉〈0|
coherence, but the second pump pulse interaction at t2 creates a |1〉〈1| population.
The diagram of Figure 2.6 d) shows excited state absorption (ESA). In the case of
ESA the probe pulse interaction at t3 is different, because instead of a |1〉〈0| coherence
like in ordinary SFG, a |2〉〈1| coherence is generated. Note that the ESA process has,
compared with the GB and SE, a different sign, as the number of left side interactions
is odd in the case of ESA, but even in the other cases. By changing the time between
the arrival of the pump and the probe pulse, the time difference between t2 and t3
can be manipulated experimentally, and this allows to study the time evolution of the
|1〉〈1| population experimentally.
The diagrams of Figure 2.6 can be used to calculate the corresponding response
functions, that are in turn responsible for the macroscopic polarizations P (2) and
P (4).51 Following the convention of ref26 the macroscopic polarization is a function of
the transition dipole moments (µ) and the electic field (E). In the ordinary SFG case
e.g. pump laser off, one observes:

P
(2)
SFG = P

(2)
pump off ∝ −µ01α01EVISEIR (2.10)

Where EVIS and EIR are the incoming electric fields, µ01 is the transition dipole
moment for the IR excitation between ground |0〉 and first vibrational state |1〉, i.e.
the vibrational mode. Further α01 = µVISµSFG as a combined term describing the
interaction of VIS and SFG, also called the transition polarizability, characterizing an
electronic process. To consider the case with a pump interaction, the total polarization
is given by the summation of all four polarizations, described by the four diagrams of
Figure 2.6. Thus

P (4)
pump ∝ P

(4)
GB + P

(4)
SE + P

(4)
ESA + P

(2)
pump off (2.11)

needs to be calculated. In Figure 2.6 one can see that the polarization for GB and SE
is identical as it is given by:

P
(4)
GB = P

(4)
SE ∝ µ

2
01E

2
pumpµ01α01EVISEIR (2.12)

with µ2
01E

2
pump due to the two pump interactions. For ESA one obtains:

P
(4)
ESA ∝ −µ

2
01E

2
pumpµ12α12EVISEIR (2.13)

with µ12 as transition dipole moment for the IR probe transitions between first and
second excited state and α12 the same for the electronic transition. Assuming an
harmonic oscillator, for the vibrational as well as the electronic potential, the transition
dipole moment has a relation of µ12 =

√
2µ01 as well as α12 =

√
2α01. If this is
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inserted into Equation 2.13, the sum P
(4)
GB +P

(4)
SE +P

(4)
ESA would vanish, leaving us with

no difference between the pumped and the unpumped case. However if the vibrational
potential is anharmonic, the ESA is frequency shifted with respect to GB/SE, as the
energy gap between the |0〉 → |1〉 transition is larger then the energy gap between the
|1〉 → |2〉 transition.

|0>

|1>

|2>

ω01

ω12

E

Figure 2.7: Morse potential as anharmonic oscillator model for e.g. water stretch
vibrations. The |0〉 → |1〉 tansition has a larger energy gap then the
|1〉 → |2〉 transiton. Thus excitation energy is smaller for ω12 then for
ω01.

This is shown in Figure 2.7 for the energy of the Eigenstates of the first three states
of the anharmonic morse potential. Thus if ESA does not cancel with GB/SE,
this, by itself, is already a strong indication for an underlying anharmonic potential.
Further, it explains why two signals of opposite sign but similar intensity are expected
for GB/SE and ESA. The stretch vibration of water is known to exhibit a strong
anharmonicity.52,53 This also means that the frequencies of ESA and GB/SE are well
separated when studying the water stretch vibration.
During a pump-probe SFG experiment, the two intensities with and without the pump
excitation are measured, based on an alternating shot to shot detection pattern. Each
intensity (with and without the pump) is proportional to the square of the electric
field generated by the nonlinear polarization. To obtain the measured intensities we
need to calculate:

ISFG,pump off ∝
∣∣∣P (2)

pump off

∣∣∣2
ISFG,pump ∝ |P

(4)
GB + P

(4)
SE + P

(4)
ESA + P

(2)
pump off|

2

This expands into six cross and four square terms. However it can be simplified by
assuming, as already stated, that 0-1 and 1-2 transition are well separated and do
not overlap in frequency. Thus all cross terms containing both transitions will be
zero e.g. P (4)

ESAP
(2)
pump off = 0 and the difference signal with pump on and pump off is
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∆ISFG = ISFG,pump − ISFG,pump off:

∆ISFG ∝ |P
(4)
ESA|

2 + 4|P (4)
GB|

2 + 4P
(4)
GBP

(2)
pump off (2.14)

= (−µ2
01E

2
pumpµ12α12EVISEIR)2 (2.15)

+ 4(µ2
01E

2
pumpµ01α01EVISEIR)2 (2.16)

+ 4(µ2
01E

2
pumpµ01α01EVISEIR)(−µ01α01EVISEIR) (2.17)

By substituting ζ = µ01α01EVISEIR, µ2
01E

2
pump = µ2

01Ipump, µ12 =
√

2µ01 and α12 =√
2α01, this simplifies to:

∆ISFG ∝ 4(µ2
01Ipumpζ)2︸ ︷︷ ︸
IESA

+ 4(µ2
01Ipumpζ)2 − 4µ2

01Ipumpζ
2︸ ︷︷ ︸

IGB/SE

(2.18)

Here one needs to note, that the first term corresponds to the intensity contribution
from the ESA signal. Thus ISFG,ESA ∝ 4(µ2

01Ipumpζ)2 while the last two terms
correspond to the combined intensity of GB and SE. Therefore ISFG,GB/SE ∝
4(µ2

01Ipumpζ)2 − 4µ2
01Ipumpζ

2

By taking the ratio of these two contributions, we can learn about there relative
importance towards the complete signal intensity.

ISFG,ESA/ISFG,GB/SE =
µ2

01Ipump

µ2
01Ipump − 1

(2.19)

Because typically µ2
01Ipump < 1, these two terms have opposite sign with e.g.

µ2
01Ipump = 0.1 the ESA signal is 0.1, while the GB/SE signal is 0.9. This means

the overall intensity is dominated by the |1〉 → |0〉 transition and one mainly observes
GB/SE intensity and not ESA. The same can also be understood by noting:

χ
(2)
GB/SE ∝ (N0 −N1); χ

(2)
ESA ∝ (N1 −N2) (2.20)

where Nx is the population of the vibrational level x. Given that the pump beam
can excite about 10 % of the oscillators into the first excited vibrational state, then
N0 = 0.9, N1 = 0.1 and N2 = 0. Defining an ordinary SFG intensity of I, we observe
for IGB/SE a reduced signal of (1− (0.82))µαI = 0.36µαI, assuming a transition dipole
moment µ01 ≡ µ and α01 ≡ α. For the IESA we expect (

√
2µ
√

2α0.1)2I = 0.04µαI
where µ12 =

√
2µ01 and α12 =

√
2α01 of the harmonic approximation is used. Thus

the IGB/SE : IESA ratio is roughly 9 : 1. Leaving the IGB/SE signal and consequently
the |1〉 → |0〉 the most significant contributor to the observed intensity.

2.1.2 Experimental Simplifications for Pump-Probe SFG

As discussed in subsection 2.1.1, the vibrational dynamics of interfacial water can be
studied by means of PP-SFG spectroscopy. Here we focus on symmetric PP-SFG,
where the pump laser and the probe laser have about the same central frequency. The
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interested reader may be redirected to,54 for experiments where pump and probe laser
have different central frequencies. From an experimental point of view, GB, SE and
ESA are challenging to separate, and the combined pumped state is treated as a single
state. This leads to a simplified but often useful view on PP-SFG.
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Figure 2.8: a) and b) Energy diagram of a pump-probe SFG experiment. c) Toy model
of pump-probe SFG signals.

Figure 2.8 a) and b) shows the energy diagram of a PP-SFG experiment. Here two
independent intensities, one for the unpumped and one for the pumped process, are
recorded. As already mentioned, the unpumped process is equal to the ordinary SFG
process described in Figure 2.1. However, the energy diagram of the pumped process is
different. Here the pump beam (grey arrow) changes the population of the oscillators
in the ground state, indicated by the orange dots. Due to the depletion of the ground
state, the probe pulse, generating the SF signal, has a decreased likelihood of generating
SF light. Thus the SF intensity of the pumped process is decreased in comparison with
the unpumped process. By tuning the time delay between pump and probe pulse,
one is able to study the lifetime of the excited vibrational state, as with increasing
delay time, a greater fraction of the excited state population decays into the ground
state. Figure 2.8 c) is a model, showing a possible pumped and unpumped SFG signal
intensity as it could appear during an experiment for a fixed pump-probe time delay.
Figure 2.8 c) makes clear that the pumped signal is reduced in comparison to the
unpumped signal intensity. Furthermore, it shows that the quantity of interest is the
difference or the ratio of the pumped and the unpumped signal, containing spectral as
well as temporal information about the |v〉 state. In the following, I will explain the
model used to phenomenologically describe the spectroscopic effects of the |v〉 → |g〉
transition.

2.1.3 Phenomenological Description with the Four-Level-Model

To describe the experimentally observed dynamics of the above mentioned |v〉 → |g〉
transition in water, assuming a single exponential decay is not sufficient. Instead,
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the so-called four-level-model is used. It was initially used to describe pump-probe
dynamics of bulk water.55,56 Later it turned out that it can also be used to describe
the interfacial vibrational dynamics of water.57 To the best of the my knowledge, this
model has always been solved numerically if used to describe SFG data. This thesis
aids in the analysis of this model as it presents an analytical solution to the four-level-
model previously not used in the field of SFG. This section is, therefore, part of the
publication Deiseroth et al.58
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Figure 2.9: Energy level of the involved vibrational states. A pump pulse excites
molecules from the ground level N0 into N1. With a lifetime of τ1 the
molecules decay into an intermediate state N2 and after τ2 into a long
lived heated ground state N3.

Figure 2.9 shows an energy level diagram of the four-level-model. A pump pulse excites
a fraction of the molecules from the vibrational ground state N0 into an excited state
N1. The excited molecules stay in N1 for an average lifetime of τ1 and decay via
an intermediate state N2 into the heated ground state N3. Due to the absorption
of the laser beam, the temperature of the system changes. In particular, the cooling
of the system occurs at timescales much longer then the experiment resolves. Thus a
stable heated ground state is a reasonable assumption to account for these temperature
effects.47,59,60 However note that experimental deviations from this assumption have
been observed and effects due to long time delays are currently under investigation.61

The model in Figure 2.9 can be described by a system of coupled first-order linear
differential equations given in Equation 2.21 - Equation 2.24. N is the total number
of oscillators, Ni(t) with i ∈ {0, 1, 2, 3} denotes the number of oscillators at time t in
state i and τi is the corresponding lifetime of the state Ni.

N0(t) = N −N1(t)−N2(t)−N3(t) (2.21)
dN1(t)/dt = −N1(t)/τ1 (2.22)
dN2(t)/dt = N1(t)/τ1 −N2(t)/τ2 (2.23)
dN3(t)/dt = N2(t)/τ2 (2.24)
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Typically a Gaussian-shaped excitation function is applied within Equation 2.22 and
Equation 2.23 to account for the temporal width of the excitation pulse. This makes
it impossible to solve the differential equation analytically. However, as shown below,
if one first solves the differential equations and then convolves this solution with a
Gaussian instrument response function, a purely analytical model function can be
derived. This has the practical advantage of not needing a numerical differential
equation solver upon fitting the data and thus leads to more robust fitting results.
The analytical solution to Equation 2.21 - 2.24 is given by the equations 2.25 - 2.28.

N0(t) = N −N1(t)−N2(t)−N3(t) (2.25)

N1(t) = N1(0)e−t/τ1 (2.26)

N2(t) =
1

τ1/τ2 − 1
(e−t/τ1 − e−t/τ2)N1(0)+

e−t/τ2N2(0)

(2.27)

N3(t) =

(
1− e−t/τ1
1− τ2/τ1

+
e−t/τ2 − 1

τ1/τ2 − 1

)
N0(0)+

(1− e−t/τ2)N2(0) +N3(0)

(2.28)

The pumping due to the probe pulse is negligible and therefore we assume N0(0) =
N −n, N1(0) = n, N2(0) = 0 and N3(0) = 0 at initial time t = 0 with n the number of
initially excited oscillators. This simplifies Equation 2.27 and Equation 2.28 because
only their first terms deviate from 0. Assuming an instantaneous excitation pulse, the
time dependent bleach RSFG(t) is modeled by the population of involved vibrational
states as show in Equation 2.29.

RSFG(t) ∝ S(t, τ1, τ2, c) = (N0(t)−N1(t) +N2(t) + cN3(t))2/N0(0)2 (2.29)

This assumes the same spectral shape of the ground state N0(t) and the intermediate
state N2(t) while RSFG is reduced by the amount of oscillators in the first excited
state N1(t). The scaling factor c accounts for the differences in the spectral shape of
the heated ground state N3(t) in comparison with N0(t).
To account for the finite temporal width of the pump laser, Equation 2.29 must be
convolved with the temporal profile of the excitation pulse resulting in Equation 2.30.

RSFG(t) ∝ S(t, τ1, τ2, c) ~ Pext(t) (2.30)

Where Pext(t) denotes an arbitrary shaped excitation function and ~ a convolution.
By assuming a Gaussian excitation profile with width σ at time µ and amplitude
A, the convolution integral of Equation 2.30 can be solved analytically resulting in
Equation 2.31

RSFG(t) ∝ S′(t, τ1, τ2, c, A, σ, µ) = S(t, τ1, τ2, c) ~G(t, A, σ, µ)1 (2.31)
1A reference implementation of the function can be found at https://github.com/deisi/
bleach-models.
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Out of the 6 parameters of Equation 2.31, 3 can be readily determined independently.
The width σ and the temporal position µ of the excitation beam can be deduced from
the measured cross-correlation of the three involved laser beams. Previous results from
pump-probe IR measurements for bulk H2O have indicated that τ2 is 700 fs.17,47,62 The
free parameters are thus: The lifetime of the first excited state τ1, the amplitude of
the excitation A and the amplitude of the heat c. S′(t, τ1, c, A) is then used as a model
function for a least square fit to the measured RSFG(t) traces, and τ1 is thus extracted
as the lifetime of the initially excited vibrational state.

Time

B
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a
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Figure 2.10: Trace calculated by the four-level-model. The slope of the left edge is
determined by the width of the gaussian excitation function. The slope
on the right side is dominated by the τ1 and τ2 lifetimes.

Figure 2.10 shows a calculated trace using Equation 2.31. For small delay times, the
trace shows a fast decrease. Typically this decrease is dominated by the width of the
Gaussian excitation function. Then the signal increases with lifetimes dominated by
τ1 and τ2. The final amplitude depends on the value of the heat parameter c.
Note that the presented deviation of RSFG(t) is based on the ratio of pumped an
unpumped population. This can be seen by the form of Equation 2.29, where the
denominator is N(0) (typical equal to 1). In Equation 2.14 the difference of pumped
and unpumped SFG intensity is used. However, the result of Equation 2.31 can
be transformed for difference based pump-probe data. Assuming g is a normalized
Gaussian function, f is an arbitrary function and the population at time zero is set to
N(0) = 1. We obtain:

g ~ (f − 1) = (g ~ f)− (g ~ 1) = (g ~ f)− 1

∫
gdt (2.32)

The tailing integral
∫
gdt becomes 1 if g is a normalized Gaussian function, what is

the case here. Thus for difference-based results, the same function can be used, except
it needs to be subtracted by 1.
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2.2 Pump-Probe Sum Frequency Generation Setup

The static and PP-SFG experiments were performed using a custom build tabletop
PP-SFG setup. In the following the fundamental optical elements of the setup will be
described.
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Figure 2.11: Sketch of a pump-probe SFG setup. Abbreviations are beam splitter
(BS), Filter (F), half-wave plate (HWP), polarizer (P), lens (L), charged
coupled device (CCD), barium borate crystal (BBO), lithium niobate
crystal (LiNbO3). For the sake of clarity, alignment and optimization
related optical elements are not shown, elements are not drawn to scale.

A simplified sketch of the PP-SFG setup is shown in Figure 2.11. Laser pulses are
produced by a seed oscillator (Mai Tai, Spectra Physics) with a central wavelength of
800 nm and roughly 50 nm bandwidth. The Spitfire Ace amplifier is pumped by two
Empowers (22 mJ pulse energy at a central wavelength of 527 nm) and has a power
output of about 10 W and a pulse length of 40 fs with a repetition rate of 1 kHz. The
output of the amplifier is split by several beam splitter (BS).
Roughly 3 Watts are sent into a Topas-C with a DFG stage and a tunable output
wavelength of between 2µm and 10µm. The output pulse energy of the Topas-C varies
with the output frequency. Typically about 40µJ at a center frequency of 2500 cm−1

after an IR bandpass filter (F). A half-wave plate (HWP) and a polarizer (P) are used
to guarantee p-polarization at the sample and the angle of incidence on the sample is
40° with respect to the surface normal. In an ordinary SFG experiment, this beam
is called IR beam due to its frequency range, while in a pump-probe experiment, this
beam is called probe.
Less then 1 W of the broad 800 nm laser light is sent into an etalon , and depending
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on the angle of the etalon with respect to the beam axis, a specific central frequency
of the visible is selected. Here a central wavelength of 812 nm is used. The exact
frequency is needed for calibration of the center SFG frequency, but has no further
influence on the experiment as the visible laser frequency is far from any resonances of
the studied samples. A combination of a half-wave plate, a polarizer, and an additional
half-wave plate is used to control the polarization of the visible laser at the sample
(s-polarized), as well as reduce the power of the visible beam. This is useful for heat-
sensitive samples, such as lipid monolayers, that can be burned or spatially moved out
of the focus by the laser beam itself.63 The incident angle of the visible laser with
respect to the surface normal is 70°. At the sample, a pulse energy of up to 20µJ is
used.
To generate the narrowband pump beam at ≈ 2000 nm the idler output of a second
Topas-C is sent into a BBO crystal to generate ≈1000 nm IR pulses (green in
Figure 2.11). These pulses are overlapped with 800 nm pulses within a LiNbO3 crystal
to generate narrowband pump pulses via a DFG process (p-polarized, ≈ 90 cm−1 full
width at half maximum, fwhm). By tuning the frequency of the doubled idler and
adjusting the phase-matching condition at the LiNbO3 crystal, the infrared pump
laser can be tuned between 2350 cm−1 and 2750 cm−1. The maximum pulse energy at
the sample varies from 5µJ to 10µJ, depending on the central pump frequency. The
angle of incidence with respect to the surface normal is 55° and a copper blocks every
second pump pulse reducing the effective pump pulse rate to 500 Hz.
By overlapping probe and visible laser pulses at the sample, SFG light is produced at
a central frequency of 674 nm and sent into a Acton SpectraPro-300i spectrometer and
detected using an Andor Newton DU971 P-BV electron-multiplied charged coupled
device (EMCCD) camera. The integration time of a single spectrum is between 10 s
and 200 s depending on the specific sample signal intensity and laser power.
During a pump-probe SFG measurement, multiple nonlinear optical effects take place.
Most of these processes are not of interest during a PP-SFG experiment and are
suppressed using spatial and spectral filtering. However, the sum signal of pump-
probe-visible (PPV) turns out to be useful. It is emitted at almost the same angle as
the SFG light, but due to its shift in central frequency (570 nm) it can be suppressed
by the spectrometer. The PPV signal is a bulk allowed χ(3) signal and, therefore,
much stronger than the bleach of SFG. Because the requirements for PPV and bleach
are the same, the PPV signal can be used to align for optimal bleach conditions. PPV
further allows measuring the cross-correlation of the setup. This is done by changing
the delay between pump-probe using the delay stage (see Figure 2.11) and recording
the PPV signal as a function of pump-probe time delay. This requires a sample with
instantaneous response to the changes induced by the pump, probe and visible laser
beams. Therefore typically gold is used to measure the cross-correlation.

2.2.1 Analysis of the Instrument Response Function

With PP-SFG setup, it is possible to estimate the temporal shape of the instrument
response function. This is possible because the limiting factor for the instrument
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response function is the pulse duration of the individual beams. The exact pulse
duration of pump, probe and vis beam individually is challenging to measure and would
require multiple autocorrelation measurements. However for PP-SFG experiment this
is not needed. Instead, the time dependency of the convolution of the pump pulse
with the SFG of the probe and vis beam is of interest. This time dependency is
proportional to the time dependency of the bulk sensitive χ(3) signal, occurring at
the sum frequency of the pump, probe, and vis beam. Here this signal occurs at a
central wavelength of about 575 nm depending on the specific central frequencies of
the used beams. By recording the integrated intensity of this signal as a function of
pump-probe time delay, the temporal width of the instrument response function can
be estimated. In the following, this measurement is called a cross-correlation scan,
and its width is used as an estimator for the instrument response function. Prior
to each pump-probe experiment, the cross-correlation is measured and fitted with a
Gaussian function to determine the width. The width is typically less then 200 fs (see
Figure 2.12) and varies slightly with the specific central frequency of the pump and
probe beam, as well as with the general alignment of the setup. A careful inspection
of Figure 2.12 reveals, that the cross-correlation is not strictly of Gaussian shape. The
visible asymmetry originates from the optical elements of the setup, and, in particular,
the etalon. However, this asymmetry will not be further considered.
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Figure 2.12: Cross-Correlation of Pump-Probe and visible as a function of pump-probe
time delay. The cross-correlation is fitted with a Gaussian and used to
approximate the system response function of the setup.

2.3 Analyzing Pump-Probe SFG Data

Throughout the course of this thesis, a substantial amount of python code aiding in
the analysis of pump-probe SFG data was written. This python code can be found
at https://github.com/deisi/SFG2D. Explaining the analysis package is out of the
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scope of this thesis, but the packages provide:

• Modules to import various spectroscopic file formats

• Abstraction classes for background subtraction and normalization

• Methods to analyze static, phase-resolved, pump-probe as well as 2D-SFG data.

• Module with fitting classes. In particular the four-level-model

• Visualization functions
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3 Regulating Heterogeneous Ice
Nucleation Efficiency of Mica with
Ions

Part of this chapter has been submitted to Journal of the American Chemical Society
and is at the time of writing under revision.64 The submission contains the abstract,
the introduction as well the ice nucleation measurements, the SFG measurments and
the results.

3.1 Abstract

Heterogeneous ice nucleation (HIN) is ubiquitous in numerous environmental and
biological processes. In nature, HIN triggered by mineral aerosols can have a significant
impact on the regional atmosphere and climate. Mineral surfaces typically expose
various ions. However, the dependence of HIN on the nature of the mineral surface
ions is still largely unexplored. By taking advantage of the unique property that the
K+ on the atomically flat (001) surface of muscovite mica (a prototype model for
the surface of mineral aerosols) can be facilely replaced by different cations through
ion exchange, we investigate ion-specific effects on HIN. The experiments show that
the surface (001) of H+-exchanged mica displays markedly higher HIN efficiencies
than that of Na-/K-mica. In other words, the HIN efficiencies strongly depend on
the characteristics of the cations embedded on the mica surface. Vibrational sum-
frequency generation spectroscopy reveals that the H-mica induces substantially less
orientation ordering, compared to the Na-/K-mica, within the contact water layer at
the interface.

3.2 Introduction

Heterogeneous ice nucleation (HIN) is widely observed in a variety of environmental
and biological processes. A better understanding of the HIN underlying mechanisms
is important, for example, to develop improved models of cloud formation.11,65–67

However, predicting and tuning of HIN is still very challenging. In part due to the lack
of understanding molecular-level mechanisms of HIN.68,69 As a quantitative measure,
Koop et al. introduced water activity (i.e., the ratio of the water vapor pressure
of the solution and of pure water under the same conditions) as a determinant for
homogeneous ice nucleation in aqueous solution.70,71 Naturally ice nucleation often
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occurs via HIN on e.g. the surface of mineral aerosols. These mineral aerosols are
embedded with various types of ions and are key to the formation of clouds and
ice nuclei.72–77 Many studies have focused on the impact of mineral aerosols with
different ions on ice nucleation and conflicting conclusions exist due to the complexity
of the surface of mineral aerosols.12,78–86 Kumar and coworkers found that the HIN
efficiencies of even the same feldspars were distinct in the solution of NH3 (NH4

+) and
Na2SO4, possibly due to the ion exchange and/or adsorption of ions on the feldspars’
surfaces.66,75

While the role of water has been intensely studied, direct experimental studies of the
effect of ions on interfacial water and on the HIN efficiency are crucial to achieve
an improved understanding of HIN tuning. In this study, muscovite mica surfaces
with different cations were examined in order to establish a correlation between
the ion specificity of interfacial water, and the impact of ion specificity on HIN.
More importantly, the cation K+on the mica surface can be exchanged with other
cations.87,88 Our measurements show that the HIN efficiency, measured by the ice
nucleation temperature (TH) is sensitively dependent on the cations on the mica
surface. The mica surface with atop H+-exchanged (H-mica) displays the highest
HIN efficiency, while mica surface with atop Na+ (Na-mica) has the lowest efficiency
in promoting ice nucleation among mica surfaces with various cations. Vibrational
sum-frequency generation (SFG) spectroscopy analysis reveals that the H-mica has
the least oriented interfacial water. In contrast, the Na-mica has the most oriented
interfacial water.

3.3 Molecular Structure of Muscovite

The molecular structure of muscovite mica is shown in Figure 3.1, with layers of OH
groups highlighted in color.
Figure 3.1 a) shows the side view of two layers of muscovite mica with labeled 1-OH1,
1-OH2, 2-OH1 and 2-OH2 groups and the connecting K+ layer in the center. The side
view of the molecular structure of muscovite mica indicates two layers of tetrahedral
SiO4 sheets sandwiching one octahedral aluminum layer. The substitution of Si4+ by
Al3+ in the SiO4 sheet leads to an intrinsic negative charge of mica surfaces, which are
neutralized by electrostatically bound interlayer K+.90 Mica can be cleaved atomically
flat along the K+ layer and the outermost K+ layer can be exchanged with ions, by
flowing or immersing mica into ionic solutions to obtain Na-Mica, H-Mica, Cs-Mica,
K-Mica or Rb-Mica.31,88,91–94 Figure 3.1 b) shows the top view of the mica crystal,
with the same color highlighting of the OH groups, showing the rotational orientation
of the OH groups. The OH groups of 1-OH1 and 1-OH2 have a 180° back to back
symmetry. The same back to back symmetry is found in the second mica layer (2-OH1

and 2-OH2) but rotated by an angle of about 108° relative to the 1-OH1 layer.
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Figure 3.1: a) side view of the molecular structure of two layers of muscovite mica.
The OH groups are colored according to their relative surface position.
The layers of OH groups are labeled in order with 1-OH1, 1-OH2, 2-OH1

and 2-OH2. b) top view of the outermost mica layer. The orientation of
the deeper OH groups is highlighted. Reprinted with permission from.89

Copyright 2019 American Chemical Society

3.4 Mica XPS Data to confirm ion exchange

To confirm the ion exchange on the mica surface, XPS spectra on various ion-
exchanged mica surfaces were measured. XPS spectra in the 750 eV-710 eV, 1090 eV-
1050 eV, and 215 eV-180 eV energy region indicative of the Cs 2p, the Na 1s and the
Cl 2p orbital binding energy, are shown in Figure 3.2 and Figure 3.3. Note that it is
not trivially possible to confirm the exchange of H+ with XPS. The samples exposed
to ionic solutions were rinsed with water prior to vacuuming and cleaved before the
first contact with ionic solutions.
Figure 3.2 shows XPS spectra of mica surfaces after exposure to different ionic
solutions. Different colors in the same panel denote different positions on the same
sample. Panel a) to c) show the XPS spectra at the Cs 3d orbital binding energy region.
a) of a freshly cleaved mica sample, b) a sample exposed to 0.5 M CsCl for 30 min and
c) a sample first exposed to 0.5 M CsCl for 30 min and subsequently exposed to 0.5 M
KCl for 30 min. Note that the shift in the red spectrum of panel b) is most likely
due to space charge effects on the insulating mica sample, induced by the neutralizer
of the XPS setup.95 Panel d) to f) of Figure 3.2 show XPS spectra in the orbital
binding energy region of the Na 1s orbital. d) of a freshly cleaved mica sample, e) of
a sample exposed to 0.5 M NaCl for 30 min and f) exposed to 0.5 M NaCl for 30 min
and subsequently to 0.5 M KCl for the same amount of time.
The spectra of Figure 3.2 confirm that Cs as well as Na atoms attach to the surface
and that KCl is sufficient to remove Cs and Na from the surface.88 In the case of Na
one can notice that even the cleaved sample shows a significant amount of Na atoms at
the surface. As this sample was never exposed to Na specifically, we assume a residual
Na contamination within the samples themselves as mica is mined and not produced
synthetically.96

30



3 Regulating Heterogeneous Ice Nucleation Efficiency of Mica with Ions

720740

Cs
3d

 O
rb

ita
l

Co
un

ts
/s

Cleaved
a)

720740

CsCl
b)

720740

CsCl Removed
c)

1060107010801090

Na
1s

 O
rb

ita
l

Co
un

ts
/s

Cleaved
d)

1060107010801090
Binding Energy/eV

NaCl
e)

1060107010801090

NaCl Removed
f)

Figure 3.2: XPS spectra of ion exchanged mica surfaces. Panel a) to c) show the
Cs3d orbital binding energy region. Surface near Cs atoms show two peaks
at about 740 eV to 720 eV with a 1/3 to 2/3 area ratio. Panel d) to f)
shows the Na1s orbital binding energy region. Surface near Na atoms
show a single peak at about 1075 eV. The shoulders at 1070 eV, 730 eV
and 720 eV as well as the shifted red spectrum in d) are most likely an
artifact of the neutralizer.
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The Na peak in panel e) shows intensity fluctuations of about 50 % throughout the
same sample. As this behavior was recorded for several samples with contact to NaCl,
we conclude that Na is inhomogeneous distributed at the mica surface with a coverage
of about 50 %.
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Figure 3.3: XPS spectra of 4 different mica samples. Surface near Cl atoms would
show two peaks at 198.6 eV and 200.2 eV with a respective 2/3 and 1/3
area ratio.

Figure 3.3 shows XPS spectra of the Cl2p orbital binding energy region on freshly
cleaved mica and mica samples exposed to KCl, NaCl, and CsCl. Surface near
Cl atoms would show two peaks at 198.6 eV and 200.2 eV with a 2/3 to 1/3 area
ratio respectively. Considering the neutralizer as systematic uncertainty of the
measurement, a 1.6 eV energy splitting between the two peaks needs to hold. Thus
the two peaks visible in the green NaCl measurement at 209 eV and 198 eV with there
11 eV splitting can not originate from Cl. The 198 eV peak visible in both the NaCl
(green) and the cleaved (blue) measurement could match to the 198.6 eV peak of the
Cl2p orbital, given that the weaker 200.2 eV peak stays below the detection threshold.
However, the result would then be that also the cleaved mica sample contains a similar
amount of near-surface Cl atoms. We thus conclude that there is no significant amount
of Cl left on the surface after rinsing during the ion exchange process.

3.5 Ice Nucleation Measurements

The ice nucleation temperature (TH) measurements were performed by Shenglin Jin
and Jianjun Wang and are reproduced here with permission.
Figure 3.4 shows the effect of mica surface cations on TH and thus the HIN efficiency.
First, the mica surface is dried by flushing nitrogen and then water droplets of 0.1µl are
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Figure 3.4: Ice nucleation temperature measurement of droplets on ion exchanged
mica. H+ exchanged mica exhibits highest ice nucleation temperature
(−20 °C), while Na+ exhibits lowest ice nucleation temperature (−26 °C).
Replotted from64 with permission.

placed on top of the mica samples. The samples are then installed in a temperature-
controlled closed sample cell and cooled down at a constant cooling rate of 5 °C/min.
The effect of cooling rate is studied in detail in the publication.64 The freezing of
the water droplets is monitored with a high-speed camera connected to an optical
microscope. As shown in Figure 3.4, the ice nucleation temperature TH of water
droplets on the surface of H-mica is ca. −20 °C, whereas it is ca −26 °C on Na-mica.
The order of TH on the mica surfaces with cations is H-mica > Cs-mica > Rb-mica
> K-mica > Na-mica. The mica surface with H+ exhibits a substantially higher
average TH than those with other alkali cations. These results indicate that the TH
depends on the type of cation on the mica surfaces. However, the molecular mechanism
causing these differences in HIN efficiency remains unclear. E.g., it could be, that water
orientation and structure are controlling factors of the HIN efficiency. Therefore we use
SFG to study the interfacial structure of the cation exchanged mica-water interface.

3.6 Causes for Sample to Sample Variations

By measuring the SFG response from the mica-water interface, it is possible to obtain
information on the molecular structure of the mica-water interface. Because water
absorbs the IR laser beam of the SFG setup, the experiment was performed in the so-
called buried configuration, shown in Figure 3.5, with all laser beams passing through
the mica sample and the SFG light detected in reflection geometry.
To verify that IR, VIS and SFG laser beams pass through the mica sample, IR and
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Figure 3.5: Beamgeometry for the mica-water SFG experiments. All three laser
beams, IR, VIS and SFG pass through the mica sample.

VIS-transmission spectra of a mica sample were measured. The transmission spectra
and the relevant frequency and wavelength regions are denoted in Figure 3.6.
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Figure 3.6: IR- and VIS-transmission spectra of a mica sample. a) is the IR-
Tranmission spectrum, with the transmittance in green and the OH-stretch
and OD-stretch resonances marked with blue bars. b) transmittance of the
same mica sample in the wavelength region of the VIS and SFG laser beam.

Figure 3.6 a) shows the IR-transmission spectrum of a 0.18 mm ± 0.03 mm thick mica
sheet in green. The blue bars labeled OH-stretch and OD-stretch, mark the relevant
region of the stretch vibrations, respectively. The IR-transmission spectrum shows
a strong absorption above 3500 cm−1. This absorption is known to originate from
the hydroxyl groups within the lattice structure and is the reason for the spectral
cutoff in Figure 3.7 at 3500 cm−1.89 Throughout the 3500 cm−1 to 2300 cm−1 region,
where primarily the OD-stretch and the OH-stretch vibrations are resonant, the IR-
transmission spectrum is mostly flat, with a transmittance of about 80 %. Below
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2300 cm−1 another absorption dip in the IR-transmission spectrum of mica appears.
Figure 3.6 b) shows a VIS-transmission spectrum of the same mica sheet. The
VIS beam of the SFG experiment has a central wavelength of about 810 nm with
a bandwidth of less than 1 nm. The SFG light has a central wavelength of about
674 nm with a bandwidth of more than 20 nm. In both, the spectral region of the
SFG signal and the VIS laser beam, the transmittance of the mica sample is flat with
a transmittance of about 80 %. Thus the transmission spectra of Figure 3.6 confirm
that the buried geometry of Figure 3.5 is suitable for detecting SFG light from the
mica-water interface.
#Proof that the signal is from mica-h2o and not mica-d2o To exclude the mica-air
interface as the primary source of the SFG signal, an isotopic exchange experiment
was performed. Here the SFG spectrum of the mica-H2O interface with the central IR
laser beam frequency resonant to the OH-stretch vibration of H2O is compared to the
SFG spectrum of the mica-D2O interface at the same central IR laser beam frequency.
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Figure 3.7: SFG intensity of mica-D2O in comparison with mica-H2O in the OH
stretch region. The signal of the bonded region from 3100 cm−1 to
3500 cm−1 vanishes up on isotopic dilution.

The spectra of the isotopic exchange experiment are shown in Figure 3.7. As expected,
the SFG intensity from the mica-H2O interface (blue) is significantly larger than the
SFG signal from the mica-D2O interface (orange). This excludes the mica-air interface
as the primary SFG signal source and leaves the mica-liquid interface as the most likely
source of SFG signal.
During the SFG experiments, it became clear that the positioning of the mica sample
has a significant impact on the mica-water SFG spectrum. Thus SFG spectra as a
function of sample rotation were measured.
Figure 3.8 a) shows three SFG spectra of the same mica-D2O sample at three different
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Figure 3.8: a) exemplary spectra of the same mica-water sample at three different
rotation angles. b) Integrated SFG intensity for the hydrogen-bonded
region (2300 cm−1 − 2630 cm−1) and the hydroxyl region (2630 cm−1 −
2750 cm−1) as a function of the rotation angle.

rotation angles. The rotation angle is defined with respect to the plane of incidence
of the VIS and IR laser beam. The spectra in Figure 3.8 a) are separated into
two regions, the hydrogen-bonded region from 2300 to 2630 cm−1 and the hydroxyl
region from 2630 cm−1 to 2750 cm−1. The 0° rotation angle is calibrated by the
maximum integrated SFG intensity of the hydroxyl region. The spectra of Figure 3.8
a) clearly show rotation angle-dependent SFG intensities. Figure 3.8 a) makes clear,
that primarily the hydroxyl region is affected by the rotation angle. Figure 3.8 b) is
a polar-plot of the integrated SFG intensity of the hydrogen-bonded and the hydroxyl
region, respectively, where the distance from the origin corresponds to the integrated
SFG intensity. Figure 3.8 b) shows a strong rotational dependency for the hydroxyl
region (asymmetric shape) and a substantially smaller effect on the hydrogen-bonded
region (round shape).
By looking at the crystal structure of the muscovite mica itself, (Figure 3.1) the
angle dependency of Figure 3.8 can be understood. The hydroxyl signal originates
primarily from the OH hydroxyl groups of the mica itself. In total four layers with
OH groups labeled, 1-OH1, 1-OH2, 2-OH1 and 2-OH2 in Figure 3.8, are responsible for
the hydroxyl Signal. The outermost 1-OH1 and 1-OH2 layers have a 180° orientation,
generating the 180° symmetry of Figure 3.8. The two deeper layers 2-OH1 and 2-OH2

are rotated by about 105° relative to there outer most counter layer 1-OH1 and 1-OH2

respectively. Thus a second and a third maximum at about 105° and 285° are expected.
Figure 3.8 b) clearly shows SFG signals from 1-OH1 and 1-OH2 layer at 0° and 180°.
The signals from 2-OH1 and 2-OH2 are not clearly visible. Both maxima at 135° and
275° are candidates for the 2-OH1 signal, depending on a left- or right-handed crystal
symmetry. However, in either case, the signal at 285° or 75° expected from 2-OH2 is
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3 Regulating Heterogeneous Ice Nucleation Efficiency of Mica with Ions

missing. Given the rough 45° sampling steps used here, the 2-OH2 signal could very
well be undetected. The effect of the muscovite mica hydroxyl groups on the SFG
signal has been studied in details by Tuladhar et al.89 From these results, it is clear
that the crystal structure of the muscovite mica itself has an impact on the observed
mica-water SFG spectrum and needs to be accounted for.
To further study the reproducibility of the SFG spectrum from the mica-water
interface, we turn towards Figure 3.9. Here the SFG spectra from three separate
mica-water interfaces are shown.
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Figure 3.9: Three SFG spectra in the OH-stretch vibrational region for three different
mica-water interfaces at arbitrary rotational angles. The spectra show
significant differences, in particular the variations around 3100 cm−1 to
3250 cm−1 can not be explained by rotational effects.

The signal between 3000 cm−1 and 3550 cm−1 originates primarily from the OH stretch
vibrations of water at the mica-water interface, with clear spectral differences between
the samples. The samples are positioned with an arbitrary rotation, and the above
mentioned rotational effects could cause some sample variations. Further, the samples
have a thickness variance of 0.15 mm - 0.21 mm likely causing a constant SFG intensity
offset. An additional source of uncertainty is the presence of small cracks within the
mica sheets. The adhesion force of the K layers of mica is relatively weak, allowing
for easy sample cleaving, but also increasing the likelihood of crystal defects along
the K plains.97,98 As the mica samples are relatively thin, interference of multiple
SFG signal reflections could cause variations as well.99 Overall we see that a set of
systematic uncertainties makes the investigation of the mica-water interface difficult.
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3.7 SFG on Mica-Water Interface

The main objective here is to investigate the impact of mica surface ion exchange on the
mica-water interface. Thus the observations and analysis of sample-to-variations above
lead to a systematic measurement and analysis scheme described in the following.
By using a flow cell to perform the ion exchange on the mica surface, the need
for sample replacing between ion exchange steps is removed. Instead, samples are
exchanged only to obtain additional statistical information.

Ion exchange

RCl Solution
R = H, Na, K, Cs

Mica

Sample Cell

RCL (30min)1.

4 x H2O2.

Measure3.

a) b)

Figure 3.10: a) the flow cell configuration allows the ion exchange by flowing RCl
solutions. b) the flowing sequence of a single ion exchange.

Figure 3.10 a) shows the flow cell design with the mica interface atop the flow cell.
By flowing solutions of HCl, NaCl, KCl or CsCl, the surface cation of mica can be
exchanged. Figure 3.10 b) depicts the flowing procedure used to obtain a single SFG
spectrum from a R+ terminated mica-water interface. At first, the surface cation is
exchanged by flowing RCL solution. In a second step, pure water is flown to clean
the sample cell of residual RCl solution and in a third step the SFG spectrum of the
mica-water interface is measured.
As mica is naturally terminated with K+ ions, flowing KCl can be considered as
cleaning the surface of exchange ions. Therefore each sample was first cleaned by
flowing KCl solution, and the initial K-mica SFG spectrum was measured. Then the
surface ion-exchange was performed according to Figure 3.10 b), and the R-mica SFG
spectrum was recorded. After flowing KCl solution a second time, a final K-mica
SFG spectrum of the cleaned K-mica-water interface was measured. By comparing
relative intensity changes of these three spectra, the influence of the surface ions on
the mica-water SFG spectrum could be inferred.
Figure 3.11 shows SFG spectra of the mica-water interface of three different mica
samples, with three different surface ions attached to the mica interface. Each panel
shows an initial K-mica spectrum in blue, and an Na-mica, Cs-Mica or H-mica in
orange. In green, a final K-mica spectrum after cleaning is shown. Note that the
difference in the spectral shape of the initial K-mica is not due to the attached ions,
but rather due to variations of the mica samples themselves. Figure 3.11 a) shows
an enhancement of roughly a factor of 2 in the SFG intensity of the mica-water
signal if Na+ ions are attached to the mica-surface. Figure 3.11 b) shows, within the
experimental uncertainty, the same spectrum in the case of Cs+ and K+ terminated
mica-water interface. Figure 3.11 c) shows the influence of H+ relative to K+ and
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Figure 3.11: SFG Spectra of the mica-water interface of three different samples
terminated with Na+, Cs+ and H+ respectively. Note the difference in
spectral shapes due to sample to sample variations. a) Na-Mica shows a
signal enhancement of a factor of two compared to K-Mica. b) Cs-Mica
spectrum shows no significant difference to the spectrum of K-Mica. c) H-
Mica has a by about 50 % reduced SFG intensity compared to the initial
K-Mica signal intensity.

one can see a significant drop in the SFG intensity upon attaching H+ at the surface.
However, note that K+ after flowing of HCl does not recover back to its original K+

spectrum, but rather has a lasting decreasing impact on the SFG intensity. To study
the effect of the mica surface ion on the intensity of the mica-water SFG intensity in
detail, the SFG intensity of Figure 3.11 are integrated over the shown spectral range,
and the experiment is repeated for three to four independent measurement sets with
different mica samples.
Figure 3.12 shows the integrated SFG intensities normalized to the initial K+

terminated mica spectra. Sequential measurement sets are of the same color, and
surface cation content is denoted on the x-axis. Arrows guide the eye towards the
significant trend. In the case of Na+, one can see two distinct cases. In one case, the
signal intensity increases almost by a factor of two and in the other by only about
20 %. Note that similar behavior was observed in the XPS spectra on Na+ terminated
mica, where the Na+ coverage was measured to be spatially inhomogeneous with a
surface coverage of about 50 % (see Figure 3.2). Figure 3.12 b) shows that Cs-mica
is not significantly different from K-mica. The effect of H-mica, shown in Figure 3.12
c) is interesting, as H-mica shows a substantially reduced SFG intensity compared to
the initial K-mica. However, the effect of HCl is not fully reversible by flowing KCl
solution. By averaging the in Figure 3.12 observed intensities, it is possible to obtain
generalized results about the cationic effect on the mica-water interface.
Figure 3.13 shows the on average observed SFG intensity as a function of mica surface
cation. The average SFG intensity of K-mica serves as a reference and is thus per
definition 1. As a consistency check, cleaved and K-mica are displayed independently,
and within the experimental uncertainty, the same average SFG intensity is observed.
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Figure 3.12: Trends of repeated SFG intensity measurements as relative variation of
Na+, Cs+ and H+ terminated mica surface. a) intergrated SFG intensity
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Figure 3.13: Average integrated SFG intensity of mica-water interfaces in the OH-
stretch region from 3000 cm−1 to 3550 cm−1, normalized to the intensity
from the K-mica-water interface.
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Clearly, Cs-mica is not significantly different from K-mica, but Na-mica shows a
significant SFG intensity increase of about 50 %, while H+ shows a significant intensity
decrease of about 50 %.
As explained in Equation 1.24, the SFG intensity depends on the density and the
orientation of the contributing oscillators. The observed variation in intensity is most
likely not caused by density variations of the interfacial water, as this is expected
to correlate with the ion size. Cs-mica and K-mica show no significant difference,
even though they have different ion radii.100 It is thus likely that the observed
SFG intensity variations are caused by changes in the orientation of interfacial water.
Possibly the specific cation species on the mica surface causes a change of the average
interfacial water orientation. This change alters the average z-projection of the water
dipole moment and, in turn, changes the SFG intensity. The observed SFG intensity
variations thus reflect changes in the average orientation of interfacial water dipole
moments.31

By comparing Figure 3.4 and Figure 3.13 one can see that the ice nucleation
temperature and the SFG results are correlated. A lower ice nucleation temperature
coincides with a larger SFG intensity and vice versa. Meaning water, with an
on average more aligned dipole moment in z-direction (Na+), exhibits a lower ice
nucleation temperature, because the alignment hinders it from forming ice crystals.
Contrary less oriented water (H+) can move more freely and form ice crystals more
easily and therefore increases the HIN efficiency. This conclusion is consistent with
previous reports that the density and orientation of the interfacial water govern the
HIN efficiency, which can be affected by the surface lattice and/or surface charges
etc.84,93,94,101

Further insights into the molecular structure of the mica-water interface were obtained
by using ab initio molecular dynamics simulations. It was found that the HIN efficiency
could depend on the positional arrangement of the interfacial water layer. Depending
on the mica surface cation, the interfacial water layer could mimic the hexagonal
structure of the Ih basal plane of ice and thus favor ice nucleation. Here the size
of the protruding surface cation and the absorption energy seems to be the tuning
parameters. Additionally, the interfacial water orientation was found to depend on
the surface cation atop mica as well. In the MD simulations, it was observed that
for H-Mica about 25 % of the interfacial water molecules were pointing towards as
well as away from the mica interface. For K-Mica and Cs-Mica 75 % and 67 % of
the interfacial water molecules were pointing towards the mica interface, while 7 %
and 6 % were pointing away from the interface. The 25 % pointing ratio of the H-
Mica matches roughly the expected ratio for an ice crystal and could thus favor ice
nucleation. The 75 % and 67 % for K-Mica and Cs-Mica deviate significantly from
the pointing ratio of the ice crystal and thus hinder ice nucleation. It was therefore
hypothesized that the interfacial water pointing orientation could be a relevant factor
for ice nucleation as well. The molecular insights presented here hopefully help to gain
a better understanding of HIN on other mineral surfaces as well.
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of Interfacial Water

The following chapter is reproduced with minor changes from J. Phys. Chem.
B 2019, 123, 40, 8610-8616.58 https://pubs.acs.org/doi/10.1021/acs.jpcb.
9b08131. Further permissions related to the material excerpted must be addressed
to the ACS

4.1 Abstract

Heterogeneous ozone chemistry occurring on aerosols is driven by interfacial chemistry
and thus affected by the surface state of aerosol particles. Therefore, the effect of
electrolytes on the structure of interfacial water has been under intensive investigation.
However, consequences for energy dissipation rates and mechanisms at the interface
are largely unknown. Using time-resolved sum frequency generation spectroscopy,
we reveal that the relaxation pathway is the same for neat water-air as for aqueous
solutions of Na2SO4 and Na2CO3. We further show that similar lifetimes are extracted
from all investigated systems and that these lifetimes show an excitation frequency
dependent relaxation time from 0.2 ps up to 1 ps. Hence, despite static SFG on the
same systems revealing that the interfacial aqueous structure changes upon adding
electrolytes, the vibrational dynamics are indistinguishable for both pure water and
different electrolyte solutions.

4.2 Introduction

Physical and chemical processes occurring at aqueous interfaces have been shown to
play a prominent role in a variety of fields ranging from the chemistry of atmospheric
aerosols and heterogeneous catalysis to biophysics and biochemistry. For instance, the
heterogeneous ozone chemistry occurring on aerosols is largely driven by interfacial
chemistry.10 In the case of atmospheric aerosols, the situation is especially complicated
because of the large number of different components aerosols can contain.102 Among
these components is a variety of ions, e.g., sodium, sulfate, and carbonate, originating
from natural, as well as artificial sources.103,104 Sulfate, for example, can be found
in large quantities in urban areas, since it is released during industrial production
processes.105 On the other hand, roughly 30 % of the CO2 released by human activity
in the past few decades has been uptaken by the ocean and a large part of it now
resides in the form of CO3

2– within the ocean itself.106
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Given its relevance to environmental chemistry, the structure of interfacial water
in contact with ions has been under intensive investigation throughout the past
decades.107–113 While knowledge of the structure of interfacial water is essential for
understanding heterogeneous ozone chemistry, understanding the dynamics of these
interfaces is also important, as in the course of chemical conversion on the surface of
the aerosol transport of excess energy to and from the reaction sites is crucial. Yet,
a molecular model of these transport mechanisms is currently missing. How is the
energy transported to and from reaction sites? What is the effect of different ions on
the transport mechanisms?
Here we study, using sum-frequency-generation (SFG) and its phase-resolved (PS)
extension PS-SFG, the effect of ions on the structure and the vibrational dynamics
of interfacial water. SFG is a second-order nonlinear process that is interface-specific
owing to its selection rules.31 We use an infrared (IR) beam in resonance with the O-H
stretch vibration of the water molecules. The O-H stretch vibrational frequency is a
marker of the strength of the local hydrogen bond network and the intensity provides
information about the degree of alignment.17

SFG and PS-SFG have already been used to study the effect of ions on the hydrogen
bond network of interfacial water. It was found that ions can perturb the strength of
the hydrogen bonds at the interface even though the ions are located several hydration
layers away from the interface. The results indicate that ions increase the strength of
the hydrogen bond network. Furthermore, the relative order of ions at the interface
was investigated and an ion distribution model was developed. With the help of PS-
SFG the orientation of the dipole moment at the aqueous-air interface was studied and
it was shown that certain ions can even reverse the order of the dipole moment at the
interfacial region of water.107–109

To study the vibrational energy flow, we present the first study on the vibrational
dynamics of the water stretch vibration under the influence of ions. We use Pump-
Probe (PP) SFG to probe the vibrational dynamics at the interface, the interface-
specific counter-part to Pump-Probe IR spectroscopy. PP-SFG adds an additional
pump laser that is tuneable in frequency and time to the SFG setup. With its sub-
picosecond time resolution it is well suited to measure the lifetimes of the water stretch
vibration. PP-SFG can be used to measure how fast the involved oscillators lose their
excitation energy, how vibrational energy is exchanged between molecules and how
fast they change there hydrogen bond partners. Previous PP, IR, and SFG studies on
water have shown a strong pump frequency dependence of the relaxation time. Weakly
bonded hydrogen molecules relax slower then stronger bonded hydrogen molecules.114

Studies of water in contact with lipids at negative charged surfactants have revealed
interesting coupling dynamics between different water species.115

As water in nature is rarely free of ions, it is important to understand the effects of
ions on the water-vapor interface. It remains unclear whether the ion induced changes
to the hydrogen bond network also influence the vibrational lifetimes of the involved
molecular vibrations.
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4.3 Methods

Laser pulses are produced by an oscillator (Mai Tai, Spectra Physics) with a central
wavelength of 800 nm and roughly 50 nm bandwidth. The Spitfire Ace is pumped by
two Empowers (22 mJ pulse energy at 527 nm) and has a power output of about 10 W
and a pulse length of 40 fs with a repetition rate of 1 KHz. The sum frequency signal is
generated using a focused broadband IR beam generated by a Topas-c with DFG stage
(p-polarized, 15µJ, 350 cm−1, centered at 2500 cm−1, angle 40° to surface normal) and
a fraction of the 800 nm output, send into an etalon to generate a narrow-band visible
laser pulse (s-polarized, 20µJ, 810 nm, angle 70°). The SFG signal with a central
frequency of 674 nm is sent into a spectrometer and detected using an Andor Newton
electron-multiplied charged coupled device (EMCCD) camera. The integration time of
a single spectrum is between 100 s and 200 s depending on the specific signal intensity
and laser power. To correct for the frequency content of the IR beam, all SFG spectra
are normalized to the non- resonant SFG response of z-cut quartz.
The salts are SigmaAldrich ACS Grade with a purity of more than 99.9 % and prior to
dissolving them in D2O, the salts are baked for 10 h at 650 °C. No CH contamination
could be observed in the SFG experiments. Both the Na2SO4 and Na2CO3 solutions
prepared at room temperature had molality of 1.8 mol/kg; the exact concentrations
can be found in Table 4.1.

Table 4.1: Used salt concentrations.
Ion Amount/g D2O/ml Molality/mol/kg
Na2CO3 64 ± 1 300 ± 1 1.8 ± 0.1
Na2SO4 62 ± 1 220 ± 1 1.8 ± 0.1

To avoid heating effects from the laser, the sample is rotated such that subsequent
laser pulses hit different spots. A chiller is used to keep the temperature of the
sample constant during the measurement. To minimize evaporation, the temperature
is maintained between 10 °C to 15 °C, and an automated syringe is used to keep the
water level at a constant height throughout the measurement.
To generate the narrowband pump (p-polarized, ≈ 90 cm−1 full width at half
maximum, fwhm, 55° angle) at ≈ 2000 nm the idler output of a second Topas-c is sent
into a BBO crystal to generate ≈1000 nm IR pulses. These pulses are overlapped with
800 nm pulses within a LiNbO3 crystal to generate the narrowband pump pulses. By
tuning the frequency of the doubled idler and adjusting the phase-matching condition
at the LiNbO3 crystal, the infrared pump laser can be tuned between 2350 cm−1 and
2750 cm−1. The power varies from 5µJ to 10µJ depending on the central pump
frequency. The cross-correlation of pump and probe is emitted at about 570 nm after
up-conversion with the visible laser pulse. Prior to each pump-probe experiment, the
pump-probe delay dependency is measured and used as a reference for the instrument
response function. The instrument response function typically has a temporal width
of about 200 fs (subsection 2.2.1). To record pump-probe spectra, a chopper blocks
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every second laser pulse of the pump and a vibrating mirror separates the pumped
and unpumped response sending them onto distinct sections of the CCD camera.

4.4 Structure on the Water-Air interface
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Figure 4.1: SFG of OD-Stretch vibrations for D2O, 1.8 M Na2SO4 and 1.8 M Na2CO3.
Shading around the lines indicates uncertainty of the data based on
10 averaged spectra. The region of enlarged uncertainty at 2400 cm−1

originates from an unusual cluster of cosmic muon induced spikes.116

To investigate the impact of ions on the structure and the vibrational dynamics of the
water-air interface, we first turn towards the structure. Structural information can be
extracted from the interfacial vibrational spectrum, as stronger hydrogen bonds result
in lower vibrational frequencies, and weaker hydrogen bonds in higher vibrational
frequencies.17 The spectrum of just the interface is obtained by SFG spectroscopy
in which the incoming infrared beam is in resonance with the molecular vibration of
interest.31

A SFG spectrum of the OD-stretch vibration of D2O is shown in Figure 4.1. We use
D2O instead of H2O as the vibrational dynamics is slower.57 This also means that
conclusions drawn from D2O could be different for H2O. Around 2750 cm−1 the free
O-D peak is visible. This relative sharp peak originates from O-D groups pointing into
the vapor phase and thus having no hydrogen bond partner.33 Due to the absence
of hydrogen bond acceptors, these bonds vibrate at a relatively high frequency. The
relatively broad feature from 2200 cm−1 to 2550 cm−1 originates from hydrogen-bonded
O-D vibrations and consists of two peaks centered around 2380 cm−1 and 2510 cm−1.
The origin of these two features has previously been investigated using different isotopic
dilutions of H2O, D2O, Methanol and Ethanol mixtures. This has allowed separating

45



4 Influence of Electrolytes on Dynamics of Interfacial Water

intramolecular and intermolecular contributions and led to the conclusion, that the
intramolecular coupling generates the double-peak feature, while the intermolecular
coupling induces a redshift of the O-H stretch vibration.33,117–120

A solution of 1.8 M Na2CO3 in D2O shows a static SFG spectrum that is substantially
different from that of the clean water surface. The strongly hydrogen-bonded region
from 2200 cm−1 to 2420 cm−1 is enhanced, whereas the weakly hydrogen bond region
from 2420 cm−1 to 2600 cm−1 is reduced in intensity. This hints towards an overall
strengthening of the hydrogen-bonded network in the presence of Na2CO3, while the
free OD appears unchanged.
In the case of Na2SO4, the spectral changes are different. 1.8 M Na2SO4 in D2O causes
a signal enhancement from 2200 cm−1 on up till 2550 cm−1, while from this point on,
until the end of the free OD peak at 2800 cm−1, the signal is identical to that of pure
water. The low frequency enhancement can again be interpreted as strengthening of
the hydrogen bond network.121,122
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Figure 4.2: Phaseresolved SFG spectra of D2O, Na2SO4- and Na2CO3-D2O of the
OD-stretch vibration. The difference between the spectrum of D2O and
Na2CO3 could be explained by a χ(3) contribution from D2O. The purple
line is the sum of the D2O spectrum and a χ(3) specturm from Wen et.
al.45 showing a remarkable similarity to the observed Na2SO4 spectrum.

To investigate the orientation of the water molecules at the interface, we performed
phase-resolved (PS) SFG measurements. Figure 4.2 (b) shows Im(χ(2)) of the same
salt-D2O solutions. The hydrogen-bonded region of D2O around 2300 cm−1 to
2600 cm−1 has a negative Im(χ(2)) indicative of a net downwards orientation of the
O-D transition dipole moment of interfacial water towards the bulk.41,42,123 Around
2620 cm−1, the Im(χ(2)) changes sign, showing that the free OD at around 2750 cm−1

has an opposite and thus net orientation with the O-D transition dipole moment
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out of the interface. Adding 1.8 M Na2CO3 reduces the Im(χ(2)) around the weakly
bonded 2550 cm−1 region and increases the Im(χ(2)) below 2490 cm−1. This supports
the hypothesis of Na2CO3, strengthening the interfacial hydrogen bonding network
in comparison with the neat D2O-air interface. A solution of 1.8 M Na2SO4 in D2O
enhances the Im(χ(2)) as well in both the strongly and weakly hydrogen-bonded region.
The enhancement is similar as in the case of the static SFG spectrum from Figure 4.1
(a) and can again be interpreted as a strengthening of the hydrogen-bonded network.
Nonetheless, this increase could also resemble χ(3) contributions. From previous studies
of charged interfaces, it is known that χ(3) effects can play a role in the observed SFG
and PS-SFG spectra.45,46,124,125 In particular, it was shown that the existence of a
static electric field can induce an anisotropy throughout the bulk water and thus alter
the SFG signal. It is commonly assumed that the electric field induced by the charge
is screened by counterions effectively over the Debye length. The Debye length of
saltwater with 2 M ion concentrations is below 2Å and thus smaller than a single water
layer, implying that the χ(3) contributions should be insignificant.124,126,127 On the
other hand, there is a remarkable agreement between the Na2SO4 PS-SFG spectrum
and a constructed PS-SFG spectrum where the PS-SFG spectrum of neat D2O and
χ(3) as reported by Shen et al.45 is used. This is shown as purple line in Figure 4.2.
The Im(χ(3)

D2O) was taken from χ(3) data of H2O and transformed into D2O region using
the harmonic approximation. To match the difference, a scaling factor of n = −7 was
used. The exact number of the scaling factor is meaningless, but the negative sign of
the χ(3) contribution implies that the positive ion Na+ is closer to the surface than the
negative ion SO4

2– .45 As Na+ prefers bulk hydration,128 we conclude that both ions
Na+ and SO4

2– are sub surface. This is in line with simulation studies129 In the case
of Na2CO3 the χ(3) contribution to the signal could be excluded based on the spectral
shape of the signal. We can only speculate about the reason for the difference of
Na2SO4 and Na2CO3 in χ(3) signal. It could be that Na2SO4 forms a double-layer-like
structure, while CO3

2– and Na+ distribute more within the same water slab, creating
an in-plane electric field that is not probed by SFG here.
Static and phase-resolved SFG spectra of 1 M Na2SO4 and 1 M Na2CO3 in H2O have
previously been reported by Allen and coworkers.108,109 Even though the overall
spectral shapes between theirs and ours are comparable, there are some notable
differences. At present it remains unclear whether these differences are the result
of different concentrations, D2O vs H2O effects, impurities, or phase errors.130

From these and prior measurements,107–109 we conclude, that ions in bulk have a direct
effect on the interfacial hydrogen bonded network. However, from the SFG and the PS
SFG spectra nothing can be inferred about the vibrational dynamics at the interface.
Do ions increase or decrease the lifetimes of the OD stretch vibration? Is the energy
flow dynamics affected? To shed some light on these questions, we now turn towards
the dynamics of the stretch vibration of the interfacial hydrogen bond network.
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4 Influence of Electrolytes on Dynamics of Interfacial Water

4.5 Vibrational Dynamics

To probe the vibrational dynamics at the interface we use Pump-Probe (PP)-SFG. By
tuning both, the pump-probe time delay and the central pump frequency, we obtain
information about the relaxation time, as a function of the excitation frequency.131,132
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Figure 4.3: Ratio of pump/unpumped SFG spectra (green) at four different pump-
probe time delays (−10 ps, 0.1 ps, 0.9 ps, 20 ps) of 2 M Na2SO4-D2O
solution. The dashed black line denotes the spectral shape of the pump
pulse and the red line is an guide to the eye.

Figure 4.3 shows the ratio of pump/unpumped SFG spectra (bleach) at pump-probe
time delays of −10 ps, 0.1 ps, 0.9 ps and 20 ps exemplary for 2M Na2SO4 pumped at
2550 cm−1 as a green line. The black dashed line denotes the spectral shape of the
pump pulse. At negative pump-probe time delays, the probe pulse arrives at the
sample before the pump pulse. Thus the ratio for negative times is a flat line around
1. At 0.1 ps the pump pulse depletes the ground state, and we see a reduction in
the ratio around the mean pump frequency. At later times, i.e. after the excitation
due to the pump pulse, the system relaxes, and therefore the ratio recovers back to
1. However one notes, that the spectrum after 20 ps has a distinct shape and shows
frequency-dependent features. To understand this frequency dependency, we turn
towards Figure 4.4.
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Figure 4.4: SFG Spectra of Na2SO4. Top panel shows the SFG spectra of cold (14 °C)
and hot (24 °C) Na2SO4. The middle panel shows the ratio of hot/cold.
Bottom panel shows pumped/unpumped for a pump-probe time delay of
20 ps.
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4 Influence of Electrolytes on Dynamics of Interfacial Water

The top panel of Figure 4.4 shows static SFG spectra for Na2SO4 at 24 °C (Hot) and
14 °C (Cold). Heat leads to an overall loss of orientation throughout the hydrogen bond
network, in particular, the strongly hydrogen bonded region with its intermolecular
coupling around 2380 cm−1 is affected by this. For a better visibility, the middle panel
shows the ratio of the hot and the cold spectrum, while the bottom panel shows the
ratio of the pump and unpumped SFG signals for relatively large 20 ps pump-probe
time delays. If the signal at 20 ps is solely given by a temperature difference, the spectra
in panel b) and panel c) should be the same. While the overall slope of the ratios is
indeed the same, the bottom panel exhibits a more complex structure. Apparently,
the state reached after 20 ps is not yet fully thermalized.
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Figure 4.5: Traces of D2O, Na2CO3, and Na2SO4 at three different pump frequencies.
Lifetimes are extracted by fitting a four-level model. For pump frequencies
greater than 2700 cm−1 a single exponential fit is used.

The traces show in Figure 4.5 are constructed by averaging the bleach over ±30 cm−1

around the central excitation frequency. For each trace between 5-25 transient SFG
spectra at 31 different pump-probe time delays were measured and averaged. In
Figure 4.5 traces for D2O, Na2SO4, and Na2CO3 at three different mean pump
frequencies each are shown. At negative times, the pump pulse arrives after the probe
pulse, and thus, RSFG is 1. At around t = 0 ps, the pump and the probe pulses start to
overlap in time, and the ground state of the sample is bleached, resulting in a decrease
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of RSFG and a consecutive recovery of the signal.
One notes that the magnitude of RSFG depends on the power of the pump pulse and
the IR absorption cross-section at the pumped frequency. Because the pump power
is highest at around 2500 cm−1 as is the IR absorption, the largest bleach can be
seen around this pump frequency. Remarkably, D2O pumped close to the free OD at
2730 cm−1 is an exception to that rule, as we observe a relative high RSFG of 10 %.
Taking the overall picture into account, one can see that the amplitude is largest for
Na2SO4 and smallest for Na2CO3 with D2O in between. Primarily, the amplitude of
the trace is related to the IR absorption of the pump laser.
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Figure 4.6: IR absorption of Na2SO4, Na2CO3, and D2O within the probed frequency
range. The OD-Stretch vibration gives rise to a borad resonance from
2200 cm−1 to 2700 cm−1.

Figure 4.6 shows IR absorption spectra of Na2SO4, Na2CO3, and D2O with the same
salt concentrations as for the SFG spectra. The ATR spectra show the highest
absorbance for Na2SO4 and the smallest for Na2CO3 with D2O in between. This
matches roughly what is expected from the amplitudes of Figure 4.5. Surprising is
the long tail of Na2CO3 between 2200 cm−1 and 2300 cm−1, that does not have a
counterpart in the SFG spectrum or traces of the same ionic solutions.
For long delay times (t ≥ 4 ps) RSFG of Figure 4.5 converges to a value different from
one, but constant on the picosecond timescale of the experiment. This late time signal
represents the elevated temperature of the system and the subsequent weakening of
the H-bonds after vibrational relaxation as discussed above in Figure 4.4. Depending
on the influence of the heat, the value of this constant can be either smaller or larger
than one. D2O pumped at 2400 cm−1 is an example for a long time signal smaller than
one, while most others show a signal exceeding one.
To extract relaxation times the traces are modeled (See Figure 4.5). The reproducible

51



4 Influence of Electrolytes on Dynamics of Interfacial Water

bump in the trace of D2O at delay times of a few hundred femtoseconds, pumped
at 2400 cm−1, shows that a model with at least two lifetimes is needed to describe
the process. As such we use a four-level model described in subsection 2.1.3 for
pump frequencies exciting within the range of the bonded OD stretch vibration (pump
frequency < 2700 cm−1). For the free OD region (>2700 cm−1) a single exponential
model is used.133–135 Figure 4.7 shows the lifetimes of the first excited state τ1 for all
excitation frequencies on all samples.
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Figure 4.7: Lifetimes of the OD stretch vibration for the given excitation frequency.
Round dots indicate lifetimes extracted from a four-level model. Squares
indicate lifetimes extracted from a single exponential fit. The x error bars
correspond to 1σ excitation width, y error bars are fit errors. In total, ≈
24000 SFG spectra were analyzed.

Figure 4.7 shows, that we observe the shortest lifetimes of ≈ 0.2 ps for all samples
around a pump frequencies of 2400 cm−1. From Figure 2.12 it can be seen that the
instrument response function is limiting in the low frequency region. Up on increasing
the excitation frequency to 2600 cm−1 an increase in lifetime up to almost 1 ps is
found. In the case of D2O this nicely matches previously obtained results.114 It was
hypothesized, that the reason for this heterogeneity is the coupling of the OD-stretch
mode with an overtone of the OD bending mode.136–139 Around 2400 cm−1, the 1st
overtone of the bending mode overlaps with the OD-Stretch vibration. Therefore the
overtone provides an efficient relaxation path to the excited molecules. Upon exciting
the surface at a frequency of 2500 cm−1 or higher, the coupling to the overtone of
the bending mode becomes less efficient, leading to slower vibrational relaxation. An
alternative explanation is provided from theoretical work, interpreting this frequency
dependency as a hydration layer effect and correlating it with the number of H-bonds
per water molecules.140
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4 Influence of Electrolytes on Dynamics of Interfacial Water

Pumping close to the free OD peak (2700 cm−1 to 2750 cm−1) shows lifetimes around
0.5 ps for the stretch vibration. With Na2SO4 and D2O having roughly 700 fs lifetime
and Na2CO3 400 fs. The free OD was previously studied and showed lifetimes around
800 fs.135

As apparent from Figure 4.7, the difference in lifetimes between the three samples D2O,
Na2CO3, and Na2SO4 are minimal. For specific pump frequencies, the lifetime of the
samples can be different by more than 2σ, but the error bars capture only the stability
of the individual experiment, and do not account for correlations between the fitting
parameters and sample-to-sample variations. Taking the complete picture into account
there is no clear difference between the three samples. This is somewhat surprising,
because, as it can be seen in Figure 4.1 and Figure 4.2, the static SFG spectra of
Na2SO4 and Na2CO3 show significant differences from D2O, hinting towards structural
changes induced by the CO2−

3 and SO4
2− ions. Nevertheless, this structural change

apparently does not significantly influence the vibrational dynamics of the involved
vibrational state within the uncertainty of the experiment. It could, however, be that
larger and more granular sampling rate of the pump frequency, or an improved signal
to noise ratio, reveals differences between D2O-H2O and D2O-ion bindings. However
given the fact that differences in the static spectra appear through bands of about
100 cm−1, a 60 cm−1 wide pump pulse should be sufficient to resolve these differences.
Furthermore, lifetimes with differences of less then 0.2 ps are challenging to detect with
the currently available measurement techniques.

4.6 Conclusion

Returning to the questions presented in the introduction of this section, we conclude
that the interfacial water structure of aerosol particles is ion-dependent. As such, the
surface structure can be responsible for unique properties of aerosol particles. Still,
because the interfacial vibrational dynamics seem to be unaffected by the ion content,
models of excess energy transport do not need to take the specific ion content into
account. Instead, models taking solely the properties of the static H-bond network of
water into account, are likely sufficient to describe the details of excess energy transport
accurately, even for aerosol particles with high ion concentrations. We further note
that the four-level model, first developed for bulk water, can be used for interfacial
water as well, even if the H-bond network is perturbed by high ionic concentrations. In
addition, we show that the lifetime of the stretch vibration depends on the excitation
frequency and ranges from about 0.2 ps to over 1 ps.
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Water Dynamics

The following chapter is reproduced with minor changes from Phys. Chem. Chem.
Phys., The Royal Society of Chemistry, 2020.141

5.1 Abstract

Zwitterionic phospholipids are one of the main constituents of biological membranes.
The electric field associated with the two opposite headgroup charges aligns water
molecules in the headgroup region. Here, we study the role of water alignment on the
sub-picosecond vibrational dynamics of lipid-bound water. To this end, we compare the
dynamics of oppositely oriented water associated with, respectively, a phosphocholine
(PC) headgroup and an inverse-phosphocholine with non-ethylated phosphate groups
(CP). We find that the dynamics are independent of the water orientation, implying
that the vibrational dynamics report on the local properties of the water molecules.

5.2 Introduction

The main constituents of biological membranes are zwitterionic phosphatidylcholine
(PC) lipids, using amphiphilic interactions with the adjacent water molecules to form
the naturally occurring bilayer structure.142 Interestingly, the naturally occurring
zwitterionic phosphatidylcholine lipid only exists in the PC conformation. The
CP, or CPe, conformation, containing a reversed headgroup structure, has to be
synthesized and does not occur naturally.143 This raises the question whether there
are fundamental differences between the PC and CP(e) conformation making the latter
biologically irrelevant. Perttu et al.143 discovered that DPPC and DPCPe liposomes
release encapsulated anionic carboxyfluorescein as well as glucose at different rates,
suggesting that the configuration of the headgroup charge plays a significant role in
determining membrane permeability. Further, it was found that CPe liposomes do
not appreciably interact with Ca2+ ions. It was hypothesized that the permeability
for Na+ and Cl– might be altered as well. Another important but often overlooked
feature of a lipid is its interaction with water itself. Dreier et al.144 have shown that the
charge distribution throughout the zwitterionic headgroup determines the orientation
of the water bound to the headgroup.145,146 Given the opposite orientation of water
bound to PC- and CPe- based lipids, one might expect that the molecular structure
of lipid-bound water is different for the two lipids.
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5 Influence of Water Orientation on Water Dynamics

For oppositely oriented water in contact with, respectively, the negatively charged lipid
DPPG and positively charged DPTAP, it has indeed previously been shown that both
the structure and vibrational dynamics of water in contact with these headgroups
is different. For negative (positive) lipids, the water dipole points towards (away
from) the lipid layer, exhibiting an ultrafast relaxation path available only for the
positively charged lipid.60,147,148 In the case of the negatively charged surfactant
sodium dodecyl sulfate (SDS) Water interface two types of water were reported.115

Given the ubiquitous presence of the lipid/water interface, these kinds of differences
in vibrational dynamics – that reflect differences in structure149 – could be important
for the functionality of lipid bilayers.
To investigate the role of interfacial water alignment on the water properties, we study
the lipid water interaction using sum-frequency-generation (SFG) spectroscopy, an
even-order nonlinear process that is almost exclusively interface-specific owing to its
selection rules.31,146,150,151 We use an infrared beam in resonance with the OD-stretch
vibration to probe the interfacial (heavy) water (D2O) in contact with the lipids. The
OD-stretch vibrational frequency is a marker of the strength of the local hydrogen bond
network and the intensity of the SFG signal provides information about the average
orientation of the transition dipole moment.17 To study the vibrational dynamics
of the water lipid interface we use Pump-Probe SFG (PP-SFG) spectroscopy, the
interface-specific counterpart to infrared (IR) Pump-Probe spectroscopy.152 With PP-
SFG it is possible to study vibrational dynamics at a sub ps time scale and thus the
spectral diffusion.51,153 Here, we use this method to investigate vibrational dynamics
and spectral diffusion of water interacting with PC and CP monolayers. Our results
demonstrate, that despite the opposite orientation, the vibrational dynamics of CP
and PC-bound water molecules are indistinguishable.

5.3 Experimental Section

A pulsed laser beam is produced by an oscillator (Mai Tai, Spectra Physics) with a
central wavelength of 800 nm and roughly 50 nm bandwidth. Two Empowers (22 mJ
pulse energy at central wavelength of 527 nm) pump a Spitfire Ace optical amplifier,
providing a power output of about 10 W at a pulse length of 40 fs with a repetition rate
of 1 kHz. The sum frequency signal is generated by overlapping a narrow-band 800 nm
visible laser pulse (s-polarized, pulse energy of 20µJ, central wavelength of 810 nm,
incidence angle to surface normal of 70°) with a focused broadband IR beam generated
by a Topas-c with DFG stage (p-polarized, pulse power of 7µJ, FWHM of 350 cm−1,
central frequency of 2500 cm−1, incidence angle of 40° to surface normal) The SFG
signal has a central frequency of 674 nm and is sent into a spectrometer and detected
using an Andor Newton electron-multiplied charged coupled device (EMCCD) camera.
The accumulation time of a single spectrum is 100 s. To correct for the intrinsic
spectrum of the IR beam, all SFG spectra are normalized to the non-resonant SFG
spectrum of z-cut quartz.
The narrowband pump beam (p-polarized, ≈ 90 cm−1 FWHM, 55° incidence angle to
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surface normal) is generated by doubling the frequency of the 1000 nm idler output of
a second Topas-c within a BBO crystal, generating IR pulses at ≈ 2000 nm. These
pulses are overlapped with 800 nm pulses within a LiNbO3 crystal generating the
narrowband pump pulses. The infrared pump beam can be tuned between 2350 cm−1

and 2750 cm−1, by tuning the frequency of the doubled idler and adjusting the phase-
matching condition at the LiNbO3 crystal. The resulting IR power varies from 5µJ to
10µJ depending on the central pump frequency.
To record pump-probe spectra, a chopper blocks every second laser pulse in the pump
laser path, and a vibrating mirror separates the pumped and unpumped signal spatially
on the CCD camera. With a motorized delay stage the time delay between the pump-
and the probe pulse is changed using various step sizes between 50 fs and 6 ps. The
total time range is −10 ps to 20 ps where the pump arrives after (before) the probe for
negative (positive) times. In total 27 different pump-probe time delay spectra were
recorded.
To minimize heating effects from the laser, the sample is rotated at 13.6 rpms with
the laser spots on a 55 mm diameter cycle.63 A chiller is used to keep a constant
temperature of 20 °C throughout the experiment and the water level is kept constant
using a reservoir.

5.3.1 Monolayer Preparation

The lipids are obtained from Avanti Polar Lipids and dissolved in a 9:1 mixture of
chloroform (>99%, stabilized with amylene, Fischer Scientific) and methanol (99.99%,
Fischer Scientific) at a concentration of 0.43 mmol/l. To avoid oxidation of the
unsaturated lipid molecules, DOPC and DOCPe are dissolved under a nitrogen
atmosphere. D2O (99.9 %) is obtained from Euriso-Top and used as received.

Table 5.1: Average configuration of monolayer preparation
Lipid Concentration Drops Coverage Surface Pressure
Unit mmol/l Number Å2/molecule mN/m
DOPC 0.43 54 ± 5 64 ± 6 11 ± 2
DOCPe 0.43 44 ± 1 77 ± 2 13 ± 1

Stock solutions of DOPC and DOCPe are prepared with the in Table 5.1 given
concentration of lipid, dissolved in Chloroform. The monolayers are prepared by
dropping the specified amount of 0.25µl drops of stock solution on D2O in a rotating
teflon trough. The trough has a diameter of 77 mm and is filled with 35 ml D2O.
A tensiometer is used to measure the surface pressure during monolayer preparation.
To obtain similar surface pressure results through the 14 monolayer preparations
the drop count of the lipid needs to be adjusted and is the reason for the relative
large variance of 10 % in the drop count of DOPC. On average this results in a
surface coverage of 64(6)Å2

/molecule and 77(2)Å2
/molecule at a surface pressure of

11(2) mN/m and 13(1) mN/m for DOPC and DOCPe respectively.144 To prevent the
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lipids from degradation, all sample preparation steps and measurements are performed
under N2 atmosphere.

5.3.2 Surface Pressure Measurement
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Figure 5.1: Surface pressure measurements on DOCPe and DOPC covered D2O for
12 h during a pump-probe measurement.

Each pump probe measurement was carried out over a course of 12 h. Figure 5.1 shows
that the surface pressure is stable throughout the 12h time period with a slow drift of
about 10%, while the water level is kept constant using a reservoir.

5.3.3 Pump Positions

Table 5.2: Mean frequency of the pump IR spectrum and the width (1σ) of a gaussian
fit to the Pump IR spectrum.

Mean Frequency/cm−1 2350 2400 2500
Width/cm−1 22 24 45

Three different pump frequencies were used. The position of the pump is determined
by measuring the non-resonant Pump-Visible SFG response from a gold sample and
the mean position and width is given in Table 5.2.

5.3.4 Heat Correction

Typically D2O relaxation dynamics are described using a four-level-model58,60 with
two lifetimes τ1 ≈ 0.4 ps and τ2 ≈ 0.7 ps. We approximate the ingrowth of heat using

57



5 Influence of Water Orientation on Water Dynamics

2200 2300 2400 2500 2600
Frequency/cm 1

0

1

2

3

4

5

6
SF

G 
In

te
ns

ity
/a

.u
.

DOPC
DOCPe
Pump

Figure 5.2: SFG of the OD Stretch vibration of the lipid-D2O interface. The grey
curves show the spectra of the IR pump laser beam.

Equation 5.1. With τheat = 1 ps and A(ω) as bleach at t = 20 ps at probe frequency ω.

H(ω, t) = A(ω) · (1− e−t/τheat) (5.1)

Figure 5.3 shows an example for heat corrected pump probe data. Note that this heat
correction is only used in Figure 5.5, Figure 5.6 and Figure 5.7, but not in Figure 5.8,
where the four-level-model accounts for heating effects.

5.4 Results and Discussion

5.4.1 Static Spectra

Figure 5.4 shows SFG intensity spectra of the DOPC-D2O and the DOCPe-D2O
interface and the molecular structure of DOPC and DOCPe in the inset. The broad
peak from 2200 cm−1 to 2800 cm−1 originates from the OD-stretch vibration of the
interfacial water.33,154 This peak is broadened by a wide distribution of different
OD-bond strengths, intermolecular coupling as well as a Fermi resonance with the
overtone of the water stretch vibration.117,119,155–157 No significant difference can be
observed between DOPC and DOCPe in the OD-Stretch region of the SFG spectrum.
CH-Stretch vibrations of the lipid give rise to the SFG signal between 2800 cm−1 and
2950 cm−1.144

Phase-resolved SFG measurements were previously performed on the DOPC- and
DOCPe-H2O interface, showing that the orientation of the interfacial water depends on
the headgroup of the lipid.144 The CPe headgroup showed a net downwards orientation
of the interfacial water dipole moment, indicative of the hydrogen atoms pointing
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Figure 5.3: Effect of heat correction on Pump-Probe spectra. a) bleach spectrum of
DOPC-D2O interface without heat correction. b) same spectrum after heat
correction.

R
O

OR

O
O

H

N+

O
P
O

-O

O

R
O

OR

O
O

H

O
P
O

-O O

N+

DOPC DOCPe
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Figure 5.5: 2D-SFG spectra of D2O in the hydrogen bond OD-stretch region for a) to
d) the upwards oriented water (DOPC), and for e) to h) the downwards
oriented water (DOCPe), at four different pump-probe time delays. The
white dots correspond to a spectral center line. The white line denotes
a linear regression through the spectral weight. The black dotted line
indicates the pump=probe frequency diagonal.

down towards the bulk. For the PC headgroup the situation is reversed, meaning
that the interfacial water hydrogen atoms point on average upwards, away from the
bulk phase. The phase-resolved experiments showed as well a small blue shift of the
Im(χ(2)) spectrum of DOPC compared to the Im(χ(2)) spectrum of DOCPe, indicating
slightly weaker hydrogen bonding of water for DOPC.
MD simulations support the hypothesis of the opposing water orientation at the
DOPC- and DOCPe-water interface, showing that the orientation of the field in
between the choline ( + ) and the phosphate group ( – ) determines the orientation of
the interfacial water.158–160 Further, there exists an alternative interpretation based on
phase-resolved SFG data and MD simulations of the 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) water interface.151,161 There, three differently bound types of
water were proposed to be responsible for the Im(χ(2)) spectrum of the POPC-water
interface. However, the exact molecular mechanism causing the water orientation on
zwitterionic headgroups is out of the scope of this work. Instead we study the effect of
water orientation on the vibrational dynamics. To do so we use 2D-SFG spectroscopy
of the DOPC and DOCPe-water interface
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5.4.2 2D-SFG Spectra

Figure 5.5 shows 2D-SFG spectra of upwards (DOPC) and downwards (DOCPe)
oriented interfacial water at four different pump-probe time delays. See Figure 5.2
for details on the pump frequency spectrum. The t = 0 ps time axis is calibrated
by measuring the bleach on a gold sample and setting t = 0 ps to the maximum
bleach. The color (∆I) denotes the difference of SFG intensity between the pump
beam being on (pumped) and the pump beam beeing off (unpumped). The pumped
and the unpumped spectra are corrected for heating effects and normalized to the
specific pump power. Details of the heat correction are described in Figure 5.3. The
signal ∆I is dominated by a combination of bleach and stimulated emission.51

A qualitative comparison of the 2D-SFG spectra of upwards (DOPC) and downwards
(DOCPe) oriented water shows no significant differences between the two orientations.
As such, we discuss in the following the common spectral features of both water
orientations.
The amplitude of ∆I on the diagonal is comparable for a pump beam frequency
of 2350 cm−1 and 2500 cm−1, but significantly smaller for a pump beam frequency
of 2400 cm−1. At a pump beam frequency of 2350 cm−1, both systems show an
instantaneous response at the same probe frequency. At a pump beam frequency
of 2400 cm−1 the bleach appears at a lower probe frequency of about 2380 cm−1.
Pumping at a central frequency of 2500 cm−1 results in an instantaneous signal at a
probe frequency of 2500 cm−1, but after less then 0.2 ps additional signal is observable
at a 2350 cm−1 probe frequency, hinting towards spectral diffusion or a cross-peak.
This cross-peak-like structure, visible at a probe frequency of 2350 cm−1 if pumped at
2500 cm−1 and small-time delays (0.05 ps), at the lipid water interface has previously
been observed for the cetyltrimethylammonium bromide (CTAB) water and SDS-water
interfaces.115,162 However, the interpretations are very different in both cases. Inoue
et al.162 showed in the case of CTAB that the cross-peak vanishes upon isotopic
dilution, and assigned it to the coupling of the water stretch mode with the overtone
of the bending mode, i.e. the Fermi resonance. Livingstone et al.115 proposed for
the SDS case two types of water, coupling differently with the lipid headgroup and
showed that the Fermi resonance cannot account for all observed effects. Work on
DPTAP showed only a single broad peak when studied with D2O and HOD.60,147

Overall, the discussion of the origin of the cross-peak is out of the scope of this work.
Instead, the goal here is to investigate and highlight the possible effects of interfacial
water orientation on interfacial vibrational water dynamics. Because isotopic dilution
significantly reduces the signal intensity and thus the signal-to-noise ratio, and does
not completely resolve the complication induced by the Fermi resonance, we perform
the experiments with D2O and not HOD to ensure best possible sensitivity regarding
differences induced by the interfacial water orientation.
On the downside of this, we must deal with complex coupling dynamics, which we
account for by analyzing the data in two ways. At first, we investigate the time
evolution for the spectral weight frequency. Afterward, we treat the system as a set of
coupled oscillators, with central vibrational frequencies at 2350 cm−1 and 2500 cm−1,
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giving rise to two cross-peaks at their respective frequencies.

5.4.3 Determination of the Spectral Weight Line

The spectral weight is determined by taking vertical slices of Figure 5.5 at a given
pump beam frequency. The slice is fitted with the sum of two Gaussians and examples
for three different pump beam frequencies, at a pump-probe time delay of −0.1 ps are
shown in Figure 5.6.
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Figure 5.6: Transient SFG spectra of DOPC and DOCPe. The X-Axis shows the
probe frequency, while the dotted line on the Y-Axis corresponds to the
pump frequency. The distance between dotted and colored line denotes
the ∆ intensity in a.u. Each point on the dotted line illustrates the SW
of Equation 5.3. The grey line is a linear fit through the SW points and
corresponds to the white line of Figure 5.5.

In Figure 5.6 the vertical difference of the dotted lines equals the central pump
frequency difference and the distance between the dotted and the solid line corresponds
to the ∆I of Figure 5.5: e.g. the difference in SFG intensity with pump beam on and
pump beam off. The double peak like structure for a pump frequency of 2500 cm−1

illustrates, that at least two peaks are needed to describe the data. The fit function
has the form:

t(ω) =

2∑
n

Ane
−(ω−ωn)2/(2σ2

n) + cn (5.2)

With Amplitude An the position ωn, the offset cn and the width σn of the feature n.
The spectral weight is defined as the average of ωn weighted with An. e.g:

SW =

∑2
nAn · ωn∑2
nAn

(5.3)
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SW is shown as a colored dot in Figure 5.6 and as a white dot in Figure 5.5. By
plotting the SW vs the central pump beam frequency, the spectral weight line (SWL)
can be determined. The SWL is shown as a grey line in Figure 5.6 and as a white line
in Figure 5.5.

5.4.4 Time Dependency of the Slope of the Spectral Weight Line

By plotting the slope of the SWL vs the pump-probe time delay, Figure 5.7 is obtained.
The time dependency of the SWL is important, as it contains information on spectral
diffusion.163 Figure 5.7 is fitted with the convolution of a Gaussian function and
an exponential decay. The function has the form of Equation 5.4. Here the Gaussian
accounts for the finite instrument response function and has a fixed with of σ = 0.16 ps.
The start time µ (center of the Gaussian) is fixed to −0.2 ps to reduce the amount
of free parameters. The −0.2 ps offset corrects roughly for the different definitions
of time zero throughout the experiment and the fit. As Equation 5.4 contains the
product of a gaussian and an errorfunction, the amplitude of Equation 5.4 at t=0
is 50 % of the maximum amplitude. However t=0 is experimentally defined by the
maximum bleach on gold, as this is easier to determine during the experiment. The
exponential decay has a lifetime of τ and is varied together with the Amplitude A to
obtain the best fit. The maximum of the SWL is slightly different for the two lipids
with DOPC : 0.34± 0.04 and DOCPe : 0.25± 0.05.

SWL(t, µ, σ, τ, A) =
1

2
A exp

(
2τ(µ− t) + σ2

2τ2

)
erfc

(
σ2 + τ(µ− t)√

2στ

)
(5.4)

Figure 5.7 shows the time dependency of the SWL modeled with the convolution
of Gaussian function and an exponential decay (Equation 5.4). Here the Gaussian
function accounts for the instrument response function and has a width of σ=0.16 ps.58

The exponential decay describes the time scale of the spectral diffusion and shows
comparable decay times of 0.47 ps ± 0.07 ps for DOPC and 0.5 ps ± 0.1 ps for DOCPe.
Previous studies of DPTAP60,147,148 showed spectral diffusion of the timescale of
0.35 ps for D2O, 1.1 ps for HOD within the OD-Stretch region and 0.75 ps ± 0.35 ps for
HOD within the OH-Stretch region. Interestingly it seems that a timescale of about
0.5 ps is characteristic for the interfacial spectral diffusion of vibrational energy and is
almost independent of the chemical structure of the lipid as well as the isotopic content
of the water.
In a study using DPPG as negative and DPTAP as positive lipid, the centerline slope
of DPPG and DPTAP were found to be significantly different.147,148 This difference
was attributed to an ultrafast, but invisible process occurring on a sub-0.1 ps timescale
and was attributed to water orientation in the direct vicinity of water in contact with
the lipids. The DPPG/DPTAP study used phase-resolved 2D-SFG, but as explained
in51 the two methods probe fundamentally the same dynamic properties. Instead,
our results suggest that the orientation of water in the direct vicinity of DOPC and
DOCPe seems to be unimportant for spectral diffusion of the OD-Stretch vibration,
because both amplitude and temporal evolution of the SWL are comparable within
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Figure 5.7: Spectral weight line slope of the interfacial OD-stretch vibration of D2O
covered with a mono layer of DOPC and DOCPe as a function of pump-
probe delay time. Solid line shows a fit of Equation 5.4.

the uncertainty of the experiment. Hence, a comparison between the results of Tahara
and co-workers147,148 and the present work, highlights the importance of the detailed
chemical environments that different lipids constitute for the water. The orientational
arrangement of water for the DPPG and DPTAP headgroups are caused by the net
charge on the head groups. In contrast, the reorientation of water for DOPC and
DOCPe is the result of the change of the electric field direction in the headgroup region,
and not of a sign change of the net charge of the lipid headgroups. In the following, we
switch to the interpretation of Figure 5.5 and analyze the 2D-SFG spectra by assuming
two coupled oscillators at 2350 cm−1 and 2500 cm−1.

5.4.5 Dynamics

The traces shown in Figure 5.8 are obtained by averaging vertical areas of probe
frequencies at 2350 cm−1±30 cm−1, 2400 cm−1±30 cm−1 and 2500 cm−1±30 cm−1 at a
given pump frequency and plotted vs. the pump-probe time delay. 30 cm−1 corresponds
roughly to the 1σ spectral width of the pump pulse (see Figure 5.2). If the central
pump frequency equals the probe frequency, the trace is labeled “Diagonal”. At a
central pump frequency of 2350 cm−1 the “Cross Up” labeled trace is centered around
a probe frequency of 2500 cm−1 and describes an uphill energy transport process. At
the 2500 cm−1 pump frequency, the “Cross Down” labeled trace is centered around a
probe frequency of 2350 cm−1 and describes a downhill energy transport process. Note
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and vice versa if pumped at 2500 cm−1. The direction of energy transfer is
labeled with "Up" for uphill and "Down" for downhill energy transfer.
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that the traces in Figure 5.8 contain no heat correction, unlike the 2D-SFG spectra in
Figure 5.5. Heating effects are accounted for within the fitting model and thus they
do not need to be subtracted beforehand.47,58–60,115

A trace consists of three sections. For negative times, e.g. the probe pulse arrives at
the sample before the pump pulse and consequently, the trace is a flat line below 0 ps.
As the pump and the probe start to overlap, the transient signal appears. The point
in time, where the signal has reached about 50 % of its amplitude is called the lag time
and the duration of the signal rise is determined by the instrument response function
of the setup. Following, one observes the relaxation of the system. This is due to
the relaxation of the pump-induced vibrational excitation and reflects the lifetime of
the excited vibrational state. Due to heating effects, the final state after >4 ps is not
necessarily the initial state but can be different.
Heat weakens the hydrogen bonds and shifts the spectrum towards higher frequencies.
Consequently, the spectral intensity increases at around a probe frequency of 2500 cm−1

and decreases at a probe frequency of 2350 cm−1. This is the cause for a positive ∆I
in Figure 5.8 at a probe frequency of 2500 cm−1 and negative ∆I at a probe frequency
of 2350 cm−1.
At a central pump frequency of 2350 cm−1, a relatively large bleach of the diagonal peak
for both water orientations (DOPC and DOCPe) is observed. With a delay of about
0.2 ps we see a much weaker, but still significant bleach in the cross-peak region. After
about 1 ps the dynamic processes have largely ended. At a central pump frequency of
2400 cm−1 it is not possible to define a cross-peak, and thus only the diagonal trace
is shown. Tuning the pump frequency to 2500 cm−1 reveals an interesting dynamic
structure. There is significant bleach visible for the diagonal peak, but also for the
cross-peak. This hints towards spectral diffusion from the diagonal peak downhill
towards the cross-peak. Note that no significant qualitative differences between the
observed dynamics for the two opposite water orientations are found. The reproducible
bump, visible in e.g. the blue trace in Figure 5.8 f), makes it clear that at least a two-
lifetime model is needed to describe the data.
Depending on the nature of the coupling, the ingrowth of the cross-peak can be delayed
relative to that of the diagonal peak. Indeed such a delay can be found in Figure 5.8,
if the lag times of the diagonal and cross-peak are compared. Here the lag time is
obtained from the fits of Figure 5.8, and corresponds to the point in time when the
trace has reached 50 % of its maximum height. The result is, that if pumped at
2350 cm−1, the uphill cross peak appears about 0.2 ps after the diagonal peak. The
situation is similar if pumped at 2500 cm−1, where the diagonal peak appears about
0.1 ps prior to the downhill cross-peak. To exclude instrumental artifacts as the source
of the lag time difference, the same analysis has been performed on gold, showing
lag times of at most 40 fs ± 10 fs. This observation is consistent with near-resonant
vibrational energy transfer. However for the upwards (DOPC) and the downwards
(DOCPe) oriented water, there is no significant difference in the lag times.
The traces are fitted with the four-level-model commonly used.18,60,164 The inset of
Figure 5.9 shows the energy levels postulated by the model. For further details see a
previous publication, where the analytical solution to this model was presented.58 The
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lifetime of the vibrationally excited state amounts to τ1, with the system decaying into
an intermediate state. The decay from the intermediate state into a heated ground
state is characterized by a lifetime of τ2 for which 0.7 ps has been used.58,165 Using this
model, we obtain the lifetime of the excited vibrational states for different interfacial
water orientation

Figure 5.9: Lifetimes of the excited vibrational state τ1 as function of the pump
frequency. The colors denote the lipid, while the shape corresponds to the
selected peak. The inset shows the energy levels of the four-level-model
used to extract τ1 by fitting the data of Figure 5.8.

Figure 5.9 shows τ1 lifetimes extracted from the four-level-model. Overall the
vibrational dynamics are fast at a pump frequency of 2350 cm−1 with lifetimes around
0.2 ps. Upon increasing pump frequencies, the lifetimes increase to τ1 greater than
0.4 ps at a central pump frequency of 2500 cm−1. A similar trend has already been
reported for the neat water-air, as well as the water-DPTAP interface.58,60,114 At the
lowest pump frequency, there is neither a significant difference between the cross and
diagonal peaks, nor between the opposing water orientations. At 2400 cm−1 pump
frequency, there is a 1σ difference between the two water orientations, and at the
2500 cm−1 pump frequency, there is no significant difference between the lipids for
the diagonal peak, but a 1σ difference in τ1 at the cross-peak lifetime for the two
water orientations. The overall impression of Figure 5.9 could be that DOPC shows
a slightly larger τ1 then DOCPe. However one has to keep in mind, that the error
bars of Figure 5.9 do not account for correlation effects of the fit parameters. A
significant improvement in the signal to noise ratio would be needed to consolidate
this observation.
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5.5 Conclusion

We have investigated the influence of the water orientation on the dynamics of the
interfacial OD-Stretch vibration of D2O. 2D-SFG spectroscopy of oppositely oriented
water interfaces reveal no significant differences of neither the time dependency of the
SWL, nor the vibrational lifetimes of a potential cross or diagonal peak. These results
contrast previous findings,147,148 where the water orientation, resulting from charged
headgroups, was identified as the cause of dynamical changes. For the present results,
the orientation is induced by the lipid headgroup dipolar field. Because the interfacial
water vibrational response and dynamics are independent of water orientation at the
DOPC- and DOCPe-water interfaces, we conclude that the properties of water cannot
explain the biological differences between DOPC and DOCPe on a molecular level.
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Obviously, the spectroscopic research of water is challenging but also rewarding. Using
surface-sensitive spectroscopic methods, it is finally possible to investigate the behavior
of soft matter at interfaces on a molecular scale. In this thesis, the molecular dynamics
of interfacial water at various interfaces is studied. As a method of choice, we use
sum-frequency generation (SFG) spectroscopy. Due to its spectroscopic symmetry
selection rules, SFG is surface specific for centrosymmetric media. With a pump-
probe measurement scheme, it is possible to excite molecular vibrational states and
follow the relaxation process on the sub ps time scale. By tuning the center frequency
of the pump laser, it is possible to obtain two-dimensional spectroscopic data and
study vibrational coupling. On water, this reports on the complex and rich interfacial
substructure of the water hydrogen bond network that, in turn, is sensitive to, e.g.
electrolytes or lipids itself.
In Chapter 3, the interfacial structure of water in contact with the negatively surface
charged muscovite mica is investigated. By exchanging surface cations on muscovite
mica, the heterogeneous ice nucleation temperature can be altered. The lowest ice
nucleation temperature of −26 °C is observed for Na-Mica, while the highest ice
nucleation temperature of −20 °C is observed on H-Mica. By using SFG spectroscopy,
it is revealed that the average water alignment depends on the mica surface cation.
The highest average water alignment is found for Na-Mica, and the lowest for H-Mica.
This indicates that the water hydrogen bond network is aligned in the Na-Mica case
hindering the formation of ice crystals. The opposite happens for the H-Mica interface,
where the formation of ice crystals is not hindered. With this ordering mechanism both,
the SFG and the ice nucleation temperature results can be explained. However, there
also remain some issues, as, e.g., the ice nucleation temperature of Cs-Mica and K-Mica
are significantly different with −23 °C and −25 °C, but the average SFG intensity, and
thus probably the average water alignment, is indistinguishable for these two interfaces.
Most likely heterogeneous ice nucleation is affected by multiple molecular mechanisms,
and water alignment is one amongst others. E.g., the distortion of the interfacial crystal
structure due to surface cations could play an important role in all of the mentioned
cases as well.
In Chapter 4, the influence of electrolytes on the vibrational dynamics of interfacial
water is investigated. It is shown that a significant difference between the interfacial
vibrational spectrum of Na2SO4-D2O-Air, Na2CO3-D2O-Air, and D2O-Air exists. This
could be explained by both salts Na2SO4 and Na2CO3 strengthening the interfacial
hydrogen bond network. However in the case of Na2SO4 the spectral difference could
also be caused by a bulk term, where an electric field due to spatial charge separation
of the anion and the cation add a term proportional to Eχ(3) to the observed SFG

69



6 Conclusion and Outlook

spectrum. The same effect is not sufficient to describe the spectral changes induced
by Na2CO3. By performing pump-probe SFG experiments for various central pump
frequencies, the vibrational dynamics of the interfacial water is studied. With pump-
probe SFG, differences in energy transfer and vibrational coupling can be investigated.
Here, no significant difference in the vibrational dynamics of neat-D2O, Na2SO4-D2O
and Na2CO3-D2O can be observed. A common four-level-model, describing dissipation
of energy from the excited state via in intermediate state into a heated ground state, is
used to describe the observed pump-probe traces and the extracted lifetimes are, within
the uncertainty of the experiment, identical. For the analysis of the measurement, an
analytical solution to the four-level model, previously not used in the SFG community,
is introduced.
In chapter 5 the effect of oppositely oriented water on the vibrational dynamics is
investigated. For this, we compare the two lipid water interfaces of DOPC and DOCPe.
DOPC is known to align the average water dipole moment downwards, away from
the lipid interface, while DOCPe aligns the average water dipole moment upwards,
towards the lipid interface. The only chemical difference between the two lipids is the
ordering of the positively charged choline and the negatively charged phosphate group
within the headgroup. The orientational flip of the interfacial water is thus assumed
to be an effect of the electrical field reversal throughout the lipid head group. By
performing a 2D pump-probe SFG experiment, it is found that neither the slope of
the spectral weight line, nor the vibrational dynamics of the pump-probe traces show
any significant difference. The conclusion is thus that interfacial lipid-bound water
dynamics is independent of water orientation. However by comparison with DPTAP
and DPPG water interfaces, the same conclusion is not necessarily true for chemically
induced water orientation.
The common element of the presented results is water at interfaces. However, there
is also a struggle for significance and reproducibility in all of the shown. The SFG
signal of the mica-water and the lipid-water interface is relatively strong, and thus the
main noise contribution is the photon shot noise. However, the SFG intensity of the
electrolyte-water-air interface is significantly weaker, making the electronic noise of
the readout system an additional significant noise contributor. Thus a careful signal
to noise ratio analysis is imperative. Here a phase-resolved SFG setup could help to
lower the detection threshold. In particular, pump-probe SFG experiments benefit
substantially from a lower detection threshold, as this can decrease measurement time
and thus increase the amount of data, improving the statistical significance of the
results.
Personally, I think the brightest part of the future of 2D-SFG lies ahead of us. However,
not a single, but a collection of challenging experimental obstacles are blocking the
way forward. Interesting discoveries of, in particular, the neat water-air interface
are currently hiding below detection threshold and reproducibility issues. For one,
there is the overall complexity of the 2D-SFG setup, that imposes a steep and long
learning curve for the experimentalist, with many possible points of failure along the
road. Here more automation could certainly help. Secondly, automation can also
help to tackle reproducibility issues, because simpler measurement routines allow for
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more statistical evidence, as repetition would be less time-consuming. Third, there is
certainly room for improving the S/N ratio by expanding towards a co-linear phase-
resolved 2D-SFG setup. By using a phase-resolved setup, in particular low-intensity
SFG systems, like neat water-air, could benefit from shorter integration times. The
strongest weakness of ordinary phase-resolved SFG setups is that they are sensitive
to sample height variations on the level of the visible wavelength. However, this issue
can be mitigated by using a co-linear phase-resolved SFG setup. In conjunction with
a pulse shaped narrowband excitation setup, currently unknown vibrational coupling
between different modes might be detectable in the near future.
On the system side, water will remain a hot topic for the foreseeable future. E.g., the
vibrational dynamics of Eigen- and Zundel-states at the interface is under investigation.
Currently, there are two approaches to investigate the dynamics of the water excess
proton complex experimentally. The direct approach is, to compare the vibrational
structure and dynamics of neat water and of e.g. aqueous hydrochloric acid. This
has been successfully carried out for bulk water systems. However, the excess proton-
induced vibrational features, extend over at least 2000 cm−1 and are only visible as
distortions to the neat water vibrational spectrum.53 This makes improvements of
the S/N ratio imperative, if surface-specific data is desired. But, there also exists an
alternative, intrinsically surface-specific approach. Here one studies the interaction of
water at negatively charged surfaces. A negatively charged surface can give rise to an
intense H3O+ Eigen like stretch signal at 2550 cm−1.166 This signal can have an SFG
intensity on the same order as the OH-stretch signal. Hypothetically this should make
the investigation of the dynamics of the H3O+ system at negatively charged surfaces
feasible. Hopefully, such a measurement will provide new insights into the nature of
the vibrational dynamics of Eigen- and maybe even Zundel-states at interfaces.
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