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1 Introduction

"God made the bulk; the surface was invented by the devil." - Wolfgang Pauli

1.1 Interfaces

Pauli described that the devilish characteristics of the surface were due to the
simple fact that surface atoms are interacting with three different types of atoms:
with the atoms within the surface and with the atoms located right above or
below. Thus, the properties of the surface atoms can vary strongly from the
ones in the bulk and cannot be described in the same manner. Therefore,
obtaining detailed descriptions of physical and chemical processes at the sur-
face on a molecular level is a huge challenge. As surfaces are ubiquitous, in
the past numerous theoretical and experimental techniques were developed to
get a fundamental understanding of important interfacial processes,1–6 such as
molecular recognition at bio-membranes, protein folding, and energy conversion
and storage, corrosion and lubrication.7–13 The research field of surface science
deals with many different surfaces ranging from well-defined metal surfaces to
complex biomembranes in living cells. The investigation of surfaces is not only
driven by the urge for fundamental understanding, but also by technological,
pharmaceutical, and medical development. In this thesis, we use surface-specific
vibrational sum-frequency generation spectroscopy (VSFG) to study surfaces on
a molecular level ranging from simple surfaces as the neat water/air interface
(Chapter 4) to more complex surfaces as the ice/air interface doped with an-
tifreeze proteins (Chapter 9).

1.1.1 Aqueous Interfaces

δ-

δ+ δ+

104.5°

0.96Å

Figure 1.1. Schematic of a water molecule consisting of one oxygen atom (red) and
two hydrogen atoms (gray).
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12 Introduction 1.1

Water is a chemical compound that consists of two hydrogen atoms that are
covalently bonded to one oxygen atom with an angle of 104.45° between the
bonds 1.1. At room temperature water appears as a colorless, odorless, and
tasteless liquid. One of the most important properties of the water molecule
is its polar nature. As the oxygen atom has a higher electronegativity than
the hydrogen atoms, the oxygen atom is slightly negatively charged, and the
hydrogen atoms are slightly positively charged. A molecule with such a charge
difference is called a dipole. The positively charged hydrogen atoms of the
water molecules are attracted by negatively charged oxygen atoms of other
water molecules, resulting in the formation of a hydrogen bond between the
water molecules. Each water molecule can form in total four hydrogen bonds:
two donating hydrogen bonds from the two hydrogen atoms, and two accepted
hydrogen bonds from the oxygen lone pairs. This leads to a three-dimensional
hydrogen bond network, in which the ideal arrangement would be tetrahedral.
In liquid water, however the hydrogen-bonded network is more disordered and
each water molecule is forming on average 3.5 hydrogen-bonds.14,15

(a) (b)

„hydrogen-bonded region“

„Free-OH“

Figure 1.2. The heterodyne detected VSFG spectrum of the water/air interface in
(a) the water stretching region and (b) the water bending region.

Even though water appears a rather simple molecule, it is one of the most
abundant molecules and essential to all life on earth. As water is so omnipresent
undoubtedly many important interfacial processes take place at aqueous inter-
faces. As Pauli mentioned molecules at the interface interact not only with each
other but with additionally two different kinds of molecules, which means for
water that its nearly tetrahedral arrangement will be broken at the interface.
VSFG spectroscopy is a surface selective technique that can give direct molec-
ular information about the vibrational modes at the surface, therefore VSFG
is perfectly suited to investigate aqueous interfaces. The first VSFG intensity
spectrum of the neat water surface was taken by Du et al.16 in 1993. As for other
spectroscopic techniques like Raman17,18 or linear IR spectroscopy19 the broad
band of the OH stretch vibrations of the hydrogen-bonded water molecules
could be observed. Beside this broad feature additionally a sharp feature as-
signed to the non hydrogen-bonded water molecules with a free OH sticking out
of the surface was observed, that manifests the surface selective capabilities of
VSFG spectroscopy. Over the following years the technique of VSFG was de-
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veloped further and more advanced VSFG techniques like heterodyne-detected
VSFG (HD-VSFG)20–22, time-resolved VSFG23–26 and even two-dimensional
VSFG27,28 gave additional information about the orientation and the dynamics
of molecules at aqueous interfaces. Despite its apparent simplicity the VSFG
spectrum of the neat water surface is probably the most studied and discussed
spectrum over the last decades. In the frequency region of the water OH stretch
vibrations, the water/air interface16,29 has been extensively studied with VSFG
spectroscopy resulting in a comprehensive understanding of the structural prop-
erties of water molecules at the surface.8,30–32 The frequency region of the
water bending vibrations on the other hand has been much less investigated,
even though this region can provide unique information on the hydrogen-bond
structure. As in contrast to the stretching mode, the water bending mode is
hardly influenced by intermolecular coupling due to its small transition dipole
moment.33–35 Furthermore, there is only one water bending mode per water
molecule, thus strongly decreasing the effects of intramolecular coupling on the
spectrum. One reason why the bending mode at the interface was less studied is
because of its small transition dipole moment that yields to a ∼5 times smaller
signal than the OH stretching modes. Therefore, the measurement of a clean
VSFG response of the water bending mode is very challenging. Nevertheless,
Vinaykin and Benderskii reported VSFG spectrum of the water bending mode
measured with intensity VSFG.34 Up to date, the origin of the response of the
bending mode is highly debated and has been assigned to either surface-specific
or to bulk effects. In chapter 4 of this thesis, we discuss the origin of the water
bending mode in detail and clear up the existing inconsistencies between earlier
reports.12,33,34,36,37

1.1.2 Ice Interfaces

Figure 1.3. Schematic of the hexagonal structure of ice (Ih). The orientation is
shown in the basal plane.



14 Introduction 1.2

As many people would see it, ice is just frozen water by overlooking the
tremendous differences between water and ice starting from the state of aggre-
gation. At atmospheric pressure, the hydrogen-bonded network in ice has a
fixed and ordered tetrahedral structure, which means that all water molecules
form 4 hydrogen bonds with their neighboring water molecules. Another unique
difference between liquid water and ice is that upon freezing the density de-
creases, which is the reason why ice is floating on liquid water.38 The structure
of hexagonal ice is presented in Figure 1.3 and shows that an ice crystal in
basal plane orientation has a hexagonal structure. Also at the ice surface occur
various chemical processes which are in particular of great interest to the field
of atmospheric chemistry.39–42 Ice surfaces for instance are known to act as
sinks for pollutants, a process that considerably changes the properties of the
ice surface.43 Further, the formation of ice is devastating for biological systems,
therefore some organisms in artic regions developed strategies to survive, as for
instance antifreeze proteins (AFPs). AFPs are a unique class of proteins that
can bind to the surface of ice crystals and arrest their growth. Understanding
the working mechanism of these proteins at the ice surface is of great interest
for medicine, pharmacy, and industry.44–47

1.1.3 Biological Interfaces

Nowadays the necessity of water in the functioning of bio-molecules is inar-
guable. Without water bio-molecules would not acquire their structure and
therefore their function. It is well known that proteins as well as the carrier of
our genetic information, deoxyribonucleic acid (DNA) need to be surrounded by
water to be functional.48,49 Further, it is known that lipids form in an aqueous
environment lipid bilayers in order to shield their hydrophobic tails from the
water, these lipid bilayers are the basis of every cell membrane (Figure 1.4).50
Cell membranes form the boundary of every living cell, which makes it the most
essential interface in biological systems. Surrounded by the cell membrane are
the cell’s constituents, such as proteins, nucleic acids, carbohydrates, and sub-
stances involved in cellular metabolism. The most important function of the cell
membrane is to be a barrier, which means keeping the constitutes in and un-
wanted substances that are toxic for the cell out. Another essential function is to
control the transport of necessary nutrients into the cell and the waste products
out of the cell. Undoubtedly cell membranes and their constituents have been
studied intensively with various techniques.51–54 Along with these studies also
the role of water related to bio-molecules got more into focus and investigated
with techniques including spectroscopic approaches as FTIR55,56, Raman57–59,
dielectric relaxation60,61, pump-probe62,63 and two-dimensional infrared spec-
troscopy64,65. However, up to date the study of interfacial water molecules that
are directly in contact with a bio molecules stays a challenge. In the recent
past, it was proven that VSFG is one of the promising techniques that can give
more information about the function of water surrounding biomolecules.7,66–68
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Outer face

Inner face

Water

GlycoproteinGlobular
protein

α-Helix

Lipids

Integral
protein

Peripheral
protein

Figure 1.4. Schematic of a cell membrane surrounded by water molecules.

1.2 Outline of this Thesis

In this thesis we investigate different aqueous interfaces, from simple surfaces
as the neat water/air interface (Chapter 4) to more complex surfaces as ice/air
interface doped with antifreeze proteins (Chapter 9). First we introduce in
chapter 2 the theoretical background of VSFG to give a good understanding
of the theoretical origin of the measured VSFG response. Therefore, we dis-
cuss first the dependence of the nonlinear susceptibility on the experimental
geometry and its molecular origin by introducing molecular hyperpolarizabili-
ties. Further, we discuss the effect of the Fresnel factors on the VSFG response
and the origin of the quadrupolar contribution. Finally, we briefly describe the
χ(3) effect at charged interfaces. Chapter 3 covers a description of the optical
VSFG setup, that was used throughout the following chapters in this thesis, and
how to improve our measurements by reducing the noise with a new measure-
ment procedure. Furthermore, chapter 3 describes the fabrication and sample
handling of monocrystalline ice. In chapter 4 we discuss the origin of the VSFG
response of the water bending mode in pure water and at charged interfaces.
Further, in chapter 5 we describe the molecular orientation of urea molecules in
water at charged interfaces. In chapter 6 we study the vibrational response and
the molecular orientation of small carboxylate ions at the water/air interface.
Further, chapter 7 discusses the origin of the VSFG signal of small carboxylic
acids at the water/air interface, while chapter 8 describes the different freez-
ing behavior of aqueous solutions of small carboxylic acids on ice. Chapter 9
gives insights into the molecular structure of hyperactive antifreeze proteins ad-
sorbed to the ice surface. We show that the water molecules in the hydration
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layer around the antifreeze proteins are not changing their orientation upon
interacting with the ice surface. In the final chapter, chapter 10, we discuss the
molecular structure and surface accumulation dynamics of hyaluronan at the
water/air interface in dependence of the molecular weight, the concentration,
and the properties of the solvent.
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2 Theory of Vibrational

Sum-Frequency Generation

In this thesis surface-specific vibrational sum-frequency generation (VSFG)
spectroscopy was used to investigate different aqueous surfaces. While the ex-
perimental findings of these studies are described in chapter 4-10, this chapter
will give a general description of the theory of VSFG to provide an overall un-
derstanding. A more detailed description of the theoretical background can be
found in textbooks.69–73

2.1 The Origin of VSFG

Non-resonant sum-frequency generation SFG is a nonlinear process
involving the interaction between light and matter. While most linear and non-
linear processes provide information about the molecular structure and proper-
ties of material systems in bulk, SFG gives insights into the molecular structure
at the surface. To generate a light-induced optical response of a material that
will also include higher-order terms, the applied electric field needs to have a
sufficiently high intensity. By interacting with charges within the material the
applied electric field induces electric dipole moments. As a result, the material
gets polarized. In the non-resonant case the polarization response to the applied
field is instantaneous and has no memory effect. In this limit, the induced po-
larization P(t) can be written as a power series in terms of the applied electric
field E(t):

P(t) = ε0(χ
(1)E(t) + χ(2)E2(t) + χ(3)E3(t) + ...) (2.1)

where ε0 is the vacuum permittivity and χ(1) the linear susceptibility, χ(2)

the second-order, and χ(3) the third-order susceptibility. The higher-order po-
larizations are typically smaller than the linear polarization. Thus, if the ap-
plied electric field is weak, all nonlinear terms in Eq. 2.1 are negligible. The
induced nonlinear polarization leads to the emission of an electric field that is
combined with the incident electric field. For a non-magnetic medium without
free charges and current the electromagnetic fields are described by the Maxwell
wave equation:

∇2E(x, t) =
1

c2
∂2

∂t2
E(x, t) +

1

ε0c2
∂2

∂t2
P(x, t) (2.2)

where E is the electric field and P the linear and nonlinear polarization.
The derivation of the wave equations can be found elsewhere.69,72 The wave

19



20 Theory of Vibrational Sum-Frequency Generation 2.1

equation describes the propagation of the electric field through the material.
The solutions of the wave equation provide us with transverse plane waves
dependent on the time t with an angular frequency ω and in space x with a
spatial frequency k(ω). For E(x,t) it can be written:

E(x, t) =
1

2π

∫
dωE(ω)ei(k(ω)x−ωt) (2.3)

where E(ω) is the complex frequency component that incorporates both the
phase and the amplitude. The polarization P(x,t) can be written as:

P(x, t) =
1

2π

∫
dωP(ω)ei(k(ω)x−ωt) (2.4)

Considering the interaction of two incident electric fields E1 and E2 the
frequencies ω1 and ω2 interacting with a material with a non-zero χ(2), for a
monochromatic wave the total electric field can be described as:

E(t) = E1(e
−iω1t + eiω1t) + E2(e

−iω2t + eiω2t) + c.c. (2.5)

The resulting second-order nonlinear polarization response is:

P(2)(t) = ε0χ
(2)E(t)E(t) (2.6)

Substituting the sum of the electric field, we obtain various components of
the nonlinear polarization, leading to:

P(2)(t) = ε0χ
(2)[E2

1(e
−i2ω1t + ei2ω1t) (SHG)

+ E2
2(e

−i2ω2t + ei2ω2t) (SHG)

+ 2E1 · E2(e
−i(ω1+ω2)t + ei(ω1+ω2)t) (SFG)

+ 2E1 · E2(e
−i(ω1−ω2)t + ei(ω1−ω2)t) (DFG)

+ 2(E2
1 + E2

2)] (OR)

(2.7)

The two incident electric fields give rise to second-harmonic generation
(SHG) at frequencies 2ω1 and 2ω1, sum frequency generation (SFG) ω1 + ω2,
difference-frequency generation (DFG) ω1 - ω2 and optical rectification (OR).
The nonlinear processes are displayed in Figure 2.1.
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ω
χ(2)

ω

2ω

SHG

ω

ω
2ω

χ(2)

ω1

ω2

ω3 = ω1 + ω2

SFG

ω1

ω2 ω3

χ(2)
ω3 = ω1 - ω2

ω1

ω2

DFG

ω3

ω2
ω1

(a)

(b)

(c)

Figure 2.1. The nonlinear processes decribed in Eq. 2.7 (a) second-harmonic genera-
tion (SHG), (b) sum frequency generation (SFG) ω1 + ω2 and (c) difference-frequency
generation (DFG) ω1 - ω2. The right side shows the energy-level description of the
second-order conversion processes.

Resonant vibrational sum-frequency generation spectroscopy In
the case of resonant vibrational sum-frequency generation spectroscopy, the
frequency of one of the incident beams is chosen to be in resonance with the
vibrational modes of the probed material (ωIR) to enhance the second-order
susceptibility χ(2), while the second beam is fixed at a visible frequency (ωV IS),
and is usually not in resonance with the probed system. In the frequency domain
the induced polarization can be described as:

P(ω) = ε0{χ(1)(ω)E(ω) + χ(2)(ω)[E]2(ω) + χ(3)(ω)[E]3(ω) + ...}, (2.8)

where the brackets in the nonlinear terms indicate that the frequency ω corre-
sponds to the higher powers of the E field and not to the E field itself. The
second-order polarization coefficient P(2) of the sum frequency process can be
expressed as follows:

P(2)(ωSFG) = ε0χ
(2)(ωSFG)E(ωIR)E(ωV IS) (2.9)

Further the second-order susceptibility χ(2) consists of a resonant (R) and
non-resonant (NR) term and can be written as:
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χ(2) = χ
(2)
NR + χ

(2)
R = ANR +

∑
n

AR

ωn − ωIR − iΓn
(2.10)

In this equation, χ
(2)
NR and χ

(2)
NR represent the effective non-resonant and

resonant second-order susceptibilities. Further, ANR and AR are the amplitudes
of the non-resonant and resonant susceptibility and ωn and Γn represent the
resonant frequency and the width of the n-th vibrational mode.

2.2 Geometry Dependence of the Nonlinear

Susceptibility

In chapter 2.1 the theoretical origin of the nonlinear second-order susceptibilities
in the SFG process is described, which can finally be expressed with equation
2.10. Nevertheless, the absolute probed χ(2) is dependent on the experimental
geometry and thus dependent on the incident angles and the polarization of
the beams. Furthermore, as mentioned at the beginning of chapter 2.1 VSFG
is a surface-specific technique, which can be explained by the fact that due to
symmetry reasons the SFG process is bulk forbidden for isotropic materials. In
a centrosymmetric material, all directions are identical and therefore also the
physical response of the material, here the χ(2) should be equivalent in opposing
directions.

χ(2) = −χ(2) (2.11)

This expression only holds if, χ(2) = 0. This is the case for centrosymmetric
media, and only at positions with broken symmetry, i.e. surfaces or interfaces
SFG light can be generated. The second-order susceptibility χ(2) can be de-
scribed as a third-rank tensor that contains 27 components in the laboratory
coordinate system, χ(2)

ijk. However, due to symmetry constraints at isotropic sur-
faces the number of non-zero components is reduced to seven. Here, we define
the laboratory coordinates with the z-axis parallel to the surface normal and the
x- and y-axis as spanning the surface plane (Figure 2.2). Further, for isotropic
surfaces the x- and y-axis are equivalent, thus there are only four independent
χ
(2)
ijk components, that can be written as follows:

χ(2)
xxz = χ(2)

yyz, χ(2)
xzx = χ(2)

yzy, χ(2)
zxx = χ(2)

zyy, χ(2)
zzz (2.12)

Experimentally the four different χ
(2)
ijk components can be determined by

varying the polarization combinations of the incident beams and the reflected
SFG signal. S-polarization denotes a polarization of the optical field entirely
parallel to the surface (along the y axis), whereas P-polarization has both par-
allel and perpendicular components (along the x and z axis) (Figure 2.2). The
four different polarization combinations are SSP (S polarized VSFG, S polar-
ized VIS and P polarized IR), SPS, PSS, and PPP. In this thesis only the SSP-
polarization combination was used, therefore in the following chapters, only this
polarization configuration will be discussed.
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Figure 2.2. The geometry of VSFG including the incident angles and polarization of
the electric fields. Here, a SSP-polarization configuration (S polarized VSFG (blue),
S polarized VIS (green) and P polarized IR (red)) is shown.

2.3 Hyperpolarizibility

The χ
(2)
ijk is the average of the molecular hyperpolarizabilities β of the molecules

at the interface (Eq. 2.13). As described in the previous chapter 2.2 the χ
(2)
ijk

component is defined in laboratory coordinates. The hyperpolarizabilities β
however are defined in molecular coordinates (βi′j′k′ = βabc). The molecular
coordinates do not in general coincide with the laboratory coordinates. This
is for instance the case if the probed molecules at the surface are tilted with
respect to the z-axis (surface normal). However, the tensor elements of χ(2)

ijk and
the hyperpolarizabilities βi′j′k′ are directly related through the transformation
of the Euler angles (Figure 2.3).

χ
(2)
ijk =

NS

ε0

∑
i′j′k′

〈Rii′Rjj′Rkk′〉βi′j′k′ (2.13)

where NS is the number density of probed molecules at the surface and
Rii′Rjj′Rkk′ are the rotation matrices using all three Euler angles to project
the molecular coordinates to the laboratory coordinates. A detailed description
of the Euler transformation can be found elsewhere.74,75

Further, it is important to mention that the hyperpolarizabilities βi′j′k′ of a
particular vibrational mode q are proportional to the derivatives of the Raman
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Figure 2.3. Schematic of the Euler transformation between the laboratory coordi-
nates x,y,z and the molecular coordinates a,b,c through the three Euler angles Φ, Θ
and Ψ.

polarizability αi′j′ and the dipole moment μk′ .

βi′j′k′(Qq) ∝ 1

2ε0ωq

∂αi′j′

∂Qq

∂μk′

∂Qq
(2.14)

where ωq is the resonant frequency and Qq is the normal coordinate of the
vibrational mode q. Thus, it can be concluded that a vibrational mode has to
be Raman and IR active to be VSFG active.

Also βi′j′k′ consists in total of tensor 27 elements. In order to find the
elements that contribute for a particular molecular group, we need to consider
not only the geometry of the experiment but the symmetry of the molecular
group (Cnv). In this thesis all experiments are performed in SSP-polarization
configuration, therefore it follows: χ(2) ∝ χ

(2)
xxz = χ

(2)
yyz. Further, we will describe

in more detail the non-vanishing molecular hyperpolarizability tensor elements
of the C2v symmetry group, as it is of great importance for the understanding of
the vibrational response of the carboxyl group of small carboxylates in chapter
6. A description of other symmetry groups can found elsewhere.33,74,76–80

Hyperpolarizability of C2v symmetry group For C2v symmetry groups,
such as the carboxyl group, water or the methylene (CH2) group there are in
total seven non-vanishing molecular hyperpolarizability tensor elements:

βaac, βbbc, βccc, βaca = βcaa, βbcb = βcbb (2.15)

For the symmetric stretching and bending modes the transition dipole mo-
ment changes along the c-axis. Therefore, only three of these hyperpolarizability
tensor elements (βaac, βbbc, βccc) contribute to the measured VSFG response,
hence only the hyperpolarizability tensor elements with the last subindex c are
nonzero.

As the transition dipole moment of the antisymmetric stretching modes is
changing along the a- or b- axis, only the hyperpolarizability tensor elements
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Figure 2.4. Schematic of the C2v symmetry of the carboxyl group in the molecular
axes frame. The c-axis coincides with the rotation axis.

with the last subindex a or b are active. Thus, for the antisymmetric modes four
elements contribute (βaca, βcaa, βbcb, βcbb). In the case of the C2v symmetry
group βbcb = 0.80 Further, performing the Euler transformation and assuming
free rotation of the molecule around the molecular axis c (uniform distribution in
the azimuthal angle φ), the χ(2)

ijk components can be described with the following
expressions:74,80

χ(2),ss
xxz = χ(2),ss

yyz =
1

4
Ns(βaac+βbbc+2βccc) 〈cosΘ〉+1

4
Ns(βaac+βbbc−2βccc)

〈
cos3Θ

〉
(2.16)

for the symmetric stretch vibrational mode,

χ(2),as
xxz = χ(2),as

yyz = −1

2
Nsβaca(〈cosΘ〉 − 〈

cos3Θ
〉

(2.17)

for the antisymmetric stretch vibrational mode, where θ is the tilt angle
between the c-axis and the surface normal z.

2.4 Fresnel Factors

The dielectric constants of the air and the bulk are different. While passing
from one mediuma (air) into another mediumb (bulk) the electric field passes
through a boundary of two different dielectric constants, which influences the
electric field and its wave vector. At the boundary, the electric field can be
either reflected or transmitted (Figure 2.5). Here, we consider that mediumb is
not resonant with the electric field, which means that we assume its dielectric
function to be real. The effect of the different dielectric constants on the electric
fields can be described with the Fresnel factors (Fa→b), which can be expressed
with two different models the two-layer model and the three-layer model. First,
we will describe the Fresnel factors described with the two-layer model. Within
this model we assume two bulk media that have a dielectric constant of εa and
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Figure 2.5. Change of the electric field passing from mediuma (air) to mediumb

(bulk) described with the two-layer model, considering p-polarization.

εb, and therefore the refractive indices of na =
√
εa and nb =

√
εb (Figure

2.5). Further, we denote the incident and transmitted angle with Θa and Θb,
respectively. Accordingly, Snell‘s law can be written as follows,

nasinΘa = nbsinΘb (2.18)

and therefore cosΘb can be expressed as:

cosΘb =
√
1− sin2Θb =

√
1− n2

a

n2
b

sin2Θa (2.19)

As shown in Figure 2.5 the incident, transmitted and reflected beams are
labeled as E0,Er and Et. The ratios of the reflected and transmitted ampli-
tudes of the electric fields (r=Er/E0 and t=Et/E0) are extracted from the
ordinary boundary conditions of electric fields at a plane interface.81 Further,
these ratios are dependent on the polarization and can be written as follows:

(a) For P-polarization

tP =
2nacosΘa

nbcosΘa + nacosΘb
, rP =

nbcosΘa − nacosΘb

nbcosΘa + nacosΘb
(2.20)

(b) For S-polarization

tS =
2nacosΘa

nacosΘa + nbcosΘb
, rS =

nacosΘa − nbcosΘb

nacosΘa + nbcosΘb
(2.21)
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Figure 2.6. Change of the electric field passing from mediuma (air) to mediumb

(bulk) described with the three-layer model, considering p-polarization .

Further, the electric field amplitudes for P-polarization are

E0ea = E0

⎛
⎝cosΘa

0
sinΘa

⎞
⎠ , Eteb = Et

⎛
⎝cosΘb

0
sinΘb

⎞
⎠ = tpE

0

⎛
⎝cosΘb

0
sinΘb

⎞
⎠ (2.22)

and consequently

Fa→b
zz = tP

sinΘb

sinΘa
, Fa→b

xx = tP
cosΘb

cosΘa
(2.23)

For S-polarization the electric field amplitudes can be written as:

E0ea = E0

⎛
⎝0
1
0

⎞
⎠ , Eteb = Et

⎛
⎝0
1
0

⎞
⎠ = tsE

0

⎛
⎝0
1
0

⎞
⎠ , (2.24)

and consequently
Fa→b

yy = tS . (2.25)

Fa→b can be written as:

Fa→b =

⎛
⎜⎝

2nacosΘb

nbcosΘa+nacosΘb
2nacosΘa

nacosΘa+nbcosΘb
2n2

acosΘa

n2
bcosΘa+nanbcosΘb

⎞
⎟⎠ (2.26)
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The two-layer model can be extended to the three-layer model in which we
assume that the electric fields pass also through an interface layer by entering
from mediuma into mediumb. As described in the two-layer model by passing
from one medium into the other with different dielectric constants the electric
field and its wavevectors can be modified. In the three-layer model the electric
field is passing instead of one boundary through two boundaries (Figure 2.6).
Here, we denote the dielectric constant in the interface layer as ε′. Considering
ε′ �= εa, εb , Fa→b can be written as:

Fa→b =

⎛
⎜⎝

2nacosΘb

nbcosΘa+nacosΘb
2nacosΘa

nacosΘa+nbcosΘb

(na

n′ )2
2nbcosΘa

nbcosΘa+nacosΘb

⎞
⎟⎠ (2.27)

2.4.1 Interfacial Dielectric Constant ε′ in the Micro-

scopic Regime

Importantly, the dielectric constant of the interfacial layer ε′ is unknown. To
get an approximation of the dielectric constant of the interfacial layer ε′ we have
to implement a microscopic formulation based on the molecular theory of the
local field. First, we assume that the interfacial layer is infinitely small (z ≈ 0).
For simplicity we further assume that mediuma is vacuum, and thus εa = 1. In
the microscopic regime we distinguish the incident field EI , the external field
Eext and the local field Eloc. Next we suppose a plane wave Ea

I (ω) is entering
from mediuma into the interface layer, the interface near z ≈ 0 feels now the
external field Eext(ω). The external field is now related to the incident field
through the optical factor LI(ω).

Eext(ω) = LI(ω)Ea
I (ω) (2.28)

Considering εa = ε′ = 1 , Fa→b coincides with LI and can be described as:

LI =

⎛
⎜⎝

2nacosΘb

nbcosΘa+nacosΘb
2nacosΘa

nacosΘa+nbcosΘb
2n2

acosΘa

n2
bcosΘa+nacosΘb

⎞
⎟⎠ (2.29)

Here, we omit the z dependence, as we treat the field near the interface
(z≈ 0) much shorter than the wavelength. Nevertheless, due to the local field
correction the external field is not equal to the local field that is felt by each
individual molecule. Therefore, the local field Eloc near the interface is related
with Eext through the local field factor f(ω, z),

Eloc(z, ω) = f(ω, z)Eext(ω) = f(ω, z)LI(ω)Ea
I (ω) (2.30)
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Further, we consider the inhomogeneous structure of the interfacial layer,
therefore Eloc and thus f(ω, z) depend on the z coordinate. The implemented
z-dependence of f(ω, z) is related to the dielectric constant of the interfacial
layer, thus different models can be applied to get an approximation for ε′. One
of this models is the Lorentz model for which the derivation of ε′ can be found in
Morita et. al.70. Next, we take the z-dependence of the nonlinear polarization
into account,

P(2)(z, ωSFG) = χD0(z, ωSFG, ωIR, ωV IS) : Eloc(z, ωIR)Eloc(z, ωV IS) (2.31)

where χD0(z, ωSFG, ωIR, ωV IS) second-order susceptibility affected by the
local fields. In SSP-polarization configuration the effect of the optical factor L
on the measured χ(2) can be expressed as:

χ(2) = Lyy(ωSFG)Lyy(ωV IS)Lzz(ωIR)sinΘIRχ
(2)
yyz (2.32)

At last, it would be accurate if all experimentally obtained VSFG spectra
would be corrected with the Fresnel factors. However, Feng et. al has shown
that the difference in the corrected and uncorrected VSFG spectra of the wa-
ter/air interface is negligible.82 Therefore in this thesis we only account for the
Fresnel factors in chapter 6 and 7 in which the refractive index is sufficient
changed and the Fresnel factors have a visible effect on the experimental VSFG
spectra. Importantly, in the case of VSFG, we need to consider that the electric
field is in resonance with medium, therefore to calculate the Fresnel factors we
need to consider the complex refractive index.83

2.5 Quadrupolar Contributions

Up to now, we have described the theory of VSFG spectroscopy alone based
on the induced dipole contribution of the material χID that exclusively arises
from the region where the symmetry is broken. Accurately, within the theory of
VSFG we also have to take higher-order contributions into consideration, as the
electric quadrupole contribution and the magnetic dipole contribution. These
higher-order contributions are not necessarily forbidden in isotropic media. In
this chapter, we focus on the electric quadrupolar contribution by closely follow-
ing the description by Morita et al..70 To describe the second-order polarization
including the quadrupolar contributions we need to consider the configuration
of the electric field gradient within the interfacial layer on a molecular scale.
First, we need to extend the description of nonlinear polarization including the
dependence on z and the phase factor.

P(2)
i (r, ωSFG, t) =

∑
j,k

χD0
ijk(z, ωSFG, ωIR, ωV IS)E

loc
j (r, ωIR, t)E

loc
k (r, ωV IS , t)

(2.33)
where i, j, k represent the cartesian coordinates x, y, z, and χD0(z, ωSFG, ωIR, ωV IS)

is the second-order susceptibility affected by the local fields (Eloc
j (r, ωIR, t) and
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Eloc
k (r, ωV IS , t)). Further, we extend the description of the nonlinear polariza-

tion including the quadrupolar contributions.

P(2)
i (r, ωSFG, t) =∑

j,k

χD0
ijk(z, ωSFG, ωIR, ωV IS)E

loc
j (r, ωIR, t)E

loc
k (r, ωV IS , t)

+
∑
jkl

[χD1
ijkl(z, ωSFG, ωIR, ωV IS)

∂Eloc
j (r, ωIR, t)

∂l
Eloc

k (r, ωV IS , t)

+ χD2
ijkl(z, ωSFG, ωIR, ωV IS)E

loc
j (r, ωIR, t)

∂Eloc
k (r, ωV IS , t)

∂l

− ∂

∂l
{χQ

ijkl(z, ωSFG, ωIR, ωV IS)E
loc
j (r, ωIR, t)E

loc
k (r, ωV IS , t)}]

(2.34)

The first term including χD0
ijk does not indicate any quadrupolar components

and is completely interface specific. The middle lines of eq. 2.34 on the other
hand including χD1

ijkl, χD2
ijkl describe in particular the polarization induced by

the electric field and the field gradient. The last term including χQ
ijkl is the

derivative of the induced polarization and is describing the induced quadrupo-
lar contribution. General, a quantity that couples with the field gradient has
quadrupolar character and is not necessarily bulk forbidden. Furthermore, χD1,
χD2 and χQ are fourth rank tensors (even-rank) and χD0 is a third rank tensor
(odd-rank). This difference is important as for symmetry reasons the material
properties of even rank tensors are not necessarily vanishing in centrosymmet-
ric media. The local electric field at the interface and in the bulk Eloc

tot can be
written as follows:

Eloc
tot(r, ω, t) = Eloc(z, ω)exp(ikb

T (ω) · r − iωt) (2.35)

The nonlinear polarization induced in the interface (z≈ 0) and the bulk
mediumb (z > 0) can be extended accordingly.
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P(2)
i (r, ωSFG, t)

=
∑
j,k

fi(z, ωSFG)χ
D0
ijk(z, ωSFG, ωIR, ωV IS)fj(z, ωIR)LI,j(ωIR)E

a
I,j(ωIR)

exp(ikb
T (ωIR) · r − iωIRt) · fk(z, ωV IS)LI,k(ωV IS)E

a
I,k(ωV IS)

exp(ikb
T (ωV IS) · r − iωV ISt)

+
∑
j,k,l

fi(z, ωSFG)[χ
D1
ijkl(z, ωSFG, ωIR, ωV IS)

∂

∂l
{fj(z, ωIR)LI,j(ωIR)E

a
I,j(ωIR)

exp(ikb
T (ωIR) · r − iωIRt)} · fk(z, ωV IS)LI,k(ωV IS)E

a
I,k(ωV IS)

exp(ikb
T (ωV IS) · r − iωV ISt)

+
∑
j,k,l

fi(z, ωSFG)[χ
D2
ijkl(z, ωSFG, ωIR, ωV IS)fj(z, ωIR)LI,j(ωIR)E

a
I,j(ωIR)

exp(ikb
T (ωIR) · r − iωIRt) · ∂

∂l
{fk(z, ωV IS)LI,k(ωV IS)E

a
I,k(ωV IS)

exp(ikb
T (ωV IS) · r − iωV ISt)}

−
∑
j,k,l

fi(z, ωSFG)
∂

∂l
{χQ

ijkl(z, ωSFG, ωIR, ωV IS)fj(z, ωIR)LI,j(ωIR)E
a
I,j(ωIR)

exp(ikb
T (ωIR) · r − iωIRt)fk(z, ωV IS)LI,k(ωV IS)E

a
I,k(ωV IS)

exp(ikb
T (ωV IS) · r − iωV ISt)}]

(2.36)

Equation 2.36 shows that on all quadrupolar terms the spatial derivative ∂
∂l (l

= x,y,z) is implied. The derivative of the local field factor f(z, ω) and the phase
factor exp(ik(ω)·r−iωt) correspond to definite mechanisms in the SFG process.
The value of the derivative of the local field depends on the inhomogeneous
structure of the interfacial layer and thus is part of the interfacial nonlinear
polarization. However, the derivative of the phase factor does not vanish in
homogeneous media and can therefore be assumed to be the bulk nonlinear
polarization. Further, we divide the total nonlinear polarization in an interfacial
part P(2),I and a bulk part P(2),B , to discuss measured SFG response including
dipolar and quadrupolar contribution in more detail.

P(2),tot = P(2),I + P(2),B (2.37)

Interface contribution The interface nonlinear polarization is derived
from Eq. 2.36. The derivative ∂

∂l arises along the normal direction l=z. Thus,
the nonlinear polarization at the the interface P (2),I can be written as:
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P (2),Iexp(ikx(ωSFG)x− iωSFGx)

=

∫ ∞

zb

dz[
∑
j,k

fi(z, ωSFG)χ
D0
ijk(z, ωSFG, ωIR, ωV IS)fj(z, ωIR)fk(z, ωV IS)

+
∑
j,k

fi(z, ωSFG)χ
D1
i jkz(z, ωSFG, ωIR, ωV IS)

∂fj(z, ωIR)

∂z
fk(z, ωV IS)

+
∑
k,l

fi(z, ωSFG)χ
D2
i jkz(z, ωSFG, ωIR, ωV IS)fj(z, ωIR)

∂fk(z, ωV IS)

∂z

−
∑
j,k

fi(z, ωSFG)
∂

∂z
{χQ

ijkz(z, ωSFG, ωIR, ωV IS)fj(z, ωIR)frk(z, ωV IS)}]

· LI,j(ωIRE
a
I,j(ωIR)exp(ikx(ωIR)x− iωIRt)

· LI,k(ωV ISE
a
I,k(ωV IS)exp(ikx(ωV IS)x− iωV ISt)

(2.38)

Here, the lower boundary zb is an arbitrary position in the bulk, that covers
the whole inhomogeneous interfacial layer in mediumb. Consequently, χD0 and
∂f
∂z vanish outside the integral. Further, within the integral, the phase factor
along z can be assumed to be negligible as the interfacial layer is much shorter
than the wavelength of the electric fields. However, by altering the fifth line of
Eq. 2.38 using integration in parts:

−
∫ ∞

zb

dz
∑
j,k

fi(z, ωSFG)
∂

∂z
{χQ

ijkz(z, ωSFG, ωIR, ωV IS)fj(z, ωIR)fk(z, ωV IS)}

=

∫ ∞

zb

dz
∑
j,k

∂fi(z, ωSFG)

∂z
{χQ

ijkz(ωSFG, ωIR, ωV IS)fj(z, ωIR)fk(z, ωV IS)}

+
∑
j,k

f b
i (ωSFG)χ

Q,b
ijkz(ωSFG, ωIR, ωV IS)f

b
i (ωSFG)f

b
j (ωIR)f

j
k(ωV IS)

(2.39)

In the last term of Eq. 2.39 all variables with the superscript b describe
quantities of mediumb, which originate from the lower bond z = zb. The upper
bond z = ∞ however corresponds to mediuma (air), for which all material
quantities vanish. The total interface contribution of the nonlinear polarization
can be expressed as follows:

P (2),I =
∑
j,k

(χID
ijk(ωSFG, ωIR, ωV IS)χ

IQ
ijk(ωSFG, ωIR, ωV IS)

χIQB
ijk (ωSFG, ωIR, ωV IS) · LI,j(ωIR)E

a
I,j(ωIR)exp(ikx(ωIR)x− iωIRt)

(2.40)

where
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Figure 2.7. Schematic of the quadrupolar and dipolar nonlinear susceptibility terms.

χID
ijk(ωSFG, ωIR, ωV IS) =∫ ∞

zb

dzχD0
ijk(z, ωSFG, ωIR, ωV IS)fi(z, ωSFG)fj(z, ωIR)fk(z, ωV IS),

(2.41)

χIQ
ijk(ωSFG, ωIR, ωV IS) =∫ ∞

zb

dz{χD1
ijkz(z, ωSFG, ωIR, ωV IS)fi(z, ωSFG)

∂fj(z, ωIR)

∂z
fk(z, ωV IS)

+ χD1
ijkz(z, ωSFG, ωIR, ωV IS)fi(z, ωSFG)fj(z, ωIR)

∂fk(z, ωV IS

∂z

+ χQ
ijkz(z, ωSFG, ωIR, ωV IS)

∂fi(z, ωSFG)

∂z
fj(z, ωIR)fk(z, ωV IS},

(2.42)

χIQB
ijk (ωSFG, ωIR, ωV IS) =

χQ,b
ijkz(ωSFG, ωIR, ωV IS)f

b
i (ωSFG)f

b
j (ωIR)f

b
k(ωV IS),

(2.43)

Bulk contribution The remaining part of the non-linear polarization from
Eq. 2.36 is the term including the derivative over the phase factor. This term
describes the bulk part of the total non-linear polarization P(2),B and can be
written as:
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P (2),B =∑
j,k,l

f b
i (ωSFG)χ

D1,j
ijkl f

b
j (ωIR)LI,j(ωIR)E

a
I,j(ωIR){ ∂

∂l
exp(ikb

T (ωIR) · r − iωIRt)}

f b
k(ωV IS)LI,k(ωV IS)E

a
I,k(ωV IS)exp(ikb

T (ωV IS) · r − iωV ISt)

+
∑
j,k,l

f b
i (ωSFG)χ

D2,j
ijkl f

b
j (ωIR)LI,j(ωIR)E

a
I,j(ωIR)exp(ikb

T (ωIR) · r − iωIRt)

f b
k(ωV IS)LI,k(ωV IS)E

a
I,k(ωV IS){ ∂

∂l
exp(ikb
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By performing the derivative and integrating along z it can be observed that
P(2),B and therefore χB is dependent on the geometry of the experiment. The
derivation can be found in Morita et al..70 It is known that for the experimental
geometry used in this thesis with SSP polarization combination χB is estimated
to be negligible.37,70,84 Finally, the total quadrupolar contribution of the VSFG
response can be classified in three different contributions, namely χIQ, χIQB

and χB . Therefore, the total second-order response including both the bulk and
the surface can be written as:

χtotal = χID + χIQ + χIQB + χB (2.45)

Both the χID and χIQ reflect purely interface properties, while χIQB and
χB are determined entirely from bulk properties. Theoretical studies show that
the χIQ component for the systems measured in this thesis is small, therefore
we do not account for this component in the following interpretation of our
measurements,37,85 in particular in chapter 4 and 7. As the χB component
the χB is dependent on the experimental geometry and thus negligible for the
SSP polarization, at last we assign the observed quadrupole contribution in our
measurements only to the χIQB component.

Origin/Properties χID χIQ χIQB χB

Dipole vs Quadrupole Dipole Quadrupole Quadrupole Quadrupole
Surface vs Bulk Surface Surface Bulk Bulk
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2.6 χ(3)
Effect at Charged Interfaces

In this section, we describe the so-called χ(3) effect at charged interfaces, which
can have a substantial effect on the measured VSFG spectra.70,86–89 In this
thesis we work mostly with aqueous solutions, thus we consider in this chapter
a charged water/air interface. Charges located at the interface produce a static
electric field E0 that penetrates into the interface and bulk of the solution
and thereby can form an additional contribution to the non-linear polarization.
Here, it needs to be noticed that the χ

(3)
ijkl is a fourth-rank tensor, consequently

the χ(3) component is not necessarily zero in an isotropic material. Considering
the influence of an additional static electric field Eq. 2.9 can be extended as
follows:

P(2)
SFG = ε0χ

(2)EIREV IS + ε0χ
(3)EIREV ISE0 (2.46)

The second term in Eq. 2.46 includes the electrostatic field dependence
of the nonlinear polarization. The χ(3) contribution of the measured nonlin-
ear polarization can result from an orientational and an electronic mechanism,
while in an aqueous solution the orientational mechanism is confirmed to be
dominant.86,88 Within the orientational mechanism the static electric field is
perturbing the orientation of the water molecules. Water molecules have a
static electric dipole moment, which allows the molecules to align within the
electric field even beyond the first molecular layers. The induced alignment of
the water molecules allows more water molecules to contribute to the nonlin-
ear polarization. Without an applied static electric field the water molecules
are expected to have no net orientation below a few water layers and thus not
contributing to the nonlinear polarization. This principle holds not only for
water but also for for other polar molecules as for instance urea (Chapter 5).
As the applied static electric field changes in the direction perpendicular to the

Ez Ez

Figure 2.8. Water structure near positive and negative charged surfactants.
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interface, the total P (3)
SFG polarization can be obtained by integration over z.

P
(3)
SFG = ε0χ

(3)EIREV IS

∫ ∞

0

E0(z)dz = ε0χ
(3)EIREV ISΦ0 (2.47)

Where Φ0 is the surface potential. In Eq. 2.47 we plainly integrate over z
with omitting the phase of the electric field. This is only possible if the range
of E0(z) is sufficiently shorter than the wavelength of the incident and emitted
electric fields. In the case that the range of E0(z) penetrates longer in the bulk
than the wavelength of the electric fields we additionally have to consider the
phase factor in the integral.

P
(3)
SFG = ε0χ

(3)EIREV IS

∫ ∞

0

E0(z)e
i�kzzdz (2.48)

Where �kz is the wavevector difference of VSFG. Further, it needs to be
mentioned that E0(z) and its penetration depth are related to the charge density
of the system near the surface. The range over which E0(z) varies in electrolyte
solutions can be approximated with the Debye lengths (λD). Therefore, we give
in table I λD at different concentrations for a 1:1 electrolyte solution. Table
I shows that with increasing ion concentration λD is decreasing, which subse-
quently means that the range of E0(z) is becoming shorter. From this, it can be
concluded that with decreasing concentration and the increase of the range of
E0(z) we have to consider and correct for phase distortions in the experimental
obtained HD-VSFG spectra. Furthermore, both the quadrupolar contribution
described in section 2.5 and the χ(3) component are fourth rank tensors. Thus,
both components are not necessarily forbidden in bulk. Therefore, it is impor-
tant to mention that the χ(3) component only arises in the case an electrostatic
field is imposed to the system, while the quadrupolar contribution arises inde-
pendently from an imposed electrostatic field.

Concentration Debye length (λD)

100 mM 1 nm
10 mM 3 nm
1 mM 9.6 nm

0.1 mM 30 nm

Table I. Estimation of λD with respect to the concentration for a 1:1 electrolyte
solution.



37





3 Experimental Methods

The following chapter describes the experimental methods that were used to
obtain the results presented in this thesis. We first describe the optical VSFG
setup and second a new measurement procedure to improve the quality of the
data. Lastly, we explain the fabrication and sample handling of monocrystalline
ice.

3.1 Optical VSFG Setup

The setup used for the VSFG experiments is based on a commercial Ti:sapphire
laser source, which consists of an oscillator (Coherent “Mantis”) and an ampli-
fier. The oscillator delivers 35 fs pulses centered at 800 nm that are amplified
by using chirped pulse amplification. The resulting pulses have an energy of
3.5 mJ and a repetition rate of 1 kHz. Approximately two-thirds of the laser
output is used to pump an optical parametric amplifier (OPA) and a difference-
frequency mixing (DFG) stage. The resulting mid-infrared pulses are tunable
from 2.5 to 10 μ with a bandwidth of 400 cm−1. These pulses have an energy of
10–20 μJ. The other one-third of the 800 nm laser output is narrowed down to a
bandwidth of ∼15 cm−1. The resulting narrow-band 800 nm visible light pulses
(VIS) and the mid-infrared pulses (IR) are combined at the sample surface in
spatial and temporal overlap. The VIS and IR beams are sent onto the sample
surface at angles of incidence of ∼50° and ∼55° and focused with lenses with
focal lengths of 200 and 100 mm, respectively. The generated and reflected
SFG light is directed into a spectrometer and detected by a thermo-electrically
cooled electron multiplied charged-coupled device (EMCCD). We also perform
a reference measurement in which we replace the sample with a z-cut quartz
crystal. The intensity VSFG spectrum |χ(2)(ω)|2 is then obtained by dividing
the spectrum measured with the sample by the spectrum measured with the
reference crystal. With this division, we corrected the VSFG spectrum for the
frequency dependence of the intensity of the input infrared beam. Furthermore,
we performed a background subtraction.
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Ti:Sapphire 
 Laser

OPADFG

IR

800 nm SFG

Sample

CCD
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Figure 3.1. Experimental lay-out of the VSFG optical setup. Abbreviations: BS -
beam splitter; FP - Fabry-PΔerot ethalon; λ/2 - λ/2 plate; P - polarizer; L - lens, F -
filter.

VSFG provides information about the spectral dependence of the absolute
square of the second-order susceptibility |χ(2)(ω)|2. To obtain the imaginary
and real parts of χ(2)(ω), the SFG signal of the sample is combined with that of
a local oscillator (LO) with the same frequency spectrum. The LO is created by
focusing the VIS and IR beams on a gold metal surface that leads to the non-
resonant generation of a strong broadband SFG signal. This broadband SFG
signal and the reflected VIS and IR beams are then all three directed to the
sample surface. Before reaching the sample surface, the LO-SFG signal is time
delayed by ∼1.6 ps with respect to the IR and VIS beam by passing this beam
through a silica plate with a thickness of ∼1 mm. All beams are focused by a
spherical mirror on the sample surface, where the VIS and IR beam will gen-
erate the VSFG signal. Subsequently, the delayed LO-SFG and sample VSFG
light are sent into a spectrometer and on the EMCCD, where the interference
spectrum of the two SFG signals is recorded. From the interference spectrum,
the real (Re) and the imaginary (Im) spectra can be extracted, providing direct
information on the orientation of the vibrational transition dipole moments at
the sample surface. Thus the HD-VSFG spectrum provides unique information
on the absolute orientation of molecules at the surface.20 The typical acquisition
time of an HD-VSFG spectrum is 120 s.
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Figure 3.2. Schematic representation of HD-VSFG.

The measured spectral response is corrected for the spectral dependence of
the input IR beam by dividing the HD-VSFG spectrum of the sample by the
HD-VSFG spectrum of a reference z-cut quartz crystal. In this normalization,
it is important to make sure that the surface of the z-cut quartz crystal is at
the same height as the sample, as a difference in height will lead to an error
in the determination of the phase of the VSFG light and thus of the real and
imaginary parts of χ(2)(ω). By monitoring the position of the VSFG-signal on
the EMCCD, we can control the height of the reference z-cut quartz crystal to
such an extent that the overall phase uncertainty is ∼ π/10. The lateral spatial
resolution of the technique is defined by the size of the foci and is approximately
100 μm.
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In this thesis two different experimental VSFG setups for the 3 μm and the
6 μm region were used. The following table enlightens the technical differences
of the two setups:

Frequency Region 3 μm 6 μm
Laser system Coherent "Legend

USP"
Coherent "Duo
Legend USP"

Oscillator Coherent Mantis Coherent Mantis
Camera Andor Technologies

"Newton"
Princeton Instru-
ments "Pixis 100"

OPA home-built Light Conversion
HE-TOPAS

spectral narrowed
800 nm

Fabry-Pèrot
ethalon

pulse shaper

Table I. Specification of the different VSFG systems.

3.2 Noise Reduction and Improved Measure-

ment Procedure

In a typical VSFG experiment, the signal to noise ratio is determined by photon
shot noise90. However, at very high photon counts (long integration times) a
systematic error will limit the sensitivity in HD-VSFG experiments prohibiting
the analysis of small signals like that of the water bending mode. The origin
of the systematic error is the high-frequency spectral noise introduced in the
detection path. This high-frequency spectral noise mixes with the heterodyne
signal and cannot be removed by post-processing or averaging more. The main
reason for the spectral noise is the structural noise on the CCD camera, which
results from an etaloning effect. This phenomenon degrades the performance
of thinned, back-illuminated CCD cameras. The effect is caused by light waves
passing through the camera and getting reflected at the rear surface, producing
interference fringes when they interact with incoming waves. Even though new
cameras have many strategies to reduce this effect and improving the data
quality, it is not possible to suppress it completely. The signal-to-noise ratio
particular in the 6 μm region is low which makes it difficult to analyze the data
if we would not reduce the structural noise resulting from the etaloning effect.

We developed a measurement procedure to determine the structural noise
and to remove it from the data. We perform two independent measurements
of z-cut quartz with a different orientation of 180 degrees (Figure 3.3 (a)). By
doing so we change the phase of our reference measurement exactly by 180
degrees. If we now add up the two quartz spectra, the interference induced by
the SFG signal of the local oscillator and the quartz crystal is removed (Figure
3.3 (b)). The remaining modulation largely represents the structural noise of the
etaloning effect and can now be used as a scaling factor to remove the structural
noise from the data. In the following Figure, we show the experimental spectrum
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(a) (b)

Figure 3.3. (a)Two independent measurements of z-cut quartz using different orien-
tations that differ by 180 degrees. (b) The remaining modulation obtained by adding
up the two z-cut quartz spectra of Fig. (a). This signal represents the structural noise
of the etaloning effect.

of the Im[χ(2)] of the water bending mode data before and after this structural
noise removal. The observed improvement of the sensitivity is at least one order
of a magnitude (Figure 3.4 (a)-(b)). The efficiency of the above method will
vary for different experimental setups and wavelength ranges of interest, but in
all cases this method will improve the sensitivity limit of broadband HD-VSFG
setups.

(a) (b)

Uncorrected Corrected

Figure 3.4. Im[χ(2)] spectra of the neat water/air interface (a) before and (b) after
removing the structural noise from the experimental data.
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3.3 Fabrication and Sample Handling of

Monocrystalline Ice

Monocrystalline ice is grown using the method of seed extraction from a melt.
A single monocrystalline seed crystal is frozen to a copper pin which is cooled
to 272 K by a processor cooler (LD PC-V2). The seed is dipped into ultrapure
water (273 K) and is allowed to grow in the melt. The seed is slowly pulled from
the melt after ∼60 minutes with a speed of ∼5 mm/hour. Then the temperature
of the copper pin is gradually lowered to 233 K. After 10 h a ∼50 mm high and
∼70 mm wide crystal is produced which is stored in a freezer before further
handling. The ice crystal is cut into smaller pieces using a band saw (Proxxon
MBS 240/E) with a nickel-plated blade. The orientation of the basal face of
the ice piece is determined with a Rigsby stage following the routine described
by Fairbrain.91 The ice is then cut in a way that its optical axis is oriented
perpendicular to the surface. The ice is smoothened by repeatedly shaving the
ice using a heated blade of cemented carbide.

Figure 3.5. Mechanical drawing of the nitrogen cooled temperature cell. "The
drawing was made by Dirk Jan Spaanderman."

In the VSFG measurements on ice, the ice sample is placed in a liquid
nitrogen-cooled temperature cell (Figure 3.5 ). The temperature cell is closed
with a CaF2 window that allows the transmittance of the two laser beams. To
regulate the temperature in the cell, a heating foil on the bottom of the cell is
used that is covered by a copper plate. The ice sample is directly placed on this
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Figure 3.6. HD-VSFG spectrum of monocrystalline basal plane ice at 255 K.

copper plate. To accurately control the temperature of the sample surface, the
sensor is glued directly onto the ice crystal with a droplet of water. After the ice
sample is placed inside the sample cell, the cell is flushed with N2 gas in order
to remove the evaporated and condensed water produced during the positioning
of the sample. Subsequently, the cell is put under vacuum that remains during
the measurements. To prevent heat damage of the ice sample by the two laser
beams, the temperature cell can be moved in the horizontal plane by using two
motorized stepper motors.

In Figure 3.6 we present the HD-VSFG spectrum of the basal plane of
monocrystalline ice at a temperature of 255 K, including the |χ(2)|2, the Im[χ(2)]
and the Re[χ(2)] responses. The Im[χ(2)] spectrum shows a broad negative sig-
nal between 3200 cm−1 and 3500 cm−1 which is assigned to the OH stretch
vibrations of crystalline ice and a quasi-liquid layer.92 The sharp feature at
3700 cm−1 is attributed to the stretch vibration of non-hydrogen bonded OH
groups of water molecules sticking out of the ice surface (’free-OH’).
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4 Direct Evidence for a

Surface and Bulk Specific

VSFG Response of the

Water Bend Vibration

Spectroscopic studies of aqueous surfaces can provide a fundamental under-
standing of interfacial processes. These studies have largely focused on the OH
stretch vibrations of water, which is unfortunate as the bending mode is an
attractive feature to probe as it is relatively free of inter- and intramolecular
couplings. However, the origin of the response of the bending mode is highly
debated and has been assigned to either surface-specific or to bulk effects. We
study the bending mode of pure water and charged aqueous surfaces using
heterodyne-detected vibrational sum frequency generation spectroscopy (HD-
VSFG). We observe a low - (1626 cm−1) and a high - (1656 cm−1) frequency
component which can be unambiguously assigned to an interfacial dipole and
a bulk quadrupolar response, respectively. We thus demonstrate that probing
the bending mode provides structural and quantitative information on both the
surface and the bulk.

49
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4.1 Introduction

The structure and dynamics of aqueous interfaces is of high relevance for many
different scientific fields.93–101 Many important chemical and biological pro-
cesses take place at aqueous interfaces, like for instance molecular recognition
at bio-membranes, protein folding, and energy conversion and storage.7–12 The
structural properties of the neat water/air interface16,29 and charged aqueous
interfaces have been extensively studied with vibrational sum-frequency gen-
eration spectroscopy (VSFG) in the frequency region of the water OH stretch
vibrations.8,30–32 The frequency region of the water bending vibrations has been
much less investigated, even though this region can provide unique information
on the hydrogen-bond structure, because, in contrast to the stretching mode,
the water bending mode is hardly influenced by intermolecular coupling due to
its small transition dipole moment.33–35 Furthermore, there is only one water
bending mode per water molecule, thus strongly decreasing the effects of in-
tramolecular coupling on the spectrum. Vinaykin and Benderskii were the first
to study the water bending mode of the neat water/air interface with conven-
tional VSFG, for which the response is proportional to the modulo squared of the
second-order susceptibility (|χ(2)|2).34 These authors reported the observation
of an inhomogeneously broadened line shape centered at 1650 cm−1. They as-
signed the low- and high-frequency wing of this band to weakly hydrogen bonded
water molecules sticking out of the surface, and to fully hydrogen-bonded in-
terfacial water molecules, respectively. Furthermore, they found evidence for
the presence of a large orientational inhomogeneity.34 These findings have been
confirmed by recent computational studies by Nagata et al.,35 and Ni and Skin-
ner.33

Kundu et al. reported the first heterodyne detected VSFG (HD-VSFG)
measurements of the neat water/air interface in the bending mode region.37 In
this technique the real and imaginary part of the second-order susceptibility χ(2)

are determined. The measured Im[χ(2)] showed a single positive peak centered
at 1650 cm−1. In the same work it was also reported that charging the interface
negative with iodide ions leads to an enhancement of this signal. This obser-
vation strongly contrasts with observations in the OH stretching mode region,
for which a change of the sign of the band is observed when the surface gets
negatively charged.30,32 The accompanying calculations indicated that the ob-
served Im[χ(2)] signal would originate mainly from a quadrupole response from
the bulk.37 In the most recent intensity VSFG measurements of Benderskii12
it was found that the interfacial water molecules orient in different directions
depending on the charge of the surface, which suggests that the observed signal
primarily results from a surface dipolar response. This explanation is con-
sistent with the |χ(2)|2 measurements of the group of Bonn and Nagata, and
thus strongly disagrees with the interpretation of the Im[χ(2)] measurements by
Kundu et al..36,37 Here we perform HD-VSFG measurements to investigate the
sum-frequency response of the bending mode of aqueous systems. By measur-
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ing the effect of surface charge on the signal, we demonstrate the presence of
both a dipolar contribution of the surface and a quadrupolar contribution of the
bulk to the signal and we clear up the existing inconsistencies between earlier
reports.12,33,34,36,37

4.2 Experimental Methods

Sample preparation The solutions are prepared by dissolving different con-
centrations of dodecyltrimethylammonium bromide (DTAB) or sodium dodecyl
sulfate (SDS) in in H2O. For all solutions we used H2O from a Millipore Nanop-
ure system (18,2 MΩ cm). Both DTAB and SDS are purchased from Sigma
Aldrich with a purification of 99% and are used without further purification.

Spectroscopy The VSFG measurements described in this chapter are per-
formed with the setup described in section 3.1.

4.3 Results and Discussion

In Figure 4.1 we present |χ(2)|2 (intensity VSFG) spectra of the neat water
surface water/air (dark blue), the water/ Dodecyltrimethylammonium bro-
mide (DTAB)/air (darkcyan) interface and the water/ Sodium dodecyl sulfate
(SDS)/air interface (magenta) in the frequency region of the water bend vi-
bration. For pure water we observe that the |χ(2)|2 spectrum has the shape
of a step function, in agreement with previous findings.34 The addition of a
charged surfactant leads to strong changes of the response. Adding the posi-
tively charged DTAB leads to an enhancement and a redshift of the response,
adding the negatively charged SDS leads to a redshift of the maximum of the
SFG intensity. These findings are in line with previous intensity VSFG mea-
surements performed by Dutta et al..12 The solid cyan curves in Figure 4.1
are the result of model calculations, as described in the text below and in the
Appendix.

In Figure 4.2 (a) the experimental Im[χ(2)] spectra of neat water (dark blue)
in the frequency region of the water bend vibration is presented. We observe
a symmetric positive peak centered at 1656 cm−1 that we assign to the wa-
ter bending mode. The observed spectrum agrees with previous HD-VSFG
measurements of Kundu et al.37. We find that this Im[χ(2)] response can be
fitted well with a single Lorentzian curve (cyan). In Figure 4.2 (b) we show
a comparison of the calculated Im[χ(2)] spectrum of neat water over a broad
frequency region (cyan) combined with the experimental data (dark blue) in
the frequency region of the water bending mode. In addition to the water bend-
ing mode, the model includes the resonances of the OH stretch vibrations of
hydrogen-bonded and non-hydrogen-bonded water molecules (red dotted line,
χσ,OH). The OH stretch band of the hydrogen-bonded water molecules is mod-
eled with two Lorentzian curves with maxima at 3250 cm−1 and 3450 cm−1,
and the response of the non-hydrogen-bonded water molecules is modeled with
a single Lorentzian centered at 3700 cm−1. In addition to the resonances in
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Figure 4.1. |χ(2)|2 spectra of the neat water surface water/air (dark blue), the
water/DTAB/air interface (darkcyan) and the water/SDS/air interface (magenta) in
the frequency region of the water bend vibration. The concentration of the SDS and
DTAB solution is 10 mM. Note that the spectra are not offset with respect to each
other, the signal observed for the DTAB solution is much stronger than that of pure
water and the SDS solution.

the stretching mode region, we included a frequency-independent non-resonant
background χNR (orange dotted). The comparison of the model and the experi-
mental data shows that the resonances of the OH stretch band have a negligible
influence on the observed Im[χ(2)] in the bending mode region. However, the
Re[χ(2)] in the bending mode region does show significant contributions from
both the different OH stretch vibrations χσ,OH and the non-resonant back-
ground χNR, as illustrated in Figure 4.2 ((c-d)). The low-frequency wing of
the real response of the stretching band (red dotted) adds a negative value to
the real part of the response of the bending mode χδ (green dotted). In Figure
4.2 (d) we show the Re[χ(2)] over a broad frequency range. This figure clearly
shows that the χσ contribution also induces a slight tilt of the total Re[χ(2)] in
the frequency region of the bending mode. From the analysis of Figure 4.2 it
is clear that the observed step in the intensity SFG spectrum of pure water of
Figure 4.1 can be well explained from the interference with the stretch vibra-
tions. The Re[χ(2)

σ ] of the stretch vibrations compensates the positive Re[χ(2)
δ ]

of the bending vibration at frequencies <1650 cm−1, and enhances the negative
Re[χ(2)

δ ] of the bending vibration at frequencies >1650 cm−1. As a result, the
total intensity (|χ(2)|2) shows a steplike shape.

In Figure 4.3, we present experimental Im[χ(2)] spectra of (a) the wa-
ter/DTAB/air interface (dark-cyan) and (b) the water/SDS/air interface (ma-
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(a) (b)

(d)(c)

Figure 4.2. (a) Im[χ(2)] spectrum of neat water (dark blue) in the frequency region
of the bending mode. The solid line represents the result of a fit, explained in the text.
(b)-(d) modeled Im[χ(2)] and Re[χ(2)] spectra of neat water (χtot,the, cyan) compared
to the experimental data (dark blue). The figures also show the decomposition of the
total response χtot,the in different contributions: the non-resonant background χNR

(dotted orange), the bending mode response χδ (dotted green), and the response of
the OH stretch vibrations χσ (dotted red).

genta) in the frequency region of the water bend vibration. The Im[χ(2)]
spectrum of the water/DTAB/air interface shows a positive band centered at
1640 cm−1. This band is stronger, broader and somewhat redshifted in com-
parison to the Im[χ(2)] spectrum of water/air. The Im[χ(2)] spectrum of the
water/SDS/air interface shows a clear negative feature at lower frequencies.
At this point it should be noted that we can exclude phase distortions in the
HD-VSFG spectra, as the electric double layer (EDL) has a thickness <10 nm
for ionic strengths >1 mM.87,88,102 The spectra observed for water/DTAB/air
and water/SDS/air can be well explained from the presence of an additional
low-frequency band in the Im[χ(2)] spectra that is negligibly present for neat
water/air, and that has a different sign for the water/DTAB/air and the wa-
ter/SDS/air interface. To substantiate that the lower-frequency band depends
on the sign of the surface charge, we also performed measurements with a dif-
ferent negatively charged surfactant sodium monododecyl phosphate (SMP)
(Appendix Figure 4.5). These measurements also show the presence of a neg-
ative band centered at 1626 cm−1, thus confirming that this band results from
the bending mode of water and that its sign is determined by the sign of the
surface charge. To quantify the different contributions to the Im[χ(2)] spectra
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(2
) (2

)

(b)(a) c=10 mMc=10 mM

Figure 4.3. Spectral decomposition of the Im[χ(2)] spectra of (a) the wa-
ter/DTAB/air interface (dark cyan) and (b) the water/SDS/air interface (magenta),
each modeled with two Lorentzian-shaped spectral components. The two Lorentzian-
shaped components are assigned to the quadrupolar contribution of the bulk (red,
centered at 1656 cm−1), and to the surface dipolar contribution (blue, centered at
1626 cm−1), of the water bending mode.

we decompose the spectra observed for the water/DTAB/air interface and the
water/SDS/air interface into Lorentzian-shaped bands centered at 1656 cm−1

(blue) and 1626 cm−1 (red). The band at 1656 cm−1 does not depend on the
charge of the surface and is assigned to the quadrupolar response of the bulk.
This assignment is consistent with the notion that the quadrupolar contribu-
tion of the water bending mode does not depend on the orientation of the water
molecules, and is thus not strongly affected by the surface electric field.70 The
sign and amplitude of the 1626 cm−1 band are determined by the charge at the
surface and can therefore be assigned to a dipolar surface contribution. This
assignment is further supported by studying the effect of adding 0.5 M NaCl to
the water/DTAB and the water/SDS solutions. The addition of salt leads to
screening of the electric field of the charged surfactants. We observe that the
addition of salt leads to a vanishing of the 1626 cm−1 band (Appendix Figure
4.6).

For the positively charged DTAB/air surface the interfacial water molecules
are oriented with their hydrogen atoms toward the bulk. For the stretch vibra-
tion this orientation leads to a negative contribution to Im[χ(2)], because for the
stretch vibration the dipole and the polarizability have the same dependence
on the phase of the stretch vibration (when the hydrogen atoms move away
from the oxygen atom, the dipole moment increases and the size and polar-
izability of the water molecules also increase). For the bending vibration the
dipole moment and polarizability have an opposite dependence on the phase
of the bending vibration (when the atoms move together, the dipole moment
increases while the size and polarizability of the water molecule decreases). As
a result, the surface dipolar contribution to the Im[χ(2)] of the bending mode
is positive for water molecules with their hydrogen atoms oriented toward the
bulk, and negative for water molecules that have their hydrogen atoms oriented
toward the surface.
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DTAB SDS

(a) (b)

(d)(c)

Figure 4.4. The Im[χ(2)] spectra of the water/DTAB/air (a) and the water/SDS/air
(b) interface at different concentrations in the range of 0.05 to 5 mM including fits
presented with dashed lines. (c-d) show the absolute amplitude of the dipole contri-
bution extracted from the fitting procedure in respect to the concentration of DTAB
(c) and SDS (d).

For neat water we find that the experimental data can be well described
with a single Lorentzian line that only represents the quadrupolar contribution
of the bulk (Figure 4.2). In our fitting procedure for the water/DTAB/air and
water/SDS/air (10 mM) interfaces presented in Figure 4.3 (a-b) we use the
same description for the quadrupolar contribution. In the Appendix we show
the measured Re[χ(2)] responses of the water/DTAB/air interface and the wa-
ter/SDS/air interface, and the decomposition of the Im[χ(2)] and Re[χ(2)] spec-
tra (Appendix Figures 4.7 and 4.8), as was done for neat water/air, which was
shown in Figure 4.2. In this analysis we include the interference effect between
the quadrupolar bulk and dipolar interface responses of the bending mode, and
the interference effect between the water bending mode responses and the re-
sponse of the OH stretch vibrations and the nonresonant background response.
We find that for the water/DTAB/air interface and the water/SDS/air inter-
face, the Re[χ(2)] response and the intensity spectrum (∼ |χ(2)|2) are strongly
affected by the interference with the response of the OH stretch vibrations, as
was the case for neat water.

In Figure 4.4 we present the Im[χ(2)] spectra of (a) water/DTAB/air and
(b) water/SDS/air at different concentrations in the range of 0 mM to 5 mM.
For water/DTAB/air we observe that the positive peak centered at 1656 cm−1

assigned to the water bending mode is increasing with increasing DTAB con-
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centration. Furthermore, we observe a broadening and a slight red shift of the
Im[χ(2)] spectra. Increasing the SDS concentration leads to an ingrowth of a
negative peak at lower frequencies. These observations confirm the assignment
of the band at 1626 cm−1 to a surface dipolar contribution. In the case of
DTAB, the positive surface charge is increasing with increasing concentration,
thus causing an enhanced ordering of the interfacial water molecules with their
hydrogen atoms toward the bulk, which leads to an increase of a positive dipo-
lar band at 1626 cm−1. The increase of the concentration of SDS increases
the negative charge density at the surface, thereby inducing an enhanced ori-
entation of the water molecules with their hydrogen atoms toward the surface,
and thus to an increase of a negative dipolar contribution at 1626 cm−1. The
concentration-dependent increase of the dipolar contribution of the water bend-
ing mode is also observed for the OH stretch vibration of aqueous solutions of
DTAB and SDS (Appendix Figure 4.9).

To quantify the results, we decompose the responses measured at differ-
ent concentrations of DTAB and SDS in two Lorentzian bands centered at
1626 cm−1 and 1656 cm−1, for the dipole and quadrupol contribution, respec-
tively. As the quadrupolar contribution is not expected to depend on the orien-
tation of the water molecules, we keep the quadrupolar contribution constant
at all concentrations. We also keep the width of the dipolar contribution con-
stant, and we only allow the amplitude of this contribution to change with the
surfactant concentration. The fits are shown in Figure 4.4 (a-b) with dashed
lines. The decompositions for the different concentrations are presented in the
Appendix (Figure 4.10 and 4.11). In Figure 4.4 (c-d) we present the amplitude
of the dipolar band extracted from the fitting procedure as a function of the
surfactant concentration. For both DTAB and SDS, the amplitude of the dipo-
lar band increases nonlinearly with concentration, showing saturation behavior
at a bulk concentration of a few mM. This saturation behavior can be explained
from the saturation of the surface density of surfactant molecules, the resulting
decrease of the water density at the surface, and the enhanced screening effect
of the counter ions of the surfactant molecules. A similar saturation effect is
observed for the OH stretching mode of water (Appendix Figure 4.9). The
combination of these effects can even lead to a decrease of the dipolar response
at higher SDS concentrations. From the fitting procedure we find that at a
surfactant concentration of 10 mM the absolute ratio of the amplitudes of the
dipolar interfacial and the quadrupolar bulk contribution is 1:0.7, both for the
water/DTAB/air interface and the water/SDS/air interface. It is also seen that
at zero surfactant concentration the dipolar contribution is negligible.

Recently Ahmed et al.84 reported HD-VSFG measurements of water with
charged surfactants and lipid monolayer/water interfaces in which they did not
find evidence for an interfacial dipole contribution of the water bending mode.
Their Im[χ(2)] spectra show a positive band, independent on the sign of the
charge of the headgroup. Therefore, Ahmed et al. argued that the Im[χ(2)]
response of the water bending mode arises only from a quadrupolar response,
even for charged surfaces.84 At first sight this finding appears to disagree with
the results of Figure 4.3. However, the measurements of Ahmed et al. were
performed with a surfactant concentration of only 0.1 mM, while the measure-
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ments shown in Figure 4.3 are performed with a surfactant concentration of
10 mM. As is clearly illustrated in Figure 4.4, for a surfactant concentration
of 0.1 mM, the dipolar contribution is negligibly small. To detect the dipolar
contribution of the OH bending mode, a sufficiently high surface charge density
is needed. The absence of a dipolar contribution in the SFG spectrum of the
water bending mode for a 2.1 M NaI solution in the work of Kundu et al.37,
can thus be explained from the relatively low negative surface charge density of
NaI solutions in comparison to SDS solutions.

An interesting observation is that the dipolar contribution has a significantly
lower frequency than the quadrupolar contribution. The lower frequency of
the dipolar contribution indicates that the hydrogen bonds of the contributing
water molecules are weaker than those of the water molecules giving rise to the
quadrupolar contribution.34 This finding agrees with the fact that the molecules
giving rise to the quadrupolar contribution are predominantly located in the
bulk of the liquid, whereas the molecules giving rise to the dipolar contribution
will be located at the surface.

4.4 Conclusions

In summary, we performed HD-VSFG measurements of pure water, and of aque-
ous solutions of ionic surfactants. We find that the Im[χ(2)] response in the
frequency region of the bending mode of water is strongly affected by the inter-
ference with the low-frequency wing of the OH stretch vibrations of water. By
comparing the measured Im[χ(2)] spectra of differently charged water surfaces,
we demonstrate the presence of a surface-specific dipolar response of the water
bending mode centered at 1626 cm−1. This response changes sign when the sign
of the surface charge changes, and increases with increasing surface charge, i.e.
increasing concentration of ionic surfactant. In addition to this dipolar surface
contribution, the bending mode of water shows a quadrupolar bulk contribu-
tion centered at 1656 cm−1. This contribution is not surface-charge dependent
and dominates the Im[χ(2)] response of neat water in the frequency region of
the bending mode. The water bending vibrations form an excellent probe of
the (hydrogen-bonded) environment of the water molecule, as they are much
less effected by intra- and intermolecular couplings than the stretch vibrations.
Therefore, small changes in frequency and amplitude of the bending mode spec-
trum can be directly connected to changes in the environment of the water
molecules. We thus demonstrate that HD-VSFG involving the bending mode of
the water molecules can provide important information on the hydrogen-bond
structure of both the surface and the bulk of aqueous solutions.
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4.5 Appendix
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Figure 4.5. The Im[χ(2)] spectra of the neat water surface (blue) and the wa-
ter/sodium monododecyl phasphate (SMP)/air interface at different concentrations
of 0.025 mM (darkcyan) and 0.25 mM (green).

(a) (b)

Figure 4.6. The Im[χ(2)] spectra of the neat water surface (blue) and (a) the wa-
ter/DTAB/air interface with a concentration of 2 mM (darkcyan) including NaCl with
a concentration of 0.5 M (light blue) and (b) the water/SDS/air interface with a con-
centration of 2 mM (dark magenta) including NaCl with a concentration of 0.5 M
(violet).

From previous studies it is well known that the response of the OH stretch band
can be well explained from a purely dipolar contribution, which implies that this
response is dominated by oriented water molecules in the electric dipole layer
(EDL). By adding NaCl to the surfactant solution, the intensity of the OH
stretch band substantially decreases, due to screening of the electric field of the
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surfactants and the resulting decrease of the degree of orientation of the water
molecules within the EDL.84,103,104 For the response of the bending vibration
of water the situation is somewhat more complex. We observe two bands in
the Im[χ(2)] response, at 1626 cm−1 and at 1656 cm−1. The lower-frequency
band at 1626 cm−1 changes sign when the charge of the surfactant changes,
which constitutes strong evidence for the assignment of this band to a dipolar
contribution. In figure 4.6 we support this assignment further with the Im[χ(2)]
measurements of the neat water surface (blue) and (a) the water/DTAB/air
interface with a concentration of 2 mM (darkcyan) including NaCl with a con-
centration of 0.5 M (light blue) and (b) the water/SDS/air interface with a
concentration of 2 mM (dark magenta) including NaCl with a concentration of
0.5 M (violet). We observe that the addition of 0.5 M NaCl to aqueous solu-
tions of DTAB and SDS (2mM), leads to a substantial decrease of the band at
1626 cm−1. This indicates that the amplitude of this band is strongly influenced
by screening of the electric field of the surfactant and the resulting decrease of
the degree of orientation of the water molecules. This finding supports the
assignment of the low-frequency band at 1626 cm−1 to a dipolar surface contri-
bution. The higher frequency peak at 1656 cm−1 is neither changing sign upon
charging the surface nor decreasing its amplitude upon the addition of salt, and
can therefore be assigned to a quadrupolar bulk contribution.
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(a)

(c) (d)

(b)

Figure 4.7. (a-d) present the modeled Im[χ(2)] and Re[χ(2)] spectra of the wa-
ter/DTAB/air interface (χtot,the, cyan) combined with the experimental data (dark
blue). The model shows additionally a decomposition of the total response χtot,the in
different contributions: the non-resonant background χNR (dotted orange), the bend-
ing mode response χδ (dotted green), and the response of the OH stretch vibrations
χσ (dotted red).
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(a)

(c) (d)

(b)

Figure 4.8. (a-d) present the modeled Im[χ(2)] and Re[χ(2)] spectra of the wa-
ter/SDS/air interface (χtot,the, cyan) combined with the experimental data (dark
blue). The model shows additionally a decomposition of the total response χtot,the in
different contributions: the non-resonant background χNR (dotted orange), the bend-
ing mode response χδ (dotted green), and the response of the OH stretch vibrations
χσ (dotted red).
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(a) (b)

Figure 4.9. The Im[χ(2)] spectra of (a) the water/DTAB/air interface and (b) the
water/SDS/air interface with different concentrations in a range of 5 μM -10 mM.

In Figure 4.9 we show the Im[χ(2)] spectra of (a) water/DTAB solutions and
(b) water/SDS solutions at different concentrations in a range of 5 μM - 10 mM.
The Im[χ(2)] spectrum of the water/DTAB/air interface shows a negative peak
centered at 3000 - 3500 cm−1 that can be assigned to the OH stretch band.
The negative sign of the OH stretch band implies that the interfacial water
molecules have a net orientation with their hydrogen atoms pointing towards
the bulk. The amplitude of this response increases with increasing concentration
of DTAB, reaching a maximum at a concentration of 2 mM. These results indi-
cate that the observed response of the OH stretch band can be well explained
from a purely dipolar contribution, which implies that this response results from
oriented water molecules in the electric double layer (EDL). The amount of ori-
ented water molecules within the EDL is dependent on the charge density at
the surface, and therefore on the concentration of charged surfactant molecules
The increase of the amplitude of the OH stretch band at low surfactant concen-
trations (<2 mM) can thus be explained from the increased alignment resulting
from the increase of the positive surface charge density. For higher concentra-
tions (>2 mM) a small decrease of the OH stretch band is observed, which can
be explained from the saturation of the surface density of surfactant molecules,
and the enhanced screening effect of the negative counter ions of the surfactant
molecules.105 For the negatively charged SDS/air surface the interfacial water
molecules are oriented with their hydrogen atoms towards the surface, leading
to a positive OH stretch band in the Im[χ(2)] spectrum. The concentration
dependence of the amplitude of the OH stretch band at the water/SDS/air in-
terface is similar to that at the water/DTAB/air interface. For both DTAB
and SDS two additional negative features at 2880 cm−1 and 2940 cm−1 arise at
higher concentrations (>2 mM). The 2880 cm−1 band is assigned to the sym-
metric stretch vibration of the terminal methyl group (νCH3,SS) of the hydro-
carbon chain of the surfactant molecules, while the 2940 cm−1 band represents
the overlapping responses of the symmetric stretch vibrations of the methylene
groups (νCH2,SS) and the Fermi resonance of the symmetric stretch vibration
of the terminal methyl group (νCH3,SS). The sharp positive peak at 2970 cm−1
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can be assigned to the antisymmetric stretch vibration of the methyl group
(νCH3,AS).32 We also observe that with increasing DTAB and SDS concentra-
tion the peak centered at 3700 cm−1, assigned to the OH stretch vibrations of
non-hydrogen bonded OH-groups that stick out of the surface, decreases, due
to the increased surface coverage by the surfactant molecules.

(a) (b)

(c) (d)

Figure 4.10. Spectral decomposition of experimental obtained Im[χ(2)] spectra of
the the water/DTAB/air (cyan) with two Lorentzian-shaped spectral components of
different concentrations (a) 0.05 mM (b) 0.1 mM (c) 2 mM and (d) 5 mM. The two
Lorentzian-shaped spectral components are assigned to the quadrupole contribution
of the bulk (blue) and to the interfacial dipole contribution (red) of the water bending
mode centered at 1656 cm−1 and 1626 cm−1 respectively.
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(a) (b)

(c) (d)

Figure 4.11. Spectral decomposition of experimental obtained Im[χ(2)] spectra of
the the water/SDS/air (magenta) with two Lorentzian-shaped spectral components of
different concentrations (a) 0.1 mM (b) 0.5 mM (c) 2 mM and (d) 5 mM. The two
Lorentzian-shaped spectral components are assigned to the quadrupole contribution
of the bulk (blue) and to the interfacial dipole contribution (red) of the water bending
mode centered at 1656 cm−1 and 1626 cm−1 respectively.
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5 Direct Observation of the

Orientation of Urea

Molecules at Charged

Interfaces

Dissolving urea in water induces special solvation properties that play a cru-
cial role in many biological processes. Here, we probe the properties of urea
molecules at charged aqueous interfaces using heterodyne-detected vibrational
sum-frequency generation (HD-VSFG) spectroscopy. We find that at the neat
water/air interface urea molecules do not yield to a significant sum-frequency
generation. However, upon the addition of ionic surfactants, we observe two
vibrational bands at 1660 cm−1 and 1590 cm−1in the HD-VSFG spectrum as-
signed to mixed bands of the C=O stretch and NH2 bend vibrations of urea.
The orientation of the urea molecules depends on the sign of the charge lo-
calized at surface, and closely follows the orientation of the neighboring water
molecules. We demonstrate that urea is an excellent probe of the local electric
field at aqueous interfaces.

67
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5.1 Introduction

Aqueous solutions of urea show most striking properties, like the inhibition of
micellar aggregation of surfactants and the enhancement of the solubility of
hydrocarbons.106–109 Furthermore urea plays a key role in many biological pro-
cesses, of which the best known is the denaturation of proteins.110–113 Due to
these remarkable properties aqueous solutions of urea have been the subject of
many experimental and theoretical studies over the past decades.106,114–118 A
great deal of these studies focused on the question to what extent the hydro-
gen bonding network of water gets perturbed by adding urea molecules. The
answer to this question is of great importance to understand the denaturation
process of proteins by urea. In previous nuclear magnetic resonance (NMR) and
molecular dynamics (MD) simulations studies, it has been proposed that urea
breaks the hydrogen bond structure of water and thereby enhances the solvation
of the hydrophobic groups of the protein.116–118 However, the result of recent
pump-probe Infra-red (IR) -measurements, nuclear magnetic resonance (NMR)
and terahertz (THz) absorption spectroscopy studies contradict this hypothesis
by showing that urea has no significant effect on the hydrogen bond network
of water.107,119,120 These latter studies indicate that the protein denaturation
is driven by a direct mechanism in which the urea molecules interact with the
amide groups of the backbone of the protein.119 Up to now, primarily the prop-
erties of urea in the bulk of aqueous solutions have been studied, and little
work has been done addressing the properties of urea at aqueous surfaces. Re-
cently, surface tension measurements supported by MD-simulations showed that
the surface tension increases proportionally with the urea concentration.121–125
Previous vibrational sum-frequency generation (VSFG) spectroscopy studies of
solutions containing α-lactalbumin and urea showed, that the orientation of
the amide groups of the protein at the surface is independent from that of the
urea molecules. This observation suggests that there are no strong direct in-
teractions between the amide groups of the protein and the urea molecules,
and points at an indirect denaturation process of the protein.7,126 In this work
we perform HD-VSFG measurements to investigate the molecular response of
urea molecules at charged aqueous interfaces, by measuring the effect of surface
charge on the vibrational response of urea. Our results demonstrate that urea
orients within in the hydrogen bonded network of water and that its absolute
orientation is dependent on the sign of the charged surface.

5.2 Experimental Methods

Sample preparation The solutions are prepared by dissolving different con-
centrations of dodecyltrimethylammonium bromide (DTAB), sodium dodecyl
sulfate (SDS), urea and sodium chloride (NaCl) in H2O. For all solutions we
used H2O from a Millipore Nanopure system (18.2 MΩ cm). DTAB, SDS, urea
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and NaCl are purchased from Sigma Aldrich with a purification of 99% and are
used without further purification.

Spectroscopy The VSFG measurements described in this chapter are per-
formed with the setup described in section 3.1.

5.3 Results and Discussion

In Figure 5.1 we present the experimental Im[χ(2)] spectra of neat water (dark
blue) and aqueous urea solutions with a concentration of 1 M (cyan) and 6 M
(magenta) in the frequency region of 1550 - 1750 cm−1. For pure water we
observe a symmetric positive peak centered at 1656 cm−1 that we assign to the
water bending mode. The observed spectrum of the neat water surface agrees
well with the results of previous HD-VSFG studies.37,84,127 The Im[χ(2)] spec-
tra of the aqueous urea solutions with concentrations of 1 M and 6 M both
show a symmetric peak at 1656 cm−1, identical to what is observed for the neat
water surface, and that we assign to the water bending mode. This observation
suggests that even at a high urea concentration of 6 M no characteristic vibra-
tional modes of urea are observed. This implies that urea is either not located
in the vicinity of the surface and/or does not show a net orientation near an un-
charged water surface. This observation is consistent with the results of VSFG
experiments in the OH and NH stretch vibrational region by Stratzdaite et al.7

(
)

H2O

Figure 5.1. The Im[χ(2)] spectra of the neat water surface (dark blue) and aqueous
urea solutions with a concentration of 1 M (cyan) and 6 M (magenta) within the
frequency region of 1550 - 1750 cm−1.

Figure 5.2 (a) shows the Im[χ(2)] spectrum of an aqueous Sodium dodecyl
sulfate (SDS) solution (dotted magenta) with a concentration of 2 mM, and the
Im[χ(2)] spectrum of the same solution of SDS with 1 M of urea added (solid dark
magenta). We used a concentration of 2 mM of SDS. With this concentration
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the expected phase distortion effects are expected to be negligible in the HD-
VSFG spectra, as the electrical double layer (EDL) has a thickness <10 nm for
ionic strengths >1 mM.87,88,102 To verify this notion, we modeled the expected
phase distortion using the Poisson-Boltzmann equation for a solution with an
ionic strength of 2 mM. We find the phase change to be less than 10 degrees
(Appendix Figure 5.5 ), which means that this change within the experimental
phase uncertainty. The Im[χ(2)] spectrum of an aqueous 2 mM SDS solution
shows a negative and a positive peak centered at 1626 cm−1 and 1656 cm−1,
that we assigned to the dipolar and quadrupolar response of the water bending
mode, respectively.127 The negative sign of the dipolar contribution implies that
the water molecules have a net orientation with their hydrogen atoms toward
the surface, as a result of the negative charge of the surface imposed by the
SDS surfactants.127 In Figure 5.2 (c) we present the Im[χ(2)] spectrum of an
aqueous Dodecyltrimethylammonium bromide (DTAB) solution (dotted cyan)
with a concentration of 2 mM and the Im[χ(2)] spectrum of the same solution of
DTAB containing 1 M of urea (solid dark cyan). The Im[χ(2)] of DTAB shows
a single positive peak centered at 1640 cm−1 that in comparison to the band
observed in the Im[χ(2)] spectrum of neat water shown in Figure 5.1 is enhanced,
broadened and shifted ∼10 wavenumbers to lower frequencies. This broad band
can be separated in two frequency components centered at 1626 cm−1 and
1656 cm−1 ,and assigned to the dipolar and quadrupolar response of the water
bending mode, respectively.127 in the case of the DTAB solution the dipolar
contribution has a positive Im[χ(2)] response, indicating a net orientation of
the water molecules with their hydrogen atoms toward the bulk, as a result of
the positive charge at the surface generated from the positively charged DTAB
surfactants.

The presence of 1 M urea leads to a significant change of the Im[χ(2)] spec-
tra of the aqueous solutions of SDS and DTAB, as shown in Figure 5.2 (a,c).
The resulting spectra (solid dark magenta and solid dark cyan) look very dif-
ferent from the Im[χ(2)] of the aqueous solutions containing only SDS (dotted
magenta) and only DTAB (dotted cyan). In Figure 5.2 (b) we have subtracted
the Im[χ(2)] response of the water bending mode from that of the solution con-
taining 2 mM SDS and 1 M urea, and from that of the solution containing
2 mM DTAB and 1 M urea. The difference spectra show two distinct vibra-
tional bands centered at 1590 cm−1 and 1660 cm−1 that we assign to mixed
bands of the C=O stretch and NH2 bend vibrations of the urea molecule. The
mode at 1590 cm−1 is dominated by the NH2 bending vibrations, and the band
centered at 1660 cm−1 is dominated by the C=O stretch vibration.128,129 The
band centered at 1660 cm−1 has a higher absolute amplitude than the peak at
1590 cm−1, which can be explained from the larger transition dipole moment
of the C=O stretch vibration. To confirm the above assignment of the vibra-
tional modes of urea we also performed measurements with deuterated urea
dissolved in D2O. In deuterated urea the NH2 groups of urea are exchanged
by ND2 groups leading to a significant redshift of the frequency of the bending
vibration of these groups, and a decoupling from the C=O stretch vibration.
Additionally, the bending vibration of D2O is shifted to lower frequencies with
respect to the bending mode of H2O. For this system, we observe only a band



5.3 Orientation of Urea Molecules at Charged Interfaces 71

(a)

(b)

(c)

(
)

(
)

(
)

Figure 5.2. Im[χ(2)] spectra of aqueous solutions of different surfactants and different
concentrations of urea. (a) Im[χ(2)] spectra of a solution with 2 mM SDS (dotted
magenta), and of a solution with 2 mM SDS and 1 M urea (solid dark magenta). (c)
Im[χ(2)] spectra of a solution with 2 mM DTAB (dotted cyan), and of a solution with
2 mM DTAB and 1 M of urea (solid dark cyan). (b) The Im[χ(2)] spectra of aqueous
solutions containing 1 M urea and either 2mM SDS or 2mM DTAB, after subtraction
of the response of the water bending mode.
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at 1600 cm−1 that can be assigned to the nearly pure C=O stretching mode
of the deuterared urea molecule (Appendix Figure 5.6), thus confirming the as-
signment of the 1590 cm−1 and 1660 cm−1 to bands of mixed C=O stretch and
NH2 bending vibration character.128,130

Interestingly, the signs of the 1590 cm−1 and 1660 cm−1 bands in the Im[χ(2)]
spectra of Figure 5.2 (b) are governed by the sign of the charge at the surface.
For a solution with 2 mM SDS and 1 M urea the two vibrational modes have
a positive sign, which implies that the urea molecules near the surface orient
with their NH2 groups toward the negatively charged surface.131 For an aqueous
solution with 2 mM DTAB and 1 M urea the two bands are negative, indicating
that the urea molecules are pointing with their C=O group toward the positively
charged surface. The strong dependence of the sign of the vibrational bands
of urea on the nature of the surface charge, and the lack of any signal from
urea for a neutral aqueous surface, show that the HD-VSFG response of urea
results from an induced orientation of the urea molecules within the electric
double layer (EDL) near the surface. Therefore this response can be described
as an electric field induced χ

(3)
Urea effect, similar to the χ(3) effect that has been

observed previously for water molecules at charged interfaces.32,70,132

EVSFG ∼ χ
(2)
H2O,quadNH2O +

(
χ
(3)
H2O,dipNH2O + χ

(3)
urea,dipNurea

)
EDC,surf (5.1)

Here EVSFG is the VSFG response and χ(2) is the second-order nonlinear
susceptibility. EDC,surf represents the static electric field within the EDL and
NH2O and Nurea represent the number densities of water and urea, respectively.
χ
(3)
H2O,dip and χ

(3)
urea,dip are the responses resulting from the electric field induced

orientation of water and urea molecules within the EDL. We find no indication
for the presence of a quadrupolar χ(2) contribution of urea molecules, suggesting
that this contribution is negligible.

To study the properties of urea near aqueous surfaces in more detail, we
measured the dependence of the spectra on the urea concentration. In Figure 5.3
we present the Im[χ(2)] of aqueous (a) SDS and (b) DTAB solutions for different
concentrations of urea in a range from 1 M to 6 M. The concentration of SDS and
DTAB are kept constant at 2 mM. For all measurement results shown in Figure
5.3 the response of the water bending mode has been subtracted. For both the
SDS and the DTAB solutions we observe that the absolute amplitudes of the
bands at 1660 cm−1 and 1590 cm−1 increase with increasing urea concentration.
This increase reflects an increased amount of oriented urea molecules. To study
the concentration dependence of the amplitudes quantitatively, we decompose
the responses measured at different concentrations of urea in two Lorentzian
bands centered at 1660 cm−1 and 1590 cm−1. In this decomposition routine we
keep the central frequency and the width of the bands constant and we only
allow the amplitude to vary with urea concentration. The fit results are shown
in Figures 5.3 (a) and (b) with dashed lines and are shown in detail in the
Appendix (Figures 5.7 and 5.8).
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Figure 5.3. The Im[χ(2)] spectra of aqueous solutions containing different concen-
trations of urea ranging from 1 M to 6 M, and (a) 2 mM SDS and (b) 2 mM DTAB.
For all measurements the signature of the water bending mode is subtracted from the
Im[χ(2)] spectrum. Figures (c)-(d) show the absolute amplitude of the bands centered
at 1660 cm−1 and 1590 cm−1 extracted from the fitting procedure as a function of
the concentration of urea for (c) a solution containing 2 mM SDS, and (d) a solution
containing 2 mM DTAB.The dotted lines are guides to the eye.

(a) (b)

(
)

Figure 5.4. (a)The Im[χ(2)] spectra of the 2 mM aqueous SDS solutions with 1 M of
urea (dark magenta) and additional 0.5 M NaCl added to the solution (magenta).(b)
The Im[χ(2)] spectra of the 2 mM aqueous DTAB solutions with 1 M of urea (darkcyan)
and additional 0.5 M NaCl added to the solution (cyan).
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Figure 5.3 (c) and (d) show the amplitudes of the two vibrational modes ex-
tracted from the fitting procedure as a function of the urea concentration. For
both SDS and DTAB the amplitude of the 1660 cm−1 and 1590 cm−1 modes
first increases proportional to the urea concentration and then shows clear sat-
uration, starting at a urea concentration of ∼4 M. This saturation behavior
can be explained from the dipole-dipole interactions between urea molecules
close to the surface. With increasing urea concentration, the electric field ex-
perienced by a urea molecule will become increasingly screened by neighboring
urea dipoles, thus leading to a decrease of the degree of orientation of all urea
molecules.

In Figure 5.4 we study the effect of adding 0.5 M NaCl to a solution of 1 M
urea and 2 mM SDS (a) and a solution of 1 M urea and of 2 mM DTAB (b).
The spectra shown here are difference spectra of the spectra measured for solu-
tions with and without 1 M of urea keeping the concentrations of SDS/DTAB
and NaCl components of the solution the same, in order to remove the response
from the water bending mode. For SDS and DTAB solutions, the response of
the water bending mode is strongly affected by adding NaCl.127 We observe
that adding NaCl to the solution the amplitudes of the vibrational modes of
urea substantially decrease. This decrease indicates that the net orientation of
the urea molecules strongly decrease upon the addition of Na+ and Cl− ions.
Previous studies of the responses of the OH stretch band of water and the dipo-
lar contribution of the bending mode of water near charged surfaces showed a
similar decrease in intensity upon the addition of sodium chloride.31,32,104 This
decrease has been explained from the screening of the electric field in the EDL
by the added ions, leading to a decrease of the degree of orientation of the wa-
ter molecules.103,104 The observed decrease in the amplitudes of the vibrational
bands of urea indicates that a similar effect occurs for urea, i.e. screening of the
electric field of the surfactant molecules leads to a strong decrease of the net
orientation of the urea molecules near the surface. The observed decrease in the
signal of urea is similar to the one observed for the dipolar response of the bend-
ing mode of water.127 This observation indicates that the orientation of urea
and water molecules in a local electric field are highly correlated, which indicates
that urea and water form a collective hydrogen-bond network. Application of
an electric field induces a net orientation of this collective hydrogen-bond net-
work, thus leading to a similar orientational effect on the responses of the urea
and water molecules forming the network.

5.4 Conclusion

To conclude, we performed heterodyne-detected vibrational sum frequency gen-
eration (HD-VSFG) measurements on aqueous urea solutions and of aqueous
urea solutions with ionic surfactants. We find that the HD-VSFG spectra of
solutions only containing urea do not show characteristic vibrational signatures
of urea, showing that urea has no distinct orientation in the region near a neu-
tral aqueous surface. Charging the surface with ionic surfactants, leads to the
observation of a high-frequency (1660 cm−1) and a low-frequency (1590 cm−1)
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band that can be assigned to urea vibrations of mixed C=O stretch and NH2
bending character.

The signs and amplitudes of the vibrational bands of urea strongly depend
on the sign and amplitude of the surface electric field, which implies that the
response of urea is a field-induced χ

(3)
Urea effect, similar to the χ(3) effect observed

for the OH stretch vibration of water and the dipolar contribution of the bending
vibration of water at charged aqueous surfaces. The χ

(3)
Urea effect is observed

to saturate at a urea concentration of ∼4 M, probably due to screening of
the surface field by the urea molecules. We thus conclude that urea molecules
constitute as an excellent probe of the interfacial electric field.

Finally, we find that the response of the urea molecules is strongly reduced
when the surface electric field is screened by adding NaCl to the solution, simi-
lar to the effect observed for the OH stretch vibration of water and the dipolar
response of the bending vibration of water. This observation shows that the
orientations of urea and water molecules in a local electric field are highly cor-
related, which indicates that urea and water form a collective hydrogen-bond
network.

5.5 Appendix

(a) (b)

(c) (d)

Figure 5.5. (a) The calculated Debye length and (b) the phase distortion in degree
with respect to the Ionic strength located at the surface. The modeled Im[χ(2)] spectra
of the χ

(3)
urea,dip response in an aqueous solution of 2 mM of (c) SDS and (d) DTAB

with and without the phase effects associated to the path length difference.
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From literature it is known that a charged surface creates an electric double
layer (EDL) in which dipolar molecules are oriented and can generate sum-
frequency light.32,86 Depending on the thickness of the EDL, the sum-frequency
light is thus generated by sources with different path lengths, which can lead
to a phase change of the HD-VSFG spectrum.87 We calculate the thickness of
the EDL, denoted as the Debye length, using the linearized Poisson-Boltzmann
distribution. In Figure 5.5 (a) we present the Debye length of a 1:1 electrolyte
solution as a function of the ionic strength, and in Figure 5.5 (b) the resulting
phase change in degrees as a function of the ionic strength. In Figure 5.5 (c)
and 5.5 (d) we show the calculated Im[χ(2)] due to the χ

(3)
urea,dip response for

an aqueous solution with 2 mM of SDS and DTAB, with and without phase
effects, respectively. For a 2 mM electrolyte solution, we find that the Debye
length is ∼4 nm and that the associated phase change of the SFG signal is ∼8◦.
The phase effects in our experiments due to EDL formation and associated
path length variation of SFG are thus small, and within the experimental phase
uncertainty.
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(a) (b)

(
)

(
)

Figure 5.6. The Im[χ(2)] spectra of a 2 mM (a) SDS and (b) DTAB solution with a
concentration 1 M (magenta) and 3 M (dark magenta) of deuterated urea in D2O.
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(a) (b)
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Figure 5.7. Spectral decomposition of experimental obtained Im[χ(2)] spectra of the
2 mM SDS solution with urea at different concentrations (a) 1 M, (b) 2 M, (c) 3 M,
(d) 4 M, (d) 5 M and (d) 6 M into two Lorentzian-shaped spectral components. The
two Lorentzian-shaped spectral components are assigned to the mixed bands of the
C=O stretch and NH2 bending vibrations. The band centered at 1660 cm−1 has major
contributions coming from the C=O stretch, while the mode at 1590 cm−1 has major
contributions from NH2 bending vibrations.
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Figure 5.8. Spectral decomposition of experimental obtained Im[χ(2)] spectra of the
2 mM DTAB solution with urea at different concentrations (a) 1 M, (b) 2 M, (c) 3 M,
(d) 4 M, (d) 5 M and (d) 6 M into two Lorentzian-shaped spectral components. The
two Lorentzian-shaped spectral components are assigned mixed bands of the C=O
stretch and NH2 bending vibrations. The band centered at 1660 cm−1 has major
contributions coming from the C=O stretch, while the mode at 1590 cm−1 has major
contributions from NH2 bending vibrations.





6 Molecular Orientation of

Small Carboxylates at the

Water-Air Interface

We study the properties of formate (HCOO−) and acetate (CH3COO−) ions at
the surface of water using heterodyne-detected vibrational sum-frequency gen-
eration (HD-VSFG) spectroscopy. For both ions we observe a response of the
symmetric (νs) and antisymmetric (νas) vibrations of the carboxylate group.
The spectra further show that for both formate and acetate the carboxylate
group is oriented toward the bulk, with a higher degree of orientation for ac-
etate than for formate. We find that increasing the formate and acetate bulk
concentrations up to 4.5 m does not change the orientation of the formate and
acetate ions at the surface and does not lead to saturation of the surface density
of ions.

81
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6.1 Introduction

Carboxylic acid (-COOH) and carboxylate (-COO−) groups are involved in
many important interfacial processes, such as molecular recognition at bio-
membranes, protein folding, and energy conversion and storage.7–12,133,134 The
chemical and physical properties of the carboxylate anion differ strongly from
those of the conjugate carboxylic acid.135–137 Further, carboxylates form strong
ionic bonds with different metal cations, giving rise to metal carboxylates as
well as more elaborate structures such as carboxylate based metal organic frame-
works.138–142 Long-chain carboxylates are also frequently utilized as surfactants
to solubilize hydrocarbons in fuel extraction.143,144 During the last decades,
the pronounced surface activity of long-chain carboxylic acids and long-chain
carboxylates inspired many studies of the acid/base equilibrium, the surface
propensity, and the orientation properties of these systems in dependence on
the chain length, the concentration and the pH.145–149 Surface-specific X-ray
photoelectron spectroscopy (XPS) studies showed that the surface propensity
increases with increasing chain length.150 Furthermore, it has been shown that
the carboxylic acid has a higher surface affinity compared than its conjugate
carboxylate anion.150 While many studies have been devoted to the properties
of long-chain carboxylic acids and carboxylates at aqueous surfaces, much less
attention has been given to the surface properties of small carboxylate ions, as
acetate and formate. Surface tension measurements and MD simulations indi-
cate that the propensity of formate and acetate to be located at the surface of
water strongly differ: while the addition of formate does not significantly change
the surface tension, adding acetate does lead to a substantial lowering of the
surface tension compared to water.151,152 Up to now, this striking difference
between formate and acetate has not been studied on the molecular scale.

In this work we perform HD-VSFG measurements to investigate the sur-
face properties of aqueous sodium formate and sodium acetate solutions on the
molecular scale with HD-VSFG spectroscopy. We compare our results with the
results of surface tension measurements and MD simulations of the surfaces of
aqueous solutions of formate and acetate. For both formate and acetate, we
observe a vibrational surface response of the carboxylate group, and we can
establish the net orientation of these ions at the solution surface.

6.2 Experimental Methods

Sample preparation We prepared 1-5 molal (m) solutions of formate and
acetate in D2O by mixing of D2O with the appropriate amount of salt in a
vial. We used sodium formate (≥99.0 %, Fluka Analytical), sodium acetate
(anhydrous, for molecular biology ≥ 99 %, Sigma Aldrich) and D2O (99.9 %
atom D, Aldrich) as received.
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FTIR measurements The linear infrared absorption spectra were recorded
with a commercial Bruker Vertex 80v Fourier-transform infrared spectrometer
with a resolution of 2 cm−1 in transmission geometry. The samples were pre-
pared by squeezing a droplet of the solution between a pair of circular 20 mm
thick CaF2 windows (Crystran) separated by a 5-25 μm thick PTFE spacer.
The thickness of the spacers was adjusted such that the absorption of the car-
boxylate ions did not saturate. An empty cell with two identical CaF2 windows
was used for background measurements.

Heterodyne-Detected Vibrational Sum-Frequency Generation

Spectroscopy The VSFG measurements described in this chapter are
performed with the setup described in section 3.1.

6.3 Results and Discussion

Infrared absorption spectra In Figure 6.1, we show the normalized FTIR
spectra of solutions of 2.25 m sodium formate and sodium acetate in D2O in
the 6 μm region. The high-frequency band is assigned to the antisymmetric
stretch vibration (νas) of the carboxylate group. For formate this band is cen-
tered at 1590 cm−1 and for acetate at 1565 cm−1. The low-frequency band is
assigned to the symmetric stretch vibration (νs) of the carboxylate group and
is centered at 1352 cm−1 for formate and at 1417 cm−1 for acetate. For the
formate solution an additional band at 1380 cm−1 is observed which has been
assigned earlier to the in-plane CH bending vibration.153 For acetate an addi-
tional band at 1350 cm−1 band is observed which can be assigned to the CH3

deformation vibration. The symmetries of the CH vibrations and νs are differ-
ent (A1 and B1 respectively) and hence mixing between these bands is formally
not possible.153–156 To compare the absorption strengths of the different bands,
we normalize the spectra on the maximum amplitudes of the νas vibrations.
We observe that the νs vibration is almost twice as intense for acetate than
for formate. We studied the concentration dependence of the bands (Figures
6.5 and 6.6 in the Appendix), and found that the ratio between the bending
mode of D2O (δD2O) and the νs of the carboxylate ions scales very well with
the solute concentration. We also observe that both for formate and acetate
the line shapes of the carboxylate stretch vibrations are quite independent of
the concentration.

VSFG spectra Figure 6.2 presents the imaginary part of the HD-VSFG
spectra (Im[χ(2)]) of solutions of 2.25 m sodium formate (magenta) and sodium
acetate (cyan) in D2O in the frequency region of 1300 - 1650 cm−1. The Im[χ(2)]
spectra show a positive band at 1350 cm−1/1410 cm−1, and a negative band at
1590 cm−1/1550 cm−1 for formate/acetate. In line with the FTIR spectrum, we
assign the low-frequency band to the νs vibration and the high-frequency band
to the νas vibration of the carboxylate group. In SSP polarization combination
only vibrational modes with a transition dipole moment (TD) component par-
allel to the surface normal can be observed. Hence, considering that the TD of
the νas vibration of the carboxylate group is perpendicular to that of νs, only
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(a)

(b)

Formate Acetate

Figure 6.1. FTIR spectra of 2.25 m D2O solutions of sodium formate (magenta)
and sodium acetate (cyan) in the frequency region of 1300-1650 cm−1.

the latter vibration would have been detected in case the carboxylates would
have their molecular c-axis parallel aligned with the surface normal. In earlier
studies of long-chain carboxylates only the band of the νs vibration of the car-
boxylate group was observed in SSP polarization combination, indicating that
for long-chain carboxylates the c-axis is indeed oriented parallel to the surface
normal. For long-chain carboxylates the νas band could only be observed in
SPS polarization configuration.148,149 Thus, the observation of the νas band in
Figure 6.2 for formate and acetate shows that for these carboxylates the molec-
ular c-axis is at a nonzero angle with respect to the surface normal.

We observe that for both carboxylate solutions the νs vibrational mode has
a positive sign in the Im[χ(2)] spectrum. As the transition dipole moment of the
νs vibration is aligned parallel to the c-axis of the carboxylate group, this ob-
servation implies that formate and acetate orient with their carboxylate group
toward the bulk. HD-VSFG measurements of formate and acetate solutions
performed in the 3 μm region support this assignment (Appendix Figure 6.7),
as these measurements show a negative sign of the CH stretch vibration of the
methine group of formate (νCH,S) and the symmetric CH3 stretch vibration
of the methyl group of acetate (νCH3,S). These negative signs show that the
CH bonds of the carboxylate anions have a net orientation pointing toward the
air.32. To explain the negative sign of the νas of the carboxylate group, a more
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detailed analysis of the hyperpolarizability tensor is required. In 2.3 we provide
a brief description based on the analysis of a systems with C2v symmetry, which
represents the carboxylate group. Finally, we note that the in-plane CH bend-
ing vibration of formate, and the CH3 deformation of acetate that are observed
in the FTIR spectrum, are not observed in the HD-SFG spectrum.

Figure 6.2. Im[χ(2)] spectra of a solution of 2.25 m sodium formate (red) and sodium
acetate (blue) in D2O in the frequency region of 1300 -1650 cm−1. The measurements
are taken in SSP polarization configuration.

Comparing Figures 6.2 and 6.1, we observe that in the SFG spectrum the
νas band is substantially weaker compared to the νs band than in the FTIR
spectrum. This difference can be explained from two effects. The first effect is
that the χ(2) response measured in HD-VSFG is proportional to the product of
the TD and the Raman transition matrix element. The νas vibration shows only
weak Raman activity compared to the νs vibration153, thus decreasing the SFG
signal of the νas vibration relative to that of the νs vibration. A second effect
is that the carboxylate ions are probably quite well oriented along the surface
normal, which means that the transition dipole moment of the νas vibration will
have a relatively small component along the surface normal, which decreases its
SFG signal compared to that of the νs vibration. We observe in Figure 6.2
that the amplitudes of the νas bands of the sodium formate and sodium acetate
solutions are almost the same. In previous surface-specific studies it was found
that acetate has a quite high surface propensity, while formate was found to
have a very low surface propensity.150,152

In view of this difference in surface propensity, it is quite unexpected that
the VSFG response of νas is about equal in amplitude for acetate and formate
solutions. The effect of the higher surface propensity of acetate is probably
compensated by a larger tilt angle of the c-axis with respect to the surface nor-
mal for formate. A larger tilt angle enhances the amplitude of the band of the
νas vibration. In Figure 6.3 we show Im[χ(2)] spectra of (a) sodium formate
and (b) sodium acetate solutions at different concentrations in the range of 0.9
- 4.5 m. In Figure 6.3 (c,d) we show the amplitudes of the two vibrational
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(d)

(b)(a)

(c)

Figure 6.3. Im[χ(2)] spectra of aqueous (a) sodium formate and (b) sodium acetate
solutions in D2O with different concentrations in the range of 0.9 - 4.5 m. (c)-(d)
show the amplitudes of the bands of the νs and νas vibrations as a function of the
carboxylate concentration.

modes as a function of the carboxylate concentration for formate and acetate.
For both formate and acetate, we observe that the amplitudes of the νs and νas
bands increase almost linearly with the bulk concentration. This result shows
that the surface does not get saturated with formate/acetate ions up to bulk
concentrations of 4.5 m.

The ratio of the amplitudes of νs and νas is independent of the concentra-
tions, which implies that increasing the bulk concentration does not lead to a
significant change of the orientation of the ions at the surface. We also observe
that increasing the bulk concentration of formate/acetate leads to a shift of the
vibrational bands to higher frequencies, and an increasing asymmetry of the
band shape. This change of the spectral shape and position is most clearly seen
for the νas band and can be explained by the change of the refractive index
which in turn affects the Fresnel factors. We modeled the VSFG response of
the νs and νas vibrations using a three-layer model, combined with a Lorentz
model to calculate the change of the refractive index of the interfacial layer with
increasing carboxylate concentration.70,157

In Figure 6.4 we compare the experimental and calculated VSFG responses
for an aqueous solution of sodium acetate at different concentrations. At high
ion concentrations, the infrared refractive index and the Fresnel factor of the
infrared light acquire a strong frequency dependence due to the vibrational
resonances. This change of the Fresnel factor leads to an increase of the high-
frequency wings of the responses of the νs vibrations and νas vibrations. As a
result, the bands become asymmetric and the maxima shift to higher frequen-
cies. It is also observed that the band of the νas vibration is more affected than
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the band of the νs vibration. This can be explained from the higher infrared
cross-section of the νas vibration, which induces a stronger frequency depen-
dence of the refractive index and the Fresnel factor at frequencies close to this
vibration.

We modeled the VSFG response of aqueous sodium acetate solutions at dif-
ferent concentrations also with the two-layer model, and we find that this model
clearly overestimates the Fresnel effects on the VSFG spectrum (Appendix Fig-
ure 6.8). A detailed description of the two models and the determination of the
Fresnel factors can be found elsewhere.70,73,157 We conclude that the three-layer
model accounts very well for the experimentally observed changes in spectral
shape and position. This means that these changes can be fully explained by
Fresnel effects and are not caused by changes in the direct molecular envi-
ronment of formate and acetate, e.g. changes in hydrogen-bond strength or
configuration when increasing the carboxylate concentration.

(b)

(a)

Figure 6.4. (a) Experimental and (b) calculated Im[χ(2)] spectra of aqueous sodium
acetate solutions for different concentrations in the concentration range of 0.9 - 4.5 m.
The calculated Im[χ(2)] spectra are obtained by accounting for the effect of acetate on
the infrared Fresnel factors using the three-layer model, as described in the text and
the Appendix.

Previous surface tension measurements by Minofar et al. show that for
aqueous acetate solutions a clear decrease in surface tension is observed with
increasing concentration, indicating that acetate is surface-active.151,152 These
surface tension measurements are accompanied by MD simulations, yielding
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the density profile of the carboxylate ion near the surface. For acetate it is
found that the density is enhanced compared to that of water at the surface,
meaning that this ion has a clear surface propensity.151,152 In addition, the
MD simulations show that the acetate ions are oriented with their carboxylate
groups pointing toward the bulk. Our observation of a strong positive νs band
in the HD-VSFG spectrum of aqueous acetate, agrees well with the results of
these previous surface tension measurements and MD simulations.151,152 Inter-
estingly, in the same study it is found that the addition of sodium formate does
not lead to a significant change of the surface tension.152 The accompanying
MD simulations show that the density at the surface of formate is lower than
that of water, and that the formate ions do not have a preferred orientation.152
The latter result is not in agreement with our observations.

The HD-VSFG spectrum of formate shown in Figure 6.2, in particular the
positive νs vibrational band, show that formate has a clear net orientation of
its carboxylate group toward the bulk, albeit that the degree of orientation is
less than that of acetate. The fact that the addition of sodium formate does not
significantly change the surface tension also indicates that formate is present at
the surface, probably showing a very similar dependence of its density profile
on the depth into the solution as water.

6.4 Conclusions

We performed Fourier Transform Infrared (FTIR) absorption and heterodyne-
detected vibrational sum frequency generation (HD-VSFG) measurements of
aqueous sodium formate and sodium acetate solutions. The HD-VSFG spec-
tra contain responses of both the symmetric (νs) and the antisymmetric (νas)
vibrations of the carboxylate group. The νs band has a positive sign which
shows that formate and acetate both are oriented with their carboxylate group
pointing toward the bulk. The observation of the νas band in the HD-VSFG
spectrum of the formate and acetate solution shows that the c-axis of these ions
is at a nonzero angle with respect to the surface normal. From the amplitudes
of the νas bands it follows that this angle is smaller for acetate than for formate.
We find that the amplitudes of both vibrational bands increase linearly with
bulk concentration up to concentrations of 4.5 m. This observation implies that,
even at these high bulk concentrations, the surface is not getting saturated with
carboxylate ions, and that there is no significant change of the orientation angle
of the formate and acetate ions. Finally, we found that at high carboxylate
concentrations the νs and νas bands in the HD-VSFG spectrum become asym-
metric and shift to higher frequencies, which can be quantitatively explained
from the change of the Fresnel factor of the infrared beam.

6.5 Appendix
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Figure 6.5. FTIR spectra in the frequency range 1300 -1650 cm−1 for different
concentrations of sodium acetate in D2O, in the range of 1.0 - 4.5 molal.

Figure 6.6. FTIR spectra in the frequency range 1300 -1650 cm−1 for different
concentrations of sodium formate in D2O, in the range of 1.0 - 4.5 molal.
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(a)

(b)

Figure 6.7. (a) Im[χ(2)] spectra of neat water (gray) and aqueous formate solutions
with a concentration of 4.5 m in H2O (dark magenta) and D2O (magenta) in the
frequency range 2800 - 3720 cm−1.(b) Im[χ(2)] spectra of neat water surface (gray)
and aqueous acetate solutions with a concentration of 4.5 m in H2O (dark blue) and
D2O (cyan) in the frequency range 2800 - 3720 cm−1. All measurements are taken in
SSP polarization configuration.
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(a)

(b)

(c)

Figure 6.8. Calculated effect of the Fresnel factors on the Im[χ(2)] spectra of νs
and νas vibrations of the carboxylate group for different concentrations. Figure (a)
represents the responses without Fresnel effects, Figure (b) the responses calculated
with the two-layer model, and Figure (c) the responses calculated with the three-layer
model.
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We model the effect of the Fresnel factors on the measured Im[χ(2)] re-
sponses of the νs and νas vibrations of the carboxylate group for acetate for
different concentrations. We use two different models: the two-layer model and
the three-layer model.70,157 Comparing the results of the two models with the
experimental data we conclude that the two-layer model is overestimating the
effects of the concentration- dependent Fresnel factors, while the three-layer
model provided an accurate description of the experimentally observed shifts of
the vibrational responses.
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7 Bulk Response of

Carboxylic Acid Solutions

observed with Surface

Sum-Frequency Generation

Spectroscopy

We study the molecular properties of aqueous acetic acid and formic acid so-
lutions with heterodyne-detected vibrational sum-frequency generation spec-
troscopy (HD-VSFG). For acid concentrations up to ∼5 M, we observe a strong
increase of the responses of the acid hydroxyl and carbonyl stretch vibrations
with increasing acid concentration, due to an increase of the surface coverage
by the acid molecules. At acid concentrations >5 M we observe first a satu-
ration of these responses and then a decrease. For pure carboxylic acids we
even observe a change of sign of the Im[χ(2)] response of the carbonyl vibration.
The decrease of the response of the hydroxyl vibration and the decrease and
sign change of the response of the carbonyl vibration indicate the formation of
cyclic dimers, that only show a quadrupolar bulk response in the HD-VSFG
spectrum because of their anti-parallel conformation. We also find evidence for
the presence a quadrupolar response of the CH vibrations of the acid molecules.

95
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7.1 Introduction

Carboxylic acids have attracted significant attention in atmospheric chemistry
in the past decades, as they are the most abundant oxygenated compounds
in the atmosphere and form a major contributor to free acidity in precipita-
tion.39,158 Interactions of atmospheric inorganic and organic species, includ-
ing carboxylic acids, play a major role in many environmental processes and
are thus important in the study of climate change. Furthermore, carboxylic
acids are also commonly associated with atmospheric corrosion of metal sur-
faces. Within the corrosion process corrosive gases like formic acid (FA) and
acetic acid (AA) penetrate a thin layer of water that covers the metal, and
subsequently oxidize and damage the metal.159,160 Therefore, the understand-
ing of chemical processes at surfaces, as the adsorption behavior of carboxylic
acids is of great importance to atmospheric and surface chemistry.161 Beside
surface tension measurements162, atomic force microscopy (AFM)163, Raman
scattering (SERS)164 and X-ray photoelectron spectroscopy (XPS)161, vibra-
tional sum frequency generation spectroscopy (VSFG) is a powerful tool as
a probe for microscopic structures at interfaces.70,73 VSFG is highly surface
sensitive and surface selective, because VSFG is based on the second-order po-
larization of the system, which is prohibited in centrosymmetric media and
therefore in most bulk phases. Recently, many studies challenged this basic
understanding of VSFG and demonstrated that sum-frequency light can also
be generated by a bulk quadrupolar response.37,70,85,127,165 Clearly, the pres-
ence of such a response influences the surface selectivity and interpretation of
VSFG spectra.70,85,165 Previous intensity VSFG measurements of aqueous FA
and AA show that vibrational responses of the CH, OH and C=O vibration
of acid molecules at the surface can already be observed at low concentrations
(0.3 mol % ).13,166,167 These studies also reported that these spectral responses
change in shape upon increasing the concentration, which was explained from
the formation of complexes of acid molecules, such as the hydrated monomer,
the linear dimer, and the cyclic dimer. Here, we investigate the properties of FA
and AA molecules at the surface of aqueous solutions with heterodyne detected
vibrational sum-frequency generation (HD-VSFG). The signal measured with
this technique is directly proportional to the complex second-order susceptibil-
ity χ(2), whereas the signal probed in intensity VSFG is proportional to |χ(2)|2.
As a result, HD-VSFG provides unique information about the orientation of
the molecular groups of the acid molecules at different concentrations and, as
the signal is proportional to χ(2) instead of |χ(2)|2, enables the detection of low-
concentration species that in intensity VSFG measurements are overwhelmed
by the response of the dominant species. By varying the acid concentration,
we demonstrate the presence of both a surface dipolar contribution and a bulk
quadrupolar contribution to the responses of the C=O and CH vibrations.
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7.2 Experimental Methods

Sample preparation For all measurements we used water from a Millipore
Nanopure system (18,2 MΩ cm). Acetic acid (99.8%) and formic acid (98%) are
purchased from Sigma Aldrich and are used without further purification. The
acid solutions were prepared by thorough mixing of H2O with the appropriate
amount of acid.

Spectroscopy The VSFG measurements described in this chapter are per-
formed with the setup described in section 3.1.

7.3 Results and Discussion

In Figures 7.1 (a,b) and 7.2 (a,b) the experimental Im[χ(2)] spectra of aqueous
AA and FA solutions at different concentrations in the frequency region 2850
- 3700 cm−1 are presented. For AA the concentration ranges from 0.5 M to
17.5 M (pure) and for FA from 0.5 M to 26.5 M (pure). At all concentrations
the Im[χ(2)] spectra of the AA solutions show a narrow negative feature at
2935 cm−1 which we assign to the symmetric stretch vibration of the methyl
group ( νCH3,SS) of the AA molecule. In addition, the spectra show a narrow
positive band at 2970 cm−1 which we assign to the antisymmetric stretch vibra-
tion of the methyl group (νCH3,AS).13,168 For FA the Im[χ(2)] spectra show a
single negative band in the CH region centered at 2910 cm−1, which we assign
to the stretch vibration of the methine group (νCH) of the FA molecule.167
The signs of the Im[χ(2)] responses of the νCH3,SS and νCH3,AS vibrations of
AA and the νCH of FA indicate that both molecules are oriented at the wa-
ter surface with their CH bonds pointing toward the air phase.32 For pure FA
we observe that the band of the methine group (νCH) is shifted ∼15 cm−1 to
higher frequencies in comparison to aqueous solutions of FA, in agreement with
the results of a previous study of Johnson et al.167

The Im[χ(2)] spectra for the AA and the FA solutions further show a
broad band between 3000 and 3700 cm−1 that changes sign at a frequency
of ∼3450 cm−1. In previous intensity VSFG studies this response has been
assigned to a low-frequency band centered at ∼3060 cm−1 and a positive band
centered at ∼3600 cm−1, which were assigned to the OH stretch vibrations of
strongly hydrogen-bonded OH groups of the carboxylic acids, and to the OH
stretch vibration of weakly hydrogen-bonded water molecules, respectively.13
The Im[χ(2)] spectra in Figure 7.1 (a,b) and 7.2 (a,b) show that in fact there
exists a single broad distribution of OH stretch frequencies that gives rise to two
separate bands in the intensity VSFG spectrum because of the zero-crossing at
∼3450 cm−1. The broad OH response represents OH stretch vibrations of both
acid and water molecules.168These vibrations are likely mixed and delocalized,
but it is to be expected that the low-frequency OH vibrations are dominated
by strongly hydrogen-bonded OH groups of the acid molecules while the high-
frequency OH vibrations show a dominant contribution of the OH stretch vi-
brations of weakly hydrogen-bonded water molecules.13,168 At low carboxylic
acid concentrations in Figure 7.1 (a) and 7.2 (a) an additional negative band
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(a) (b)

(c) (d)

Figure 7.1. Im[χ(2)] spectra of aqueous solutions containing different concentrations
of AA (a) in the range of 0.5 M to 5 M and (b) in the range of 5 M to 17.5 M (pure
AA) in the frequency region of 2850 - 3700 cm−1 . Figure (c) shows the decomposed
spectra of a 10 M AA solution with four Lorentzian bands centered at 2935 cm−1,
2970 cm−1, 3060 cm−1 and 3600 cm−1 describing the symmetric ( νCH3,SS) and
antisymmetric (νCH3,AS stretch vibrations (magenta), the OH stretch vibrations of
the strongly (blue) hydrogen bonded AA molecules and the weakly hydrogen bonded
water molecules (green), respectively. Figure (d) shows the absolute area of these
bands extracted from the fitting procedure as a function of acid concentration.

centered at 3450 cm−1 is observed that vanishes with increasing acid concen-
tration. This band is assigned to the OH stretch vibrations of hydrogen-bonded
neat water molecules, in agreement with VSFG studies of the neat water sur-
face.32,169–171 For FA at low acid-concentrations in Figure 7.2 (a) additionally
a sharp feature at 3700 cm−1 is observed, which vanishes when the acid con-
centration is increased. This band is assigned to the OH stretch vibrations of
non-hydrogen bonded OH groups of the neat water surface that stick out of
the surface.16,172 Further, we observe for both AA and FA a positive response
near ∼3600 cm−1 that we assign to weakly hydrogen-bonded OH groups and
that red-shifts with increasing acid concentration. This red-shift can be ex-
plained from the strengthening of the hydrogen bonds between the water and
acid molecules with increasing acid concentration.

To analyze the Im[χ(2)] quantitatively, we decompose the measured re-
sponses at different acid concentrations into several Lorentzian bands. For AA
we decompose the Im[χ(2)] into four Lorentzian bands centered at 2935 cm−1,
2970 cm−1, 3060 cm−1 and 3600 cm−1, describing the symmetric (νCH3,SS) and
antisymmetric (νCH3,AS) stretch vibration of the methyl group, and the low-
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(b)

(d)(c)

(a)

Figure 7.2. Im[χ(2)] spectra of aqueous solutions containing different concentrations
of FA (a) in the range of 0.5 M to 7.5 M and (b) in the range of 7.5 M to 26.5 M (pure
FA) in the frequency region of 2850 - 3750 cm−1. Figure (c) shows the decomposed
spectra of FA with three Lorentzian bands centered at 2910 cm−1, 3060 cm−1 and
3600 cm−1 describing the CH stretch vibration of the methine group (magenta) and
the OH stretch vibrations of the strongly (blue) and weakly (green) hydrogen bonded
FA molecules. Figure (d) shows the absolute area of these bands extracted from the
fitting procedure as a function of acid concentration.

and high-frequency part of the OH stretch vibrations, respectively (Figure 7.1
(c,d)). For FA we decompose the Im[χ(2)] spectra at different concentrations
in three Lorentzian bands, centered at 2910 cm−1, 3060 cm−1 and 3600 cm−1,
representing the stretch vibration of the methine group (νCH) and the low-
and high-frequency part of the OH stretch vibrations, respectively (Figure 7.2
(c,d)). For both AA and FA we added an additional asymmetric Lorentzian
curve centered at 3450 cm−1 to represent the response of the hydrogen-bonded
OH stretch vibrations of the neat water surface. For FA we added further a
narrow Lorentzian band centered at 3700 cm−1 representing the response of
the OH stretch vibrations of non-hydrogen bonded OH groups of the neat wa-
ter surface. In the decomposition we keep the widths of all Lorentzian bands
constant and allow only the amplitudes of the bands to change with the acid
concentration. The bands of the symmetric and antisymmetric vibrations of
the methyl group of AA are highly correlated and we used a single parameter
to represent their amplitudes in the fitting procedure. The resulting fits of the
Im[χ(2)] are shown in Figures 7.1 (a,b) and 7.2 (a,b) with dashed lines, and are
presented in more detail in the Appendix (Figure 7.5(a-j) and Figure 7.6(a-j).
As an example we show in Figure 7.1 (c) and Figure 7.2 (c) the decomposition
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of the Im[χ(2)] spectrum of an AA and a FA solution with a concentration of
10 M.

In Figure 7.1 (d) and 7.2 (d) we present the areas of the vibrational modes
extracted from the fitting procedure as a function of acid concentration. For
the symmetric and antisymmetric vibrations of the methyl group of AA, the
area shown is the sum of the absolute areas of the two bands. For both AA
and FA we observe that the areas of the CH bands (magenta) increase with
increasing concentration up to concentrations of 7.5 M for AA and 15 M for FA
and then start to decrease. The initial increase of the areas of the CH bands can
be well explained from the increasing surface coverage by the acid molecules.
This interpretation is supported by surface tension measurements and calcula-
tions.162,166,173 For acetic acid solutions the surface tension strongly decreases
with increasing acid concentration, which shows that the concentration of acetic
acid molecules at the surface is enhanced in comparison to its bulk contribution.
The surface mole fraction of acetic acid can be obtained from the concentration
dependence of the surface tension and accounting for the surface areas of the
water and acetic acid molecules.166 The response of the CH vibrations saturates
at a higher acid concentration for FA than for AA, which can be explained from
the fact that the FA molecules are less hydrophobic than the AA molecules and
therefore less surface active. For the low-frequency OH band we observe a steep
increase up to a concentration of 5 M for AA and 7.5 M for FA. This increase also
follows from the increasing accumulation of acid molecules at the surface. This
accumulation enhances the average strength of the hydrogen-bond interactions
due to the strong hydrogen-bond donating character of the acid hydroxyl group.
In addition, the degree of orientation with respect to the surface normal of the
strongly hydrogen-bonded OH groups will be enhanced with increasing concen-
tration of acid molecules at the surface, as these acid molecules have a distinct
preferential orientation of their OH groups toward the bulk. Above concentra-
tions of 7.5 M for AA and 12 M for FA, the low-frequency OH band is observed
to decrease with increasing acid concentration. The origin of this decrease will
be discussed later. For both AA and FA the area of the high-frequency OH
band (green) is constant up to a concentration of ∼5 M, and then decreases
until it completely vanishes for the pure acid. The fact that the area of the
band remains constant up to ∼5 M does not mean that the number density of
high-frequency OH oscillators remains constant. For concentrations up to ∼5 M
the high-frequency OH band is also observe to shift to lower frequencies, which
implies a strengthening of the hydrogen bonds of the OH groups. Hence, the
constant area of this band while red-shifting in fact implies that the number
density of high-frequency OH oscillators decreases. The high-frequency OH re-
sponse is dominated by weakly hydrogen water molecules, and the decrease of
the number density can thus be well explained from the decrease of the amount
of water in the solution with increasing acid concentration.

To acquire a complete understanding of the molecular properties at the sur-
face we also studied the response in the frequency region of the C=O stretch
vibration of AA and FA. Figure 7.3 (a) and Figure 7.4 (a) show the experimen-
tal Im[χ(2)] spectra (measured in SSP polarization configuration) of aqueous
AA and FA solutions at different concentration in the frequency region of 1600
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(a) (b)

(c) (d)

Figure 7.3. Im[χ(2)] spectra of aqueous solutions containing different concentrations
of AA (a) in the range of 0.5 M to 5 M and (b) in the range of 5 M to 17.5 M (pure AA)
in the frequency region of 1600 - 1800 cm−1 . Figure (c) shows the decomposed spectra
of AA with three Lorentzian bands centered at 1650 cm−1, 1707 cm−1, and 1712 cm−1

describing the water bending mode (blue), the dipolar response of the C=O vibration
(green) and the quadrupolar response of the C=O vibration (magenta). Figure (d)
shows the absolute area of these bands extracted from the fitting procedure as a
function of acid concentration.

- 1800 cm−1. For AA the concentration is ranging from 0.5 M to 5 M AA and
for FA from 0.5 M to 7.5 M. For both AA and FA the Im[χ(2)] spectrum shows
a positive band centered at 1707 cm−1 with a shoulder centered at 1650 cm−1.
The band at 1707 cm−1 increases with increasing acid concentration and is as-
signed to the C=O stretch vibration of the acid molecules. The increase of the
vibrational band of the C=O group is similar to the increase of the response of
the CH vibrations shown in Figure 7.1 (a,b) and Figure 7.2 (a,b). The positive
sign of the Im[χ(2)] response of the C=O stretch vibration indicates that the
positive charge of the C=O group is closer to the surface than the negative
charge, which implies that the C=O group points with its oxygen atom toward
the bulk.85,131,174 This finding is in agreement with the observation that the
methyl group of AA and the methine group of FA are oriented toward the air.
The Im[χ(2)] spectrum of the neat water surface shows a vibrational response
centered at 1650 cm−1 (Chapter 4) that is assigned to the water bending mode.
Therefore, we explain the shoulder at 1650 cm−1 that is observed in the spectra
of Figure 7.3 and 7.4, to the response of the water bending mode.33–35,37,127,167
The assignment is supported by measurements of AA and FA in D2O solution
that show that the band at 1650 cm−1 vanishes (Appendix Figure 7.7 and Fig-
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(d)

(b)(a)

(c)

Figure 7.4. The Im[χ(2)] spectra of aqueous solutions containing different concen-
trations of FA (a) in the range of 0.5 M to 7.5 M and (b) in the range of 7.5 M to
26.5 M (pure FA) in the frequency region of 1600 - 1800 cm−1. Figure (c) shows
the decomposed spectra of FA with four Lorentzian bands centered at 1650 cm−1,
1707 cm−1, 1712 cm−1 and the response of the linear FA dimers (yellow) describing
the water bending mode (blue), the dipolar response of the C=O vibration (green),
the quadrupolar response of the C=O vibrations (magenta) and the response of the
linear FA dimers (yellow). Figure (d) shows the absolute area of these bands extracted
from the fitting procedure as a function of acid concentration.

ure 7.8). With increasing acid concentration the band at 1650 cm−1 decreases
due to the decrease in water content within the solution. For FA we observe
an additional negative band centered at 1750 cm−1, which we assign to the vi-
brational response of non-hydrogen bonded carbonyl groups.13,175–177 In Figure
7.3 (b) and Figure 7.4 (b) we present Im[χ(2)] spectra of aqueous AA and FA
solutions at even higher concentrations. The concentration of AA is ranging
from 5 M to 17.5 M (pure AA), and the concentration of FA ranges from 7.5 M
to 26.5 M (pure FA). We observe that in this concentration range the positive
band of the C=O vibration decreases and changes sign.

To analyze the spectra quantitatively we decompose the Im[χ(2)] spectra
into Lorentzian bands. For AA we decompose the Im[χ(2)] into three Lorentzian
bands at 1650 cm−1, 1707 cm−1, and 1712 cm−1 (Figure 7.3 (c,d)). For FA we
decompose the experimental Im[χ(2)] spectra into four Lorentzian bands (Figure
7.4 (c,d)), representing the same responses as for AA and an additional band
centered at 1750 cm−1. We keep the widths of all Lorentzian bands constant
and only allow the amplitude of the different contributions to change with acid
concentration. The resulting fits are shown in Figure 7.3 (a,b) and Figure 7.4
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(a,b) with dashed lines, and are presented in more detail in the Appendix (Fig-
ures 7.9 (a-j) and 7.10 (a-j)). As an example we show in Figure 7.3 (c) and
Figure 7.4 (c) the fitted decomposition of the Im[χ(2)] of an AA solution at a
concentration of 11 M and of an FA solution at a concentration of 15 M. In
Figures 7.3 (d) and 7.4 (d) we present the areas of the vibrational modes ex-
tracted from the fitting procedure as a function of the acid concentration. With
increasing acid concentration the area of the response of the C=O vibration at
1707 cm−1 (green) first increases, for AA up to a concentration of 2.5 M and for
FA up to a concentration of 7.5 M. Increasing the concentration further leads
to a decrease of this band. The decrease and vanishing of the positive response
of the C=O vibrations at higher concentrations is in good agreement with the
results of Johnson et al.13, and can be explained by the formation of cyclic AA
dimers.13,178 Cyclic dimers are centrosymmetric and therefore do not show a
dipolar vibrational SFG response. This formation of cyclic dimers also explains
why we observed a decrease of the low-frequency OH band at concentrations
>5 M for AA and >7.5 M for FA.

The positive C=O band not only decreases but even changes sign at con-
centrations >14 M for AA and >22.5 M for FA. This sign change can be well
accounted for by including in the fitting a negative band centered at 1712 cm−1

of which the amplitude increases with concentration. This band can be assigned
to the quadrupolar response of the carbonyl vibration. This negative response
becomes visible when the strong positive dipolar band of the carbonyl vibration
vanishes as a result of the formation of cyclic dimers. In a cyclic dimer the two
carbonyl vibrations have a nearly perfect anti-parallel arrangement, meaning
that the dipolar response vanishes, thus leaving only the quadrupolar response
of the C=O vibrations.85 A detailed description of the quadrupolar response of
molecular vibrations can be found in Refs.70,165,179–182 As the quadrupolar re-
sponse of a particular vibration is not surface specific, its amplitude is expected
to be proportional to the bulk concentration of that vibration. Therefore, in
the fitting we assume that the amplitudes of the C=O band at 1712 cm−1 and
the water bending mode at 1650 cm−1, which also represents a quadrupolar re-
sponse37,127, are directly proportional to the (bulk) concentrations of acid and
water molecules, respectively. The area of the band at 1750 cm−1 is more or
less constant throughout the whole concentration series. This band has been
assigned to the response of non-hydrogen-bonded carbonyl groups,13,175–177 and
is probably associated with linear FA dimers, which would imply that the con-
centration of linear dimers would be independent from the FA concentration.

In view of the observations in the frequency region of the C=O vibrations
showing the formation of cyclic dimers at higher acid concentration, it is sur-
prising that the responses of the CH vibrations of the methyl group of AA and
of the methine group of FA do not strongly decrease at high acid concentrations.
In cyclic acid dimers the CH groups of the acid molecules are arranged in an
anti-symmetric manner, which implies that the dipolar response of these vibra-
tions is expected to vanish. There are two possible reasons why the response
of the CH vibrations does not vanish due to the formation of cyclic dimers.
The first is that even though the molecular structure of the cyclic dimers is
centrosymmetric, the two aliphatic parts of the cyclic dimer can be in quite dif-
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ferent molecular environments, one part being much closer to the surface than
the other part. Hence, on the molecular scale the symmetry of the methyl and
methine may still be broken which would imply that the dipolar response of the
CH vibrations does not vanish.13 A second explanation is that the responses of
the methyl and the methine groups show a quadrupolar bulk contribution that
is not affected by the formation of cyclic dimers.165,180 Here, a clear difference
with the carbonyl vibration is that for the CH vibrations the quadrupolar re-
sponse is not of opposite sign to the dipolar response. As a result, for the CH
vibrations the vanishing of the dipolar response only leads to a decrease of their
Im[χ(2)] response whereas for the C=O vibrations the vanishing of the dipolar
response leads to a sign change of their Im[χ(2)] response.

The central frequency of 1712 cm−1 of the quadrupolar response of the car-
bonyl vibration is slightly higher than the central frequency of 1707 cm−1 of
the dipolar response of this vibration. This difference may be due to the dif-
ference in hydrogen-bond configuration between a cyclic dimer and a hydrated
monomer. However, this frequency difference may also result from the change
of the frequency-dependent refractive index of the solution upon increasing acid
concentration, as this will lead to a change of the Fresnel factors. To investi-
gate a potential effect of the concentration dependence of the Fresnel factors,
we modeled the sum-frequency response of the carboxyl group using the three-
layer-model combined with the Lorentz model to estimate the refractive index of
the interfacial layer (Appendix Figure 7.11). A more detailed description of the
model and the derivation of the Fresnel factors can be found elsewhere.70,73,157
We find that at higher acid concentrations the Fresnel factors of the infrared
light become frequency dependent, resulting in an enhancement of the high-
frequency wing of the response of the carbonyl vibration. Therefore, the fre-
quency of the maximum of the carbonyl vibration will shift to higher frequencies
with increasing acid concentration, even if the intrinsic vibrational frequency
itself would not change. In the fitting procedure the optimal frequency of max-
imum response of the dipolar component will be dominated by the spectra
measured at low acid concentrations, while the optimal frequency of maximum
response of the quadruopolar response is governed by the spectra measured at
high acid concentrations. Hence, the difference of ∼5 cm−1 between the central
frequencies of the fitted dipolar and quadrupolar responses can indeed be due
to the change of the Fresnel factors with acid concentration.
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7.4 Conclusions

We performed heterodyne-detected vibrational sum frequency generation (HD-
VSFG) measurements of aqueous acetic acid (AA) and formic acid (FA) solu-
tions over a broad concentration range. In the frequency region from 2850 -
3700 cm−1 we find for both AA and FA solutions that the measured Im[χ(2)]
spectra show an increase of the bands in the CH region with increasing acid
concentration, which can be explained from the increase in surface coverage by
the acid molecules. The OH vibrations of the acid and the water molecules
give rise to a broad response between 3000 cm−1 and 3700 cm−1 of which
the Im[χ(2)] response changes sign at a frequency of ∼3450 cm−1. The ampli-
tude of this band first increases with increasing acid concentration but starts
to decrease for concentrations >5 M for AA and >7.5 M for FA, which can
be explained from the formation of cyclic dimers. In cyclic dimers the vibra-
tions of the acid monomers have a near-perfect anti-parallel arrangement which
cancels the dipolar sum-frequency generation response of these vibrations. In
the frequency region from 1600 - 1800 cm−1 we observe a similar initial in-
crease and subsequent decrease for the C=O stretch vibration of AA and FA
at 1707 cm−1 as for the broad O-H stretch vibrational response of these acids,
which can be explained again from the formation of cyclic dimers. We observe
that the band at 1707 cm−1 decreases and even changes sign at high acid con-
centrations. This sign change can be well explained from the presence of a band
at 1712 cm−1 which has a negative Im[χ(2)] response and that rises propor-
tional to the bulk acid concentration. This band is assigned to the quadrupolar
bulk response of the C=O stretch vibrations. The difference between the fit-
ted frequency of maximum quadrupolar response and the fitted frequency of
maximum dipolar response may originate from the difference in hydrogen-bond
configuration between a cyclic acid dimer and a hydrated monomer, but can
also be due to concentration-dependent Fresnel effects, as these effects enhance
the high-frequency wing of the response at higher concentrations.

Finally, we find that at high acid concentrations the vibrational responses
of the CH vibrations saturate but do not strongly decrease. This indicates
that even in cyclic dimers the response of the CH groups of formic acid and
acetic acid does not vanish because the two aliphatic parts of the cyclic acid
dimer are in quite different molecular environments, or because the response
of the CH vibrations contains a quadrupolar contribution that is of the same
sign as the dipolar response. The present observation of a quadrupolar bulk
component in the VSFG responses of the C=O vibration, and possibly in the
VSFG response of the CH vibrations, implies that the probing of liquids via
VSFG spectroscopy of these vibrations is likely not as surface specific as up to
now has been assumed.
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7.5 Appendix

(a) (b) (c)

(d) (e) (f )

(g) (h) (i)
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Figure 7.5. The decomposed Im[χ(2)] spectra of aqueous AA solutions with differ-
ent concentrations in the range of 0.5 M - 17.5 M. In (a) the Im[χ(2)] spectra are
decomposed in five Lorentzian bands centered at 2935 cm−1, 2970 cm−1, 3060 cm−1,
3600 cm−1 and 3450 cm−1 describing the symmetric and antisymmetric stretch vibra-
tions of the methyl group (magenta), the OH stretch vibrations of the strong hydrogen
bonded AA molecules (blue), the weakly OH stretch vibrations of the water molecules
(green) and the hydrogen-bonded OH stretch vibrations of the water molecules at
the neat water surface (cyan), respectively. In Figure 7.5 (d-j) the Im[χ(2)] spectra
are decomposed in only four Lorentzian bands, as the vibrational response of the the
hydrogen-bonded OH stretch water molecules of the neat water surface are vanishing.
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Figure 7.6. The decomposed Im[χ(2)] spectra of FA with different concentrations
in the range of 0.5 M - 26.5 M. In (a-d) the Im[χ(2)] spectra are decomposed in
five Lorentzian bands centered at 2910 cm−1, 3060 cm−1, 3600 cm−1,3450 cm−1 and
3700 cm−1 describing the stretch vibrations of the methine group (magenta), the OH
stretch vibrations of the strong hydrogen-bonded OH groups of the acid molecules
(blue) and of the weakly hydrogen-bonded water molecules (green), the OH stretch of
the hydrogen-bonded (cyan) and the non hydrogen-bonded (yellow) water molecules
of the neat water surface, respectively. In Figure 7.6 (b-j) the Im[χ(2)] spectra are de-
composed in only three Lorentzian bands, as the vibrational response of the hydrogen-
bonded and the non hydrogen-bonded OH stretch vibrations of the water molecules
at the neat water surface are vanishing.
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Figure 7.7. Im[χ(2)] spectrum of aqueous AA solutions with a concentration of 3.5 M
in D2O and H2O.

Figure 7.8. Im[χ(2)] spectrum of aqueous FA solutions with a concentration of 3.5 M
in D2O and H2O.
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Figure 7.9. The decomposed spectra of aqueous AA solution with three Lorentzian
bands centered at 1650 cm−1, 1707 cm−1 and 1712 cm−1 at different concentrations
describing the water bending mode (blue), the symmetric stretch vibrations of the
C=O (green),the quadrupolar contribution of the C=O vibrations (magenta).



110 VSFG Response of Carboxylic Acid Solutions 7.5
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Figure 7.10. The decomposed spectra of FA with four Lorentzian bands centered
at 1650 cm−1, 1707 cm−1, 1712 cm−1 and 1750 cm−1 at different concentrations
describing the water bending mode (blue), the symmetric stretch vibrations of the
C=O (green),the quadrupolar contribution of the C=O vibrations (magenta) and the
response of the linear FA dimers (yellow).
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Figure 7.11. Modelling the effect of the Fresnel factors on the VSFG response of the
carboxyl group for increasing concentrations including the water bending mode.

Here, we model the vibrational responses of the carboxyl group by imple-
menting the effect of the Fresnel factors on the vibrational response at different
concentrations using the three layer model combined with the Lorentz model to
estimate the the refractive index of the interfacial layer. Comparing the results
of the model with the experimental data we conclude that the model is over-
estimating the effect on the frequency of the concentration dependent Fresnel
factors slightly but gives a good impression that the change in the refractive
index is responsible for the shift in frequency.





8 Freezing of Aqueous

Carboxylic Acid Solutions

on Ice

We study the properties of acetic acid and propionic acid solutions at the sur-
face of monocrystalline ice with surface-specific vibrational sum-frequency gen-
eration (VSFG) and heterodyne-detected vibrational sum-frequency generation
spectroscopy (HD-VSFG). When we decrease the temperature toward the eutec-
tic point of the acid solutions, we observe the formation of a freeze concentrated
solution (FCS) of the carboxylic acids that is brought about by a freeze-induced
phase separation (FIPS). The freeze concentrated solution freezes on top of the
ice surface as we cool the system below the eutectic point. We find that for
freeze concentrated acetic acid solutions the freezing causes a strong decrease
of the VSFG signal, while for propionic acid an increase and a blue-shift are
observed. This different behavior points at a distinct difference in molecular-
scale behavior when cooling below the eutectic point. We find that cooling of
the propionic acid solution below the eutectic point leads to the formation of
hydrogen-bonded dimers with an opposite alignment of the carboxylic acid OH
groups.

113



114 Freezing of Aqueous Carboxylic Acid Solutions on Ice 8.2

8.1 Introduction

Carboxylic acids such as acetic acid (AA) or propionic acid (PA) are weak acids
that consist of a hydrophilic carboxyl group and a hydrophobic alkyl chain.
They are the most abundant oxygenated compounds in the atmosphere and
form a major contributor to free acidity in precipitation.39,158 The interaction
of atmospheric inorganic and organic species, including carboxylic acids with the
surface of ice particles, plays an important role in the heterogeneous chemistry
of clouds and is thus important in the study of climate change and other envi-
ronmental issues. It is well-known that during freezing of atmospheric droplets,
freeze-induced phase separation (FIPS) and the concomitant freeze concentra-
tion of the solutions (FCS) around ice particles occur. These phenomena have a
great impact on the surface reactivity, on the physical and chemical properties of
ice clouds, and therefore on the climate.183–186 Chemical processes occurring at
ice surfaces are of great importance to atmospheric chemistry and have attracted
significant attention in the past decade.39–42 Ice surfaces are known to act as
sinks for pollutants, a process that considerably changes the properties of the
ice surface.43 Ice samples with impurities often contain a liquid solution phase
that coexists with solid ice over a wide temperature range.183,187 It is important
that at the interface of the ice surface and the liquid solution, chemical reactions
and processes often show characteristics different from those seen in bulk liquid
solutions.188,189 Here, we use conventional (VSFG) and heterodyne-detected
vibrational sum-frequency generation spectroscopy (HD-VSFG) to investigate
how atmospheric organic species such as AA and PA modify the structure and
physical and chemical properties of the ice surface.

8.2 Experimental Methods

Sample preparation The carboxylic acid solutions (40 wt %) are put on the
ice surface by using a combination of a clean tissue and a plastic foil clamped in
a tweezer. The tissue acts like a sponge to soak up the solution, and the plastic
foil smooths the surface after the carboxylic acid is applied. With this tech-
nique, the AA and PA solutions are placed on the ice surface at temperatures
of 265 K and 268 K, respectively. The applied layers have a thickness of several
tens of nanometers, which implies that they are macroscopically thick on the
molecular scale (containing many solution layers) but are sufficiently thin to
avoid significant absorption and phase-change effects. To determine the influ-
ence of interference effects caused by the solution layer on top of the ice surface,
we modeled the VSFG spectrum including these effects (Appendix Figure 8.7
(a–c)). From this modeling, we estimate the thickness of the AA solution on ice
to be ∼50 nm at 268 K and ∼12 nm at 248 K. Similar values are obtained for
the PA solution on ice. In addition, we used a cooling rate of ∼1 K/min. Each
measurement was taken 15 min after the temperature of interest was reached
to allow the sample to equilibrate.

Spectroscopy The VSFG measurements described in this chapter are per-
formed with the setup described in section 3.1 and the preparation of the
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monocrystalline ice samples is described in 3.3.

8.3 Results

In Figure 8.1 we present the |χ(2)|2 and the Im[χ(2)] spectra of (a) aqueous
40 wt % AA and (b) PA solutions, measured with an ssp polarization configu-
ration (s-SFG, s-VIS, p-IR). The presented |χ(2)|2 spectra for AA and PA are
in excellent agreement with the results obtained in previous studies.13,190,191
The |χ(2)|2 spectrum of the AA solution spectrum shows a sharp peak at
∼2950 cm−1, which we assign to the symmetric methyl stretch vibration.13 The
|χ(2)|2 spectrum further shows a very broad signal with maxima at ∼3080 and
∼3620 cm−1 that have been assigned to the OH stretch of the strong hydrogen-
bonded OH groups of the carboxylic acids with the water molecules and to
the OH stretch vibrations of weakly hydrogen-bonded water molecules, respec-
tively.13 However, the Im[χ(2)] spectrum reveals that in fact there exists only
a single very broad distribution of OH stretch frequencies that appears as two
separate responses in the |χ(2)|2 spectrum because the sign of the signal changes
at ∼3450 cm−1. The change of the sign within the broad band of OH stretch
vibrations reveals that the orientation of the transition dipole moment, and
therefore the orientation of the molecules, changes as a function of frequency.
The PA solution spectrum looks very similar to the AA spectrum and only
contains an additional signal at 2880 cm−1 that we assign to the CH stretch
vibration of the methylene group.

(a) (b)

Figure 8.1. VSFG Im[χ(2)] spectra of aqueous acetic acid (40 wt %, cyan) and
propionic acid (40 wt %, magenta) at the solution–air interface. The correspond-
ing intensity spectrum is shown in gray. All measurements were performed at room
temperature (293 K) and in an ssp polarization configuration (s-SFG, s-VIS, p-IR).

In Figure 8.2 we show (a) the |χ(2)|2 and (b) the Im[χ(2)] VSFG spectra
of a 40 wt % AA solution at the ice surface at temperatures ranging from 265
to 235 K. The Re[χ(2)] spectra of these measurements can be found in the
Appendix (Figure 8.9). We find that at 265 K the |χ(2)|2 spectrum looks quite
similar to that of an AA solution–air interface at room temperature. However,
an important difference is that the VSFG spectrum of the AA solution on ice
contains an additional weak broad band around ∼3160 cm−1. Decreasing the
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(a) (b)235 K

235 K

255 K

260 K

265 K

255 K

260 K

265 K

Figure 8.2. VSFG spectra of aqueous acetic acid (40 wt %) at the surface of ice at
different temperatures. (a) The intensity VSFG spectra (|χ(2)|2) and (b) the imaginary
part of χ(2). The colored dashed curves in (b) present the spectral decomposition of
the Im[χ(2)] spectra in Lorentzian components.

temperature to 255 K leads to the rise of the additional strong signal centered
at ∼3160 cm−1 that corresponds to both the response of OH stretch vibration
of AA molecules and the ice surface underneath the AA solution. Decreasing
the temperature also induces an increase of the band at 2950 cm−1 in the
intensity VSFG spectra of Figure 8.2 (a). Comparison with the Im[χ(2)] spectra
at different temperatures of Figure 8.2 (b) shows that this increase in |χ(2)|2
largely results from the constructive interference of the response of the CH
methyl stretch vibration at 2950 cm−1 and the low-frequency wing of the broad
OH signal that becomes stronger when the temperature is lowered.

Figure 8.3 presents the phase diagram for an aqueous solution of AA. Ac-
cording to this phase diagram, we expect that placing a 40 wt % AA solution at
265 K on the ice crystal will melt the top layers of the ice surface until a concen-
tration of ∼22 wt % is reached. Lowering the temperature leads to freezing out
of water from the AA solution and thus to an increase of the concentration AA.
Upon lowering the temperature below the eutectic point of the solution (246 K),
diffuse light scattering from the ice surface can be observed, which induces a
significant decrease of the |χ(2)|2 signal intensities at 2950 and 3160 cm−1. This
strong decrease of the OH stretch signals upon cooling below the eutectic point
is reversible by increasing the temperature again above the eutectic point, as is
demonstrated in Figure 8.10.

In Figure 8.4 and we show the (a) |χ(2)|2 and (b) the Im[χ(2)] VSFG spectra
of a 40 wt % PA solution placed on the surface of ice at temperatures between
268 and 235 K. The Re[χ(2)] spectra of these measurements can be found in
Figure 8.11. Figure 8.5 shows the phase diagram of water–PA mixtures. At
268 K, the VSFG spectrum looks similar to the VSFG spectrum of an aqueous
PA solution at room temperature. As in the case of AA, we observe the rise
of a strong signal at 3160 cm−1 when we lower the temperature to 255 K. This
rise is accompanied by an increase of the CH signals at 2880 and 2950 cm−1

in the intensity VSFG spectra of Figure 8.4. Similar to the case of AA on ice,
it is clear from the corresponding Im[χ(2)] spectra (Figure 8.4 (b)) that this
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Eutectic Point

Solution

Solution + Ice

Figure 8.3. The phase diagram for aqueous solutions of AA. The data points were
obtained by Barr et al.192

increase results from enhanced constructive interference with the low-frequency
wing of the increasing signal at ∼3160 cm−1. Lowering the temperature below
the eutectic point of the PA solution (∼245 K) results in a further increase and
blue-shift of the signal at 3160 cm−1. The blue-shift of the VSFG signal at
3160 cm−1 upon cooling below the eutectic point of the mixture is reversible
upon heating and cooling as shown in Figure 8.12. Lowering the temperature
below the eutectic point also leads to a decrease of the CH signals at 2880 and
2950 cm−1 and a change in the ratio of the two signals in the intensity VSFG
spectrum of Figure 8.4 (a). This change in ratio is not observed in the Im[χ(2)]
spectrum of Figure 8.4 (b), which implies that it merely reflects a change of the
interference effect with the red wing of the broad OH signal.

We performed a spectral decomposition of the Im[χ(2)] spectra of Figures 8.2
(b) and 8.4 (b) in Lorentzian-shaped spectral components curves. We use three
components for the solution of AA on ice that we assign to the CH vibration of
the CH3 group (band at 2950 cm−1), the OH vibration of strongly hydrogen-
bonded carboxylic acid OH groups (3080 cm−1), and the OH vibration of ice
underneath the AA solution (band at 3160 cm−1). This signal has a frequency
position and spectral shape similar to those of the main component of the VSFG
spectrum of the bare ice-air interface (Figure 3.6 ) and has been assigned to the
bilayer-stitching OH stretch vibrations of water molecules in the top two bilay-
ers of the ice crystal.92,193 We observe that the peak of the bilayer-stitching OH
stretch vibrations of the ice is red-shifted in comparison to the bare ice surface.
This indicates that the strength of the hydrogen bonds of the water molecules
at the surface is increased, as has also been observed for other systems.194 For
the solution of PA on ice, we include an additional component representing the
CH vibration of the CH2 group (band at 2880 cm−1). It should be noted that
the studied solutions will contain ions as a result of acid dissociation. In the
studied systems, the concentrations of ions will be low, in view of the pKa val-
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ues (pKa = 4.76 for AA and pKa = 4.87 for PA195). For a 40 wt % (=11.8 M)
acetic acid [CH3COOH] solution, the concentrations [H3O+] and [CH3COO−]
are 14 mM. In case the acetate/propionate ions would have a propensity to
accumulate at the interface of the ice crystal and the carboxylic acid solution,
this would create a static electric field at the surface that orients the water
molecules in the ice close to the surface, which will lead to a field-induced χ(3)

contribution to the SFG signal. This surface field-induced χ(3) contribution
has been studied in detail both theoretically and experimentally.87,102,193,196
In the studied systems, an electric field originating from the accumulation of
acetate/propionate ions at the ice–solution interface would be short-range as it
is effectively screened by protons that diffuse into the ice crystal. The screen-
ing by the protons diffused into the ice will be very effective as compared to
Debye screening. In the case of Debye screening, the screening results from a
difference in the distribution of the positive and negative ions in solution, with
an associated energy penalty for their separation. In this case, this penalty
is absent as only the positive ions will diffuse into the ice. For a solution of
14 mM of positive and negative ions, the Debye length is 2.5 nm. Hence, the
length over which the protons screen the negative surface charge is expected to
be shorter than 2.5 nm. The coherence length in SFG in reflection geometry
is typically several tens of nanometers, corresponding to >100 layers of water
molecules.196Hence, the depth over which water molecules may be oriented due
to a surface electric field will be much smaller than the coherence length, which
implies that the field-dependent χ(3) contribution will be in phase with the χ(2)

contribution. This means that the VSFG signal of the ice–solution interface
will not be distorted by this contribution. This latter notion is confirmed by
our finding that we can decompose the observed VSFG spectra very well into
a contribution of the solution–air interface and that of an ice surface with a
response that is similar in shape to that of a bare ice–air interface. This indi-
cates that the response of the ice is not distorted as a result of a field-dependent
χ(3) contribution. In Figure 8.6 we plot the areas of the bands as a function of
temperature. We find that the band areas of the CH3 and CH2vibrations are
almost temperature independent. This result agrees with the results of Tyrode
and co-workers for a solution of AA at room temperature.13 In this latter study,
the CH3 signal was observed to quickly saturate when the concentration of AA
was increased. This saturation indicates that already at relatively low bulk con-
centrations the surface gets completely covered with AA molecules. According
to the phase diagram shown in Figure 8.3, a liquid aqueous solution of AA at
265 K contains a concentration of ∼22 wt % AA, which can be considered as
a high concentration in comparison with the results of Tyrode and co-workers.
Hence, already at 265 K the surface will be saturated with AA molecules, and
decreasing the temperature toward the eutectic temperature will increase the
concentration of AA in the bulk of the AA solution on top of the ice crystal,
but not at the surface of the solution. The same effect occurs for the PA solu-
tion on the ice surface; already at 268 K the surface of the PA solution will be
saturated with PA molecules, and decreasing the temperature will not further
increase the surface concentration. This means that for temperatures above the
eutectic point, the CH response of an acid solution on top of ice is similar to
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Figure 8.4. VSFG spectra of aqueous PA (40 wt %) at the surface of ice at different
temperatures. (a) The intensity VSFG spectra (|χ(2)|2) and (b) the imaginary part
of χ(2)). The colored dashed curves in (b) present the spectral decomposition of the
Im[χ(2)] spectra in Lorentzian components.

that of an aqueous acid solution at room temperature. Cooling the systems
below the eutectic point leads to a slight decrease in the band areas of the CH
vibrations, which indicates a change in orientation of the AA and PA molecules
when cooling below the eutectic point.

For both AA and PA, the band area of the OH stretch vibration of the
carboxylic acid group increases with decreasing temperature in a temperature
interval above the eutectic point. This observation indicates that the response of
this vibration follows the bulk concentration of AA/PA in the solution on top of
the ice surface that increases due to molecular freeze concentration. This result
suggests that this response not only results from the (saturated) top molecular
layer of the aqueous solution but also from layers underneath this layer and
from layers close to the ice surface. When the temperature is lowered below the
eutectic point, the amplitude of the OH vibration of the carboxylic acid group
decreases somewhat for AA, whereas for PA this contribution completely van-
ishes, indicating a significant change of the interactions between the molecules
for the latter system. The band area of the crystalline ice signal at 3160 cm−1

strongly increases when the temperature is decreased, for solutions of both AA
and PA on top of the ice crystal. This increase is also observed for the interface
of bare ice and air and has been explained from the enhanced ordering of the
water molecules in the top molecular layers of the ice crystal surface.197 For
the AA system, the crystalline ice signal at 3160 cm−1 dominates the VSFG
signal of the OH vibrations already at a temperature of 260 K. As a result,
the OH VSFG signal has a temperature dependence that closely resembles that
of a crystalline ice–air interface, showing a small red-shift when the tempera-
ture is decreased. For the PA system, the carboxylic acid group significantly
contributes to the overall OH VSFG signal, probably because the PA solution
on top of ice contains a higher mole fraction of carboxylic acid molecules than
does a solution of AA on top of ice at the same temperature (Figures 8.3 and
8.5). With decreasing temperature, the amplitude of the carboxylic acid com-
ponent increases less strongly than the crystalline ice component. As a result,
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Figure 8.5. The phase diagram for aqueous solutions of PA. The data points were
obtained by Barr et al.192

for the PA system, the overall OH VSFG signal undergoes a blue-shift when the
temperature is decreased toward the eutectic point. There is a large difference
between the AA and PA systems in how the OH VSFG signal changes when the
temperature is lowered below the eutectic point. For AA the signal decreases,
while keeping the same shape. The surface above the eutectic point is smooth,
and no scattering is observed. When we cool the AA system below the eutectic
point, we observe that the surface starts to show diffuse light scattering, due to
roughening of the surface. Furthermore, we observe an overall decrease of the
intensity in all frequencies of the VSFG spectrum, but no change of the shape
of this spectrum. For PA we observe a further increase of the amplitude and an
additional blue-shift when the temperature is lowered below the eutectic point.

From the analysis of the Im[χ(2)] VSFG spectrum of the PA solution on top
of ice at 235 K (Figures 8.4 (b) and 8.6 (b)), it follows that the carboxylic acid
contribution to the OH VSFG signal vanishes completely below the eutectic
point. As a result, the frequency and shape of the observed signal are almost
identical to those of a pure ice–air interface at 245 K. We explain the intensity
increase of the crystalline ice signal and vanishing of the carboxylic acid contri-
bution from a phase separation of the water and propionic acid molecules upon
freezing of the eutectic PA–water mixture.198,199 The vanishing of the VSFG
signal of the PA molecules suggests that these molecules cluster in hydrogen-
bonded dimers with an opposite alignment of the carboxylic acid OH groups.
As a result, the OH groups of the strongly hydrogen-bonded carboxylic acids no
longer show a net orientation, and the VSFG signal vanishes. This explanation
is supported by previous work showing that PA indeed forms cyclic dimers upon
crystallization.200
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(a) (b)

Figure 8.6. Areas of the different bands of the spectral decomposition of the
temperature-dependent Im[χ(2)] spectra of (a) AA and (b) PA. The different bands are
assigned to the crystalline ice signal at ∼3160 cm−1 (blue ©), to strongly hydrogen-
bonded OH groups of the carboxylic acid molecules at ∼3080 cm−1 (green � ), to the
CH-vibrations of the AA and PA (yellow �). The solid lines are a guide to the eye.

8.4 Conclusion

We studied the properties of aqueous AA and PA acid solutions at the surface
of ice at different temperatures using HD-VSFG spectroscopy. This technique
allows us to determine |χ(2)|2, Im[χ(2)] , and Re[χ(2)] . The VSFG spectra show
resonances that can be assigned to the CH stretch vibration of the methyl group
of acetic/propionic acid (2950 cm−1), the CH stretch vibration of the methy-
lene group of PA (2880 cm−1), the OH vibration of the carboxylic acid group
(3080 cm−1), and the OH vibrations (3160 cm−1) of the ice surface underneath
the aqueous acetic/PA solution. Upon deposition of concentrated acid solutions
on the basal surface of ice, the ice melts until a concentration is reached that is
stable according to the phase diagram of the mixture. Lowering the tempera-
ture causes a freeze-induced phase separation (FIPS) into pure ice and a freeze
concentrated acid solution (FCS) for both AA and PA. For the AA solution,
lowering the temperature below the eutectic point leads to a decrease of the
VSFG signal while retaining the shape of the spectrum, indicating a roughen-
ing of the surface of the frozen solution and enhanced diffuse scattering. Cooling
of the PA solution on top of ice below the eutectic point leads to a strong VSFG
signal that is highly similar to that of a pure ice–air interface at the same tem-
perature. This observation indicates the formation of hydrogen-bonded dimers
of PA molecules with an opposite alignment of their carboxylic acid OH groups,
leading to a vanishing of the carboxylic acid contribution to the OH VSFG
signal.

8.5 Appendix
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Figure 8.7. Modeling of interference effects induced by different thicknesses of the
solution layer of PA.

In Figure 8.7 we modeled the effect of the thickness of the solution layer of
PA on the spectral shape. In Figure 8.7 (a) we present the spectra obtained
when the thickness of the solution layer is negligible. In this case no phase
shift and thus no interference is observed. If we increase the thickness of
the solution layer (Figure 8.7 (b,c)) the phase shift increases and interference
effects arise, leading to a positive feature at ∼3250 cm−1. This latter feature
increases in amplitude with increasing thickness of the solution layer. Com-
parison of the modeled spectra with the measured spectra, reveals a small
effect of interference at the highest measured temperature of 268 K. When the
temperature is decreased the solution layer becomes thinner, and interference
effects become negligible. In Figure 8.8 a measured spectrum of PA at the
surface of ice is shown in which the most prominent effect of interference
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Figure 8.8. The Im[χ(2)] spectrum of PA on the surface of ice at 268 K.

of the responses of the solution-air and ice-air interfaces is pointed out by
an arrow. By comparing the modeled spectra with the measured spectra, we
estimated that the solution layer has a maximum thickness of ∼40 nm at 268 K.
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Figure 8.9. Re[χ(2)] of aqueous AA (40 wt%) at the surface of ice at different
temperatures.
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Figure 8.10. Reversibility of the VSFG signals upon cooling below the eutectic point
of AA.

The temperature was reduced from 255 K to 235 K, increased again to 255 K,
and finally again reduced to 235 K. The waiting time between the measurements
was 30 min to ensure that the temperature is fully adjusted. It is observed that
the VSFG spectra after the temperature cycle are not identical to the spectra
of the first series. One possible reason is that the AA molecules would need
more time to form the original configuration, another is that the experimental
layout has slightly changed. An important observation is that the intensity of
the OH stretch vibrations of the crystalline ice peak is increasing again after
the system was cooled down below the eutectic point, which means that the
eutectic crystallization of AA is reversible.
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Figure 8.11. Re[χ(2)] of aqueous PA (40 wt %) at the surface of ice at different
temperatures.
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Figure 8.12. Reversibility of the VSFG signals upon cooling below the eutectic point
of PA.

The measurement procedure is the same as for AA. The differences in inten-
sity of the signals upon heating and cooling can be explained from small changes
in the experimental configuration or the fact that the molecules need some time
to rearrange. As mentioned above, the important point here is that the inten-
sity of the OH stretch vibrations of the crystalline ice peak is increasing again
after the system was cooled down below the eutectic point. Additionally, it can
be observed that the blue-shift of the 3160 cm−1 peak is reversible too. This
means that the continued FIPS of the PA and the anti-parallel dimer formation
below the eutectic point are reversible.





9 Molecular Structure of

Hyperactive Antifreeze

Protein Adsorbed to Ice

Antifreeze proteins (AFPs) are a unique class of proteins that bind to ice crystal
surfaces and arrest their growth. The working mechanism of AFPs is not well
understood because, as of yet, it was not possible to perform molecular-scale
studies of AFPs adsorbed to the surface of ice. Here, we study the structural
properties of an AFP from the insect Rhagium mordax (RmAFP) adsorbed to
ice with surface specific heterodyne detected vibrational sum-frequency gener-
ation spectroscopy and molecular dynamic simulations. We find that RmAFP,
unlike other proteins, retains its hydrating water molecules upon adsorption
to the ice surface. This hydration water has an orientation and hydrogen-bond
structure different from the ice surface, thereby inhibiting the insertion of water
layers in between the protein and the ice surface.

129
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9.1 Introduction

Cold-adapted ecotherms living at subzero temperatures have evolved an ele-
gant macromolecular solution to deal with the lethal threat of ice formation in
their tissues. They produce antifreeze proteins (AFPs) that depress the freez-
ing point of water in a non colligative manner.201 They are of great interest
for their use in antifreeze formulations for frozen food,44 waterborne paints,45
cryopreservation,47 and other water-based materials.46 The molecular details of
the working mechanism of AFPs are poorly understood, which is mostly due to
the fact that experimental studies of AFP-ice complexes are difficult.202 Recent
studies involving ice etching and the analysis of ice crystal growth morphology
changes provided information on the ice plane specificity’s of AFPs,203,204 but
did not reveal the molecular-scale mechanisms by which AFPs bind to ice and
by which they inhibit ice crystal growth. In particular, information on the ice
surface, adsorbed AFPs, and the surrounding water would be of great value, as
several simulation studies suggest a critical role of the hydration layers in the
recognition and binding of AFPs to ice.205–208 Here, we use heterodyne-detected
vibrational sum-frequency generation (HD-VSFG) spectroscopy to study AFP
of Rhagium mordax (RmAFP) adsorbed to a monocrystalline, basal ice surface.
We measure the real (Re) and imaginary (Im) part of the second-order suscepti-
bility χ(2) of the vibrations at the surface, which provides direct information on
the absolute orientation of the surface-bound molecules.4 RmAFP is the most
active AFP known and can bind to the basal and prism ice face. It is part of
a large group of AFPs that possess an array of ordered threonine residues on a
flat β-sheet region at their ice-binding site (Appendix Figure 9.5).209–212

9.2 Experimental Methods

Sample preparation All protein measurements were performed in a buffer
solution (20 mM Na3PO4, 150 mM NaCl, pH 7.0). For the RmAFP sam-
ples with proven antifreeze activity, high purity samples were used, that were
obtained by recombinant protein expression as described previously.213 As con-
trol proteins α-lactalbumin, β-lactoglobulin and myoglobin were chosen. These
proteins do not show antifreeze activity. Their sizes (∼14 kDa, ∼18 kDa,
∼16.7 kDa) and isoelectric points (IEP ∼5, ∼6, ∼6.8) are comparable to that of
RmAFP (∼12.4 kDa, IEP ∼5). The samples were applied to the ice by using a
combination of an ultraclean tissue and a plastic foil. The clean tissue acts as a
sponge and the plastic foil smoothens the surface after the solution is deposited
on the ice surface. Samples were applied at 265 K and the pure ice surface was
always measured before applying samples to ensure that the ice surface was not
contaminated. The procedure how to obtain and orient the monocrystalline ice
samples is described in chapter 3.3.

HD-VSFG measurements The HD-VSFG measurements performed in this
chapter are carried out with the setup described in section 3.1.
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9.3 Results and Discussion

(a) (b)

(c) (d)

α-Lactalbumin Myoglobin

RmAFPβ-Lactaglobulin

Figure 9.1. Im[χ(2)] spectra of 15 μM solutions of (a) α-lactalbumin,(b) myoglobin
,(c) β-lactoglobulin, and (d) RmAFP (20 mM NaPo4, 150 mM NaCl, and pH 7.0) at
the solution-air interface and deposited on the basal face of monocrystalline ice. The
HD-VSFG spectra of the aqueous protein solutions (gray) look similar with charac-
teristic CH and OH stretch vibrations. The deposition of non-AFP solutions (a)–(c)
on the surface of ice results in spectra with a dominant negative peak at ∼3150 cm−1.
With identical conditions, the deposition of an RmAFP solution shows a very different
Im[χ(2)] spectrum with a positive band centered at ∼3200 cm−1. The measurements
at the water surface (gray) were performed at 293 K, and those of the ice surface were
performed at 255 K and with the SSP polarization configuration (s-SFG, s-VIS, p-IR).

In Figure 9.1 (a–d), we the present Im[χ(2)] spectra of α-lactalbumin, β-
lactoglobulin, myoglobin, and RmAFP at the surfaces of water and ice. At the
surface of water, the HD-VSFG spectra of the non-AFP and RmAFP solutions
look very similar. All spectra show contributions from aliphatic CH stretch
vibrations (∼2880 cm−1 and ∼2930 cm−1) and aromatic (∼3060 cm−1) CH vi-
brations of the amino acid residues of the proteins. At frequencies >3100 cm−1,
all spectra show a broad positive band that we assign to the OH stretch vi-
brations of interfacial water molecules. The sign of Im[χ(2)] is determined by
the orientation of the vibrational transition dipole moment. In the case of
well-defined local modes, the orientation of the transition dipole moment of
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a vibration can be directly related to the orientation of the molecular group
carrying that vibration. For pure liquid water and ice, the OH stretch vibra-
tions are delocalized and thus the relation between the sign of Im[χ(2)] and the
orientation of the individual molecules is less straight forward. In this case,
the sign of Im[χ(2)] is determined by the dominant orientation of the transi-
tion dipole moments of the delocalized OH stretch vibrations. A positive sign
indicates that there are more delocalized OH stretch vibrations involving OH
groups for which the hydrogen atoms are pointing towards the air (up), while
a negative sign of Im[χ(2)] indicates that there are more delocalized OH vibra-
tions involving OH groups for which the hydrogen atoms are pointing into the
liquid (down). Hence, although for liquid water and ice Im[χ(2)] cannot directly
be related to particular hydrogenbonded OH groups, a positive sign of Im[χ(2)]
still implies that the interfacial water molecules have a preferential orientation
with their OH groups pointing to the negatively charged proteins floating on
the water surface.7,32,214

The broad shape of the OH band observed for RmAFP on water indicates
that the protein does not possess a pre-ordered hydration layer. Such a pre-
ordered water layer has been observed experimentally for AFP III.66 The ab-
sence of a pre-ordered hydration layer for RmAFP agrees with the results of
recent molecular dynamics simulations.207 For α-lactalbumin, β-lactoglobulin,
myoglobin, and RmAFP adsorbed to the ice surface the Im[χ(2)] spectra again
show the responses of the CH stretch vibrations of the proteins. For the non-
AFPs, the Im[χ(2)] spectra are dominated by a strong negative band centered
at ∼3150 cm−1 that is similar to the signal that is observed at the bare ice-
air interface (Figure 3.6). This band has been assigned to the bilayer-stitching
OH stretch vibrations of the water molecules in the top two bilayers of the ice
crystal.92,193 The negative sign indicates that these water molecules have a net
orientation with their OH groups pointing away from the surface. This result
shows that for non-AFPs, the hydrogen-bond structure and orientation of water
molecules at and near the interface are completely determined by the mutual
interactions of water molecules in ice. The Im[χ(2)] spectrum of RmAFP at the
surface of ice shows a positive signal centered at ∼3200 cm−1. This result shows
that RmAFP remains hydrated with water molecules with an orientation that
is determined by the RmAFP, even after adsorption of the protein to the ice
surface. The spectral shape of the hydration water signal changes somewhat
upon adsorption to the ice surface. We observe a shift in the center frequency
from ∼3300 cm−1 at temperatures above the melting point to ∼3200 cm−1 at
temperatures below the melting point, which indicates that the water molecules
in the hydration layer of RmAFP become more strongly hydrogen-bonded upon
adsorption of the protein to ice. The spectrum is broader and blueshifted com-
pared to that of ice, showing that the hydrogen-bond structure of the hydration
layer differs from that of ice. We further observe resonances at ∼2880 cm−1,
∼2930 cm−1, and 3060 cm−1 that we assign to CH vibrations of the protein
and a signal at ∼3560 cm−1 that we assign to crystalline ice.92

We explain the persistent presence of hydrating water molecules for RmAFP
from the rigid, corrugated structure of the ice-binding surface (IBS) of RmAFP.
The IBS consists of ridges with a high density of threonine residues that
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Figure 9.2. Imaginary [χ(2)] spectra of RmAFP at the surface of basal ice at tem-
peratures between 245 and 265 K. The spectra are fitted with three Lorentzian bands
(darkcyan, blue, and green lines). The measured data are represented by the dark-
magenta line and the fitted spectra by dashed yellow lines. Decreasing the tempera-
ture leads to a decrease of the ∼3200 cm−1 signal and to an ingrowth of a signal at
∼3180 cm−1.

strongly interact with the surface of ice. Such a corrugated motif of the IBS is
common for insect and other hyperactive antifreeze proteins.207 In a previous
study on the related hyperactive antifreeze protein from the beetle Dendroides
canadensis (DAFP-1) at the water surface, it was shown that the valleys be-
tween these ridges contain hydrating water molecules.215 Such “channel water
molecules” were also observed in crystal structures and simulations of related
AFPs.207,211,212 The present results indicate that the corrugated structure of
RmAFP with ridges and valleys containing hydration water persists when the
protein adsorbs to ice. Most other non-AFPs, including the proteins used in this
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Hydration Layer
Crystalline Ice
3560 cm-1 band

Figure 9.3. Amplitudes of the three different bands used in the spectral decom-
position of the temperature-dependent Im[χ(2)] spectra of Figure 9.2. The bands
are assigned to crystalline ice signal at 3180 cm−1 (blue circles), the hydration shell
of RmAFP at 3200 cm−1 (cyan diamonds), and a weaker crystalline ice signal at
3560 cm−1 (green triangles). The lines serve as guides to the eye.

study, do not possess such a rigid, corrugated surface and will likely unfold and
stretch out on the ice surface. As a result, for these proteins, no protein-oriented
water molecules in between the ice surface and the protein are observed. To
corroborate the above explanation, molecular dynamics simulations of the ad-
sorption of RmAFP and α-lactalbumin to the surface of ice using Groningen
Machine for Chemical Simulations 4.5 (GROMACS 4.5) are performed. We find
that for α-lactalbumin, a large fraction of the amino-acid residues are in direct
contact with the ice surface, whereas for RmAFP, the interfacial region contains
water molecules that hydrate the protein and are not associated with those in
the ice crystal (Appendix Figure 9.6 and 9.7). These water domains between
the IBS of the adsorbed RmAFP and the ice surface have a tetrahedrally coor-
dinated arrangement, which is in excellent agreement with the observed center
frequency of 3200 cm−1 in the Im[χ(2)] spectrum of RmAFP adsorbed to ice. In
Figure 9.2, we show Im[χ(2)] spectra of RmAFP at the ice surface at different
temperatures in the range between 265 K and 245 K. We find that the signals
at ∼3200 cm−1 and ∼3560 cm−1 decrease when the temperature is lowered. We
also observe an ingrowth of a negative band at ∼3180 cm−1 that we assign to
the OH vibrations of crystalline ice. Further, we performed a spectral decom-
position with Lorentzian-curves of the Im[χ(2)] spectra to obtain quantitative
information on the temperature dependence of the hydration-shell band and the
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ice band. We in total decompose the Im[χ(2)] spectra at different temperatures
with six Lorentzian bands over the whole frequency region (Figure 9.8), while
in Figure 9.2 we focus on the frequency region of the OH-stretch vibrations. In
Figure 9.3, we plot the amplitude of these bands as a function of temperature.
We explain the observed temperature dependence of the amplitude from the
change in orientation and binding of the water molecules between the IBS of
the adsorbed RmAFP and the ice surface. Decreasing the temperature causes
the water domains to reorient away from the AFP and to join the ice lattice,
thereby lowering the signal at ∼3200 cm−1. The newly formed ice layers of
the RmAFP solution give rise to the negative signal at ∼3180 cm−1. The
functioning of AFPs is intimately connected to the mechanism by which these
proteins bind to ice and how they prevent further growth of the ice crystal at
and near their adsorption sites. All AFPs are proposed to function according to
the adsorption inhibition mechanism.216 In this mechanism, ice can only grow
in between the adsorbed AFPs, which results in a strongly curved ice surface
with a high associated surface energy.216 This so-called Kelvin effect explains
the depression of the freezing point. We speculate that the different orienta-
tion and hydrogen-bond structure of the water molecules in the valleys between
the ridges of the IBS will inhibit the intercalation of ice layers in between the
adsorbed hyperactive AFP and the ice surface. As a result, the adsorbed hy-
peractive AFPs are not pushed away from the original ice surface, and ice can
only grow in between the adsorbed RmAFPs, leading to a pronounced Kelvin
effect. Hence, the water molecules between the ridges of the IBS of RmAFP are
needed for the antifreeze mechanism of RmAFP and other hyperactive AFPs.
The mechanism of adsorption of RmAFP to ice is schematically shown in 9.4.

Figure 9.4. Schematic representation of the ice-binding and ice-crystal growth inhi-
bition mechanism of AFPs. The ice surface contains a water layer, in which the water
molecules have a net orientation with their OH groups pointing towards the ice. (I)
RmAFP has water molecules in the valleys of the IBS that have an orientation towards
the protein. (II) RmAFP accumulates at the interfacial region of ice and retains its
hydrating water molecules at the IBS of which the orientation is determined by the
protein and not by the ice surface. (III) Water molecules cannot intercalate between
the hydration water and the surface, so that ice can only grow in between adsorbed
AFPs, which results in a strongly curved ice surface with a high associated surface
energy.
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9.4 Conclusion

We studied the properties of the hydration layer of RmAFP, an antifreeze pro-
tein from the insect Rhagium mordax, using surface specific HD-VSFG spec-
troscopy and molecular dynamics simulations. We compare these properties
with those of proteins that have no antifreeze activity. For all studied proteins,
we find that the structure of the hydration layer of the protein in aqueous solu-
tion is determined by the interaction with the protein. In particular we observe
that the net orientation of the hydrating water molecules is governed by the
charge of the protein. However, when the studied non-AFPs adsorb to ice, we
observe that the orientation of the water molecules in between the protein and
the surface becomes independent of the protein charge and is completely deter-
mined by the mutual interactions of the water molecules in the top layers of the
ice surface. In contrast, for RmAFP adsorbed to ice, the orientation of the water
molecules in between the protein and the ice surface remains to be determined
by the protein, indicating that the hydration layer at the ice-binding surface of
RmAFP remains intact. MD-simulations agree with this observation by show-
ing that the structure of the ice-binding surface (IBS) of RmAFP with ridges
and valleys containing hydration water persists upon adsorption of the protein
to ice. The orientation and hydrogen-bond structure of the water molecules in
the valleys between the ridges of the IBS differ from that of the underlying ice
layers, which inhibits the intercalation of ice layers in between the adsorbed
hyperactive AFP and the ice surface. As a result, the ice crystal can only grow
in between adsorbed RmAFPs, leading to a pronounced curvature of the ice
surface and a depression of the freezing point (Kelvin effect).
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9.5 Appendix

9.5.1 Molecular Dynamics Simulations

Binding free energy calculations and equilibrium simulations were performed
using the GROMACS 4.5 package217–219 with the OPLS/AA220–222 force field
and the SPC/E223 water model. The details of the simulation protocol and
the reasoning for the choice of the force-field and water model were described
elsewhere.224,225

9.5.2 Modeling of RmAFP Structure

The 3-D crystal structure of RmAFP is unknown. We used the crystal structure
of the antifreeze protein from Rhagium inquisitor (RiAFP; PDB: 4DT5) as a
template to construct the structure of RmAFP using an iterative threading
approach implemented in I-TASSER web-server.226,227 RiAFP and RmAFP are
homologous proteins and share 76% sequence identity. The ice-binding surface
of RiAFP contains an array of water molecules making hydrogen bonds with
the threonine residues.228 These water molecules were considered during the
modeling. The modeled RmAFP structure was minimized in vacuo using the
steepest descent algorithm.

(a)

(b)

Figure 9.5. Model of the 3D structure of the RmAFP. The protein consists of a
compressed β-helical fold with a relatively flat and hydrophobic threonine-rich ice-
binding-surface. (a) Top view showing the flat threonine-rich ice-binding site. (b)
Side view down the helix.
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Figure 9.6. PMF profiles for the binding of RmAFP to the basal plane in presence of
preordered water (red), in absence of preordered water (dark red) and α-lactalbumin
to the basal plane (blue). Results are represented as Mean ± S.D. (n=2). Structures
corresponding to the PMF minima are shown in the inset for (a) α-lactalbumin and (b)
RmAFP. Proteins are rendered as brown ribbon, ice binding residues are shown as blue
vdW spheres and interfacial water molecules are shown in the surface representation
with oxygen in red and hydrogen in white.

9.5.3 Docking of RmAFP and α-Lactalbumin to the

Basal Plane

The structure of α-lactalbumin was obtained from the protein data base (PDB
ID: 1A4V) and all hetero atoms were not considered. α-lactalbumin and op-
timized RmAFP were docked on the basal plane of ice using the PatchDock
webserver.229 The top ranked docked complex was considered further. In case
of the RmAFP the docking was carried out in the presence and absence of bound
preordered water molecules next to the IBS.

9.5.4 Calculation of the Binding Free Energy for the

Protein Adsorption to the Basal Plane

RmAFP-Ice docked complexes in the presence/absence of preordered wa-
ter were aligned in such a way that the basal surface was along the X-
Y plane. Both complexes were then solvated in a rectangular box of
80 Å × 90 Å × 80 Åwith periodic boundary condition and using the SPC/E
water model. Five sodium ions (Na+) were added to neutralize the total
charge of the system. The α-lactalbumin-Ice complex was solvated in a box
of 100 Å × 100 Å × 90 Ådimension with periodic boundary condition. Seven
sodium ions (Na+) were added to neutralize the system. The box dimensions
in all cases were chosen such that in the X and Y direction the ice slab did
not collide with its image and in the Z-direction the box length is greater than
double of the final pull distance between AFP and the basal plane center of
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mass. Each system was initially minimized with 500 steps using a steepest
descent algorithm. Then 1 ns position restrained dynamics were performed in
each case in NVT ensemble at 225 K where the ice slab was kept frozen and
protein atoms were restrained, but water molecules were allowed to move freely.
The temperature was maintained using a v-rescale thermostat with a coupling
constant of 0.1 ps. Finally 3 ns NVT simulations were performed for all the
three AFP-ice docked complexes at 225 K in NVT ensemble. Electrostatic
interactions were calculated using the particle mesh Ewald summation method.
The umbrella sampling technique was used to construct the potential of mean
force (PMF) profile for the RmAFP and α-lactalbumin adsorption on the basal
ice plane. The center of mass distance along the Z-axis between the protein and
basal ice slab was considered as the reaction co-ordinate. The docked protein
was then pulled from the basal plane along the Z-direction with an interval of
0.1 nm. An umbrella force constant of 5000 kJ mol−1 nm−2 was used to keep
the protein at desired position. 1 ns equilibration simulation followed by 2 ns
production run in NVT ensemble was carried out in each umbrella window.
Finally the PMF profile was obtained by using weighted histogram analysis
method39 implemented in GROMACS. Histogram analysis was performed in
each case to ensure sufficient overlap among all the umbrella windows in each
case. The final PMF profile was then rescaled on the basis of ice surface and ice
binding surface of the protein distances. Docked structure corresponds to the
PMF minimum in each cases was then subjected to equilibrium simulations at
225 K in NVT ensemble using V-rescale thermostat with a coupling constant
of 0.1 ps. In the entire equilibrium simulations ice slab was kept frozen in all
the three dimensions.

Figure 9.7. Hydration water within 4.0 Å of the threonine methyl groups of the ice-
binding site were considered (black) and bulk distribution was obtained by considering
water within 10-12 Å of the threonine methyl groups of the non ice-binding sites.



140 Hyperactive Antifreeze Protein Adsorbed to Ice 9.5

265 K 260 K

255 K 250 K

245 K

Figure 9.8. Im [χ(2)] spectra of RmAFP at the surface of basal ice at temperatures
between 245 and 265 K. The spectra are fitted with six Lorentzian bands. The mea-
sured data are represented by the dark magenta line and the fitted spectra by dashed
cyan lines. Decreasing the temperature leads to a decrease of the ∼3200 cm−1 signal
and to an ingrowth of a signal at ∼3180 cm−1.



141





10 The Molecular Structure

and Surface Accumulation

Dynamics of Hyaluronan at

the Water/Air Interface

Hyaluronan is a biopolymer that is essential for many biological processes in
the human body, like the regulation of tissue lubrication and inflammatory re-
sponses. Here we study the behavior of hyaluronan at aqueous surfaces using
heterodyne-detected vibrational sum-frequency generation spectroscopy (HD-
VSFG). Low-molecular weight hyaluronan (∼150 kDa) gradually covers the
water-air interface within hours, leading to a negatively charged surface and
a reorientation of the interfacial water molecules. The rate of the surface ac-
cumulation strongly increases when the bulk concentration of low-molecular
weight hyaluronan is increased. In contrast, high-molecular weight hyaluronan
(>1 MDa) cannot be detected at the surface, even hours after addition of the
polymer to the aqueous solution. The strong dependence on the polymer molec-
ular weight can be explained from entanglements of the hyaluronan polymers.
We also find that for low-molecular weight hyaluronan the migration kinetics
of hyaluronan in aqueous media shows an anomalous dependence on the pH of
the solution, which can be explained by the interplay of hydrogen-bonding and
electrostatic interactions of the hyaluronan polymers.
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10.1 Introduction

Glycosaminoglycans (GAGs) are charged biopolymers (polyelectrolytes), which
play an important role in various biological processes in our body, ranging from
anti-coagulation to immune response to external pathogens.230 Among all of
the glycosaminoglycans, hyaluronan is arguably one of the most important and
most studied. Hyaluronan is the structurally simplest GAG, and regulates bio-
logical functions like tissue lubrication and inflammatory responses.231–234 New
hyaluronan is constantly synthesized, and a defective regulation of hyaluronan
production can lead to severe diseases. Alterations in the concentration and
molecular weight of hyaluronan have for instance been linked to cancer initia-
tion, metastasis, therapy resistance and arthritic diseases235–239. For example,
it has been found that in healthy individuals the synovial fluid, which guarantees
the correct lubrication between the knee cartilages, contains a concentration of
1.3 - 4 mg/ml of hyaluronic acid with a high molecular weight (HAHMW) of 1.5
- 1.8 MDa.237 In the case of patients affected by arthritic diseases, the concen-
tration of HAHMW decreases to 0.1 - 1.3 mg/ml, whilst the concentration of low
molecular weight hyaluronic acid (HALMW ∼100 - 150 KDa ) increases.237–239
Changing the ratio between HAHMW and HALMW can influence the viscoelas-
ticity of the synovial fluid, which can have drastic effects on the joint lubrica-
tion.237 Furthermore, because of its biocompatibility, hyaluronan is widely used
in biomedicine to design hydrogels with tailored applications.240 The polymer,
also forms important structural component of artificial tears, or eye drops, to
facilitate the lubrication and hydration of contact lenses.241,242

The outstanding physiological relevance and the wide application of hyaluro-
nan have led to numerous studies of its microscopic and macroscopic properties
in the bulk.62,64,243–248 Many of these studies were aimed at finding the connec-
tion between the macroscopic and molecular properties, which are dictated by
molecular weight and concentration, and their impact on biological functions.
However, up to now, the interfacial properties of hyaluronan have only been
investigated by macroscopic surface tension measurements.249,250 Until now a
detailed molecular picture of the surface of aqueous hyaluronan solutions is com-
pletely missing. A more detailed knowledge of these molecular-scale properties
can be helpful in acquiring a better understanding of the special interfacial
properties of aqueous hyaluronan solutions, like its lubrication behavior and its
biochemical interactions.

We use conventional vibrational sum-frequency generation (VSFG) spec-
troscopy and heterodyne-detected vibrational sum-frequency generation (HD-
VSFG) spectroscopy to study the surface propensity and molecular structure of
aqueous HA solutions at the water/air interface. VSFG techniques are highly
surface specific and, therefore, ideally suited for the study of the molecular-
scale properties of polymers adsorbed at interfaces, providing information on
the conformation and solvent interactions of the molecules of interest.4,251–253
We find that the kinetics of the adsorption process strongly depend on the
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molecular weight and the bulk concentration, and shows an extremely strong
and anomalous dependence on the ionic strength and the pH of the solution.

10.2 Experimental Methods

Sample preparation The hyaluronic acid sodium salt in powder form from
Streptococcus equi bacteria is purchased from Sigma Aldrich, Czech Republic
(>1 MDa) and from Biomedical Lifecore (∼150 kDa). In preparing HA solu-
tions we use water from a Millipore Nanopure system (18.2 MΩ cm). Both
types of HA are used without further purification. The HA solutions with low
molecular weight and high molecular weight are prepared at room temperature
at least two hours and 24 hours before the measurement, respectively, to ensure
complete solvation of the biopolymer. The HA solutions are stored for at most
1 month at a temperature of 4◦C. All HA solutions are mixed with a vortex
once more directly before the measurement to ensure a uniform solution. In
the concentration-dependent measurements we used a sodium phosphate buffer
(137 mM NaCl, 10 mM Na2HPO4 and 2.7 mM KCl) as solvent to keep the pH
constant at pH 7.4 and the ionic strength close to that of the synovial fluid,
which contains 155 mM of sodium chloride.254 In the pH dependent measure-
ments, the solution contained a constant concentration of 150 mM of NaCl, and
the pH was regulated by adding NaOH and HCl to the solution. To perform
measurements with different salt concentrations, we varied the NaCl concen-
tration from 0 to 300 mM in the HA solution. Additionally, all measurements
are taken in a custom-built sample cell covered by a calcium fluoride window
to prevent solvent evaporation. The sample cell is made of Teflon and can hold
a sample solution with a volume of up to 4 ml. A schematic picture of the
sample cell can be found in the Appendix Figure 10.7. Since the sample cell
has a diameter of 3.5 cm and the lateral spatial resolution of our measurement
is 100 μm, we effectively have a flat air/liquid interface.

Spectroscopy The VSFG measurements described in this chapter are per-
formed with the setup described in section 3.1.

10.3 Results and Discussion

In Figure 10.1, we present the comparison between the HD-VSFG spectra of
pure water and low molecular weight hyaluronic acid (HALMW ∼100 - 150 kDa)
dissolved in buffer solution (pH=7.4), measured 60 min after placing the sample
in the VSFG setup. The HA solution is mixed just before the measurement,
therefore we can define for all of the reported measurements time zero as the
time when the sample is positioned in the VSFG setup. The measurement is
taken in SSP polarization configuration (s-SFG, s-VIS, p-IR). The presented
Im[χ(2)] spectrum of pure water is in excellent agreement with results obtained
in previous studies.32,255,256 In the range between 3100 and 3550 cm−1, the
Im[χ(2)] water spectrum shows a broad negative band originating from the OH
stretch vibrations of water molecules that form hydrogen bonds to other water
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Figure 10.1. (a) Im[χ(2)] spectra of pure water (gray) and a low molecular weight
(100-150 kDa) hyaluronan solution (HALMW, 4.5 mg/ml, 60 min after placing the sam-
ple in the VSFG setup, cyan) at the water-air interface, measured in SSP polarization
configuration (s-SFG, s-VIS, p-IR). The HA solutions have a pH of 7.4 regulated with
a phosphate buffer, as described in the text. The inset shows a schematic of the re-
peating molecular structure of HA. Schematic of the orientation of water molecules
(b) at the neat water surface and (c) at the surface of a hyaluronan solution.

molecules. Additionally, the spectrum shows a narrow peak at 3700 cm−1.
This highly surface specific feature at 3700 cm−1 is assigned to the OH stretch
vibrations of non-hydrogen bonded OH-groups that stick out of the surface. The
sign of the Im[χ(2)] spectrum of the stretch vibration of water is directly related
to the orientation of the vibrational transition dipole moment. A positive sign of
Im[χ(2)] of the OH stretch vibrations corresponds to a net orientation with the
hydrogen atoms pointing toward the air (up), while a negative sign of Im[χ(2)]
corresponds to hydrogen atoms pointing into the liquid (down).
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(a)

(c) (d)

(b)

Figure 10.2. Im[χ(2)] spectra of aqueous HALMW solutions with a concentration of
(a) 1 mg/ml, (b) 2.5 mg/ml, (c) 3.5 mg/ml and (d) 4.5 mg/ml at the water-air interface
in a time range of 0 min - 240 min.The measurements were taken in SSP polarization
configuration (s-SFG, s-VIS, p-IR) and the pH is regulated with phosphate buffer to
7.4, as described in the text. For all HALMW solutions it can be observed that two
signals in the CH region appear and the broad water band is changing sign. For
low concentrations of hyaluronic acid (1 mg/ml and 2.5 mg/ml) the signal of the free
OH at 3700 cm−1 decreases over time while for high concentrations (3.5 mg/ml and
4.5 mg/ml) it vanishes completely.

The Im[χ(2)] spectrum of the HA solution differs strongly from the spectrum
of pure water. In the region of 2850 cm−1 to 3000 cm−1 we find two narrow
features that are associated with the CH vibrations of the HA molecules. Based
on previous work we assign the two negative bands centered at 2880 cm−1

and 2940 cm−1 to the symmetric stretch vibration of the methyl group (νCH3
)

and its Fermi resonance overlapping with the symmetric stretch vibration of the
methylene group (νCH2,SS) respectively.32,251 The positive band at ∼2975 cm−1

is assigned to the asymmetric stretch of the methylene group (νCH2,AS).32,257
The negative sign of the νCH2,SS and the positive sign of νCH2,AS , show that the
methylene groups have a net orientation with the CH bonds pointing toward
the air phase. The negative sign of the νCH3

band suggests that the methyl
groups are also pointing preferentially toward air.32,251 Between 3100 cm−1 and
3550 cm−1 we observe a broad signal that is associated with the OH stretch
vibrations of interfacial water molecules. The positive sign of the broad OH
stretch signal shows that the interfacial water molecules have a net orientation
with the OH groups pointing toward the interface. The change in net orientation
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of the water molecules compared to pure water, indicates that the surface is
negatively charged32, as a result of the accumulation of HA molecules at the
surface. Because of its pKa of 2.9, hyaluronan is expected to be completely
deprotonated in the bulk and thus negatively charged at pH 7.64 In Figure
10.1 (b,c) we show a schematic that shows the orientation of water molecules
for pure water and HALMW solution at the surface. The vanishing of the non
hydrogen-bonded OH can be explained by the complete surface coverage by HA
molecules.

It should be noted that HALMW only comes to the surface if a sufficient
amount of ions are present in the solution (Appendix Figure 10.8 and 10.9).
This observation can likely be explained from the competition between the
ions and HA for the solvent molecules. Salt ions interact strongly with water
molecules258,259, thereby excluding the polymers from the bulk and pushing the
polymer chains toward the surface. An additional effect may be the screening
of the favorable interaction of the carboxylate anion groups of hyaluronan with
water by the sodium ions.

10.3.1 Effect of the Hyaluronan Concentration on its

Accumulation at the Surface

Figure 10.2 (a-d) shows the Im[χ(2)] spectra of HALMW solutions with different
concentrations in the time range of 0 min - 240 min. In Figure 10.2 (a), the
Im[χ(2)] spectra of a HALMW solution with a concentration of 1 mg/ml is pre-
sented. It can be observed that at 0 min the spectrum of the HALMW solution
looks identical to that of a neat water surface. Over time we observe that the
sign of the broad water OH stretch band at 3100 - 3550 cm−1 changes from
negative to positive. This sign change reflects a change in the net orientation
of the water molecules. At 0 min, the hydrogen atoms of the water molecules
have a net orientation toward the bulk. Gradually, the water molecules are
orienting more and more with their hydrogen atoms toward the surface, which
is due to the accumulation of negatively charged HA molecules at the surface.
For higher concentrations (Figure 10.2 (b,d)) of 2.5 mg/ml - 4.5 mg/ml we ad-
ditionally observe that the response of the non hydrogen-bonded OH vibrations
centered at 3700 cm−1 decreases and eventually vanishes completely, and that
in the CH region two peaks appear that can be assigned to the methyl group
(νCH3

) and the methylene group (νCH2,SS) of the HA molecules.32,251 We also
find that the peak height of the non hydrogen-bonded molecules centered at
3700 cm−1 reduces to ∼65 % of its original value simultaneous with the first
appearance of the CH vibrations of the polymer backbone. Hence, we conclude
that to get a clear VSFG signal of the HA molecules, their surface coverage
needs to be ∼35 %, as the HD-VSFG signal is proportional to the surface den-
sity. The maximum studied bulk concentration is 4.5 mg/ml, which corresponds
to ∼0.5 %, which implies that the final surface concentration is much higher
than the bulk concentration, showing that over time HA accumulates at the
surface. The difference between the Im[χ(2)] spectrum of HALMW solutions and
that of pure water becomes more pronounced with increasing polymer concen-
tration. Furthermore, it is observed that the spectral changes occur faster with
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increasing HALMW concentration. Consistent with this notion is that increasing
the bulk concentration of the HALMW solution, leads to faster mass transport
diffusion260 and thus a faster accumulation of HA polymers at the surface.261
We also performed surface tension measurements of HALMW in a sodium phos-
phate buffer (137 mM NaCl, 10mM Na2HPO4, 2.7 mM KCl) with a pH of 7.4.
As shown in Figure 10.10 and 10.11 of the Appendix, we observe no changes in
the surface tension over time for solutions containing different concentrations of
HALMW. It is more often observed that the surface tension of polyelectrolyte
solutions is similar to that of water, even though the polyelectrolyte possesses a
higher propensity at the surface than in the bulk.262 The absence of an effect on
the surface tension can be explained by the fact that the polyelectrolyte solution
also contains counterions that often strongly interact with water, and that thus
have an opposing effect on the surface tension. The advantage of VSFG in de-
tecting the surface accumulation of HA is that this technique is highly selective
in probing HA, and not affected by the other properties of the solution.

The spectral changes in the CH region indicate that, after diffusion to the
surface, a rearrangement of the polymers takes place. The peak of the methy-
lene group (νCH2,SS) overlapping with the Fermi resonance of the methyl group
at 2940 cm−1 appears first, whereas at later times the signal of the symmetric
stretch vibration of the methhyl group at 2880 cm−1 becomes dominant (Ap-
pendix Figure 10.12). The observation of signals of CH2/CH3 suggests that the
polymer backbone is aligned along the interfacial plane, with the hydrophobic
groups pointing into the air and the negatively charged groups buried in the
water, and thus pointing toward the bulk.263,264 This observation is in line with
the formation of so-called train segments of polymers at interfaces.264,265

Figure 10.3. Im[χ(2)] spectra of high molecular weight hyaluronan (HAHMW) solu-
tions with concentrations of (a) 1 mg/ml and (b) 4.5 mg/ml in a time frame of 0 min
- 240 min. The HA solutions have a pH of 7.4 regulated with a phosphate buffer.
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10.3.2 Effect of Hyaluronan Molecular Weight on its

Accumulation at the Surface

To study the effect of the molecular weight of the polymers on the surface
accumulation, we also measured the adsorption kinetics of hyaluronic acid
solutions with a high molecular weight (HAHMW ∼1.5 - 1.8 MDa) at different
concentrations, in a time frame of 0 min - 240 min. We observe in Figure 10.3
(a) that the HAHMW solution shows a similar spectrum as a neat water-air
interface. In contrast to HALMW, the spectra are observed to stay similar over
time. Therefore, we conclude that HAHMW molecules do not adsorb to the
water surface, even at a concentration of 4.5 mg/ml (Figure 10.3 (b)). Similar
results were obtained at concentrations of 2.5 mg/ml and 3.5 mg/ml, as shown
in the Appendix (Figure 10.13).

The large difference in observed surface accumulation between HALMW and
HAHMW must be primarily due to a kinetic effect as the thermodynamics of
these solutions are highly similar. Here, we cannot exclude the formation of
intramolecular aggregates, but we can exclude that this would cause the ob-
served difference in kinetics. The tendency to form intramolecular aggregates
will be quite similar for LMW and HMW hyaluronan, as the two polymers are
composed of exactly the same disugar units and both have chain lengths that
are much longer than their persistence length. Hence, if there would be in-
tramolecular aggregation this would occur similarly for HALMW and HAHMW.
The difference in kinetics for the surface accumulation of HALMW and HAHMW
likely follows from the following two effects.

In the first place HALMW diffuses faster than HAHMW due to its ∼10
times shorter chain length. A second effect, that becomes important at high
concentrations, is the overlap and entanglement of HAHMW molecules, which
strongly restricts diffusive motion.266 The overlap concentration of HALMW of
∼10 mg/ml is much higher than the overlap concentration of ∼ 1.5-2 mg/ml
of HAHMW.267,268 Therefore, the shorter polymer chains have a much higher
mobility than HAHMW molecules. To support this argument further, we also
measured the dynamics of a HAHMW solution with an even higher concentration
of 5.5 mg/ml. We find that very long waiting times HAHMW does get adsorbed
to the surface, and shows the same vibrational features as HALMW (Figure
10.14).). This finding indicates that HALMW also tends to accumulate at the
surface, like HALMW, only the rate at which this happens is much lower.

10.3.3 Effect of pH on the Surface Accumulation of

Hyaluronan

In Figure 10.4 we show the Im[χ(2)] spectra of a HALMW solution in the region
of the OH stretch vibrations measured at pH 2 and a NaCl concentration of
150 mM. This pH value is below the isoelectric point of HA (2.5)133, meaning
that at this pH the HA polymers are no longer negatively charged. Surprisingly
very little change between the spectra measured at different waiting times can
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be observed in comparison to water. The rise of the CH peaks at later delay
times shows that hyaluronan comes to the surface, but quite delayed and to a
much lesser extent than at pH 7.4 (Figure 10.2). It is also seen that the arrival
of hyaluronan at the surface does not lead to a change of the sign of the water
OH band. This latter observation can be explained from the fact that at these
low pH values 90 % of all carboxylate anion groups of hyaluronan64, which has
an isoelectric point of 2.5133, will be protonated. Hence, hyaluronan will carry
only 10 % negative charge, and the accumulation of hyaluronan at the surface
does not induce a change of the orientation of the water OH groups from a net
orientation to the bulk to a net orientation to the surface.64

To study the pH dependence of the surface accumulation of HA in more de-
tail, we performed intensity VSFG measurements of hyaluronan at different pH
values in the frequency region of the carboxylate anion and carbonyl vibrations
of hyaluronan (1300 - 1900 cm−1). In Figure 10.5 we present intensity VSFG
measurements of 4.5 mg/ml HALMW solutions in the frequency region of 1300
- 1900 cm−1 measured at different pH values in a time frame of 0 - 120 min.
The pH was adjusted by adding HCl or NaOH to the solution. At all pH values
the NaCl concentration was 150 mM. Figure 10.5 (a) shows the intensity VSFG
spectra of a HA solution with pH 2. The spectra at different times all show
a broad band around 1650 cm−1, which can be assigned to the bending mode
of water. The observed spectrum is similar to the spectrum observed in previ-
ous intensity VSFG measurements of the neat water surface (Appendix Figure
10.15).34,35 At pH 4.5 (Figure 10.5 (b)) we observe the same spectrum as at pH
2. For HA solutions with a pH above 7 (Figure 10.5 (c) and (d)), two prominent
features appear in the spectra at 1420 and 1720 cm−1. We assign the narrow
peak at 1420 cm−1 to the symmetric stretch vibration of the carboxylate anion
(νss,COO−) of HA, and the narrow peak at 1720 cm−1 to the carbonyl stretch
vibration of the carboxylic acid group (-COOH) of HA.13,269 In view of the bulk

Figure 10.4. Im[χ(2)] spectra of HALMW solutions with a concentration of 4.5 mg/ml
at pH 2 in the time frame of 0 min - 90 min.
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Figure 10.5. Intensity SFG spectra of 4.5 mg/ml HALMW solutions with different
pH values of (a) 2 (magenta), (b) 4.5 (yellow), 7 (blue), and (d) 12 (green). The
pH was adjusted using HCl and NaOH, while the salt concentration was constant at
150 mM of NaCl over all measurements

pKa of HA, the presence of protonated carboxyl groups is unexpected at pH
values above 6. However, in previous work it was found that the degree of acid
dissociation at the surface can differ strongly from the degree of acid dissocia-
tion in the bulk.269,270 We observe that at pH=12 (Figure 10.5 (c)) the relative
intensity of the COOH band is reduced compared to pH=7, indicating a further
deprotonation of hyaluronan at the interface. This pH-dependence supports
the assignment of the peak at 1720 cm−1 to the carbonyl stretch vibrations of
the protonated carboxylic acid. Nevertheless, it is surprising that the feature
at 1720 cm−1 does not vanish completely at pH 12, since one would expect
HALMW to be completely deprotonated at this high pH, even at the surface. It
could be that the surface contains a small amount of contaminations that gives
rise to a small signal at 1720 cm−1 at all pH values, and that forms the only
contribution to this signal at pH 12.

To quantify the effect of the solution pH on the surface accumulation of
HALMW with a concentration of 4.5 mg/ml, we plot in Figure 10.6 the sum
of the band areas below the COOH and COO− peaks as function of the pH.
The band areas were extracted from a fitting procedure using Lorentzian curves
centered at 1720 cm−1 and 1420 cm−1. The fitting procedure is illustrated
in Figure 10.16 of the Appendix. Figure 10.6 clearly shows that the surface
propensity strongly depends on the pH. For HALMW solutions at low pH the
band areas at 1720 cm−1 and 1420 cm−1 are zero, while increasing the pH to 7
leads to a strong increase of the summed band areas, indicating that HALMW
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molecules accumulate at the surface.
Previous measurements on polyacrylic acid (PAA) at water/air and wa-

ter/oil interface also showed a high sensitivity of the degree of accumulation
at the surface on the pH value.251,271–273 For PAA solutions, it was observed
that increasing the bulk pH led to depletion of the polymers from the surface,
because of the relative increase of carboxylate anion groups with respect to
the COOH. In this context, it is remarkable and surprising that in the case of
hyaluronan, depletion from the surface occurs upon lowering of the pH value. A
possible explanation for this anomalous behavior of HALMW lies in the specific
interchain interactions of HA that arises from low pH values. A special property
of aqueous solutions of HA is that they form an elastic hydrogel near a pH value
of 2.5.64 In a recent study we showed that the formation of the hydrogel finds
its origin in an enhanced interchain interaction of the HA polymer chains, in
particular in the formation of interchain hydrogen bonds between amide groups
and carboxylate anion groups, and between amide groups and carboxylic acid
groups.64 At high pH values these interchain hydrogen bonds do not form, be-
cause the polymer chains are strongly negatively charged and therefore repel
each other. When the pH is lowered, carboxylate anion groups get protonated
and the Coulombic repulsion between the polymers is decreased. As a result,
the hyaluronan polymer chains will form interchain hydrogen bonds that con-
tinuously break and reform. This dynamic sticking of the hyaluronan polymers
will strongly decrease their rate of diffusion, which provides an explanation why
hyaluronan does not come to the surface even within a few hours at pH values
<7. Here, it is important to mention that at low pH values <2.5 HA can also
form aggregates which can cause a depletion from the surface.64 In our measure-
ments we can find that also at pH values of 4.5 and 5.5 HALMW is absent from
the surface. Therefore, we suggest that the formation of interchain hydrogen
bonds between the HA molecules is the main reason for the depletion of HA
from the surface. At the bottom of Figure 10.6 we show a schematic drawing
of the structure of the HA polymer chains in the two different pH regimes. The
anomalous pH dependence of the accumulation at the surface of hyaluronan
can thus be well explained from the special property of hyaluronan to show
enhanced interchain interactions at low pH values.



154 Hyaluronan at the Water/Air Interface 10.4

Figure 10.6. Sum of the band areas of the COOH and the COO− peak of a 4.5 mg/ml
HALMW solution at different pH values. The band areas were extracted from a fitting
procedure using two Lorentzian curves. The solid line is a guide to the eye. Be-
low the plot: Schematic pictures of hyaluronan polymers in solution in two different
pH regimes, showing that for low pH value the HA polymer chains have enhanced
interchain interaction, while diffusing freely in the solvent for high pH values.

10.4 Conclusions

We used vibrational sum-frequency generation (VSFG) and heterodyne-
detected VSFG (HD-VSFG) to study the dependence of the surface accu-
mulation and surface structure of hyaluronan polymers on the molecular weight
and concentration of the polymers and the pH of the solution. The VSFG mea-
surements show that at 1 mg/ml, low-molecular weight (∼150 kDa) hyaluronan
accumulates at the surface within a few hours, rendering the surface negatively
charged due to the presence of carboxylate anion groups in the hyaluronan
polymers. This rate strongly increases when the concentration of low-molecular
weight hyaluronan increases. High molecular weight (∼1000 kDa) hyaluronan
does not accumulate at the surface within hours, which we explain from the
much lower rate of diffusion of these polymers. The difference in observed
surface accumulation between HALMW and HAHMW is thus primarily due to
kinetic effects. We find that the surface accumulation of hyaluronan strongly
depends on the pH of the solution. A lowering of the pH of the solvent strongly
decreases the degree of accumulation of hyaluronan at the surface, which we
explain from the enhanced interchain interactions of the hyaluronan polymer
chains and the consequent decrease of the rate of diffusion of the polymer chains.
The present results show that the migration of hyaluronan to the surface shows
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a strong and anomalous dependence on the polymer molecular weight and
the properties of the solution, which can aid the understanding of some of
the characteristic interfacial properties of these solutions, like its lubrication
behavior and its biochemical interactions. It would be highly interesting to
investigate the migration behavior and surface properties of hyaluronan also for
other aqueous interfaces, and for varying solution properties, e.g. to study the
effect of different salts on the rate of surface accumulation. We hope that the
present work will stimulate experimental and theoretical work in this direction.
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10.5 Appendix
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Figure 10.7. Schematic of the custom built sample cell made of Teflon and covered
by a calcium flurid window. The sample cell has a diameter of 3.5 cm and can hold a
sample volume of 4 ml.

10.5.1 Effect of the Salt Concentration in the Sol-

vent on the Accumulation of Hyaluronan at the

Surface

In Figure 10.8 we show Im[χ(2)] spectra in the region of the OH stretch vibra-
tions of 4.5 mg/ml HALMW in pure water without salt added to the solution in
a time range of 0 - 90 min with a pH of 7. It is seen that in the absence of salt,
HALMW does not come to the surface. To confirm the depletion of HALMW
from the surface by removing salt from the solvent, we performed additional
measurements in the frequency region of the carboxylate anion and carbonyl
vibrations of hyaluronan at 1350 cm−1 - 1850 cm−1.

In Figure 10.9, we show intensity VSFG spectra of 4.5 mg/mL HALMW solu-
tions with different concentrations of NaCl in a time frame of 0 - 90 min. Figure
10.9 (a) show the intensity VSFG spectra of HALMW without any additional
salt added to the solution. The spectra show the response of the water bending
mode at 1650 cm−1 that is identical to the line shape that is observed for a neat
water surface (Figure 10.15).34,35 This observation confirms the observation of
Figure 10.8 that HA polymers do not adsorb to the water/air interface if there is
no salt present in the solution. When 150 mM NaCl is added to the 4.5 mg/ml
HALMW solution, two prominent features are appear in the spectrum (Figure
10.9 (b)) at 1420 cm−1 and 1720 cm−1 , which we assign to the vibration of the
symmetric mode of the COO− group and to the vibration of the carbonyl mode
of the COOH group, respectively.13,269 The presence of these two peaks indi-
cates that for the salt containing solution, HA molecules are able to accumulate
at the surface. Increasing the NaCl concentration further does not lead to ad-
ditional changes in the adsorption process (Figure 10.9(c)). Figure 10.9 (b) and
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Figure 10.8. Im[χ(2)] spectra of HALMW solutions with a concentration of 4.5 mg/ml
with pH 7 and no NaCl added to the solution in the time frame of 0 min - 90 min.

(c) show that the peak height at 1420 cm−1 increases over time, while the peak
at 1720 cm−1 stays more or less constant. The absence of a time-dependence of
the -COOH band can be explained by the higher surface propensity of the pro-
tonated carboxyl groups of the HA polymers. Previous surface tension studies
showed that the surface activity for protonated fatty acids is higher than for
their deprotonated analogues.270 It should be noted that the rise of the signal
of HA coming to the surface in Figures 10.9 (b) and (c) is somewhat delayed
compared to the result of Figure 10.2 (d) where we probed the signal of water
for a highly similar solution containing salt and 4.5 mg/ml of HALMW. This
difference can be explained by the fact that Figure 10.2 of the manuscript and
Figure 10.9 represent experiments in different frequency regions and with dif-
ferent acquisition times. In the experiment of Figure 10.9 we used an infrared
pulse centered at 6 μm which yields a slightly different local temperature than
the experiment of Figure 10.2 where we used a 3 μm pulse that is much more
strongly absorbed by water. In addition, Figure 10.9 represents an intensity
VSFG experiment with a longer acquisition time than the HD-VSFG experi-
ment of Figure 10.2. These differences do not affect the overall trend, being that
for a solution containing 4.5 mg/ml of HALMW and a sufficient amount of salt,
HALMW comes to the surface within ∼30 min, but they do lead to differences
in the observed early-time dynamics.

The enhanced surface accumulation of hyaluronan in the presence of salt can
likely be explained from the competition of the ions with the solvent molecules.
Salt ions interact strongly with water molecules,258,259 thereby excluding the
polymers from the bulk and pushing the polymer chains toward the surface.
This phenomenon was described before for proteins and is well known under the
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Figure 10.9. Intensity SFG spectra of 4.5 mg/ml HALMW solutions with different
NaCl concentrations of (a) 0 mM (magenta), (b) 150 mM (blue) and (c) 300 mM
(green).

name "salting up" effect.67 An additional effect may be that the cations shield
the negative charges of the carboxylate anion groups. As a result, these groups
have a less strong interaction with water and the surface propensity increases.
Hence, the presence of ions makes it more favorable for HA to accumulate at the
surface. Without ions, the bulk-surface equilibrium is strongly shifted toward
the bulk.
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Figure 10.10. Surface tension measurements of HALMW in a sodium phosphate
buffer (137 mM NaCL, 10 mM Na2HPO4, 2.7 mM KCl) with a pH of 7.4 for different
concentrations of 1 mg/ml, 2.5 mg/ml, 3.5 mg/ml and 4.5 mg/ml.

10.5.2 Surface Tension

The effect of hyaluronic acid on the water-air surface tension is measured with
the pendant drop method. We performed the pendant drop measurements by
using a DSA 30S drop shape analyzer (Kruss, Germany) and analyzed the
measurements with the Kruss Advanced software. For each measurement, a
15 μl droplet of hyaluronic acid solution is formed with a rate of 2 μl per
second using an automated dosing system from a hanging glass syringe with
needle diameter of 1.060 mm (Hamilton). After the droplet reaches its final
volume, images are taken over the course of four hours to follow the evolution
of the droplet’s shape. From these frames, the droplet contour is detected
automatically and fitted with the Young-Laplace equation to yield the interfacial
tension. All measurements are performed in a closed and humid environment
to minimize water evaporation from the droplet.274

The surface tension measurement show that for HALMW in a sodium phos-
phate buffer (137 mM NaCL, 10 mM Na2HPO4, 2.7 mM KCl) with a pH of
7.4, the surface tension stays constant at a value of ∼70 mN/m over a time
frame of 240 min (Appendix Figure 10.10). This notion applies to all studied
concentrations of 1 mg/ml, 2.5 mg/ml, 3.5 mg/ml and 4.5 mg/ml. Furthermore,
we performed surface tension measurements for HALMW with a concentration
of 4.5 mg/ml and 150 mM of NaCl at a pH of 2 (Appendix Figure 10.11). We
again observe no change of the surface tension within 240 min. It should be
noted that this does not mean that HALMW does not come to the surface. For
a polyelectrolyte solution the tendency of the polyelectrolyte to come to the
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Figure 10.11. Surface tension measurements of HALMW with a concentration of
4.5 mg/ml and 150 mM of NaCl with a pH of 2.

surface is not necessarily associated with a decrease of the surface tension. A
polyelectrolyte will have a quite favorable (Coulombic) interaction with water,
so the gain in free energy of coming to the surface is much smaller for a poly-
electrolyte surfactant than for instance for a neutral surfactant. In addition, a
polyelectrolyte has counter-ions for which an increase of the surface area leads
to a negative free-energy change, because a larger number of these ions is forced
in the near surface area where the hydration interactions with these ions are
less favorable. Hence, for a polyelectrolyte solution compared to pure water,
an increase in surface has both a positive effect on the free energy in making
more room for the polyelectrolyte, but also a negative effect in forcing more of
the counter ions into the near surface region. These two opposing effects can
compensate each other, with the result that the surface tension of a polyelec-
trolyte solution is similar to that of pure water and does not change when the
concentration of the polyelectrolyte (and thus of its counterions) is increased.262
The HD-VSFG measurements show very clearly that HALMW does come to the
surface. An essential characteristic of HD-VSFG is that it measures the vibra-
tional spectrum of the molecules at the surface, which constitutes a far more
specific probe compared to the surface tension.
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Figure 10.12. Im[χ(2)] spectra of 4.5 mg/ml HALMW solutions measured over a
time range of 0 - 60 min in the frequency region of the CH vibrations. The spectrum
at 30 min shows the rise of the response of the symmetric stretch vibration of the
methylene group (νCH2,SS) overlapping with the Fermi resonance of the methyl group
at 2940 cm−1. After 30 min the peak at 2880 cm−1 of the symmetric stretch vibration
of the methyl group becomes dominating. This latter change of the spectrum indicates
a reorganization of the HA molecules at the surface.
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(a)

(b)

Figure 10.13. Im[χ(2)] spectra of (a) 2.5 mg/ml and (b) 3.5 mg/ml HAHMW solutions
in a time frame of 0 - 240 min. For both concentrations the spectra are identical to
the spectrum of a neat water surface. This means that HAHMW does not accumulates
at the solution surface within a time of 240 min for this concentrations.
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Figure 10.14. Im[χ(2)] spectra of 5.5 mg/ml HAHMW solutions in a time frame of
0 - 300 min. HAHMW accumulates at the solution surface after very long waiting
times of more than 240 min and shows the same vibrational features as HALMW.
This measurement shows that the difference in surface accumulation of HALMW and
HAHMW is due to kinetic effects.
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Figure 10.15. Intensity SFG spectra of a neat water surface in the frequency range
of 1400 - 1850 cm−1. The measurement was taken in SSP polarization configuration
(s-SFG, s-VIS, p-IR).
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Figure 10.16. Shows the fitting procedure with lorentzian curves of the intensity
VSFG spectra of HALMW with a concentration of 4.5 mg/ml at different pH values at
120 min.
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In the Figure 10.16 the fitting procedure with Lorentzian curves of the inten-
sity VSFG spectra of HALMW with a concentration of 4.5 mg/ml at different pH
values at 120 min is shown. We fit the spectra with the sum of three different
Lorentzian shape like curves centered at 1420 cm−1 , 1520 cm−1 and 1720 cm−1.
The peak at 1420 cm−1 is assigned to the symmetric stretch vibration of the
carboxylate anion (νss,COO−) of HA, and the narrow peak at 1720 cm−1 to
the carbonyl stretch vibration of the carboxylic acid group (-COOH) of HA. In
addition to the two dominant peaks at 1420 cm−1 and 1720 cm−1 we extract an-
other peak centered at 1520 cm−1. Here we suggest that this peak, that appears
like a shoulder of the 1720 cm−1 feature in the VSFG intensity spectra, can be
assigned to the antisymmetric stretch vibrations of the carboxylate anion. To
make a quantitative assessment about the surface propensity of HALMW at the
surface we only take the sum of the vibrational modes of the stretch vibrations
of the carboxylate anion (νss,COO−) and the carbonyl stretch vibration of the
carboxylic acid group (-COOH).
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82. R.-r. Feng, Y. Guo, R. Lü, L. Velarde, and H.-f. Wang, “Consistency in the
sum frequency generation intensity and phase vibrational spectra of the
air/neat water interface,” The Journal of Physical Chemistry A, vol. 115,
no. 23, pp. 6015–6027, 2011.

83. S. Kovalenko, “Descartes-Snell law of refraction with absorption,” Semi-
conductor Physics, Quantum Electronics and Optoelectronics, vol. 4, no. 3,
pp. 214–218, 2001.

84. M. Ahmed, S. Nihonyanagi, A. Kundu, S. Yamaguchi, and T. Tahara,
“Resolving the Controversy over Dipole versus Quadrupole Mechanism of
Bend Vibration of Water in Vibrational Sum Frequency Generation Spec-
tra,” The Journal of Physical Chemistry Letters, vol. 11, no. 21, pp. 9123–
9130, 2020.

85. L. Wang, W. Mori, A. Morita, M. Kondoh, M. Okuno, and T.-a. Ishibashi,
“Quadrupole Contribution of CO Vibrational Band in Sum Frequency Gen-
eration Spectra of Organic Carbonates,” The Journal of Physical Chem-
istry Letters, vol. 11, no. 20, pp. 8527–8531, 2020.

86. G. Gonella, C. Lütgebaucks, A. G. F. De Beer, and S. Roke, “Second
harmonic and sum-frequency generation from aqueous interfaces is modu-
lated by interference,” Journal of Physical Chemistry C, vol. 120, no. 17,
pp. 9165–9173, 2016.

87. P. E. Ohno, H. F. Wang, and F. M. Geiger, “Second-order spectral line-
shapes from charged interfaces,” Nature Communications, vol. 8, no. 1,
pp. 1–9, 2017.

88. D. E. Gragson and G. L. Richmond, “Investigations of the Structure
and Hydrogen Bonding of Water Molecules at Liquid Surfaces by Vibra-
tional Sum Frequency Spectroscopy,” The Journal of Physical Chemistry
B, vol. 102, no. 20, pp. 3847–3861, 1998.

89. A. Eftekhari-Bafrooei and E. Borguet, “Effect of Electric Fields on the
Ultrafast Vibrational Relaxation of Water at a Charged Solid–Liquid In-
terface as Probed by Vibrational Sum Frequency Generation,” The Journal
of Physical Chemistry Letters, vol. 2, no. 12, pp. 1353–1358, 2011.

90. R. E. Pool, J. Versluis, E. H. Backus, and M. Bonn, “Comparative study
of direct and phase-specific vibrational sum-frequency generation spec-
troscopy: Advantages and limitations,” Journal of Physical Chemistry B,
vol. 115, no. 51, pp. 15362–15369, 2011.

91. H. W. Fairbrain, Structural petrology of deformed rocks. Addison-Weley,
1954.

92. W. J. Smit, F. Tang, Y. Nagata, M. A. Sánchez, T. Hasegawa, E. H.
Backus, M. Bonn, and H. J. Bakker, “Observation and identification of a
new oh stretch vibrational band at the surface of ice,” Journal of Physical
Chemistry Letters, vol. 8, no. 15, pp. 3656–3660, 2017.



Bibliography 175

93. S. Nihonyanagi, S. Yamaguchi, and T. Tahara, “Ultrafast Dynamics at
Water Interfaces Studied by Vibrational Sum Frequency Generation Spec-
troscopy,” Chemical Reviews, vol. 117, no. 16, pp. 10665–10693, 2017.

94. J. A. McGuire and Y. R. Shen, “Ultrafast Dynamics at Water Interfaces,”
Science, vol. 313, pp. 1945–1948, 2006.

95. J. D. Cyran, E. H. G. Backus, Y. Nagata, and M. Bonn, “Structure from
Dynamics: Vibrational Dynamics of Interfacial Water as a Probe of Aque-
ous Heterogeneity,” The Journal of Physical Chemistry B, vol. 122, no. 14,
pp. 3667–3679, 2018.

96. S. Strazdaite, J. Versluis, E. H. G. Backus, and H. J. Bakker, “Enhanced or-
dering of water at hydrophobic surfaces,” The Journal of Chemical Physics,
vol. 140, no. 5, p. 54711, 2014.

97. X. Chen, T. Yang, S. Kataoka, and P. S. Cremer, “Specific Ion Effects on
Interfacial Water Structure near Macromolecules,” Journal of the Ameri-
can Chemical Society, vol. 129, no. 40, pp. 12272–12279, 2007.

98. W. Xiong, J. E. Laaser, R. D. Mehlenbacher, and M. T. Zanni, “Adding a
dimension to the infrared spectra of interfaces using heterodyne detected
2D sum-frequency generation (HD 2D SFG) spectroscopy,” Proceedings of
the National Academy of Sciences, vol. 108, no. 52, pp. 20902–20907, 2011.

99. C.-S. Hsieh, M. Okuno, J. Hunger, E. H. G. Backus, Y. Nagata, and
M. Bonn, “Aqueous Heterogeneity at the Air/Water Interface Revealed
by 2D-HD-SFG Spectroscopy,” Angewandte Chemie International Edition,
vol. 53, no. 31, pp. 8146–8149, 2014.

100. E. Tyrode, S. Sengupta, and A. Sthoer, “Identifying Eigen-like hydrated
protons at negatively charged interfaces,” Nature Communications, vol. 11,
no. 493, 2020.

101. P. C. Singh, S. Nihonyanagi, S. Yamaguchi, and T. Tahara, “Interfacial wa-
ter in the vicinity of a positively charged interface studied by steady-state
and time-resolved heterodyne-detected vibrational sum frequency genera-
tion,” The Journal of Chemical Physics, vol. 141, no. 18, p. 18C527, 2014.

102. P. E. Ohno, H. F. Wang, F. Paesani, J. L. Skinner, and F. M. Geiger,
“Second-Order Vibrational Lineshapes from the Air/Water Interface,”
Journal of Physical Chemistry A, vol. 122, no. 18, pp. 4457–4464, 2018.

103. S. Nihonyanagi, S. Yamaguchi, and T. Tahara, “Counterion Effect on In-
terfacial Water at Charged Interfaces and Its Relevance to the Hofmeis-
ter Series,” Journal of the American Chemical Society, vol. 136, no. 17,
pp. 6155–6158, 2014.

104. M. M. Sartin, W. Sung, S. Nihonyanagi, and T. Tahara, “Molecular mech-
anism of charge inversion revealed by polar orientation of interfacial water
molecules: A heterodyne-detected vibrational sum frequency generation
study,” Journal of Chemical Physics, vol. 149, no. 2, p. 024703, 2018.



176 Bibliography

105. L. B. Dreier, Y. Nagata, H. Lutz, G. Gonella, J. Hunger, E. H. Backus,
and M. Bonn, “Saturation of charge-induced water alignment at model
membrane surfaces,” Science Advances, vol. 4, no. 3, pp. 1–9, 2018.

106. H. S. Frank and F. Franks, “Structural approach to the solvent power
of water for hydrocarbons; Urea as a structure breaker,” The Journal of
Chemical Physics, vol. 48, no. 10, pp. 4746–4757, 1968.

107. Y. L. A. Rezus and H. J. Bakker, “Effect of urea on the structural dynam-
ics of water,” Proceedings of the National Academy of Sciences, vol. 103,
no. 49, pp. 18417–18420, 2006.

108. W. Bruning and A. Holtzer, “The effect of urea on hydrophobic bonds: The
critical micelle concentration of n-dodecyltrimethylammonium bromide in
aqueous solutions of urea,” Journal of the American Chemical Society,
vol. 83, no. 23, pp. 4865–4866, 1961.
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Summary

Surfaces are omnipresent in nature, therefore in the past numerous theoretical
and experimental techniques were developed to get a fundamental understand-
ing of important interfacial processes. As water is one of the most abundant
molecules in nature undoubtedly many important interfacial processes take
place at aqueous interfaces. In this thesis we use surface-specific vibrational
sum-frequency generation spectroscopy (VSFG) to study surfaces at a molecu-
lar level ranging from relatively simple surfaces like the neat water/air interface
(Chapter 4) to more complex surfaces like the ice surface with adsorbed an-
tifreeze proteins (Chapter 9). Briefly, VSFG is a surface selective technique in
which an infrared (IR) beam and a visible beam (VIS) overlap spatially and
temporally at the interface and generate light at their sum frequency. There-
fore, the VSFG response is dependent on the incoming electric fields, the IR
and visible beam, and on the nonlinear second-order susceptibility (χ(2)) of the
probed material. The sum-frequency light is enhanced if the IR beam is in
resonance with a vibration of the molecules of the studied system. A detailed
description of the theoretical background of the origin of VSFG can be found in
chapter 2, while in chapter 3 we introduce the experimental methods. Here, we
also introduce a technique to measure the phase of the generated sum-frequency
light: heterodyne-detected vibrational sum-frequency generation (HD-VSFG).

Chapter 4: Direct Evidence for a Surface and Bulk Specific VSFG

Response of the Water Bend Vibration First, we report on HD-VSFG
measurements of the surfaces of pure water and of charged aqueous surfaces.
By comparing the responses measured for differently charged water surfaces, we
identify the presence of a surface-specific dipolar response of the water bending
mode centered at 1626 cm−1. This response changes sign when the sign of the
surface charge changes, and increases with increasing surface charge, i.e. by
increasing the concentration of an ionic surfactant. In addition to this dipolar
contribution, we observe the presence of a quadrupolar bulk contribution of
the bending mode centered at 1656 cm−1. This contribution is not surface-
charge dependent and dominates the response of (charge-neutral) neat water
in the frequency region of the bending mode. We thus demonstrate that HD-
VSFG involving the bending mode of the water molecules can provide important
information on the hydrogen-bond structure of both the surface and the bulk of
aqueous solutions. With these findings we resolve the controversy on the origin
of the response of the water bending mode measured in previous vibrational SFG
studies. Our findings also open up the way to use HD-VSFG in the frequency
region of the bending mode of the water molecules to study the hydrogen-bond
structure of both the surface and the bulk of a wide variety of aqueous systems,
as presented in chapter 5 - 7.
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Chapter 5: Direct Observation of the Orientation of Urea

Molecules at Charged Interfaces Aqueous urea solutions have most
striking properties and play an important role in many biological processes.
Thus, a fundamental understanding of the interfacial properties of aqueous
urea solutions is of strong general importance. In this chapter, we study the
properties of urea molecules at charged aqueous interfaces. We find that the
net orientation of the urea molecules is highly correlated to that of the directly
surrounding water molecules, showing the same dependence on the sign of the
charge at the surface and a similar reduction of the degree of net orientation
upon screening of the surface electric field by adding ions to the solution.
These observations indicate that urea and water form a robust hydrogen-bond
network near the interface that governs their collective molecular dynamics. We
further conclude that that beside water, urea molecules serve as an excellent
probe for the interfacial electric field.

Chapter 6: Molecular Orientation of Small Carboxylates at the

Water-Air Interface Many interfacial processes involve the deprotonated
carboxylate group (-COO−), which is ubiquitous in nature. Here, we probe
the surface and bulk properties of aqueous sodium formate and sodium acetate,
using Fourier Transform Infrared and HD-VSFG spectroscopy. We find that in
aqueous solutions sodium formate and sodium acetate give rise to responses of
the symmetric stretch vibration (νs) and the antisymmetric stretch vibration νas
of the two CO groups of the carboxylate group. From these responses, we deduce
that formate as well as acetate anions are present at the surface. Additionally,
we obtain information about the orientation of the carboxylates at the surface
and observe that for both formate and acetate the main molecular axis is at a
nonzero angle with respect to the surface normal. We can further observe that
the surface response increases with increasing carboxylate concentration in the
bulk solution, due to accumulation of the carboxylates at the surface. Finally
we found, that in the explored concentration range the vibrational response
of carboxylates is modulated by the Fresnel factors that are dependent on the
carboxylate concentration, leading to a shift toward higher frequencies and an
asymmetry of the vibrational bands.

Chapter 7: Bulk response of carboxylic acid solutions observed

with surface sum-frequency generation spectroscopy In the past
decades carboxylic acids have attracted significant attention in the research
field of atmospheric chemistry. Therefore, we study the interfacial properties
of aqueous acetic and formic acid solutions with different concentrations. We
find that by increasing the bulk concentration of the acid solutions the surface
response of the hydroxyl and carbonyl stretch vibrations increases, due to ac-
cumulation of the acid molecules at the surface. A further increase of the acid
concentration leads to a saturation and subsequently to a decrease in intensity
of these responses. At very high carboxylic acid concentrations even a change
in sign of the Im[χ(2)] response of the carbonyl vibration can be observed, in-
dicating the formation of cyclic dimers, which only show a quadrupolar bulk
response in the HD-VSFG spectrum because of the antiparallel orientation of
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the carboxyl groups in these dimers. This quadrupolar response is of oppo-
site sign in comparison to the dipolar response of monomeric carboxylic acids.
In the CH region we find that by increasing the concentration the response of
the CH vibrations saturates instead of decreasing. This indicates that either
the centrosymmetry regarding the CH groups of formic acid and acetic acid is
broken directly at the surface or that the response of the CH vibrations also
contains a quadrupolar contribution that is of the same sign as the dipolar
response. Further, formic acid shows an additional negative band throughout
the whole concentration range which indicates the presence of linear dimers, in
addition to cyclic dimers. In this chapter the observation of quadrupolar bulk
components in the SFG responses of the CH and C=O vibrations implies that
the probing of liquids via SFG spectroscopy of these vibrations is likely not as
surface specific as up to now has been assumed.

Chapter 8: Freezing of Aqueous Carboxylic Acid Solutions on Ice

The properties of carboxylic acids not only at the water surface but also at the
surface of ice plays an important role in atmospheric chemistry. In particular
the interaction of carboxylic acids with the surface of ice particles, plays a
crucial role in the heterogeneous chemistry of clouds and is thus important in
the study of climate change and other environmental issues. Therefore, we study
the freezing of carboxylic acid solutions on the surface of ice. If we decrease
the temperature toward the eutectic point of the acid solutions, we observe the
formation of a freeze concentrated solution (FCS) of the carboxylic acids that
is brought about by a freeze-induced phase separation (FIPS). As we cool the
system below the eutectic point the freeze concentrated solution freezes on top
of the ice surface. In the case of the freeze concentrated acetic acid solutions we
find that the freezing causes a strong decrease of the VSFG signal, while in the
case of propionic acid an increase and a blue-shift are observed. This different
behavior points at a distinct difference in molecular-scale behavior upon freezing
acetic and propionic acid solutions on the surface of ice.

Chapter 9: Molecular Structure of Hyperactive Antifreeze Pro-

tein adsorbed to Ice Ice surfaces play also a crucial role for biological
systems as for instance in their interaction with antifreeze proteins (AFPs), a
unique class of proteins that bind to the surfaces of ice crystals and that arrest
their growth. To understand the working mechanism of these proteins is of great
interest for the medicine, pharmacy and industry. In this chapter, we study the
structural properties of the hydration layer of an AFP from the insect Rhagium
mordax (RmAFP) adsorbed to ice. We find that RmAFP, unlike other proteins,
retains its hydrating water molecules upon adsorption to the ice surface. This
hydration water has an orientation and hydrogen-bond structure different from
the ice surface, thereby inhibiting the insertion of water layers in between the
protein and the ice surface.

Chapter 10: The Molecular Structure and Surface Accumulation

Dynamics of Hyaluronan at the Water/Air Interface Hyaluronan
is a biopolymer that is essential for many biological processes in the human
body. Furthermore, because of its biocompatibility, hyaluronan is widely used
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in biomedicine to design hydrogels with tailored applications. The outstanding
physiological relevance and the wide range of applications of hyaluronan have
led to numerous studies of its microscopic and macroscopic properties, while
the interfacial properties are poorly understood. Therefore, we investigate the
dependence of the surface accumulation and surface structure of hyaluronan
polymers on the molecular weight and concentration of the polymers, and the
pH of the solution. We find that low-molecular weight (∼150 kD) hyaluronan
accumulates at the water/air interface within a few hours, rendering the sur-
face negatively charged due to the presence of carboxylate anion groups in the
hyaluronan polymers. This rate strongly increases when the concentration of
low-molecular weight hyaluronan increases. Surprisingly, high molecular weight
(>1 MDa) hyaluronan cannot be detected at the surface, even hours after ad-
dition of the polymer to the aqueous solution. This low rate of diffusion to
the surface probably finds its origin in the entanglement of the long polymer
chains of high molecular weight hyaluronan. Furthermore, we find that the sur-
face accumulation of hyaluronan shows an anomalous dependence on the pH of
the solution. A lowering of the pH strongly decreases the degree of accumula-
tion of hyaluronan at the surface, which can be explained by the interplay of
hydrogen-bonding and electrostatic interactions of the hyaluronan polymers.



Samenvatting

Oppervlaktes zijn alomtegenwoordig in de natuur, daarom zijn in het verleden
vele theoretische en experimentele technieken ontwikkeld om een fundamenteel
begrip te krijgen van belangrijke processen op grensvlakken. Omdat water een
van de meest voorkomende moleculen is in de natuur, vinden vele belangri-
jke processen plaats op grensvlakken van water. In dit proefschrift gebruiken
we oppervlakte-specifieke vibrationele som-frequentie generatie spectroscopie
(VSFG) voor het bestuderen van oppervlaktes op moleculair niveau, variërend
van relatief simpele oppervlaktes zoals het puur water/lucht grensvlak (hoofd-
stuk 4), tot complexere oppervlaktes zoals het ijsoppervlak met geadsorbeerde
antivrieseiwitten (hoofdstuk 9). VSFG is een oppervlakte selectieve techniek
waarbij een infrarood (IR) bundel en een zichtbare bundel (VIS) in tijd en ruimte
met elkaar overlappen op een grensvlak, en licht genereren met een frequentie
die de som is van de IR en VIS frequenties. De sterkte van de VSFG-respons
is afhankelijk van de elektrische velden van de IR en de zichtbare bundel, en
van de niet-lineaire tweede order susceptibiliteit (χ(2)) van het te onderzoeken
materiaal. Het som-frequentie licht wordt intenser als de IR bundel in reso-
nantie is met een vibratie van de moleculen in het bestudeerde systeem. Een
gedetailleerde beschrijving van de theoretische achtergrond van de oorsprong
van VSFG wordt gegeven in hoofdstuk 2. In hoofdstuk 3 introduceren we de
experimentele methodes. Hierin introduceren we ook een techniek om de fase
te meten van het gegenereerde som-frequentie licht: heterodyne-gedetecteerde
vibrationele som-frequentie generatie (HD-VSFG).

Hoofdstuk 4: Direct bewijs voor een oppervlakte en bulk speci-

fieke VSFG respons van de water buigvibratie Als eerste rapporteren
we HD-VSFG metingen van de oppervlakte van puur water en geladen water op-
pervlaktes, Door het vergelijken van de respons gemeten voor oppervlaktes met
verschillende ladingen, identificeren we de aanwezigheid van een oppervlakte-
specifiek dipolair response van de water buigvibratie, gecentreerd rond 1626
cm−1. Deze respons verandert van teken wanneer het teken van de opper-
vlaktelading verandert, en neemt toe met toenemende oppervlaktelading, wat
bereikt kan worden door de concentratie van een ionische surfactant te ver-
hogen. Naast deze dipolaire contributie, observeren we de aanwezigheid van
een quadrupolaire bulk contributie van de buigvibratie bij 1656 cm−1. Deze
contributie is niet oppervlaktelading afhankelijk en domineert de respons van
(neutraal geladen) puur water. Hierdoor demonstreren we dat HD-VSFG van
de buigvibratie van water moleculen belangrijke informatie kan leveren over
de waterstofbrugstructuur van zowel het oppervlakte als de bulk van waterige
oplossingen. Met deze bevindingen lossen we de controverse op over de oor-
sprong van de respons van de water buigvibratie gemeten in voorgaande vi-
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brationele SFG studies. Onze bevindingen openen ook de weg om HD-SFG te
gebruiken in het frequentiegebied van de buigvibratie van watermoleculen voor
het bestuderen van de waterstofbrugstructuur van zowel de oppervlakte als de
bulk voor een grote verscheidenheid van waterige systemen zoals getoond in
hoofdstuk 5-7.

Hoofdstuk 5: Directe observatie van de oriëntatie van ureum

moleculen aan geladen grensvlakken Waterige ureumoplossingen
hebben zeer opvallende eigenschappen en spelen een belangrijke rol in vele
biologische processen. Het is daarom van groot algemeen belang om een
fundamenteel begrip te verkrijgen van de grensvlak eigenschappen van wa-
terige ureum oplossingen. In dit hoofdstuk bestuderen we de eigenschappen
van ureummoleculen aan geladen waterige grensvlakken. We vinden dat de
netto oriëntatie van de ureummoleculen sterk gecorreleerd is aan die van de
watermoleculen in de directe omgeving, met dezelfde afhankelijkheid van het
teken van de lading aan het oppervlak en een vergelijkbare afname van de
graad van netto oriëntatie wanneer het elektrisch veld van het oppervlak wordt
afgeschermd door het toevoegen van ionen aan de oplossing. Deze observaties
geven aan dat ureum en water een robuust waterstofbrug netwerk vormen in
de buurt van het grensvlak, dat hun collectieve moleculaire dynamica bepaalt.
Verder concluderen we dat net als water, ureum een uitstekende probe zijn voor
het interfaciale elektrische veld.

Hoofdstuk 6: Vibrationeel respons van kleine carboxylaten aan

het water-lucht grensvlak Vele grensvlakprocessen hebben betrekking
op de gedeprotoneerde carboxylaatgroep (-COO−), die alomtegenwoordig is.
Hier bestuderen we de oppervlakte en bulk eigenschappen van waterig natrium-
formiaat en natriumacetaat, door middel van Fourier Transformatie Infrarood
en HD-VSFG spectroscopie. We vinden dat in waterige oplossingen natrium-
formiaat en natriumacetaat een respons geven van de symmetrische strekvi-
bratie (νs) en de antisymmetrische strekvibratie (νas) van de twee CO groepen
van de caboxylaatgroep. Uit deze responsen deduceren we dat formiaat en
acetaat zich beiden aan het oppervlak bevinden. Daarnaast verkrijgen we in-
formatie over de oriëntatie van de carboxylaten aan het oppervlak en zien we
dat voor zowel formiaat als acetaat de moleculaire hoofdas niet loodrecht op
het oppervlak staat. We kunnen verder waarnemen dat de respons aan het op-
pervlak toeneemt met toenemende carboxylaatconcentratie in de bulkoplossing,
als gevolg van accumulatie van de carboxylaten aan het oppervlak. Tenslotte
vonden we dat in het onderzochte concentratiebereik de vibrationele respons
van carboxylaten gemoduleerd wordt door de Fresnel factoren die afhankelijk
zijn van de carboxylaatconcentratie, wat leidt tot een verschuiving naar hogere
frequenties en asymmetrie van de vibrationele banden.

Hoofdstuk 7: Bulk respons van carbonzuuroplossingen geob-

serveerd met oppervlakte som-frequentie generatie spectroscopie

In de afgelopen decennia hebben carbonzuren veel aandacht gekregen in on-
derzoek op het gebied van de atmosferische chemie. Daarom bestuderen we de
interfaciale eigenschappen van waterige azijnzuur- en mierenzuuroplossingen
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met verschillende concentraties. We vinden dat door het verhogen van de bulk-
concentratie van de zuuroplossingen, de oppervlakte respons van de hydroxyl
en carbonyl strekvibraties toeneemt, wat wijst op accumulatie van de zuur-
moleculen aan het oppervlak. Een verdere verhoging van de concentratie leidt
tot een verzadiging en vervolgens tot een afname van de intensiteit van deze
respons. Bij zeer hoge carbonzuurconcentraties wordt zelfs een verandering in
het teken van de Im[χ(2)] respons van de carbonylvibratie waargenomen, wat
wijst op de vorming van cyclische dimeren die alleen een quadrupolaire bulk re-
spons in het HD-VSFG-spectrum vertonen vanwege de antiparallelle oriëntatie
van de carboxylgroepen in deze dimeren. Deze quadrupolaire respons is van
tegengesteld teken in vergelijking met de dipolaire respons van carbonzuur
monomeren. In het CH gebied zien we dat bij verhoging van de concentratie de
respons van de CH vibraties verzadigt in plaats van afneemt. Dit wijst erop dat
ofwel de centrosymmetrie met betrekking tot de CH groepen van mierenzuur
en azijnzuur direct aan het oppervlak wordt verbroken, of dat de respons van
de CH-trillingen ook een quadrupolaire bijdrage bevat die van hetzelfde teken
is als de dipolaire respons. Verder vertoont mierenzuur een extra negatieve
band over het gehele concentratiebereik, wat wijst op de aanwezigheid van
lineaire dimeren naast de cyclische dimeren. In dit hoofdstuk impliceert de
waarneming van de quadrupolaire bulk componenten in de SFG responsen van
de CH en C=O vibraties dat het onderzoeken van vloeistoffen met behulp van
SFG spectroscopie waarschijnlijk niet zo oppervlakte specifiek is als tot nu toe
werd aangenomen.

Hoofdstuk 8: Bevriezen van waterige carbonzuuroplossingen op ijs

De eigenschappen van carbonzuren spelen niet alleen aan het wateroppervlak,
maar ook aan het oppervlak van ijs een belangrijke rol in de atmosferische
chemie. In het bijzonder speelt de interactie van carbonzuren met het opper-
vlak van ijsdeeltjes een cruciale rol in de heterogene chemie van wolken, en is
derhalve belangrijk voor klimaatverandering en milieuvraagstukken. Daarom
bestuderen we het bevriezen van carbonzuuroplossing aan het oppervlak van
ijs. Als we de temperatuur verlagen naar het eutectische punt van de carbonzu-
uroplossingen, zien we de vorming van een vriesgeconcentreerde oplossing (FCS)
van de carbonzuren, die tot stand komt door bevriezing gëınduceerde faseschei-
ding (FIPS). Wanneer we het systeem afkoelen tot onder het eutectische punt,
bevriest de vriesgeconcentreerde oplossing bovenop het ijsoppervlak. In het
geval van vriesgeconcentreerde azijnzuuroplossingen zien we dat het bevriezen
een sterke afname van het VSFG signaal veroorzaakt, terwijl in het geval van
propionzuur een toename en een blauwverschuiving van het VSFG signaal wor-
den waargenomen. Dit verschillende gedrag wijst op een duidelijk verschil op
moleculaire schaal bij het bevriezen van azijnzuur-en propionzuuroplossingen
aan het oppervlak van ijs.

Hoofdstuk 9: Moleculaire structuur van hyperactief antivriesei-

wit geadsorbeerd aan ijs IJsoppervlakken spelen ook een cruciale rol voor
biologische systemen, zoals bijvoorbeeld in hun interactie met antivrieseiwitten
(AFP’s), een unieke klasse van eiwitten die zich binden aan de oppervlakken
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van ijskristallen en hun groei kunnen stoppen. Het begrijpen van het werk-
ingsmechanisme van deze eiwitten is van groot belang voor de geneeskunde, de
farmacie en de industrie. In dit hoofdstuk bestuderen we de structurele eigen-
schappen van de hydratatielaag van een AFP van het insect Rhagium mordax
(RmAFP) geadsobeerd aan ijs. We nemen waar dat RmAFP, in tegenstelling
tot andere eiwitten, zijn hydratatiemoleculen behoudt na adsorptie aan het ij-
soppervlak. Dit hydratatiewater heeft een oriëntatie en waterstofbrugstructuur
die afwijkend is van het ijsoppervlak, waardoor het zorgt voor een remming van
het invoegen van waterlagen tussen het eiwit en het ijsoppervlak.

Hoofdstuk 10: De moleculaire structuur en oppervlakteaccumu-

latie dynamica van hyaluronan op het grensvlak van water/lucht

Hyaluronan is een biopolymeer dat essentieel is voor vele biologische processen in
het menselijk lichaam. Bovendien, wegens zijn biocompabiliteit, wordt hyaluro-
nan veel gebruikt in de biogeneeskunde om hydrogels met aangepaste toepassin-
gen te ontwerpen. De buitengewone fysiologische relevantie en het brede gebied
aan toepassingen van hyaluronan hebben geleid tot talrijke studies van zijn
microscopische en macroscopische eigenschappen, terwijl de interfaciale eigen-
schappen slecht begrepen zijn. Daarom onderzoeken wij de oppervlakteaccumu-
latie en oppervlaktestructuur in afhankelijkheid van het moleculaire gewicht en
de concentratie van de hyaluronan polymeren, en de zuurgraad van de oploss-
ing. We ontdekten dat laag moleculair gewicht (∼150 kD) hyaluronan zich
binnen enkele uren ophoopt aan het water/lucht grensvlak, waardoor het op-
pervlak negatief geladen wordt, als gevolg van de carboxylaataniongroepen in de
hyaluronan polymeren. Deze snelheid neemt sterk toe wanneer de concentratie
van laagmoleculair gewicht hyaluronzuur toeneemt. Verassend is dat hyaluronan
met een hoog molecuulgewicht (>1 MDa) niet aan het oppervlak wordt gede-
tecteerd, zelfs uren na toevoeging van het polymeer aan de waterige oplossing.
Deze lage diffusiesnelheid naar het oppervlak vindt waarschijnlijk zijn oorsprong
in de verstrengeling van de lange polymeerketens van hyaluronan met een hoog
moleculair gewicht. Bovendien vonden we dat de accumulatie van hyaluronan
een onverwachte afhankelijkheid vertoont van de pH van de oplossing. Een ver-
laging van de pH verlaagt de negatieve lading waardoor je in eerste instantie
zou verwachten dat hyluronan sneller naar het oppervlak zou komen. We meten
echter een sterke afname van de mate van accumulatie van hyaluronan aan het
oppervlak, wat verklaard kan worden uit het samenspel van de waterstofbruggen
en elektrostatische interacties van de hyaluronan polymeren.
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