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1

Introduction

“ If life can be considered as a massive self-assembly process, then

water seems to be a major driving force behind it.1 ”
I could not think of a better quote to begin my PhD thesis entitled In-Depth

Study of the Surface of Water. Water’s necessity and remarkable properties are
witnessed in all major classes of biomolecules. For instance, the carrier of our
genetic information, deoxyribonucleic acid (DNA), is only functional when its
surface is fully covered with water.2

All biomolecules need water to acquire their functional structure and func-
tion.3 Lipids in aqueous environments spontaneously rearrange into bilayers in
order to shield their hydrophobic aliphatic tails from the solvent. The resulting
bilayers form the cell membranes, that separate the cell from its environment,
and that form the matrix of many of the cell’s biological functions.4 Carbohy-
drates, such as glucose, are the most important energy source in human cells.
Due to its high solubility in water, glucose can easily pass through the cell mem-
brane into the cell with the assistance of transport channels.4 Finally, proteins,
the molecules that have so many diverse functions in the cells, require hydration
water to be biologically active.5

Therefore it may seem surprising that until the 1980s, water’s role in the
functioning of biomolecules was not well recognized. Giorgio Careri was one of
the pioneers who proposed that the protein structure and function is controlled
by a network of water molecules.6, 7 Nowadays water’s role in biology is widely
accepted and an actively discussed topic.3, 6, 8–10 A central idea is that the layer
of water molecules hydrating a biomolecule influences the function and activity
of the biomolecule, and that these interfacial water molecules have different
properties from those in bulk water due to the interaction with the biomolecule.
Water molecules, ‘trapped’ inside a protein structure have also been observed,
and it was suggested that these water molecules play an important role in the
protein’s function.11, 12

The reason for water’s unique properties and its possibility to strongly in-
teract with several biomolecules lies in its ability to form a complex three-
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Figure 1.1. Geometry of a water molecule (left) and the structure of a hydrogen-bond
(right).

dimensional hydrogen bonding network. A water molecule consists of two hy-
drogen atoms that are covalently bounded to oxygen atoms. The hydrogen
atoms are slightly positively charged, whereas the oxygen atom is negatively
charged, resulting in a molecule with a dipole. The positive hydrogen atom
is attracted by the negative oxygen atom of another water molecule, resulting
in the formation of a hydrogen bond between the two water molecules. A wa-
ter hydrogen bond has a binding energy of ∼6 kcal/mol, which corresponds to
∼10 kBT at room temperature (25◦C). This implies that a hydrogen bond is rel-
atively weak compared to a chemical bond. A hydrogen bond becomes stronger
when the distance (R) between the oxygen atoms decreases and/or when the
angle (θ) between the O–H and the O· · ·O coordinates decreases (Figure 1.1).
Each water molecule can donate and accept two hydrogen bonds. Energeti-
cally it is most favourable when the four hydrogen bonds arrange tetrahedrally
around each water molecule. In frozen water, i.e. ice, the hydrogen-bonding
network is nearly defect-free and thus the molecules are arranged in a nearly
perfect tetrahedral order. In contrast to ice, liquid water forms a disordered
network of hydrogen-bonds. Hydrogen bonds are constantly being broken and
reformed on a picosecond timescale. This fast reorganization of hydrogen bonds
adds to the uniqueness of the water as a solvent. Water can rapidly re-arrange
and adapt to structural changes of a biomolecule.

The hydrophobic effect Water can solvate many different compounds (po-
lar molecules, salts, etc.), thanks to its polar nature and its ability to accept and
donate hydrogen bonds. However, apolar molecules such as hydrocarbons or oil
show a very low solubility in water. Such compounds are typically described
as hydrophobic. The fact that oil does not mix with water is not very special
in itself, as many other compounds such as hexane and ethylene glycol also do
not mix with each other. However, the reason why the latter two compounds
do not mix with each other is very different from the reason why water and oil
do not mix.

A process of mixing two different liquids is governed by the Gibbs free energy,
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Table I. Thermodynamic properties for the solvation of small hydrocarbons in water,
based on solubilities at 298 K temperature.13

Compound Formula ∆G0
mix ∆H0

mix T∆S0
mix

kJ/mol kJ/mol J/deg mol

Benzene C6H6 19.33 2.08 -57.8
Toluene C7H8 22.82 1.73 -70.7
Ethyl benzene C8H10 26.19 2.02 -81.1
Propyl benzene C9H10 28.8 2.3 -88.9
Pentane C5H12 28.62 -2.0 -102.7
Cyclohexane C6H12 28.13 -0.1 -94.7
Hexane C6H14 32.54 0.0 -109.1

which contains two terms, enthalpy and entropy: ∆Gmix = ∆Hmix - T∆Smix.
In the context of mixing, the change in free energy represents the reversible work
for the solvent to reorganize and solvate molecules. Mixing will be spontaneous
if the free energy will be negative. It is clear from the Gibbs equation that
mixing is favored by entropy and that the tendency of mixing increases with
temperature. The enthalpy can be viewed as the net potential energy of the
interactions between all molecules. Two compounds do not mix, if they have
more favorable interactions among themselves than with the other compound.
In this case the enthalpic part overcomes the entropic tendency to mix and such
a process is named as an enthalpy-driven process. The change in enthalpy upon
mixing explains why, for example, hexane and ethylene glycol do not mix.

Mixing hydrophobic molecules with water is a different case, which becomes
clear by looking at the solubilities of various hydrocarbon compounds as shown
in Table I. The enthalpies of solvating hydrocarbons are around zero or even
negative, which means that the enthalpy favors mixing. However, the entropic
part is negative, which means that it favors de-mixing. Hence, the dependence
of mixing and separation on enthalpy and entropy is exactly opposite to what
we would expect for a ‘normal’ mixing process.

In 1945, Frank and Evans explained the decrease in entropy upon adding hy-
drophobic compounds to water by proposing the so-called iceberg model.14 In
this model water molecules form an ordered structure around hydrophobic so-
lute, resembling that of ice. Such an ordering of water molecules has a negative
associated entropy. The relatively favorable enthalpy of solvating hydrophobic
molecule suggests that water molecules in the first solvation shell form stronger
hydrogen bonds than in bulk water. Moreover, due to the decrease in entropy,
hydrophobic molecules tend to cluster in water to minimize their surface area.
When less surface area is exposed, fewer water molecules experience a loss of
conformational entropy. This tendency of clustering of hydrophobic molecules
in water is called the hydrophobic effect. Kauzmann refined this idea of en-
tropic attraction between hydrophobic molecules and proposed its importance
in protein folding.15
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Figure 1.2. ‘Iceberg’ model proposed by Frank and Evans. Water hydrogen-bond
network without hydrophobic solute (a). Water solvating hydrophobic solute at room
temperature – water molecules form ordered ‘ice-like’ structures (b), which become
disordered ‘vapour-like’ at higher temperatures (c).

Recent theoretical works predicted that the solvation of hydrophobic solutes
is a more complex process that undergoes a transition depending on the size
of the hydrophobic molecule.16, 17 Small hydrophobic solutes, with a radius
smaller than a nanometer, maintain an intact hydrogen-bonded network of wa-
ter molecules around them. In this situation, the hydrogen bonds between the
water molecules are strengthened thus partly compensating the loss of entropy.
When the solute is larger than a nanometer, the hydrogen-bond network of
water gets disrupted, and the free energy is minimized by forming vapour-like
water layers around the solute, which increases the entropy.

The hydrophobic effect is considered to be one of the major driving forces
for protein folding, self-assembly, micelle formation and other processes. Most
biologically relevant molecules like fatty acids and proteins, contain both hy-
drophobic and hydrophilic parts. When these molecules are immersed in water,
they tend to organize in such a way that the hydrophobic parts are shielded
from the interaction with water, while the hydrophilic parts are exposed to wa-
ter. This structural re-arrangement forms an essential step in the formation of
the functional conformation of the biomolecule.

Spectroscopy of biological systems Various techniques have been used
to study the hydration of biomolecules. These techniques include spectroscopic
approaches such as dielectric relaxation,18–21 nuclear magnetic resonance,22–24

infrared absorption,25–28 and Raman spectroscopy,29–31 and structural tech-
niques like X-ray diffraction,32–35 and neutron scattering.35, 36 Since usually
only a small amount of water, the interfacial water, is directly affected by a
biomolecule, it is experimentally difficult to selectively probe the structure and
hydrogen-bonding of water in contact with biomolecules, and in particular the
water structure around hydrophobic molecules. In the latter case the low sol-
ubility of hydrophobic molecules presents an additional challenge to study the
hydration water.

One particularly promising and versatile technique for studying water sur-
rounding biomolecules is vibrational sum-frequency generation spectroscopy
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(VSFG). In VSFG spectroscopy, an infrared (IR) and a visible (VIS) beam
are combined at an interface to generate light at their sum-frequency. The
generated VSFG electric field depends on the second-order nonlinear suscepti-
bility (χ(2)) and the electric fields of incoming VIS and IR beams. The sum-
frequency signal is enhanced when the IR beam is resonant with a molecular
vibration at the interface. This technique relies on the second-order nonlinear
response of the sytem under study, and thus has an intrinsic surface specificity
due to the fact that the second-order nonlinear response is only non-zero in
non-centrosymmetric media. Thus, with VSFG one does not have difficulties
separating the interfacial signal from the signal arising from the isotropic bulk
medium.

VSFG spectroscopy is still a relatively new technique, but the number of
reported studies with this technique rapidly increases. The first VSFG spectra
were reported by Shen and coworkers in 1987, and involved a study of hydrocar-
bon monolayers adsorbed to glass and water.37 Not much later Harris et al.38

reported VSFG data of molecular monolayers on metal and semiconductor sur-
faces.

The VSFG spectrum of the surface of neat water was measured a few years
later by Superfine et al.39 In this pioneering work it was shown that the VSFG
signal from bulk water is negligible, and that the VSFG signal indeed only repre-
sents the spectrum of the interfacial molecules. Over the years, the principles of
the VSFG technique remained the same, but various more advanced VSFG vari-
ations have emerged. First, a broad-band VSFG has been developed,40 which
enabled to cover a broad vibrational region of interest with a single infrared pulse
(for example, the region of the hydrogen-bonded O—H stretch vibrations of wa-
ter). Another major advancement was the development of phase-sensitive (also
called heterodyne-detected VSFG) technique41 that allows the measurement of
the absolute orientation of molecules at the interface. Further recent develop-
ments include time-resolved42–44 and two-dimensional VSFG experiments.45–47

One of the most widely studied system by VSFG is the surface of neat water.

Figure 1.3. Intensity VSFG spectrum (a) and heterodyne-detected VSFG spectrum
(b) of the water/air interface.
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Despite its apparent simplicity, this is still one of the most discussed systems
in the literature.48 The first VSFG spectra measured by Superfine et al.39 were
reproduced by many other groups.49 The measured spectra show a prominent
peak at ∼3700 cm−1, that can be unambiguously assigned to water molecules
with one non-hydrogen bonded OH group sticking into the air. In addi-
tion, two broad, strongly overlapping bands with maxima at ∼3200 cm−1 and
∼3400 cm−1 have been observed (see Figure 1.1 a). For more than a decade,
these two peaks have been assigned to "ice-like" and "water-like" hydrogen-
bonded molecules, because of the resemblance to the IR absorption spectrum
of ice and liquid water, respectively.50–52 However, VSFG experiments on iso-
topically diluted H2O/HDO system demonstrated that the double-peak shape
disappears upon isotopic dilution.53, 54 If the peaks would have corresponded
to two distinct hydrogen-bonded water species, the two-peak structure should
have remained after isotopic dilution. It was thus proposed that the double-
peak shape structure in the hydrogen-bonded region spectra may result from
intramolecular coupling of the symmetric stretch to the bending overtone,54

or from intermolecular coupling of O—H stretch vibrations located on different
H2O molecules.55 Both interactions vanish upon isotopic dilution, in agreement
with the observation that the double-peak structure vanishes.

The development of new phase-resolved VSFG56 (and heterodyne-detected
VSFG57) techniques provided additional information on the interfacial structure
of water. It enabled the determination of the imaginary part of the second-
order susceptibility (Im χ(2)), whereas in previous intensity VSFG experiments
only the square of the amplitude of the second-order susceptibility (|χ(2)|2) was
measured. The measurement of Im χ(2) with phase-resolved VSFG reveals the
orientation of the water molecules at the surface. Again three peaks were ob-
served in the Imχ(2) spectra of water/air as shown in Figure 1.1 b). A narrow
positive free-OH band at 3700 cm−1, a negative band at ∼3400 cm−1 and a
weak positive broad band at ∼3100 cm−1. The molecular origin of the broad
band at ∼3100 cm−1 has been extensively discussed,58, 59 but recently it was
concluded that the weak positive band most likely arises from an artefact asso-
ciated with the phase inaccuracy in PS-VSFG (or HD-VSFG) measurements.60

Moreover, MD simulations provide an invaluable understanding of peak origins
in the VSFG spectra and structure of interfacial water. There are many different
theoretical approaches in simulating VSFG spectra, and in all cases the exper-
imental spectra of the water/air interface was reproduced qualitatively.61–65 A
detailed review on MD simulations of the liquid interfaces can be found in ref-
erence.66 Theoretical works revealed that different hydrogen-bonded species
overlap spectrally, and that the biggest contribution to the hydrogen-bonded
region and free-OH region comes from water molecules with a single donor and
a single acceptor hydrogen bond.59

In this thesis we employ VSFG and heterodyne-detected VSFG to study
neat liquid water and other, more complex aqueous interfaces. We focus in
particular on hydrophobe/water interfaces to study the structure of water in
contact with hydrophobic molecules. VSFG forms an ideal technique to study
hydrophobe/water interfaces. With most other spectroscopic techniques the
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signal is dominated by the bulk, which implies that water-hydrophobe interac-
tions can only be studied using amphiphilic molecules (for example alcohols)
containing both hydrophobic and hydrophilic groups (to make them soluble in
water). With VSFG it is possible to probe the interface of water and a layer of
hydrophobic molecules with extremely high surface specificity. We thus study
the properties of water near a layer of oil. We also investigate the surfaces of
aqueous solutions of hydrophobic ions, and biologically relevant molecules like
proteins and amino-acids.

Outline of this Thesis The following two chapters cover the theoretical
background and experimental aspects of the work described in the later chapters
of this thesis. In Chapter 2 we describe the origin of a nonlinear polarization
response and how this response can lead to sum-frequency generation of the
incoming light fields. The anharmonic oscillator model is presented to illustrate
the origin and resonant nature of the second-order nonlinear susceptibility. We
also explain how the measured spectra can be used to determine the orientation
of molecular groups at the surface. In Chapter 3, we describe the intensity
VSFG and the heterodyne-detected VSFG setups used for the experiments. We
also explain the methods of data analysis.

After introducing the relevant theoretical and experimental characteristics in
Chapters 2 and 3, the following chapters describe the results of different VSFG
studies on interfaces of aqueous solutions. Chapter 4 presents the most funda-
mental system studied in this thesis - a hydrophobic layer of alkanes and a hy-
drophobic polymer PDMS on a water surface. Using both VSFG and HD-VSFG
techniques, we investigate how the water structure and the hydrogen-bonding
are affected due to the presence of a hydrophobic layer. In Chapter 5, we investi-
gate the structure of water at the surface of aqueous tetra-n-alkylammonium salt
solutions. Tetra-n-alkylammonium salts have been widely used as a hydrophobic
model system.67 We probe the surface of different tetra-n-alkylammonium salt
solutions to determine the relative importance of hydrophobic and electrostatic
interactions on the water structure. In Chapter 6 we study the pH-dependent
orientation of water and urea molecules at α-lactalbumin protein interfaces.
In Chapter 7 we apply HD-VSFG to investigate the absolute orientation of
methylguanidinium at the water surface. In Chapter 8 we study the difference
in acidity of amino-acids at the water surface and in bulk water.





2

Theory and its Implementation

In this thesis, vibrational sum-frequency generation spectroscopy has been em-
ployed to study various molecular systems. Findings of those experiments are
described in the following chapters. An overall understanding of the VSFG tech-
nique and the theoretical background is needed to comprehend those results.
In this chapter, the fundamental theory of a nonlinear response is presented, as
well as equations of the sum-frequency generation and its properties. Also an
implementation of VSFG for a molecular orientational analysis is described in
detail.

2.1 The Origin of Nonlinear Polarization

All spectroscopic experiments are based on the interaction of light with matter.
If the intensity of the light is low, the light-induced response of a material
depends linearly on the intensity of the incident light. This is the linear optical
regime that includes processes such as reflection and refraction. If the intensity
is sufficiently high, the optical response of a material will include terms that
depend on higher orders of the incident light intensity. This is the regime
of nonlinear optics. For example, second-harmonic generation is a nonlinear
optical process for which the intensity of the generated light is proportional to
the square of the incident light intensity. Nonlinear interactions with a material
provide insight into the molecular structure and properties of the material.

The nonlinear interaction between light and matter can be described using
classical mechanics, which provides a very intuitive picture of when and why
nonlinear optical behavior arises. In a classical picture, a material is considered
to consist of negative and positive particles: the electrons and the ions. When
an electric field is applied, the charges are displaced from their positions in
opposite directions, thus creating induced electric dipoles. As a result, the
material becomes polarized. In case the material has no dispersion, and the
response is instantaneous, the induced polarization 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)
E

2(t) + χ(3)
E

3(t) + ...) (2.1)

where χ(1) is the linear susceptibility, and χ(2) and χ(3) are the second-order and

17
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third-order susceptibilities, respectively. P2(t) = ε0χ
(2)

E
2(t) will be referred to

as the second-order nonlinear polarization.
The induced nonlinear polarization in the material acts as a source for new

frequency components to be emitted. For instance, in the case of incident
electric fields at frequencies of ω1 and ω2, due to the nonlinearity, each induced
dipole will oscillate at frequencies (ω1 - ω2), (ω1 + ω2) as well at 2ω1 and 2ω2

(it will be shown in the following section) and will radiate an electric field at
those frequencies, which will interfere constructively or destructively depending
on the relative phase between each radiated field.

For an unmagnetized material with no free charges and currents, the prop-
agation of light is expressed by the wave equation in its general form:

∇2Ẽ +
1

c2
∂2

∂t
Ẽ = −4π

c2
∂2

∂t
(PL + PNL) (2.2)

where Ẽ is the electric field, PL is the linear polarization, and PNL is the
nonlinear polarization. The wave equation describes the dispersive propagation,
creation, amplification, and attenuation of the electric field resulting from the
linear and nonlinear polarization of the material. From the wave equation one
can derive coupled-wave equations, which describe how the amplitudes of the
newly produced electric field and the incident electric fields change as a result
of the nonlinear interaction. The derivation of coupled-wave equations for the
case of frequency-mixing processes can be found in reference.68

The anharmonic oscillator model for the second-order nonlinear
susceptibility The linear optical properties of a material like the refractive
index and the absorption coefficient, can be described as the response of a driven
harmonic oscillator. To explain nonlinear optical phenomena this description
can be extended to the response of an anharmonic oscillator. The equation of
motion for an anharmonic oscillator driven by an electric field is:

m

[

∂2x

∂t
+ 2γ

∂x

∂t
+ ω2

0x− (ax2 + bx3 + ...)

]

= −eE(t) (2.3)

where x is the displacement from the mean position of the oscillator, ω0 is
the resonance frequency and γ is a damping constant. The right-hand term
represents the force exerted by the electric field. The terms ax2 + bx3 + ... on
the left-hand side describe the anharmonicity, obtained by assuming that the
restoring force is a nonlinear function of the displacement of the electron from
its equilibrium position. When considering only the first quadratic nonlinear
term, the restoring force will be given by:

Frestoring = −mω2
0x+max2 (2.4)

which corresponds to a potential energy:

U = −
∫

Frestoringdx =
1

2
mω2

0x
2 − 1

3
max3 (2.5)
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Figure 2.1. Schematic picture of the potential energy function for a harmonic oscilla-
tor (black line). Two cases for an anharmonic oscillator are shown: when the restoring
force has linear and quadratic components (red dashed line) and when the restoring
force has linear and cubic components (blue dot-dashed line).

For a cubic term in the restoring force expression (Frestoring = −mω2
0x +

mbx3), the potential energy equals:

U =
1

2
mω2

0x
2 − 1

4
mbx4 (2.6)

Figure 2.1 shows the potential energy of a harmonic oscillator, and of anhar-
monic oscillators in case a quadratic (Eq. 2.5) or cubic (Eq. 2.6) anharmonicity
term is included in the restoring force. The potential when quadratic term is
included is not symmetric in x, which means that U(x) 6= U(−x). Hence, the
presence of anharmonic terms with even powers of x implies that the material
is non-centrosymmetric medium. For a centrosymmetric medium the potential
must not change the sign when the axis is reversed, U(x) = U(−x). This can
be achieved only when the anharmonicity contains terms with odd powers of x.

We now look at the case of a non-centrosymmetric medium. We will later see
that such a medium gives rise to a second-order nonlinearity and is responsible
for sum-frequency generation. In this case Equation 2.3 can be written as:

m

[

∂2x

∂t
+ 2γ

∂x

∂t
+ ω2

0x− ax2

]

= −eE(t) (2.7)

The applied electric field can be expressed as a sum of two monochromatic
electric fields oscillating at frequencies ω1 and ω2:

E(t) = E1e
−iω1t + E2e

−iω2t + c.c. (2.8)

Equation 2.7 can be solved with a perturbation expansion, assuming that
the applied electric field is weak and that the anharmonic term is much smaller
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than the linear term. The solution of Eq. 2.7 can then be written in the form
of a power series:

x = x(1) + x(2) + x(3) + ... (2.9)

where x(1) describes the first-order solution for a harmonic oscillator:

x(1)(ωi) = − e

m

Ei
D(ωi)

,

D(ωi) = ω0 − ωi − 2iωiγ (2.10)

The second-order solution x(2) will contain terms at frequencies 2ω1, 2ω2,
ω1 + ω2, ω1 − ω2 and 0. The solution at sum-frequency ω1 + ω2 is given by:

x(2)(ω1 + ω2) = − 2a(e/m)2E1E2

D(ω1 + ω2)D(ω1)D(ω2)
(2.11)

Solutions for other frequency terms can be found in reference.68 The rela-
tion between the displacement x(2) and the second-order susceptibility can be
obtained by considering that the n-th order polarization represents the sum of
all induced dipoles:

P(n) = −Nex(n) (2.12)

where n is 1, 2,..., and N is the number of atoms. By comparing this expression
with Eq. 2.1, 2.10 and 2.11, we obtain expressions for the different susceptibil-
ities. The second-order susceptibility is given by:

χ(2)(ω1 + ω2) =
Na(e3/m2)

2

D(ω1 + ω2)D(ω1)D(ω2)
(2.13)

From the presence of the D terms in the denominator of Equation 2.13, it
follows that the second-order susceptibility becomes large when the resonance
frequency of the anharmonic oscillator equals ω1 or ω2 or ω1+ω2. An expression
for the nonlinear susceptibility can also be derived with a quantum-mechanical
model for the material response. In this case the susceptibilities follows from a
perturbation expansion of the time-dependent Schrödinger equation. In such a
description the anharmoncity coefficient a is replaced by products of transition
dipole moments between the quantum-mechanical levels of the material. A full
derivation can be found in the literature.37, 68 The quantum-mechanical model
shows the same resonance behavior near the transition energies between the
levels as the classical model near the resonance frequency of the anharmonic
oscillator.
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2.2 Sum-Frequency Generation

The origin of the sum-frequency generation can be demonstrated in a simple
electromagnetic approach by considering two incident electric fields, oscillating
at frequencies ω1 and ω2. Their sum can be written as:

E(t) = 2E1 cos(ω1t) + 2E2 cos(ω2t)

= E1(e
−iω1t + eiω1t) + E2(e

−iω2t + eiω2t) (2.14)

Taking only the second order non-linear polarization P2(t) = ε0χ
(2)E2(t),

and substituting the sum of the electric fields leads to:

P(2)(t) = ε0χ
(2)[E2

1(e
−i2ω1t + ei2ω1t)+

E2
2(e

−i2ω2t + ei2ω2t)+

2E1E2(e
−i(ω1+ω2)t + ei(ω1+ω2)t) + (2.15)

2E1E2(e
−i(ω1−ω2)t + ei(ω1−ω2)t)+

2(E2
1 + E2

2)]

Therefore two incident electric fields give rise to second-harmonic generation
(SHG) at frequencies 2ω1 and 2ω2, sum-frequency generation (SFG, highlighted
term) ω1 + ω2, difference-frequency generation (DFG) at ω1 − ω2, and the cre-
ation of a DC field (no frequency dependence), denoted as optical rectification.

Omitting the time dependence of the electric fields, the polarization at the
sum-frequency is given by:

P
(2)
SF = ε0χ

(2)E1E2 (2.16)

In vibrational sum-frequency generation spectroscopy, one of the incident
beams is chosen to be resonant with the vibrations of molecules, which will
lead to an enhancement of the second-order susceptibility χ(2), as illustrated in
Equation 2.13. The second beam is fixed at a visible frequency.

From the conservation of momentum it follows that the sum-frequency
wavevector is the sum of the infrared and visible beam wavevectors:

kVIS + kIR = kSF (2.17)

When the beams are not propagating collinearly, the conservation of mo-
mentum in the x-direction will be given by:

nVISωVIS sin ηVIS + nIRωIR sin ηIR = nSFωSF sin ηSF (2.18)

where ηVIS and ηIR are the incident angles of the VIS and IR beams respectively.
The generated SF signal is reflected from the surface at an angle ηSF. This
is called the phase matching condition. For clarity reasons, it is important to
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mention that there will also be SF signal generated in the transmission direction,
as depicted in Figure 2.2. However, in our experimental setup we always detect
the reflected SF beam.

2.3 The Effective Susceptibility and Fresnel

Factors

Equation 2.16 fully describes the process of sum-frequency generation. However,
the probed second-order susceptibility (named here as χ(2)

eff , effective suscepti-
bility) depends on the experimental geometry, such as the incident angles of
the beams and their polarizations. Thus, to understand the magnitude of the
generated VSFG signal it is important to define the dependence of χ(2)

eff on the
experimental geometry as expressed in the surface bound co-ordinates (also
called laboratory co-ordinates).

Figure 2.2. Geometry for VSFG generation in the surface fixed laboratory
co-ordinate system. The incident and emitted beams are depicted and propagate
in the yz plane.

In general, χ(2) is a third-rank tensor with 27 components in the laboratory
co-ordinate system, χ(2)

ijk. When considering an induced polarization in the i

direction, and E fields in the j and k directions Equation 2.16 can be written
as:

P
(2)
i,SF = ε0χ

(2)
ijkEj,VISEk,IR (2.19)

In a centrosymmetric environment, the value of χ(2) for opposing directions
should be identical since all directions are equivalent:

χ
(2)
ijk = χ

(2)
−i−j−k (2.20)

However, as a third rank tensor, a change in the sign of all three axes is equiv-
alent to reversing the system axis:
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χ
(2)
−i−j−k = −χ(2)

ijk (2.21)

In order to satisfy both equations Eq. 2.20 and 2.21, χ(2)
ijk must be zero.

Hence, for centrosymmetric media χ
(2)
ijk = 0. Only at the surface of a cen-

trosymmetric medium the centrosymmetry will be broken, which explains the
intrinsic surface specificity of VSFG for centrosymmetric bulk media.

In order to find the relation between effective susceptibility χ(2)
eff and macro-

scopic susceptibility χ
(2)
ijk we define the laboratory coordinates with the z-axis

as the surface normal and xy as the surface plane (see Figure 2.2). All beams
are defined to propagate in the yz plane. P denotes a polarization of the op-
tical field in the yz plane, and S denotes a polarization, along the x axis, i.e.
perpendicular to the yz plane.

Of the total number of 27 macroscopic susceptibility tensor elements χ(2)
ijk

((i, j, k) = (x, y, z)) only 7 can be non-zero in view of the symmetry con-
straints of an achiral rotationally isotropic interface with C∞ν symmetry (see
Appendinx A for a more detailed derivation). The nonzero elements are:

χ(2)
xxz = χ(2)

yyz, χ
(2)
xzx = χ(2)

yzy, χ
(2)
zxx = χ(2)

zyy, χ
(2)
zzz . (2.22)

Overall there are thus only four independent non-zero χ(2)
ijk components, since

the x and the y axes are equivalent for an isotropic surface. These four com-
ponents can be deduced by measuring VSFG with different input and output
polarization combinations, such as SSP (S polarized VSFG, S polarized VIS
and P polarized IR), SPS, PSS and PPP. From Figure 2.2 one can see that
P-polarized light has components along the y and the z axis, while S-polarized
light has only a component in x. Using the SSP polarization configuration only
one tensor element will be probed χ

(2)
xxz, while with SPS and PSS polarization

combinations χ(2)
xzx and χ(2)

zxx tensor elements will be probed, respectively. Using
a PPP polarization configuration, a mix of all non-zero tensor elements will be
measured. For the above mentioned polarization configurations, χ(2)

eff is related
to the four non-zero macroscopic susceptibilities in the following way:

χ
(2),SSP

eff =Lyy(ωSF)Lyy(ωVIS)Lzz(ωIR) sin ηIRχ
(2)
xxz

χ
(2),SPS

eff =Lyy(ωSF)Lzz(ωVIS)Lyy(ωIR) sin ηVISχ
(2)
xzx

χ
(2),PSS

eff =Lzz(ωSF)Lyy(ωVIS)Lyy(ωIR) sin ηSFχ
(2)
zxx

χ
(2),PPP

eff =− Lxx(ωSF)Lxx(ωVIS)Lzz(ωIR) cos ηSF cos ηVIS sin ηIRχ
(2)
xxz (2.23)

− Lxx(ωSF)Lzz(ωVIS)Lxx(ωIR) cos ηSF sin ηVIS cos ηIRχ
(2)
xzx

+ Lzz(ωSF)Lxx(ωVIS)Lxx(ωIR) sin ηSF cos ηVIS cos ηIRχ
(2)
zxx

+ Lzz(ωSF)Lzz(ωVIS)Lzz(ωIR) sin ηSF sin ηVIS sin ηIRχ
(2)
zzz

where Lii(i = x, y, z) are the Fresnel coefficients that are determined by the
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refractive indices of the two media (n1(ωi), n2(ωi)) and the refractive index of
the interfacial layer (n

′

(ωi)), and the incident angles (ηVIS and ηIR), reflected
angle (ηSF) and the angles of transmission (γi):

Lxx(ωi) =
2n1(ωi)cosγi

n1(ωi)cosγi + n2(ωi)cosηi

Lyy(ωi) =
2n1(ωi)cosηi

n1(ωi)cosηi + n2(ωi)cosγi
(2.24)

Lzz(ωi) =
2n2(ωi)cosηi

n1(ωi)cosγi + n2(ωi)cosηi

(

n1(ωi)

n′(ωi)

)2

where i denotes VIS, IR or SF beams.
The Fresnel factors act as a correction of the amplitude of each electric field

when the beams propagate across the boundary that separates two isotropic
media. A detailed derivation of all three tensorial Fresnel factors has been
presented by Shen et al.69, 70 The only unknown parameter in the Fresnel ex-
pressions is the refractive index of the interfacial layer n

′

(ωi), which enters in
the expression of Lzz(ωi). The refractive index of the interfacial layer may
be different from the bulk refractive index of the bulk medium at the same
frequency. This issue will be discussed further in Chapter 7.

The Fresnel factors affect the spectral shape and intensity of the measured
VSFG spectra. Thus ideally, all spectra should be corrected for Fresnel factors
when comparing different VSFG spectra. Recently, Feng et al. have shown that
the water/air spectra from different research groups are quantitatively consis-
tent when corrected for the Fresnel factors.49 However, due to the complexity
of data processing, most VSFG studies only report the measured χ

(2)
eff . In this

thesis, the Fresnel factors are only explicitly accounted for in Chapter 7, where
we determine the orientation of molecular groups. In the remaining chapters
the presented VSFG spectra are not corrected for the Fresnel factors. We do
normalize the spectra with respect to the spectral dependence of the incident IR
beam by dividing the measured VSFG spectra by the SFG spectrum obtained
from a reference (non-resonant) quartz crystal.

2.4 Relation between the Susceptibility to
the Molecular Hyperpolarizability

The measured χ(2) is an overall average of the molecular hyperpolarizabilities
β of all probed molecules at the interface. As we saw in the previous chapter
the experimentally determined χ(2)

eff is defined in the co-ordinates of the surface
(or laboratory) system. However, molecular hyperpolarizabilities are defined in
the molecular axes system, which do not necessarily coincide with the surface
axes. Most molecules at the interface are oriented at a certain angle (or a
distribution of angles) with respect to the surface normal (z-axis). The relation
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between the two coordinate systems can be described with the three Euler angles
(ψ, φ, θ) and applying three rotation matrices. The macroscopic susceptibility
χ
(2)
ijk can thus be expressed in term of the molecular hyperpolarizability βi′j′k′

((i
′

, j
′

, k
′

) = (a, b, c) denotes molecular co-ordinates):

χ
(2)
ijk =

NS
ǫ0

∑

i′j′k′

〈Rii′Rjj′Rkk′ 〉βi′j′k′ (2.25)

where NS is the number of the molecules probed at the interface. Rλλ′ is the
element of the rotational transformation matrix that is used to convert the
molecular system to the surface co-ordinate system.

The ensemble average is expressed as:

〈Rii′Rjj′Rkk′ 〉 =
∫ π

0

∫ 2π

0

∫ 2π

0 Rii′Rjj′Rkk′f(θ, φ, ψ) sin θdθdφdψ
∫ π

0

∫ 2π

0

∫ 2π

0
f(θ, φ, ψ) sin θdθdφdψ

(2.26)

where f(θ, φ, ψ) is the molecular orientation distribution function. Typically a
Gaussian function is used to describe a broader angular distribution of f(θ, φ, ψ).
The sin θ enters the ensemble average to account for the volume element. The
detailed description of the Euler transformation can be found in Goldstein’s
book Classical Mechanics71 and have also been worked out by Hirose et al.72, 73

The molecular hyperpolarizability tensor elements of a particular vibrational
mode q are proportional to the derivatives of Raman polarizability (αi′j′) and
dipole moment (µk′ ) tensor elements:74

βi′j′k′ = − 1

2ε0ωq

∂αi′j′

∂Qq

∂µk′

∂Qq
(2.27)

where ωq is the resonant frequency and Qq is the normal coordinate of the q-th
vibrational mode. Therefore, a vibrational mode has to be Raman and IR active
in order to be VSFG active.

The relation between χ(2)
ijk and βi′j′k′ can be simplified by using the symme-

try properties of the molecular vibration under study. The molecular symmetry
determines which of the molecular hyperpolarizability tensor βi′j′k′ are non-
zero. The non-zero elements for most common symmetries, i.e. C3ν , C2ν and
C∞ν , as well expressions for the resulting macroscopic susceptibility tensor el-
ements can be found in the literature.75–78

2.4.1 Expressions of the Macroscopic Susceptibilities
for C3ν Symmetry Group

In this section we will consider a special case – the methyl group with C3ν

symmetry. We define a molecular co-ordinate system, such that the c-axis is
along the symmetry axis of the C3ν methyl group, and the a and b axes form
a plane perpendicular to c-axis. The a-axis runs along the projection of one
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Figure 2.3. Schematic representation of a methyl group adsorbed at the interface.
The surface and molecular bound axis are shown.

of the C–H bonds in the ab plane (see Figure 2.3). There are eleven non-
zero molecular hyperpolarizability elements for a methyl group, three for the
symmetric stretching vibration and eight for the antisymmetric:

CH3,SS :βaac = βbbc, βccc

CH3,AS :βaca = βbcb, βcaa = βcbb, βaaa = −βbba = −βabb = −βbab (2.28)

In Appendix B a method for determining the non zero hyperpolarizability ele-
ments for a molecular group with C3ν symmetry is presented.

The macroscopic susceptibility elements for a rotationally isotropic surface
can be obtained by integration over the two Euler angles (φ and ψ), which will
reduce their angle dependence to the angle θ only,75 where θ is the tilt angle
between the methyl C3 axis and surface normal z. For the symmetric stretching
vibration this procedure yields:

χ(2),SS
xxz =

1

2
Nsβ

(2)
ccc[(1 +R)〈cosθ〉 − (1−R)〈cos3θ〉]

χ(2),SS
xzx =χ(2),SS

zxx =
1

2
Nsβ

(2)
ccc(1− R)[〈cosθ〉 − 〈cos3θ〉]

χ(2),SS
zzz =Nsβ

(2)
ccc[(R)〈cosθ〉+ (1−R)〈cos3θ〉] (2.29)

and for the asymmetric vibration:

χ(2),AS
xxz =−Nsβ

(2)
aca(〈cosθ〉 − 〈cos3θ〉)

χ(2),AS
xzx =χ(2),AS

zxx = Nsβ
(2)
aca〈cos3θ〉]

χ(2),AS
zzz =2Nsβ

(2)
aca(〈cosθ〉 − 〈cos3θ〉) (2.30)
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where the hyperpolarizability ratio R = β
(2)
aac/β

(2)
ccc of the methyl group is known

to be in the range of 1 to 4 for different molecules.74

Using the equations presented in this section and in the previous one, the
experimentally measured VSFG intensity in different polarization combinations
can be directly related to the molecular hyperpolarizability elements βi′j′k′ .
Hence, if all parameters (such as the refractive indexes of a medium and the
interface) and R value are known, then the orientation of the molecules can be
quantitatively extracted from the VSFG spectra. In Chapter 7 this formalism
will be applied to determine the absolute orientation of methylguanadinium ions
at the water surface.

2.5 The Macroscopic Susceptbility of Water

In this thesis, a major focus lies in determining the orientation of water
molecules at various solution interfaces. As described earlier, the macroscopic
second-order susceptibility χ(2)

eff is an average of the molecular hyperpolarizabil-
ities βijk and holds all the information on the average molecular orientation.
It consists of real and imaginary parts, and the sign of the imaginary part is
related to an average orientation of the molecules at the interface. The mea-
surement of the imaginary and real parts of the second-order susceptibility
with heterodyne-detected VSFG technique will be described in the next chap-
ter. Here, the relationship between the sign of the χ(2) and the net orientation
of water molecules is explained.

Figure 2.4. χ
(2)
xxz tensor element for the symmetric and asymmetric stretch vibrations

of water molecule with C2ν symmetry.

Water molecules can be considered to possess C2ν symmetry, unless the
two O–H bonds are very asymmetrically hydrogen bonded (for example, in the
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case of the free OH group). In the latter case the O–H bonds have to be
treated separately with C∞ν symmetry. For C2ν symmetry the macroscopic
second-order susceptibilities in the xxz combination (that is probed with an
SSP polarization configuration) for symmetric and asymmetric vibrations are
given by:79

χ(2),SS
xxz =

1

4
Ns(β

(2)
aac + β

(2)
bbc + β(2)

ccc)〈cosθ〉+
1

4
Ns(β

(2)
aac + β

(2)
bbc − 2β(2)

ccc)〈cos3θ〉

χ(2),AS
xxz = −1

2
Nsβ

(2)
aca(〈cosθ〉 − 〈cos3θ〉) (2.31)

The molecular co-ordinates are defined such that the O atom is located at the
co-ordinate centre, the molecule plane is in the ac plane, and the c-axis is along
the C2 symmetry axis. The angle θ is the angle between the surface normal
or z-axis of the laboratory co-ordinate frame and the molecular c-axis. The
hyperpolarizability tensor elements of the water molecule have been reported
by Gen et al.:79 βaac = 1.296, βbbc = 0.557, βccc = 1, βaca = βcaa = 0.741, and
βbcb = βcbb = 0. Figure 2.4 shows the χ(2)

xxz for the symmetric and asymmetric
stretch of a water molecule (Fresnel factors are not included in this plot). It
is clear from this figure, that the symmetric stretch is dominant in the SSP
polarization combination, and that χ(2)

xxz is positive when 0◦ 6 θ 6 90◦ and
negative when 90◦ 6 θ 6 180◦. In other words, when χ(2)

xxz is positive, the water
molecules have an average orientation with both hydrogen atoms into the air
phase.

2.6 The Non-Resonant Second-Order Suscep-

tibility

So far we only described the second-order susceptibility originating from the
resonant behavior of interfacial molecules. However, there are also non-resonant
contributions, and the overall second-order susceptibility of the interface is the
sum of both:

χ(2) = χ
(2)
NR + χ

(2)
R = ANRe

iφ +
∑

q

AR

ωIR − ωq + iΓq
(2.32)

in this equation, χ(2)
NR and χ(2)

R are the effective non-resonant (NR) and resonant
(R) susceptibilities, respectively. ANR is the non-resonant amplitude, AR is the
resonant amplitude, and φ is the phase difference between the resonant and
non-resonant signals. ωq and Γq represent the frequency and width of the q-th
vibration. The resonant contribution is the sum of the responses of all vibrations
q. Thus, the measured VSFG intensity is proportional to:

IVSFG ∝ |χ(2)
NR + χ

(2)
R |2 = |χ(2)

NR|2 + |χ(2)
R |2 + 2|χ(2)

NR||χ
(2)
R |cos(δ(ω)) (2.33)



2.6 Theory and its Implementation 29

Figure 2.5. Lineshapes of a single resonance (1800 cm−1) when it interfers with a
non-resonant background of the same amplitude, but different phases.

where δ(ω) is a frequency-dependent phase term that accounts for the phase
difference between the resonant and non-resonant signals (determined by φ,
ωIR and ωq). This interference term leads to distortions of the measured VSFG
spectrum, which can affect its interpretation.

The interference between resonant and non-resonant signals is particularly
problematic when molecules are adsorbed on a metal substrate,80 as metal sur-
faces give significant non-resonant signals. However, even for molecules on di-
electric substrates with small non-resonant signals (for example fused silica),
the spectrum can be heavily distorted as the effect of the non-resonant term
gets amplified due to the cross-term in Eq. 2.33. Lagutchev et al. have devel-
oped a method using a Fabry-Pèrot etalon to suppress the contribution of the
non-resonant background.81 Applying this method, Curtis et al. have demon-
strated that VSFG spectra of thin polystyrene films on three different substrates
(silicon, fused silica and sapphire) are identical.80 In VSFG spectra of liquid in-
terfaces, a non-resonant background is also observed, but no definite conclusion
has been reached about the origin of this non-resonant background. Recently,
it was shown using electronic heterodyne-detected SFG, that the non-resonant
background of the SFG spectrum of water is predominantly due to a quadrupole
contribution from the bulk.82

Figure 2.5 illustrates how the spectral shape of the VSFG spectrum changes
due to the interference with the non-resonant background. In this figure the
resonance is centered at 1800 cm−1, and AR = 1, Γ = 30 cm−1, ANR = 0.02,
and the phase φ was varied from 0◦ to 180◦.

The non-resonant SFG signal from Quartz A z-cut α-quartz crystal
is commonly used as a normalization standard in VSFG measurements, as its
non-resonant response is spectroscopically flat in a broad spectral range from
UV to mid-IR.

When we wish to compare the intensities of VSFG spectra measured with
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different polarization combinations, and that are normalized by the SFG re-
sponse of quartz, we need to know the effective susceptibilities of quartz in
those polarization combinations. The relations between the effective second-
order susceptibilities and macroscopic βijk elements for crystalline quartz can
be derived in a similar manner as for the C3ν symmetry group. Unfortunately,
there have been some inconsistencies in these relations presented in the litera-
ture,83, 84 but recently Fu et al. have published revised and detailed relations.85

The α-quartz[0001] crystal unit cell has a threefold symmetry (D3) and has
four non-zero achiral polarizability tensor elements:

βaaa = βabb = βbcb = βbbc. (2.34)

where the crystal coordinates are defined in such a way that the c-axis is along
the [0001] axis, the b-axis along the two fold axis, and a ⊥ b. The effective
second-order susceptibilities of quartz in SSP and PPP polarization configura-
tions are given by:

χ
(2),SSP

eff =−Lyy(ωSF)Lyy(ωVIS)Lxx(ωIR)cosηIRβaaacos(3φ) (2.35)

χ
(2),PPP

eff =−Lxx(ωSF)Lxx(ωVIS)Lxx(ωIR)cosηSFcosηVIScosηIRβaaacos(3φ)

here φ is the azimuthal rotation angle around the z-axis and ηi are the incident
angles of the VIS, IR and VSFG beams. A complete derivation is given in the
reference.85

2.A Appendix: χ
(2)
ijk Elements for an Isotropic

Surface

The non-zero χ(2)
ijk elements for an isotropic surface can be deduced by taking the

fundamental tensor rule into consideration (Eq. 2.20). Reversing the direction
of any individual axis leads to a change of the χ(2)

ijk sign. However, for an isotropic
surface with C∞ν symmetry x = -x and y = -y while z 6= -z. This means with
reversal of the x or y axis, χ(2)

ijk must not change its sign. For instance, when

reversing the x-axis, χ(2)
xzz element becomes χ(2)

−xzz. From the fundamental tensor

rule it follows that χ(2)
−xzz should be equal to -χ(2)

xzz, meaning that χ(2)
xzz must be

zero. When the x-axis is reversed for χ(2)
xxz, we obtain χ(2)

−x−xz = -χ(2)
x−xz = χ

(2)
xxz.

Hence, reversing the x-axis does not change the sign of χ(2)
xxz, which means that

it can be non-zero. Hence, only χ(2)
ijk elements with even number in x or y (x and

y are identical for an isotropic surface) will contribute to the VSFG spectra. In
addition, the χ(2)

zzz element will contribute, because reversing the x (or y) axis
has no effect on this element. As a result, the interface with C∞ν symmetry
has only four independent non-zero χ(2)

ijk elements:

χ(2)
xxz = χ(2)

yyz, χ
(2)
xzx = χ(2)

yzy, χ
(2)
zxx = χ(2)

zyy, χ
(2)
zzz . (2.36)
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2.B Appendix: Molecular Hyperpolarizabil-
ity Elements for C3ν Symmetry

βi′j′k′ has a total number of 27 elements. In order to find which elements are
non-zero for a particular molecular group, one needs to consider its symmetry
operations.86 C3ν has in total 6 symmetry operations: the identity operation
(E), the two 3-fold rotational axis (C3ν) and three mirror planes (σν). Figure 2.6
shows a methyl group, which has C3ν symmetry and for which we will apply all
three symmetry operations to deduce which elements can be non-zero.

Figure 2.6. Schematic structure of a methyl group with the corresponding molecular
axis and its symmetry opperations.

• From Figure 2.6 it is clear that the mirror plane (marked in red) divides the
methyl group in two equal parts, hence the b-axis is equal to the −b-axis.
Now the same argumentation applies as previously for isotropic surface (Ap-
pendix 2.A): only βi′j′k′ with even number of b’s can be non-zero.

• After a C3 rotation the molecular co-ordinates change to:

a = a cos θ + b sin θ

b = −a sin θ + b cos θ (2.37)

c = c

(2.38)

We will first consider the βacc element. After a C3 rotation it becomes
βacccosθ + βbccsinθ and applying the symmetry operations leads to the fol-
lowing equalities:

E: θ=0◦ βacc = βacc

C3: θ=120◦ βacc = - 12βacc +
√
3
2 βbcc

C2
3 : θ=240◦ βacc = - 12βacc -

√
3
2 βbcc
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From the first argument we deduced that βbcc = 0, thus the second and
third equalities become βacc = - 12βacc and this can be true only if βacc = 0.

Using an analogous formulation, one can show that all β(2)
i′j′k′ with only one

a element are zero: βacc = βcac = βcca = 0.

• Let’s now consider a more complex element βaac, after a first C3 rotation it
becomes:

βaac
C3−−→ βaac cos θ + βbac sin θ (2.39)

After a second C3 rotation:

βaac
C2

3−−→ βaac cos
2 θ + βbbc sin

2 θ + βabc cos θ sin θ + βbac sin θ cos θ (2.40)

Then:

E: θ=0◦ βaac = βaac
C3: θ=120◦ βaac = 1

4βaac + 3
4βbbc

C2
3 : θ=240◦ βaac = 1

4βaac + 3
4βbbc

and from this it becomes clear that βaac = βbbc

• Further applying a rotation matrix in the same manner on other βi′j′k′ ele-
ments would lead to the existing relationships between all non-zero molecular
hyperpolarizability elements for a C3ν group:

βaac = βbbc, βccc

βaca = βbcb

βcaa = βcbb

βaaa = −βbba = −βabb = −βbab (2.41)

• To determine which of those elements will be active for a symmetric stretch
and which for an antisymmetric stretch, one needs to look at a character
table for C3ν symmetry, which is shown in Table I (derived from refer-
ence87). From the character table one can determine which components of
the dipole moment and the polarizability will be active for each vibration.
The symmetric methyl stretch has a dipole moment only along the c-axis
(µc), consequently the resonance of the symmetric stretch vibration (A1)
will only enhance βaac = βbbc, and βccc.
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Table I. Character table of the C3ν point group.87

C3ν E 2C3 3σν

A1 1 1 1 µc (αaa + αbb), αcc
A2 1 1 -1
E 2 -1 0 µa, µb αac, αbc, (αaa − αbb), αab
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Experiment

In this chapter we will give a detailed description of the VSFG setups that were
used to obtain the results presented in this thesis. The VSFG setup can be
divided into four main parts: the femtosecond laser system, the infrared light
generation, the sum-frequency generation, and the detection part.

3.1 Laser System and Infrared Light Gener-
ation

In order to induce a nonlinear response of a medium, (e.g. sum-frequency gen-
eration) an intense light source is required. Nowadays, most nonlinear optical
spectroscopy systems are based on a femtosecond Ti:Sapphire laser. We use
a regenerative Ti:Sapphire laser system, which consists of two parts: the am-
plifier (Coherent "Legend Elite Duo") and the oscillator (Coherent "Mantis").
The oscillator produces low energy pulses (∼35 fs) centered at 800 nm (band-
width ∼80 nm (FWHM)). The femtosecond pulses generated by the oscillator
are used to seed the amplifier. The used Legend Elite Duo employs a chirped
pulse amplification method. The low-energy pulse is initially stretched using a
single-grating pulse stretcher, in order to reduce its power. After the amplifica-
tion, the pulse is re-compressed close to its original duration. The Ti:Sapphire
crystal is pumped by a high-energy Nd:YLF laser, which produces 527 nm pulses
(Coherent "Evolution"). The resulting pulse energy of the Ti:Sapphire laser is
∼3.5 mJ with a pulse duration of ∼35 fs at a repetition rate of 1 kHz.

The Ti:Sapphire laser can be tuned in a small range around 800 nm. In order
to perform vibrational nonlinear spectroscopy experiments intense mid-infrared
pulses are needed. Such wavelengths can be achieved with parametric devices
based on the use of nonlinear crystals with large second-order susceptibility
values, e.g. β-barium borate (BBO) and lithium triborate (LBO).

As shown in Chapter 2, the second-order susceptibility is responsible for
various frequency conversion processes such as the second-harmonic generation,
sum-frequency and difference-frequency generation, as well as optical parametric
amplification (OPA). The OPA process can be seen as a special case of the
difference-frequency generation. When a nonlinear crystal is illuminated with a
strong pump pulse ω1 and a weak signal ω2, two new photons are emitted, one

35
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with the frequency of the signal ω2 and one with the new frequency ω3, called
idler. Such a process can exist only if the following two conditions are fulfilled:

ω1 = ω2 + ω3, (3.1)

k1 = k2 + k3. (3.2)

Here, ki are the wave vectors of the propagating waves. The second rela-
tion is known as the phase-matching condition, and in the case that the waves
propagate colinearly, it can be written as:

n1(ω1)ω1 = n2(ω2)ω2 + n3(ω3)ω3 (3.3)

Materials with a normal dispersion, in which the index of refraction increases
with frequency, can never fulfill this relation. The phase matching condition
can however be achieved by using birefringent materials. Such materials have
different refractive indices for different polarization directions. By rotating a
birefringent crystal (changing the angle between the optical axis of the crystal
and the direction of beam propagation) the wavelength combination for which
the phase matching condition is fulfilled can be changed. Thereby the optical
parametric amplification can be optimized.

To get an efficient conversion and no pulse distortion (pulse lengthening) the
phase matching condition must be fulfilled over the entire spectral range of the
input and generated pulses. Often, the phase-matching condition is only fulfilled
near the center wavelengths of the interacting pulses, leading to a distortion of
the pulses and a decreased conversion efficiency. These effects can be avoided
by using a short interaction length. i.e. by using thin crystals.

Experimental OPA Implementation The home-built OPA (Figure 3.1)
geometry and IR light generation was implemented from P. Hamm et al.88

Approximately two thirds of the Ti:sapphire laser output is used to pump an
OPA to produce the signal and idler which are later combined at the difference-
frequency generation (DFG) stage to generate infrared light.

Figure 3.1 shows a scheme of the used OPA system including all optical
elements. The 800 nm visible beam enters the OPA system (top left) and is
split in two parts by a beam splitter (BS1). A first part (reflected from BS1),
which is only a few percent of the incoming 800 nm light, passes through a
λ/2-plate (Λ) and a polariser (P1) and is focused with lens (L1) on a sapphire
plate (S1), where white light is generated. This white light is used as a seed
pulse to generate signal and idler. It is crucial that the white light is stable,
which strongly depends on the intensity of the incident 800 nm light, which we
can regulate by rotating the λ/2-plate. The polarization of the white light is
rotated perpendicular to that of the 800 nm pulse to achieve phase matching
in the nonlinear crystal. After passing the sapphire plate, the white light is
collimated with a second lens (L2) and continues to travel to the BBO crystal
(1 mm thick), while the remaining 800 nm is filtered out.
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Figure 3.1. The principal scheme of the homebuilt optical parametric amplifier, used
to generate the signal and idler, which later are combined to produce the mid-IR pulses
for the VSFG experiments. Abbreviations: BS - beam splitter; Λ - λ/2-plate; L - lens;
P - polariser; D - delay line; F - filter; S1 - sapphire plate; DM - dichroic mirror;
C1 - β-barium borate (BBO) crystal; T - telescope; C2 - silver gallium disulphate
(AgGaS2) crystal; S+I - signal and idler; IR+S+I - infrared, signal and idler.

The main part of the 800 nm pulse is transmitted through BS1 and is guided
into the delay stage (D1), and then onto the second beam splitter (BS2). Ap-
proximately 10% of the 800 nm is reflected and focused with a 50 mm lens into
a BBO crystal, where it overlaps with the white light (first amplification stage).
To generate the first signal and idler pulses, the 800 nm and white light must
overlap spatially and temporally. The time overlap is adjusted with delay D1.
The frequency of the signal ωS and idler ωI ranges between 1200 - 1600 µm and
1600 - 2400 µm, respectively.

At this stage the energy of the signal and idler pulses is only ∼10 µJ and
to amplify it further, a second amplification stage is implemented. The idler
is transmitted through a dichroic mirror and then is blocked, while the signal
is reflected back by means of a refocusing mirror (DM3) mounted on a delay
stage (D2). The part of the 800 nm that was transmitted by BS2 (∼90 % of the
incoming 800 nm pulse) is collimated using a telescope (T1). Due to the very
high intensity it cannot directly be focused on the crystal as that would cause
damage. After the second spatial and temporal overlap on the crystal between
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the signal and the 800 nm light, the signal pulse gets amplified and meanwhile
the idler pulse gets regenerated. The overall efficiency of this process can be up
to ∼30 %, which results in a total energy of the signal and idler of ∼300 µJ.
We further use a third amplification stage (not shown in Fig. 3.1 for simplicity
reasons), to produce even higher pulse energies of the signal and idler. After
the second amplification stage we again block the idler and use the signal to
combine with ∼1.5 µJ of the 800 nm on a second BBO crystal. The resulting
total energy of the signal and idler is ∼700 - 800 µJ.

The mid-infrared pulses are generated by combining the signal and idler in
a silver gallium disulfide (AgGaS2) crystal (difference-frequency mixing, DFG).
To achieve an optimal temporal overlap, the signal and idler are spatially sep-
arated using a dichroic mirror. The frequency of the mid-infrared pulses can
be varied by changing the orientation of the BBO and AgGaS2 crystals, along
with subsequent adjustments of temporal and spatial overlaps within the OPA
and DFG. Hence, the center frequency of the mid-IR pulses can be tuned in the
range of ∼1400 to 5000 cm−1 (∼2 - 7 µm). The OPA and DFG processes are
most efficient in the wavelength region of ∼2800 - 3200 cm−1. Pulse energies
are typically in the range of ∼15 - 20 µJ with a bandwidth of ∼400 - 500 cm−1

(FWHM). This process is the least efficient in the amide vibrational region. In
this region typical pulse energies range from ∼5 to 8 µJ with a bandwidth of
∼200 cm−1 (FWHM).

3.2 Vibrational Sum-Frequency Generation
Spectroscopy

3.2.1 Intensity VSFG

In order to generate the sum-frequency at the sample surface two pulses are
needed. A broadband mid-IR pulse sets up a coherent polarization at the in-
terface as well as in the bulk, and a narrow band visible pulse upconverts the
interfacial polarization. A broadband IR allows us to instantly probe the entire
vibrational region of interest, for example the water hydrogen-bonded region
(bandwidth ∼300 cm−1 at FWHM). The narrow band VIS pulse determines
the frequency resolution of the VSFG spectrum. We use a Fabry-Pérot etalon
to narrow down the initial 800 nm (bandwidth ∼12 nm at FWHM) pulse to
∼15 - 20 cm−1. The etalon consists of two reflecting mirrors. One of which
partially transmits light and another that is highly reflecting. The light en-
ters the etalon and undergoes multiple internal reflections. When the reflected
beams are in phase, constructive interference occurs and this results in a high
transmission. The central frequency and bandwidth of the transmitted light de-
pends on the distance between the mirrors, the refractive index of the medium
between the two mirrors and on the angle at which the light enters the etalon.
Thus, the central frequency of the transmitted beam can be easily varied by
rotating the etalon with respect to the beam.

After passing the etalon, the 800 nm pulse has to travel approximately the
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Figure 3.2. The principal scheme of the VSFG experiment and detection part. Ap-
proximately two thirds of the laser output (∼3.5 W) is used to pump the OPA and
the DFG to produce mid-IR pulses. The remaining part is sent through an etalon to
narrow down its bandwidth to ∼15 cm−1. The resulting narrow-band 800 nm pulse
and the broadband IR pulse are directed and focused on the sample surface, where
after spatial and temporal overlap VSFG light is generated. The VSFG light is sent to
a monochromator and is detected with an Electron-Multiplied Charge Coupled Device
(EMCCD, Andor Technologies). Abbreviations: BS - beam splitter; FP - Fabry-Pérot
etalon; Λ - λ/2-plate; P - polariser; L - lens; D - delay line; F - filter.

same distance as the IR pulse travels in the OPA and DFG (∼4 m). To make
the 800 nm pulse path length longer it is sent on a few mirrors back and forth
and then on a delay line (see Figure 3.2). A precise time overlap between the IR
and VIS pulses at the sample position can be achieved by adjusting the delay
line (D1). Before being focused on the sample, the IR and VIS beams pass
through λ/2 plates and polarizers, which are used to control the polarizations.
It is important to note that the polarizations at the sample position are defined
with respect to the plane of incidence (perpendicular to the sample surface),
whereas the generated IR pulse and also the 800 nm pulse polarizations are
defined with respect to the plane in which they travel (parallel to the table). The
generated IR pulse (after DFG) has P polarization in respect to the travelling
plane (800 nm as well), which corresponds to S polarization with respect to the
sample. The VIS and IR beams are focused using lenses with a focal length of
20 mm and 10 mm, respectively. The VIS focus is located ∼0.5 - 1 cm above
the sample surface.

When a spatial and temporal overlap of the IR and VIS pulse is achieved
at the sample surface, the VSFG light will be generated. The reflected VSFG
signal passes through two high-pass filters to remove the remaining 800 nm
light. Afterwards it passes a polarizer and is focused on the detector’s slit. A
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Figure 3.3. A schematic picture of the VSFG generation and detection. The VIS
and IR pulses are focused on the sample surface, where they overlap spatially and
temporally, generating the VSFG pulse that is sent to the spectrograph and detected
with the EMCCD camera.

shamrock Spectrograph (Andor Technologies) is used to disperse the VSFG light
into its frequency components and to focus the dispersed light on an electron
multiplied charge coupled device (EMCCD, Newton 970, Andor Technologies).

3.2.2 Heterodyne-Detected VSFG

In the previous section the intensity VSFG technique has been described. Using
this technique the intensity of the sum-frequency light is detected, which only
provides information on the absolute square of the second-order susceptibility
χ(2). From the intensity VSFG measurements the sign (phase) of χ(2) can not
be retrieved and hence information about the orientation of molecules can not
be obtained. Information on the orientation can be obtained using interference
based heterodyne-detected vibrational sum-frequency generation (HD-VSFG)
spectroscopy.89–91 In this technique, the VSFG electric field of the sample is
combined with that of a local oscillator at the same frequency and of a known
phase:

ISFG =| ELO + ESample |2=| ELO |2 + | ESample |2

+ELOE
∗
Sample + E∗

LOESample (3.4)

The detected VSFG intensity contains cross terms from which the real and
imaginary part of χ(2) can be extracted.

The experimental setup for HD-VSFG only differs from the intensity VSFG
setup in the part where VSFG light is generated. The IR and VIS beams are
first focused on a metal surface to create an SFG signal from a local oscillator
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Figure 3.4. Experimental lay-out of the used heterodyne-detected VSFG. A broad-
band femtosecond IR pulse and a narrowband 800 nm pulse are focused onto a metal
surface, generating an intense local oscillator SFG (LO-SFG) response that is delayed
by a silica plate. The three beams are refocused on the sample surface, producing a
sample VSFG signal that interferes with the LO-SFG signal on the EMCCD camera.

(LO-SFG). This LO-SFG signal originates from a strong non-resonant χ(2) of
the metal. We typically use a gold mirror as the local oscillator (Thorlabs model
PF-10-03-M01). It should be noted though, that gold can only be used as a
local oscillator for particular polarization combinations, since in the infrared
region of the spectrum, metal surfaces generate a large electric field in the z
direction and negligible fields in the x and y directions. As a result, the use of
gold is limited to SSP and PPP polarization combinations. The spectral shape
of the LO-SFG signal is a convolution of the spectra of the broad input IR
pulse and the narrow-band visible pulse. This LO-SFG signal is sent through a
silica plate to delay it in time with respect to the VIS and IR beams (∼1.6 ps).
The remaining IR and VIS beams are refocused with a spherical mirror onto
the sample interface to generate the sample VSFG signal. The LO-SFG and
sample VSFG beams are sent collinearly into a spectrograph and the spectral
interference pattern of the two SFG beams is detected with EMCCD.

HD-VSFG experiments have been reported previously in which the LO-SFG
beam was generated after the sample.57, 89 This approach has the disadvantage
that the LO-SFG signal needs to be corrected for the frequency-dependent reflec-
tivity of the sample interface in the IR spectral region.92 In the present method
such a correction is not needed, since the LO-SFG beam is created before the
VSFG signal of interest, and because the LO-SFG signal beam is generated via
a metal surface for which the reflection is ∼100% for all frequency components
contained in the IR pulse. In the used geometry the LO-SFG beam is reflected
from the sample interface, but for the studied samples the reflectivity of this
beam does not depend on frequency within its bandwidth. The advantages of
the used geometry have been realized by several groups and is now commonly
used in HD-VSFG experiments.

In our HD-VSFG experiments we use z-cut quartz as a reference. It is
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important that the sample and quartz crystal must be placed at the same height,
as a height uncertainty would lead to an uncertainty of the extracted phase of
the sample. We control the height of the reference quartz crystal and the sample
by monitoring the position of the VSFG signal on the EMCCD camera. This
enables us to define the SFG signal on the camera with a precision of 1 pixel
size (16 x 16 µm). In combination with the used setup geometry this results in
a phase uncertainty of ∼ π/10 (∼20°).

It is further worth mentioning that this interference based phase retrieval
VSFG technique is sometimes named differently in the literature. The technique
was first established by Shen et al. using a picosecond scanning laser system and
was called phase-sensitive VSFG (PS-VSFG).41, 89, 93, 94 Later Tahara et al.57, 95

and Benderskii et al.96 have implemented this method for broad-band IR sys-
tems and named it heterodyne-detected VSFG (HD-VSFG). However, some
groups have argued that heterodyne-detected VSFG method should also be
called phase-sensitive VSFG.92 In this thesis I use both names interchangeably
and I will call our used method heterodyne-detected VSFG.

3.2.3 Analysis of Heterodyne-Detected VSFG spectra

The heterodyne-detected VSFG technique is based on the interference between
a local oscillator SFG signal and the sample VSFG signal. The LO-SFG signal
is delayed in time, but when both SFG pulses enter the monochromator, they
are stretched in time and thus interfere to produce a characteristic interference
pattern in the frequency domain. Figure 3.5 a) shows detected raw interference
pattern of which the sum of the electric field in the time domain can be written
as:

Edet(t) = rsampleELO(t+∆t) + Esample(t) (3.5)

here Esample is the electric field generated from the sample, ELO - from the LO
(gold mirror) and rsample is the complex reflectivity for the electric field at the
frequency ωV SFG from the sample surface. ∆t is the time delay induced by the
silica plate.

Equation 3.5 can be written in the frequency domain using a Fourier trans-
formation:

Edet(ω) = rsampleELO(ω)e
−iω∆t + Esample(ω) (3.6)

The total detected intensity of the raw HD-VSFG spectrum is given by:

Idet = | rsampleELO(ω)e
−iω∆t + Esample(ω) |2=

| rsampleELO |2 + | Esample |2 + (3.7)

+ r∗sampleE
∗
LOe

iω∆tEsample + rsampleELOe
−iω∆tE∗

sample

The first two quadratic terms of Eq. 3.7 give rise to an intense signal at
t = 0 (Figure 3.5 b). Cross-terms (second and third term in Eq. 3.7) are
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Figure 3.5. a) Raw detected spectra of a z-cut quartz (left) and D2O/air interface
(right). b) Fourier transformations of the detected spectra into the time domain; grey
areas mark the regions, which are selected for the inverse Fourier transformation. c)
Real and imaginary parts of a z-cut quarzt and D2O/air interface in the frequency
domain.

located at negative and positive times with respect to this peak. Both cross-
terms contain information of the imaginary and real parts of the sample χ(2).
One of those components (we use the term at positive time) is extracted by
filtering (Figure 3.5 b) and the resulting complex spectrum is obtained by an
inverse Fourier transformation (Figure 3.5 c).

The reference SFG signal of z-cut quartz is measured under identical con-
ditions and used to normalize the measured VSFG signal, in particular to nor-
malize the spectrum for the spectral dependence of the broadband IR pulse.
The sample interferogram is divided by the quartz interferogram, yielding the
HD-VSFG signal SHD:

SHD =
r∗sampleE

∗
LOe

iω∆tEsample

r∗quartzE
∗
LOe

iω∆tiEquartz
(3.8)
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The imaginary factor i is included in the denominator to account for the phase
difference of 90◦ between VSFG light generated from the sample surface and
SFG light generated from the quartz bulk.97

The electric field of the sample and quartz are defined by the vacuum permit-
tivity (ǫ0), the Fresnel factors (Fsample/quartz), and the reflectivities of the VIS

and IR pulses from the LO (gold), second order susceptibilities (χ(2)
sample/quartz)

and the electric fields of the VIS and IR pulses (EIR and EVIS):

Esample = ǫ0FsamplerLO(ωVIS)rLO(ωIR)χ
(2)
sampleEIREV IS

Equartz = ǫ0FquartzrLO(ωVIS)rLO(ωIR)χ
(2)
quartzEIREVIS (3.9)

Substituting those expressions into Eq. (3.8) results in:

SHD =
r∗sampleFsampleχ

(2)
sample

r∗quartzFquartziχ
(2)
quartz

(3.10)

The ratio of the reflection coefficients r∗sample/r
∗
quartz for the electric field at

the frequency ωVSFG is approximately 1 (in the ∼3000 cm−1 region). The ratio
of Fresnel factors (Fsample/Fquartz) is also assumed to be 1, although there might
be difference due to resonant character of the infrared pulse at the sample.

Determination of the z-cut quartz phase Quartz is the most commonly
used material as a reference in VSFG experiments, because it has a large and
solely real χ(2) response. The theoretically predicted value of the phase dif-
ference between χ(2) of the water/air interface and quartz SFG signal is 90◦

(factor i in Eq. 3.8 and Eq. 3.10).97 However, Wang et al. showed using second
harmonic generation that the phase difference is 115◦ ± 15◦,49 which deviates
from the theoretically predicted value by 25◦ ± 15◦. Therefore an extra phase
is sometimes used in the data analysis. In these cases Eq. 3.10 is multiplied
by e−iψ , where ψ ≃ 25◦ ± 15◦. The exact value of this correction and if it is
needed at all is currently widely debated.60

The exact phase of quartz can be examined by measuring the VSFG spectra
of a liquid sample in a non-resonant frequency region.60 In order to determine
the precise phase of the χ(2) of quartz, D2O can be measured in the water
vibrational region (∼2900 – 3200 cm−1). The signal in this region from D2O
will be solely non-resonant. In such a case, the imaginary part should be zero
and the real part should be negative.

Figure 3.6 a) shows the real and imaginary χ(2) spectra of D2O/air interface
normalized by quartz (in SSP polarization combination). When the quartz
phase value is taken to be 90◦ (because of its bulk origin), then the imaginary
part of the χ(2) of D2O/air is zero, and the real part is negative, as expected
in this non-resonant frequency regime. When an extra phase of 18◦ is added to
the quartz phase, the derived imaginary part of the χ(2) of D2O/air becomes
slightly positive, which should not be the case. This result shows that there is
no need to add an extra phase when quartz is used as a reference. Sometimes
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Figure 3.6. a) Real and imaginary χ(2) spectra of the D2O/air interface normalized
by quartz using π/2 (black and red) and π/2 + π/10 (grey and light red) as the phase.
b) Imaginary χ(2) spectrum of the H2O/air normalized by quartz with π/2 and with
π/2 + π/10 phase.

a deviation from the exact quartz phase was observed, which might come from
a contamination of the quartz surface.

Figure 3.6 b) shows the imaginary χ(2) spectrum normalized by quartz with
90◦ phase and with a 108◦ phase. In section 3.2.2 we reported the uncertainty in
the phase of our measurements, which is approximately 20◦ (∼ π/10). Hence,
from Fig.3.6 b) one can see the effect of our experimental inaccuracy on the
imaginary χ(2) spectrum.
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Water Structure and Orientation
at Hydrophobic Surfaces

We study the structure and orientation of water molecules at water/alkane and
water/polydimethylsiloxane interfaces with surface specific intensity VSFG and
HD-VSFG spectroscopy. We find that the water molecules at D2O/hexane,
D2O/heptane and D2O/polydimethylsiloxane interfaces show an enhanced or-
dering and stronger hydrogen-bond interactions than the water molecules at an
D2O/air interface. With increasing temperature (up to 80◦C) the water struc-
ture becomes significantly less ordered and the hydrogen bonds become weaker.
We also find that the water molecules at the interface show a net orientation
of their O–H groups pointing towards to the hydrophobic layer and that this
orientation depends on the pH of the solution.

4.1 Introduction

The structure of water solvating hydrophobic solutes has been debated for al-
most 70 years. Frank and Evans were the first who investigated the properties of
water surrounding hydrophobic molecular groups.14 They observed that the dis-
solution of hydrophobes in water is associated with surprising thermodynamic
changes like a decrease in entropy and an increase in heat capacity. To explain
these observations they proposed the so-called ‘iceberg’ model for hydrophobic
hydration, which implies that water hydrating a hydrophobic solute becomes
highly ordered and acquires a structure that resembles that of ice. The iceberg
model was later disputed by neutron scattering studies that showed that the
water structure near hydrophobic solutes is characterized by an oxygen-oxygen
correlation function gOO(R) that is much more similar to that of bulk water
than to that of ice.98, 99 Theoretical work, in particular by Chandler and co-
workers, did find that the hydrogen bond network of water surrounding small
hydrophobic solute (<1 nm) remains intact, whereas for water surrounding large
hydrophobic solutes the hydrogen-bonding network becomes disrupted.16, 100

Recently, a Raman spectroscopy study of the vibrational spectrum of water
molecules solvating small alcohols provided the first molecular-scale evidence for
the enhanced ordering of water around small hydrophobic solutes.101 Further

47



48 Water Structure and Orientation at Hydrophobic Surfaces 4.2

evidence for the different behaviour of water molecules in hydrophobic hydration
shells was obtained from dynamic studies. Water molecules hydrating hydropho-
bic molecular groups were observed to show much slower orientational dynamics
and hydrogen-bond dynamics than bulk water.102–105 The slowing down of the
dynamics of water molecules surrounding hydrophobic groups was reproduced
by both classical and ab initio molecular dynamics simulations.106, 107

Only few VSFG studies of water/oil systems have been reported, probably
because it is not straightforward to produce a stable water/oil interface.108–115

The Shen group has measured the structure of water at a fused quartz surface
covered with an octadecyltrichlorosilane (OTS) monolayer.108 The VSFG spec-
trum was observed to be red-shifted compared to that of a water/air interface,
which was attributed to the adsorption of hydroxide ions to the interface of the
hydrophobic tails of OTS and water. However, in another study of the same
Quartz/OTS/water system, the changes in the VSFG spectra were attributed
to the water molecules that are adsorbed near the polar head groups of the
OTS molecules and the quartz surface.109 In a very recent work by the group
of Tyrode et al. it was shown that the VSFG response of water near an OTS
coated silica surface strongly depends on the quality of the self-assembled OTS
layer.115 The signal increase of the hydrogen-bonded water molecules observed
for some of the self-assembled OTS layers was assigned to water directly in-
teracting with the fused silica substrate. Finally, the Richmond group111–113

has investigated water/CCl4 and water/alkane systems and concluded that the
hydrogen bonds between water molecules at these interfaces are significantly
weaker than at a water/air interface.

The orientation of water molecules at an oil interface has been investigated
by probing the surface of oil droplets immersed in water with VSFG scatter-
ing spectroscopy.110 In this study information on the orientation of the water
molecules was obtained from the interference of the response of the C–H stretch
vibrations of the oil with the low-frequency tail of the water hydroxyl vibrations.
This interference was observed to be the same at the interface of a neutral oil
droplet as at an interface covered with a negatively charged surfactant, which in-
dicated that the water molecules are preferentially oriented with their hydroxyl
groups pointing to the hydrophobic droplets. However, the main response of the
water hydroxyl vibration could not be observed because of the strong infrared
absorption of the water phase embedding the oil droplets.

Here we present intensity VSFG and HD-VSFG studies of the ordering and
hydrogen-bonding of water molecules at water/hexane, water/heptane and wa-
ter/polydimethylsiloxane interfaces. We find evidence that the structure of
water at these interfaces is enhanced compared to the structure of water at a
water/air interface. Further, we find that the water molecules have a preferred
orientation with their dipole moments pointing to the hydrophobic layer.
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4.2 Experimental

The experiments in this chapter were performed with intensity VSFG and
HD-VSFG setups described in Chapter 3. We probe the OD stretch vibration of
D2O/air, D2O/hexane, D2O/heptane and D2O/polydimethylsiloxane (PDMS)
interfaces.

The formation of a stable layer of a hydrophobic material on a water surface
depends on a subtle balance between short-range and long-range van der Waals
forces. For short n-alkanes (n ≥ 4) complete wetting of the surface is observed,
whereas for alkanes with 5 ≤ n ≤ 8 incomplete wetting state (partial wetting)
occurs, implying a coexistence of an ultrathin layer and lenses on the surface.
Alkanes with n > 8 form lenses without a thin film.116

In our experiments we form hexane and heptane layers on a water surface
by adsorption of the alkanes from their saturated vapors. This method of sam-
ple preparation strongly reduces the possibility of contamination, because only
volatile materials such as alkanes can evaporate and form a layer on water.
It was shown with ellipsometry that this technique leads to hexane and hep-
tane layers consisting of a thin film with droplets of micrometer dimensions.116

The formation of alkane layers from saturated vapors was also demonstrated by
X-ray reflectometry.117 In these studies it was reported that the alkane layer
thickness varies from 10 - 50 Å.

The water surface was enclosed in a Teflon coated aluminium cell with a
CaF2 window on top, ∼2 cm above the water surface (Fig. 4.1 a). The hexane
or heptane (∼3 ml) is placed around the water reservoir, and not in contact with
the water, after which the cell is sealed. The temperature of the cell can be
varied from 0 till 80◦C using a peltier element. The top CaF2 window is heated
to ∼5◦C above the temperature of the sample, to prevent water condensation
(for clarity not shown in the Fig. 4.1 a).

The PDMS layer was formed by depositing ∼200 µl PDMS directly on the
water surface, which resulted in a thin PDMS layer (thickness ∼50 - 100 µm).
PDMS is a hydrophobic polymer consisting of (CH3)2SiO structural units and
has a very low solubility in water, but due to its flexible backbone and weak
intermolecular interactions between the methyl groups, it can wet the water
surface.

We used D2O (≥99.96%, Cambridge Isotope Laboratories), n-hexane
(≥97.0%, Aldrich), n-heptane (≥99.0%, Aldrich), NaOH (50% in water,
Aldrich), HCl (1 M in water, Aldrich) and polydimethylsiloxane (PDMS,
Mr = 162.38, ≥98.5%, Aldrich) as received.

4.3 Results

4.3.1 Intensity VSFG

Figure 4.1 b – d shows intensity VSFG spectra in the frequency region of the OD
stretch vibrations measured for D2O/hexane, D2O/heptane, and D2O/PDMS.
For comparison, we also show the VSFG spectrum of a D2O/air interface
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Figure 4.1. Schematic illustration of the closed cell used for the formation of a hexane
or heptane layer on a water surface (a). Intensity VSFG spectra of a D2O/hexane (b),
D2O/heptane (c), D2O/polydimethylsiloxane (d). All spectra are compared with a
D2O/air spectrum (black line).

(Fig. 4.1 b – d, black line). All spectra have been recorded with a polarization
combination S-SFG, S-VIS, P-IR. With this specific light polarization combi-
nation, water transition dipoles perpendicular to the surface are probed.

Figure 4.1 b – d show that the VSFG spectra of the D2O/hydrophobe in-
terfaces have much higher intensities than the D2O/air interface. The VSFG
intensity is proportional to the net ordering of the probed molecular vibrations.
Hence, the strong increase in VSFG intensity indicates that there are more wa-
ter molecules with a preferred orientation at D2O/hydrophobe interfaces than
at the D2O/air interface. This indicates that water molecules at hydrophobic
interfaces are less randomly oriented than at water/air interface. This increase
in VSFG intensity cannot be caused by changes in Fresnel factors. It has been
shown that the dispersion of bulk water only leads to enhancement of the local
infrared electric field at frequencies well above the hydrogen-bonded region of
the infrared spectrum.118

It is also seen in Figure 4.1 b – d that for the D2O/hydrophobe interfaces the
low-frequency peak (OD(I) ∼2370 cm−1) is stronger than the high-frequency
peak (OD(II) ∼2500 cm−1), whereas for the D2O/air interface the two peaks
are of nearly equal intensity. In a recent study these two peaks have been
explained from a Fermi resonance of the symmetric OD stretch vibration and
the overtone of the bending mode.54 The coupling of the OD stretch and the
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Figure 4.2. Intensity VSFG spectra of D2O/air (a), D2O/hexane (b), D2O/heptane
(c), D2O/polydimethylsiloxane (d) at different temperatures (see inset). All spectra
are compared with a D2O/air spectrum (black line).

overtone of the bending vibration would lead to a so-called Evans window (re-
gion of lower intensity) within the broad band of the symmetric OD stretch
vibration, thus giving the appearance of a double-peak structure. The relative
intensities of the two peaks around the Evans window are dependent on the
average H-bond strength of the water molecules at the interface. In case the
hydrogen bonding is enhanced, the low-frequency peak becomes stronger than
the high-frequency peak. Hence, the stronger low-frequency peak observed for
the D2O/hydrophobe interfaces indicates that the hydrogen bonds between the
water molecules are stronger at these interfaces than at the D2O/air interface.
The free OD peak at ∼2745 cm−1 is not strongly affected by the presence of a
hydrophobic layer. The peak is slightly red-shifted by ∼20 cm−1 and somewhat
broadened, probably as a result of the van der Waals interactions between the
water molecules and the molecules in the hydrophobic layer.

Figure 4.2 presents intensity VSFG spectra at different temperatures, up to
a temperature of 80◦C. For the D2O/air interface the VSFG spectrum does not
change dramatically in amplitude. An increase in temperature primarily leads
to a decrease of the intensity of the low-frequency part of the hydrogen-bonded
spectrum, meaning that the hydrogen bonds between the water molecules be-
come weaker (Fig.4.2 a). For the water/hydrophobe interfaces the intensity
of the VSFG spectrum decreases at all frequencies in the hydrogen-bonded re-
gion of the spectrum. The overall decrease in VSFG intensity is accompanied
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by a relative increase of the high-frequency part of the hydrogen-bonded re-
gion of the VSFG spectrum relative to the low-frequency part of this spectrum.
This change in spectral shape reflects a decrease of the average hydrogen-bond
strength between the water molecules.

For the D2O/hexane and D2O/heptane interfaces the decrease in VSFG in-
tensity is much stronger than for the D2O/PDMS interface. This difference can
be explained from the lower boiling point of the alkanes and the resulting evap-
oration of the alkane layer. At 70◦C, the VSFG spectrum of the D2O/hexane
interface has become similar to that of the D2O/air interface at the same tem-
perature, because this temperature exceeds the boiling point of the hexane
(68◦C). For the D2O/PDMS system the decrease in VSFG observed is not due
to evaporation (boiling point of PDMS is >100 ◦C). For this system the de-
crease in VSFG intensity with temperature can be explained from the decrease
in structuring effect of the hydrophobic molecules on the nearby water layers.
For the D2O/hexane and D2O/heptane interfaces the decrease in VSFG inten-
sity with temperature results both from a decreased order of the water layer
and from (partial) evaporation of the hydrophobic layer.

4.3.2 Heterodyne-Detected VSFG

Intensity VSFG experiments show that water molecules are much more strongly
ordered at the interface with a hydrophobic liquid than at the interface with
air. However, from these measurements it is not clear how the water molecules
are oriented at the interface.

In Figure 4.3 the real and imaginary part of χ(2) (Reχ(2) and Imχ(2)) are pre-
sented for D2O/air and for three water/hydrophobic liquid interfaces. The sign
of the Imχ(2) depends on the orientation of the vibrational transition dipole with
respect to the surface normal, meaning that a positive Imχ(2) is associated with
H2O/D2O molecules that have a net orientation of their hydrogen/deuterium
atoms towards the other phase, e.g. pointing away from the bulk of the water
phase.119 The positive band at 2745 cm−1 observed for the D2O/air interface
has thus been assigned to dangling OD groups pointing into air, and the negative
part around 2500 cm−1 to hydrogen-bonded D2O molecules with a net orien-
tation of their OD groups towards the bulk liquid. The Imχ(2) spectrum also
shows a weak positive band between 2200 and ∼2400 cm−1. Pieniazek et al.59

explained this positive band from the competition of the low-frequency contribu-
tion of four-hydrogen-bonded molecules with their O–H groups pointing to the
interface. Ishiyama and Morita58, 120 presented a different explanation for the
observation of a positive Imχ(2) at low frequencies. According to this explana-
tion the low-frequency vibration of a strongly hydrogen-bonded water molecule
induces an oscillatory dipole moment in its hydrogen-bonded partner with a
dipole orientation perpendicular to the surface. Hence, in this explanation the
low-frequency part of Imχ(2) is not assigned to single strongly hydrogen-bonded
water molecules but rather to an anisotropic polarization coupling between dif-
ferent water molecules. Recently, the Tahara group showed that there is no
significant positive signal in the low-frequency region of the VSFG spectrum
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Figure 4.3. Imaginary χ(2) (blue) and real χ(2) (red) parts of (a) D2O/air, (b)
D2O/hexane, (c) D2O/heptane, (d) D2O/polydimethysiloxane. The spectra are mea-
sured with heterodyne-detected VSFG spectroscopy with an s-SFG, s-VIS, and p-IR
polarization combination.

of the OH stretch vibrations.60 In this study it is also shown that previous
reports of such a positive signal may well be due to an error in the phase of the
experimentally determined Imχ(2). Recent calculations also did not find evi-
dence for the presence of a positive feature in the Imχ(2) spectra at frequencies
<3200 cm−1.121
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Figure 4.4. Imaginary χ(2) part of H2O/polydimethysiloxane interface at different
pH values (indicated in the legend).

In Figure 4.3 we show that the Reχ(2) and Imχ(2) spectra of the hy-
drophobe/water interfaces strongly differ from the corresponding spectra of the
D2O/air interface. For all hydrophobic interfaces Imχ(2) is positive throughout
the hydrogen-bonded band, indicating that the hydrogen-bonded O–D groups
show a quite strong net orientation towards the hydrophobic phase. In addition,
at low OD frequencies, there can also be a contribution from the anisotropic
polarization effect that was proposed for the water/air interface.58

Figure 4.4 presents Imχ(2) spectra of H2O/PDMS at different pH values
(ranging from pH 3 to pH 14). The pH was increased by adding NaOH and
decreased by adding HCl to the water phase. The results clearly show that
changing the pH strongly affects the magnitude of Imχ(2). With increasing
pH, Imχ(2) increases (becomes more positive), reaching a maximum value at
∼pH 11. This finding shows that at higher pH the water molecules become
even more strongly oriented with their O–H groups pointing towards the oil
phase than at neutral pH. Decreasing the pH below pH 7 leads to a decrease
of Imχ(2), meaning that water molecules become less oriented. At the lowest
studied pH value of 3 the Imχ(2) spectrum becomes even slightly negative over
a large frequency of 3000 - 3500 cm−1, indicating a net orientation of the water
molecules with their O–H groups away from the oil phase.

4.4 Discussion

We find that water shows an enhanced ordering and stronger hydrogen bond-
ing next to a hydrophobic interface at room temperature. This finding is quite
different from the results of previous studies of the intensity VSFG spectrum
of water/CCl4 and water/alkane interface.111–113, 122 In these studies it was
found that at room temperature the hydrogen bonding between adjacent water
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molecules is weaker than at an water/air interface. This difference is probably
related to differences in the experimental parameters. The previous work was
performed with high-energy (2 mJ at 2.5 µm to 1 mJ at 4 µm) nanosecond
narrow-bandwidth IR beams,111 whereas we use low-energy (∼10 µJ) femtosec-
ond broadband IR pulses. Our observation of enhanced order and increased
hydrogen bonding of water at hydrophobic interfaces agrees with the results
of VSFG scattering studies of oil droplets dispersed in water110 and of a Ra-
man spectroscopic investigation of the response of water molecules hydrating
hydrophobic molecular groups in bulk alcohol/water mixtures.101 Molecular
dynamics simulations of water/heptane interface and water/decane interfaces
also show the presence of an enhanced ordering of the water molecules at the
interface at room temperature.110, 123

We observe that the enhanced ordering of water at room temperature com-
pletely vanishes at elevated temperatures. This temperature dependence also
agrees very well with the results of the recent Raman spectroscopic study of
hydrophobic molecular groups in bulk alcohol/water mixtures.101 The observa-
tion hydrophobic hydration effects decrease with increasing temperature agrees
with thermodynamic observations and with studies of the dynamics of water hy-
drating hydrophobic solutes. In femtosecond infrared and NMR spectroscopic
studies it was found that the reorientation of water molecules in the hydration
shells of hydrophobic solutes is strongly slowed down compared to bulk water
at room temperature, but speeds up when the temperature is increased.103–105

An interesting observation is that the temperature dependence of the inten-
sity of the VSFG spectrum differs from the temperature dependence of the shape
of the spectrum (Fig. 4.2). Up to ∼40◦C the temperature increase leads to a
decrease in intensity, while the shape of the spectrum remains rather similar to
that at room temperature. At temperatures >40◦C the spectrum shows a clear
blue-shift. This type of behavior is especially clear for the D2O/PDMS interface
(Fig.4.2 d) for which the hydrophobic layer will not evaporate when the tem-
perature is increased (in contrast to hexane and heptane that will (partly) evap-
orate). These findings indicate that the enhanced order of water surrounding
hydrophobic molecular groups is even more strongly dependent on temperature
than the strength of the average hydrogen-bond interaction. It thus appears
that a minor change in temperature already suffices to change the ordering and
net orientation of the water molecules induced by the hydrophobic surface.

The molecular-scale origin of the orientation of water molecules at an inter-
face with alkane molecules has been a subject of intense debate. It has been
proposed that this orientation arises from the presence of excess hydroxide ions
at the water/oil interface.108 As a result, the water/oil interface would possess a
net negative charge, thereby inducing a preferred orientation of the O–H groups
of water molecules in the adjacent layers towards the oil phase. The presence of
excess hydroxide ions at the water/oil interface has also been proposed to be the
origin of the observed negative ζ potential of oil droplets in water.124 However,
molecular dynamics simulations showed that the orientation of water molecules
at water/alkane interfaces can also result from a purely structural effect, i.e.
without invoking the presence of hydroxide ions.110, 123 In these simulations it
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Figure 4.5. Schematic illustration of the formation of a water/oil interface with the
water O–H groups showing a net orientation to the hydrophobic layer.

was shown that there exists an imbalance in donating and accepting hydrogen
bonds close to the interface, leading to a net orientation of the water dipole
moments and O–H groups towards the hydrophobic phase. The imbalance in
donating and accepting hydrogen bonds also gives rise to a local region of excess
negative charge in the water phase at ∼0.5 nm from the Gibbs dividing surface.

It should be noted that the two explanations for the net orientation of water
molecules at the interface of water and alkanes are not mutually exclusive and
could in fact represent the same physical effect. The imbalance in donating and
accepting hydrogen bonds resulting from the truncation of the hydrogen-bond
network will be accompanied by changes in the electron density. In a valence
bond picture this would mean that the hydrogen-bonded H2O· · ·HOH pairs
would have a stronger admixture of H2O+H· · ·OH− character, which would
imply that the concentration of both hydronium (H3O+) and hydroxide (OH−)
would be increased near a water/alkane interface. In ab initio MD simulations
of the water/air interface it was shown that the solvation structure of hydrox-
ide ions is more flexible than that of hydronium and that the hydroxide ion
becomes partially desolvated as it approaches the interface.125 Moreover, the
hydrogen bond donated by a hydroxide ion is weak, which implies that for a
weakly hydrogen-bonded (dangling) OH group at the interface the energy cost
of acquiring OH− character is smaller than for a strongly hydrogen-bonded OH
group in the bulk. It is thus conceivable that the hydroxide character is more
pronounced on the water OH groups that are in direct contact with the alkane
molecules than on water OH groups that are deeper down in the water layer,
meaning that an enhancement of the H2O+H· · ·OH− valence bond character
would have a preferential orientation with the OH− close to the alkane phase.
This H2O+H· · ·OH− valence-bond character is further stabilized in case the
OH group acquiring the OH− character accepts two hydrogen bonds donated
by H2O molecule that are one layer deeper, as the formation of these hydro-
gen bonds is accompanied by a transfer of a small amount of negative charge
from the hydrogen-bond accepting OH− group to the two hydrogen-bond do-
nating OH groups.110 The configuration showing enhanced H2O+H· · ·OH−

valence-bond character is schematically depicted in Fig. 4.5. An increase in
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H2O+H· · ·OH− valence-bond character at the interface will create a local elec-
tric field that orients nearby water OH groups towards the alkane phase.

This explanation is consistent with the observation that the orientation of
water is further enhanced when the pH is increased, as shown in Figure 4.4.
The higher bulk hydroxide concentration will stimulate the fraction of wa-
ter molecules at the interface showing H2O+H· · ·OH− valence bond charac-
ter, thereby increasing the local electric field that orients water OH groups
towards the alkane phase. The surface concentration of H2O+H· · ·OH− va-
lence bond structures will be very small (<<mmolar) and the OH− vibrations
are thus not directly observable in the VSFG response. However, an increase
in H2O+H· · ·OH− valence-bond character at the interface will create a local
electric field that orients nearby water OH groups towards the alkane phase.
As a result, Imχ(2) acquires a positive sign at all frequencies, as is observed in
Fig. 4.3.

Further ab initio molecular dynamics simulations will be needed to elucidate
the potentially cooperative effect of local structure and charge redistribution on
the hydrogen-bond structure and orientation of water molecules at the water/oil
interface. These simulations should specifically address water/oil interfaces, as
we observe the properties of water molecules at these interfaces to be substan-
tially different from that of water molecules at the water/air interface.

4.5 Conclusions

We studied the structure and net orientation of water molecules at the wa-
ter/hexane, water/heptane, and water/polydimethylsiloxane interfaces. With
intensity VSFG spectroscopy we observe that the water hydrogen-bond struc-
ture at these interfaces is enhanced in comparison to the hydrogen-bond struc-
ture at the water/air interface. We also observe that the VSFG spectrum is
red-shifted compared to that of a water/air interface, which points at a strength-
ening of the hydrogen bonds between the water molecules. With increasing tem-
perature the VSFG intensity strongly decreases and the VSFG spectrum shows
a significant blue-shift, indicating that the ordering of the water decreases, and
that the hydrogen bonds become weaker. By interfering the VSFG light with
the light of a local oscillator we determine the absolute phase of the VSFG
light generated by the water/alkane and water/polydimethylsiloxane interfaces.
Thereby we determine the orientation of the water molecules at all frequencies
of the O–H stretch absorption band. For all three studied interfaces the water
molecules show a net orientation with their O–H groups pointing towards the
hydrophobic phase. This net orientation is observed at all frequencies of the
O–H stretch vibrational absorption spectrum. This behavior strongly differs
from that of water molecules at the water/air interface, where the orientation
depends on the O–H stretch frequency and where most hydrogen-bonded water
molecules have their O–H groups pointing towards the water phase.
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The Interplay of Electrostatic
Interactions and Hydrophobic

Hydration at the Surface of
Tetra-n-Alkylammonium

Bromide Solutions

We use intensity VSFG and HD-VSFG to study the structure of water at the
surface of aqueous tetra-n-alkylammonium bromide (TAABr) solutions. We
compare the water structure for four different n-alkyl chains (n = 1, 2, 3, 4).
For solutions of tetra-n-alkylammonium bromides with short n-alkyl chains
(n = 1, 2), we observe the structure of the surface water to be similar to the
structure observed for simple inorganic salt solutions. For these solutions, the
presence of Br− at the interface is observed to lead to a small decrease in the av-
erage strength of the hydrogen bonds. For solutions of tetra-n-alkylammonium
bromides with long n-alkyl chains (n = 3, 4), we observe a strong ordering of
the water molecules at the solution surface. The water molecules show a net
orientation of their O–H group towards the bulk, which can be explained from
the high surface propensity of positively charged tetra-n-alkylammonium ions
with long alkyl chains (n = 3, 4). With increasing concentration of TAABr
this ordering decreases and at very high concentrations (> 2 M) the orienta-
tion of the water molecules reverses. This latter finding can be explained from
the formation of aggregated clusters of TAA+ cations and Br− anions near the
solution surface.

5.1 Introduction

Hydrophobic interactions play an essential role in several biological phenomena,
such as protein folding and the formation of biological membranes.9 This in-
teraction is governed by the thermodynamics of the hydration of hydrophobic
molecular groups. These thermodynamics show a remarkable dependence on
the size of the hydrophobic solute. In particular, for small solutes with a typi-
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cal size <1 nm, the entropy of hydration is negative, which indicates that small
solutes are well accommodated in water, leading to an enhancement of the water
structure and hydrogen-bonding network. In contrast, large solutes disrupt the
water structure, leading to the formation of a vapour-like interface. An elegant
theoretical description of this length-scale dependence was developed by Lum,
Chandler and Weeks.16, 126

Tetra-n-alkylammonium halides (TAAX, X = Br−, Cl− and etc.) are widely
used as model systems to study hydrophobic phenomena, because the tetra-
alkyl-ammonimum (TAA+) ion is well soluble in water and its hydrophobicity
can be tuned by varying the length of the alkyl chain. TAA+ ions display both
electrostatic and hydrophobic interactions. A number of studies have been
performed on TAA salt solutions to investigate hydrophobic hydration and in
particular the cross-over behavior of small and large hydrophobic solutes. Early
thermodynamic and transport studies have pointed indirectly to an increased
ordering of water around large TAA+ cations such as tetra-propyl-ammonium
(TPA) and tetra-butyl-ammonium (TBA).14, 127 In contrast to that, a later neu-
tron diffraction study of TAABr solutions found that the hydrogen-bond struc-
ture of water around TAA+ cations does not differ from that of bulk water,
meaning that the structural enhancement of water commonly associated with
hydrophobic hydration was not observed.98, 99 Recent small-angle X-ray scat-
tering experiments did find the water structure around the hydrophobic TAA+

ions to be enhanced compared to bulk water. This enhancement was observed
to be more pronounced for TPABr and TBABr solutions than for tetra-methyl-
ammonium bromide (TMABr) and tetra-ethyl-ammonium bromide (TEABr)
solutions.128

With most spectroscopic techniques such as infrared or Raman, it is chal-
lenging to measure the effect of hydrophobic moieties on the structure of water,
because the contribution of the hydration shells to the signal is usually much
smaller than the bulk water signal. Here we use the highly surface-specific tech-
niques of VSFG and HD-VSFG spectroscopy to study the effects of TAA+ and
Br− ions on the hydrogen-bond structure of water.

5.2 Experimental

We studied aqueous TAABr solutions with different alkly groups and at a range
of concentrations. In the preparation of the samples we used water from a Mil-
lipore Nanopure system (18.2 MΩ cm). TMABr (≥98 %), TEABr (≥99 %),
TPABr (≥98 %), TBABr (≥99 %), and TPACl (≥98 %) were purchased from
Sigma Aldrich and used without further purification. We measured linear in-
frared spectra of all samples with an FTIR spectrometer (Bruker Vertex 80v).
The surface tension of the solutions was measured with a Langmuir tensiometer
(Kibron DeltaPi).
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5.3 Results

5.3.1 Intensity VSFG

Figure 5.1. Intensity VSFG spectra of pure water and 0.1 M tetra-n-alkylammonium
bromide salt solutions.

Figure 5.1 shows intensity VSFG spectra of neat water and 0.1 M tetra-n-
alkylammonium bromide solutions. The VSFG spectra of 0.1 M concentration
tetra-methyl-ammonium bromide and tetra-ethyl-ammonium bromide solutions
are practically indistinguishable from the pure water spectrum. In contrast, the
VSFG spectra of tetra-propyl-ammonium bromide and tetra-butyl-ammonium
bromide are quite different. The VSFG spectra of TPABr and TBABr solutions
show a clear response in the spectral region of the CH stretch vibrations (2800
- 3100 cm−1) that is not observed for the TMABr and TEABr solutions and
also show a much higher intensity than the VSFG spectrum of bulk water in
the O–H vibrational region. These observations indicate that TAA+ ions with
long alkyl chains (n = 3, 4) have a much higher surface propensity than TAA+

ions with short alkyl chains (n = 1, 2).
In Figure 5.2 we present VSFG spectra of solutions of TEABr and TPABr at

different concentrations. For TEABr (Figure 5.2 a) the VSFG intensity shows
a gradual increase with concentration, and there is no significant change in the
shape of the spectrum, except for a small blue-shift at the highest measured
concentration of 8 M. For TPABr the VSFG intensity strongly increases with
concentration. At a bulk concentration of ∼0.001 M of TPABr, the VSFG
intensity is already substantially higher than that of pure water. The VSFG
intensity reaches a maximum value at a low bulk concentration of ∼0.01 M: a
further increase of the concentration leads to a decrease of the VSFG signal.
Besides the clear intensity changes, the addition of TPABr is observed to lead
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Figure 5.2. Intensity VSFG spectra of (a) TEABr and (b) TPABr salts at different
concentrations.

to a red-shift of the broad hydrogen bonded water band. Up to concentrations
of 1 M, the low-frequency peak (∼3200 cm−1) is much stronger than the high-
frequency peak (∼3400 cm−1), which is quite different from the VSFG signal of
the surface of pure water, for which the two peaks are of approximately equal
intensity.

In Figure 5.3 we present VSFG spectra of solutions of TBABr at different
concentrations. In Figure 5.3 a) we probe the C–H stretch vibrational region
and here we observe a gradual increase of the bands at 2865 cm−1, 2940 cm−1

and 2980 cm−1. We assign these bands to the symmetric C–H stretch vibra-
tion, the Fermi resonance and the asymmetric C–H stretch vibration of the
CH3 groups of the butyl chains, respectively. In Figure 5.3 b) we probe the
O–H stretch vibrational region of the interfacial water molecules. The VSFG
spectra of TBABr solutions show a very similar shape and concentration depen-
dence as the VSFG spectra of TPABr solutions in the same frequency region
(Figure 5.2 b). For TBABr the VSFG signal reaches a maximum intensity at
an even lower concentration (∼0.001 M for TBABr and ∼0.01 M for TPABr),
which indicates that TBABr has an even higher surface propensity than TPABr.
For concentrations >0.001 M the VSFG signal of TBABr solutions starts to de-
crease and at ∼1 M the VSFG spectrum in the O–H region looks quite similar
to that of pure water. Finally, at higher concentrations (>1 M) the spectrum
shows a slight increase again and the high-frequency peak of the O–H stretch
spectrum becomes larger than the low-frequency peak.

The concentration range of the VSFG spectra of TPABr and TBABr so-
lutions in the O–H stretch vibrational region can thus be divided into three
regions: a low concentration range (0 – 0.01 M), in which the VSFG signal
strongly increases and red-shifts, indicating that the water molecules at the
surface become much more oriented and more strongly hydrogen bonded; a
medium concentration range (0.01 – 1 M), where the VSFG signal decreases
and becomes less red-shifted, which means that the water molecules become less
oriented and less strongly hydrogen bonded; and a high concentration range (1 –
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Figure 5.3. Intensity VSFG spectra of solutions at different concentrations of TBABr
in H2O. (a) Frequency region of the C–H stretch vibrations, and (b) frequency region
of the O–H stretch vibrations.

Figure 5.4. Linear IR spectra of (a) TEABr and (b) TBABr at different concentra-
tions.

4 M), where the VSFG signal again slightly increases and the spectral response
gets blue-shifted, indicating that the probed water molecules are more weakly
hydrogen bonded.

The red-shift of the VSFG spectrum of the O–H stretch vibrations is a quite
interesting observation. Infrared absorption spectra of TBABr solutions that
probe the response of the bulk water molecules do not show such a red-shift
of the response of the O–H stretch vibrations (see Figure 5.4). In fact, the
infrared absorption shows a blue-shift of the O–H stretch absorption band that
gets more pronounced with increasing concentration. The blue shift can be
explained from the fact that the hydrogen bonds between water molecules and
bromide ions are weaker than water-water hydrogen bonds. As a result, the
O–H stretch vibrations of water molecules hydrating the Br− ions appear at
higher frequencies (blue-shifted).129 The Raman spectra of TMACl, TEACl
and TPACl also show an enhancement of the high frequency water peak, which
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is explained from the formation of hydrogen bonds to Cl− ions that are weaker
than the hydrogen bonds between water molecules.130 Clearly, the red-shift
of the O–H stretch VSFG response of low-concentration solutions of TPABr
and TBABr solutions is quite anomalous and likely a highly surface-specific
phenomenon.

5.3.2 Heterodyne-Detected VSFG

Figure 5.5. Imaginary χ(2) spectra of (a) TMABr, (b) TEABr, (c) TPABr, and (d)
TBABr at different concentrations (see legend).

To investigate the effect of TAABr salts on the orientation and hydrogen
bonding of surface water molecules in more detail, we performed HD-VSFG
experiments. In Figure 5.5 we present the Im χ(2) for the surfaces of pure wa-
ter and tetra-n-alkylammonium bromide (n = 1, 2, 3, 4) solutions at different
concentrations. The Im χ(2) spectra of TMABr and TEABr differ only slightly
from the Im χ(2) spectrum of the pure water surface (Figure 5.5 a and b),
in agreement with the intensity VSFG data. In contrast, the Im χ(2) spectra
of TPABr and TBABr are strongly concentration dependant. At low concen-
trations of TPABr or TBABr (∼0.001 M), the Im χ(2) spectra are negative
throughout the hydrogen-bonded region, indicating that the water OH groups
show a net orientation towards the bulk. Interestingly, the amplitude of this
negative band decreases with increasing concentration. At high concentrations
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of TPABr (∼1 M) and TBABr (∼0.5 - 1 M) solutions the Im χ(2) spectra be-
come similar to the Im χ(2) spectrum of the pure water surface. At extremely
high concentrations of TPABr (∼8 M) and TBABr (∼4 M) the Im χ(2) spectra
acquire an overall positive sign, indicating that the O–H groups of the water
molecules show a net orientation away from the water bulk. For solutions of
tetra-propyl-ammonium chloride (TPACl) we observe a very similar concentra-
tion dependence of the Im χ(2) spectrum of the water band (Figure 5.6).

Figure 5.6. Imaginary χ(2) spectra of TPACl at different concentrations.

5.4 Discussion

The intensity and heterodyne-detected VSFG spectra of short-chain (n = 1, 2)
TAABr salts are completely different from those of long-chain (n = 3, 4) TAABr
salts. The VSFG spectra of solutions of short chain TAA+ cations are quite
similar to the VSFG spectrum of the surface of pure water, indicating a low
surface propensity of these ions. Apparently, short chain TAA+ cations are well
solvated in bulk liquid water, which implies that the electrostatic interactions
of the TAA+ cations dominate over the hydrophobic interactions. In contrast,
long chain TAA+ cations are expelled from the bulk liquid leading to a high
surface concentration. For long chain TAA+ cations hydrophobic interactions
between water and the n-alkyl chains are hence more relevant than electro-
static interactions. This result agrees with surface tension measurements.131 In
Figure 5.7 a we present the surface tension of solutions of TEABr and TBABr
as a function of concentration. It is observed that the surface tension of TEABr
remains constant (∼72 mN/m) over the whole studied concentration range of
0 - 4 M, whereas the surface tension of TBABr solutions strongly decreases with
increasing concentration, reaching a low value of ∼45 mN/m for concentrations
>1 M. In Figure 5.7 b) we compare the concentration dependence of the surface
tension of TBABr with that of the intensity of the VSFG signal at 3200 cm−1.
It is seen that at low concentrations the VSFG intensity strongly increases with
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concentration, while the surface tension is negligibly affected. At concentrations
>0.001 M both the VSFG intensity and the surface tension decrease, indicating
a similar origin, i.e. the presence of a high density of TBA+ and Br− ions in
the interfacial region. Figure 5.7 b) thus clearly shows that the surface tension
is not representing the propensity of particular ions in the top molecular layers
of the solution, but rather the interfacial salt concentration probed over a much
larger depth.

Figure 5.7. (a) Surface tension as a function of concentration for TEABr and TBABr
solutions; (b) Surface tension and VSFG intensity at 3200 cm−1 as a function of
concentration for TBABr solutions. The lines are guides to the eye.

For solutions of short-chain TAA+ ions, the increase of the concentration
leads to a small blue-shift of the hydrogen-bonded water band. This blue-shift
indicates the presence of relatively weak hydrogen bonds and can be explained
from the increased contribution of water O–H groups forming hydrogen bonds
to Br− ions. This result agrees with the work by Allen and coworkers in which
it was shown that the addition of halide salts to water leads to a blue-shift of the
intensity VSFG spectrum.132, 133 For TPABr and TBABr solutions the VSFG
spectrum shows a strong red-shift at low concentrations, which obviously cannot
be caused by hydrogen bonding to Br− ions. In previous studies we found that
the hydrogen bonds between water molecules become stronger at the interface
of water and hydrophobic liquids like hexane, heptane and polydimethylsilox-
ane.134 A similar result was found in advanced spontaneous Raman scattering
studies of solutions of alcohols. In these studies it was shown that the hydrogen-
bond structure of water hydrating the alkyl chains of the alcohols is enhanced in
comparison to the hydrogen-bond structure of bulk liquid water.101 Hence, the
observed red-shift of the intensity and VSFG spectrum of solutions of TPABr
and TBABr can be explained from the hydration of the hydrophobic alkyl chains
of these ions near the solution surface.

In addition to the red-shift, we observe an increase in intensity of the VSFG
spectrum of TPABr and TBABr solutions in comparison to bulk liquid water.
This intensity increase can be explained from the electric field that is created by
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Figure 5.8. Schematic picture of the interfacial configuration of cations and anions
at (a) low and (b) high concentrations of TPABr and TBABr.

the large concentration of hydrophobic cations at the surface and the Br− ions
that on average are located deeper down in the liquid. Br− ions tend to have a
somewhat higher concentration at the surface than in the bulk.135–137 However,
in comparison to TPA+ and TBA+ ions the surface propensity of Br− is weak.
The separation of the positive TPA+ and TBA+ ions and the negative Br− ions
leads to an electric field pointing away from the surface, thereby orienting the
water O–H groups towards the bulk phase, thus explaining the large negative
value of Im χ(2) of the water O–H band for low-concentration solutions of TPABr
and TBABr. For the VSFG signal of the C–H vibrations the electric field effect
is far less pronounced. In Figure 5.3 a) it is seen that the VSFG intensity
of the C–H vibrations increases only gradually with increasing concentration.
This strong difference in concentration dependence of the C–H and the water
O–H signal can be explained from the fact that the water molecules possess a
dipole moment, and thus strongly orient in the electric field created by TPA+

and TBA+ ions at the surface and Br− ions deeper down in the liquid. The
TPA+ and TBA+ ions do not possess a dipole moment as the alkyl chains
are symmetrically (tetrahedrally) arranged around the N atom. For TPACl
solutions we observe a similar concentration dependence of the Im χ(2) spectrum
of the water band, showing that Cl− ions behave very similar to Br− ions.

When the concentration of TPABr and TBABr is increased, the amplitude
of the negative band decreases. This decrease can be explained from the de-
crease in distance between the centers of positive and negative charge in the
interfacial region. As a result, there are less water molecules confined in be-
tween the TAA+ and Br− ions, and the VSFG signal decreases. At very high
TPABr and TBABr concentrations, the TAA+ cations and Br− ions will form
aggregated clusters at the solution surface, with a somewhat higher concen-
tration of Br− ions deeper down in the solution. In Figure 5.8 we present a
schematic picture of the interfacial configuration of the cations and anions at
low and high concentrations of TPABr and TBABr. In the high-concentration
regime there will be very few water molecules enclosed by the TAA+ and Br−

ions, and the VSFG spectrum will become dominated by water molecules form-
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ing hydrogen bonds to the Br− ions of the aggregated cation-anion layer at the
surface. For these water molecules the O–H will have a net orientation away
from the bulk, explaining the positive sign of the Im χ(2) spectra in the high
concentration regime. In addition, the hydrogen bonds to the Br− ions are
somewhat weaker than the hydrogen bonds between water molecules, thus ex-
plaining the blue-shift of the intensity and heterodyne-detected VSFG spectra
of highly concentrated solutions of TPABr and TBABr.

5.5 Conclusions

We studied the surface properties of solutions of tetra-n-alkylammonium bro-
mide salts using intensity and heterodyne-detected VSFG spectroscopy. We ob-
serve that short-chain tetra-n-alkylammonium bromides (n = 1, 2) behave like
simple inorganic salts. TMA+ and TEA+ ions show little surface propensity.
As a result, the VSFG spectra of short-chain tetra-n-alkylammonium bromides
(n = 1, 2) are similar to the VSFG spectrum of pure liquid water. A slight blue
shift of the spectrum is observed that can be explained from the contribution
of water molecules forming hydrogen bonds to the Br− ions. For long-chain
tetra-n-alkylammonium bromides (n = 3, 4) we observe a very different VSFG
spectrum, due to the high surface propensity of the tetra-propyl-ammonium and
tetra-butyl-ammonium cations. At low bulk concentrations, the VSFG spectra
are dominated by hydrophobic hydration effects, leading to a red-shift of the
response of hydrogen-bonded water molecules. In addition the amplitude of the
VSFG spectrum is strongly enhanced due to the orienting electric field that is
created by the separation of the center of positive charge associated with the
positive TAA+ ions at the surface and the center of negative charge associated
with the Br− ions deeper down in the solution. At high concentrations, the
TAA+ and Br− ions form aggregated clusters at the solution surface and the
VSFG spectrum is dominated by water molecules forming hydrogen bonds to
the Br− ions of these clusters.
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Orientation of Polar Molecules
near Charged α-Lactalbumin

Protein Interfaces

We study the orientation of water, urea molecules and protein amide vibrations
at aqueous α-lactalbumin and α-lactalbumin/urea interfaces using heterodyne-
detected VSFG. We vary the net charge of the protein by changing the pH.
We find that the orientation of the water and urea molecules closely follows the
net charge of the protein at the surface of the solution. In contrast, the net
orientation of the amide groups of the backbone of the protein is independent
of pH. We discuss the implications of these results for the mechanism by which
urea denatures proteins.

6.1 Introduction

Water plays a crucial role in the functioning and dynamics of proteins. Several
recent experimental and theoretical studies indicate that water not only de-
termines the conformation of proteins, but can also play an active role in their
function.138 For instance, water molecules can form essential parts of enzymatic
pockets,139, 140 and the structuring of water layers adjacent to the ice-binding
site of an antifreeze protein can provide the protein with a high affinity for
nascent ice crystals.141 Protein/water interfaces further play an important role
in colloid research and the food industry. The macroscopic material properties
of aqueous-protein mixtures can often be tuned by subtle changes in the com-
position, because these changes can induce interfacial rearrangements that in
turn strongly affect the intermolecular interactions.142 A detailed investigation
of the structural and dynamical properties of water molecules at protein sur-
faces is therefore of great interest for both the understanding of biomolecular
processes and for industrial applications.

Vibrational sum-frequency generation spectroscopy has been demonstrated
to be a powerful tool to study the molecular orientation and conformation at
protein/water interfaces.143, 144 Intensity VSFG studies showed that a change
of the pH induces a strong change in the signal of the water molecules, and this

69
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change can be explained from the pH-dependent net charge of the protein.145, 146

In an intensity VSFG study of aqueous protein solutions by the group of Paul
Cremer, it was proposed that these changes can be well explained from a change
of the orientation of the water molecules in response to the variation of the total
charge on the protein as a function of pH.147 Using heterodyne-detected VSFG
it has been shown that charged lipid monolayers and organic molecules can
orient interfacial water molecules.95, 148

Urea is a small, highly polarizable molecule with similar properties as water,
and it is widely used to denature proteins. The underlying mechanism of the
denaturation is still under debate.149–151 Denaturation can either occur through
a direct or an indirect mechanism. In the direct mechanism, urea accumulates at
the protein surface and replaces water molecules solvating the protein, meaning
that urea directly binds to the backbone of the protein.149, 152, 153 In the indirect
mechanism the denaturation results from a urea-induced change in the water
structure.150, 154 The effects of urea on the structure and dynamics of water
are observed to be small, which points at a direct denaturation mechanism of
urea.155

In a recent intensity VSFG study by the group of Paul Cremer evidence was
found for an indirect denaturation mechanism of urea.147 In this study it was
shown that the orientation of urea molecules at the protein interface depends
on the net charge of the protein and, moreover, that this orientation follows
the orientation of the interfacial water molecules. This finding was interpreted
as urea molecules being completely enclosed by the hydrogen-bond network of
water thus closely following the orientation of the water molecules.147 However,
the net orientation of the dipolar amide groups of the protein may show a similar
dependence on the protein charge state and thus on the pH as the urea and water
molecules. Hence, a change in the orientation of the urea molecules could be
induced by the flipping of the net orientation of the water molecules (pointing at
an indirect denaturation mechanism) or by the flipping of the amide groups. In
the latter case the urea molecules can be hydrogen bonded to the amide groups,
which would point at a direct denaturation mechanism. A distinction between
these two scenarios can be possibly made by probing not only the orientation
of the urea and water molecules, but also the orientation of the amide groups
of the protein.

Here we study the structure and orientation of water, urea and the amide
groups of α-lactalbumin using heterodyne-detected VSFG. α-lactalbumin is a
common protein that is present in the milk of almost all mammalian species
used in industrial food products. The structure of α-lactalbumin is known and
has been widely investigated.156, 157 The protein consists of 123 amino acids
and its structure contains α-helical (∼34%), β-sheet (∼12%) and disordered
(∼50%) elements.158, 159 The molecular weight is 14 kDa and the isoelectric
point (IEP) is ∼4.9.
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6.2 Experimental

α-Lactalbumin (BioPure) was purchased from Davisco and was used without
further purification. Urea (ACS reagent, ≥99.0 %) was purchased from Sigma
Aldrich. D2O (≥99.96 %) was purchased from Cambridge Isotope Laborato-
ries. The HD-VSFG measurements were performed in ultrapure water or D2O,
and the pH/pD was adjusted using NaOH/NaOD (1 M in water, Aldrich) and
HCl/DCl (50 % H2O/D2O, Aldrich).

6.3 Results and Discussion

Figure 6.1. Imaginary χ(2) spectra of aqueous α-lactalbumin at different pH values
in the region of 2800 - 3600 cm−1.

Figure 6.1 shows HD-VSFG spectra of water and aqueous α-lactalbumin
at the air/water interface at different pH values, measured in ssp polarization
(s-SFG, s-VIS, p-IR). The sign of the Imχ(2) spectrum of the OH vibrations
depends on the projection of its vibrational transition dipole moment on the
surface normal. A negative Imχ(2) corresponds to OH groups that on average
point to the bulk of the liquid, while a positive Imχ(2) corresponds to OH groups
pointing away from the bulk. The Imχ(2) spectrum of α-lactalbumin at the
water/air interface strongly differs from that of pure water. In addition to the
response of the water OH vibrations, this spectrum shows two negative bands
at ∼2880 cm−1 and ∼2950 cm−1. We assign the 2880 cm−1 band to the methyl
symmetric stretching vibration (CH3, SS) and the 2950 cm−1 band to the Fermi
resonance (CH3, FR) of this vibration and the overtone of the methyl bending
vibration.57 A much weaker positive band is observed at ∼2990 cm−1 which
we assign to the methyl anti-symmetric stretching vibration (CH3, AS).160 The
negative signs of the CH3, SS and CH3, FR bands, and the positive sign of
CH3, AS indicate that the associated methyl groups are oriented towards the
air phase.148, 161 We attribute the CH stretch vibrations to the methyl groups
of amino acid residues. An additional weak band is observed at 3060 cm−1.
This band can be assigned to aromatic CH stretch vibrations of the aromatic
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Figure 6.2. Schematic representation of α-lactalbumin and the water subphase for
neutral, negatively and positively charged proteins at the water/air interface.

amino acids present in the protein (4x tryptophan, 4x tyrosin, 4x phenylalanin,
3x histidin). In a previous intensity VSFG study of aqueous β-lactoglobulin
the band at ∼3060 cm−1 was used to deduce the absolute water orientation
at the protein/water interface by considering its interference with the broad
hydrogen-bonded water band.146

Changing the pH of the solution does not have a prominent effect on the
intensity of the CH vibrational bands at ∼2880 and ∼2950 cm−1, indicating
that the net orientation of the CH groups of the protein does not change when
varying the pH. The HD-VSFG signal scales with the number of molecules
probed and strongly depends on the net orientation of probed molecules. Hence,
the constant intensity of the CH signals indicates that the surface propensity of
the protein does not change significantly when varying the pH. The aromatic
CH band at ∼3060 cm−1 only appears as a small dip in the Imχ(2) spectra and
shows no significant change of its phase upon changing the pH.

The OH region of the Imχ(2) spectrum of aqueous solutions of α-lactalbumin
shows substantial changes when the pH is changed. These changes closely follow
the net charge of the protein (see Figure 6.7 in Appendix 6.A). At the isoelectric
point (IEP) of α-lactalbumin (pH ∼4.9), at which the overall charge of the
protein is zero, the VSFG signals of the OH stretch vibrations at 3200 cm−1

and 3500 cm−1 are small, indicating very little net orientation of the OH groups
of the water molecules. At pHs above the IEP of α-lactalbumin the signals at
3200 cm−1 and 3500 cm−1 are both positive, while at pHs lower than the IEP
they are both negative. Hence, decreasing the pH changes the orientation of
the O–H groups of the water molecules from positive (pointing towards the
negatively charged protein at the surface) to negative (pointing away from the
positively charged protein). The orientation of the interfacial water molecules
at the protein/water interface thus closely follows the electric field induced by
the charge state of the protein, as illustrated in Figure 6.2.

The Imχ(2) spectrum of a concentrated aqueous solution of urea does not
significantly differ from that of pure water, as seen in Figure 6.3 a). This
result illustrates that urea is not very surface active. The observed spectrum is
consistent with the previously reported notion that urea molecules fit well into
the hydrogen-bond network of liquid water, and that they have very little effect
on the strength of the hydrogen bonds.162
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Figure 6.3. Imaginary χ(2) spectra of H2O and 4 M Urea in H2O interfaces (a).
Imaginary χ(2) spectra of α-lactalbumin in H2O and in 4 M urea interfaces at pH=9
(b).

Upon addition of urea to an α-lactalbumin solution the overall amplitude
of the Imχ(2) spectrum decreases and a new band at ∼3380 cm−1 appears, as
seen in Figure 6.3 b). We assign this new band to the NH stretch vibrations
of the NH2 groups of urea, which is consistent with the IR and Raman spec-
tra of urea, and which agrees with the intensity VSFG data of Cremer and
coworkers.147, 163, 164 The decrease in amplitude of the Imχ(2) spectrum prob-
ably originates from the reduction of the number of water molecules at the
protein/water interface due to the additional presence of urea molecules.

In Figure 6.4 we show the Imχ(2) spectra of α-lactalbumin in 8 M urea at
different pH values. Upon changing the pH of the solution, the sign of the
NH vibrational band changes, and follows the same trend as the broad OH
vibrational band. At the IEP of α-lactalbumin, only a very weak negative
signal at lower frequencies arising from the OH vibrations and a small positive
peak of the NH vibrations are observed, indicating that nearly equal amounts
of urea molecules have their NH vibrations pointing up as pointing down. At

Figure 6.4. Imaginary χ(2) spectra of α-lactalbumin in 8 M urea at different pH
values.
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Figure 6.5. Imaginary χ(2) spectra of α-lactalbumin in D2O at different pD values.

pH values above the IEP (protein negatively charged), the NH vibrations are
pointing towards the proteins at the surface, while at pH values below the IEP
(protein positively charged) the NH vibrations are pointing downwards into the
liquid, in agreement with their expected dipolar orientation.

In Figure 6.5 we show the Imχ(2) spectra of α-lactalbumin at different pD
values in the frequency range from 1550 to 1750 cm−1. The amide I vibration
strongly overlaps with the bending mode of water, which has a frequency at
the water/air interface of ∼1643 cm−1. This complication can be overcome by
using D2O as a solvent, for which the bending mode possesses a frequency at the
water/air interface of ∼1209 cm−1 (see Figure 6.8 in Appendix 6.A). The most
prominent positive spectral feature at ∼1650 cm−1 originates from the amide I
mode, which consists mainly of the C=O stretching vibration with a smaller
contribution of the C–N stretching vibration. Interestingly, the Imχ(2) spectra
of the amide I band do not show a change in sign and only small variations in
amplitude when the pD is varied. Quantum chemistry calculations showed that
the transition dipole moment of the amide I band is approximately parallel to
the C=O bond, and thus a positive sign in the Imχ(2) spectrum corresponds
to an orientation of the C=O bond towards the bulk of the liquid (the C atom
being closest to the surface).165 Hence, we conclude that the amide groups of α-
lactalbumin show a net orientation of their C=O groups pointing into the bulk.
This orientation does not change when varying the pD. The observed constant
amplitude of the amide I band further suggests that the surface propensity of
the protein does not change upon varying the pD, agreeing with the observations
for the CH stretch vibrational bands.

The Imχ(2) spectra of α-lactalbumin solution in 6.5 M urea at different pD
values are shown in Figure 6.6. In the frequency region between 1600 and
1700 cm−1, the spectrum shows a band at ∼1620 cm−1 associated with the
carbonyl stretch vibration of urea, and the amide I band of the protein at
∼1650 cm−1. The amide band is still located at 1650 cm−1, even though the
addition of urea may lead to a partial denaturation of the protein. At pD
values higher than the IEP the carbonyl vibrational band of urea is positive
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Figure 6.6. Left panel: Imaginary χ(2) spectra of α-lactalbumin in 6.5 M urea at
different pD values in the region of amide I vibration. The lines are the result of a
fit of the spectra to two bands, one representing the response of urea at ∼1620 cm−1

(of which the sign depends on the pD), one representing the response of the amide
I modes of α-lactalbumin at ∼1650 cm−1 (of which the sign does not depend on the
pD). Right panel: The bands of urea and α-lactalbumin resulting from the fit.

(C=O group of urea is pointing to the bulk), and at lower values it becomes
negative, indicating that urea changes its orientation (C=O group pointing to
the surface). The orientation of the carbonyl vibrational band of urea thus
shows the same pD dependence as observed for the NH vibrational band of
urea. In the right panel we show a decomposition of the spectra in the left
panel. From this decomposition it is clear that the amide I band of the protein
at ∼1650 cm−1 maintains its positive value regardless of the pD value, similar
as we observed in the absence of urea (Figure 6.5). In addition, the urea band
shows a blue shift and broadening when the pD of the solution is decreased.
These spectral changes could be due to the transient binding of protons to the
urea molecules.

We further investigated the pD dependence of Imχ(2) of the amide II band
of α-lactalbumin in 6.5 M urea solution. The amide II band is a combination
of the C–N stretch and the in-plane bending of N–H. Changing the pD of the
solution did not have a noticeable effect on the intensity of the amide II band
(see Figure 6.9 in Appendix 6.A), confirming that the amide groups do not
change their net orientation when varying the pD.

From our results we conclude that the orientation of urea closely follows
the orientation of the interfacial water molecules, and not the orientation of
the protein amide groups. This result strongly indicates that urea is not in-
teracting with the protein directly, and is well embedded in the hydrogen-bond
network of water, in agreement with the results of the group of Paul Cremer.147

Thereby we obtain experimental evidence that the denaturation of proteins by
urea does not rely on the hydrogen-bond interactions between urea and the pro-
tein amide groups, which agrees with the results of recent molecular dynamics
simulations.166
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6.4 Conclusions

In conclusion, we performed heterodyne-detected VSFG measurements
which enabled us to determine the absolute orientation of water, urea and
α-lactalbumin at solution interfaces at different pH values. We find that the
orientation of water and urea molecules closely follow the net charge of the
protein. We observed that the amide I groups of the protein backbone do not
follow the same orientation trend as water and urea, which shows that urea
molecules follow more closely the orientation of water than the orientation of
the amide groups of the protein backbone. Based on our experimental data we
conclude that urea is not binding to the protein backbone, thus supporting an
indirect mechanism for protein denaturation.

6.A Appendix

Figure 6.7. Calculated net charge of α-Lactalbumin as a function of pH, which was
estimated with ProtParam167 and Protein Calculator v3.4.
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Figure 6.8. Linear IR spectra of α-Lactalbumin in D2O and 6 M Urea in D2O in the
spectral region of the amide I and amide II vibrations.

Figure 6.9. Imaginary χ(2) spectra of α-Lactalbumin in 6.5 M urea at different pH
values in the spectral region of the amide II vibration.
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Orientation of
Methylguanidinium Ions at the

Water/Air Interface

We use heterodyne-detected VSFG to determine the orientation of the main
molecular plane of methylguanidinium ions at the surface of aqueous solutions
by probing the methyl stretch vibrations under different polarization combina-
tions. We find that for >80% of the methylguanidinium ions the molecular plane
is at an angle >20 degrees with respect to the surface plane. Hence, for only a
minor fraction of the ions the molecular plane has an orientation (near-)parallel
to the surface plane, in contrast to the predictions of recent molecular dynamics
simulation studies.

7.1 Introduction

The guanidinium cation (C(NH2)+3 or Gdm+) is one of the strongest and most
widely-used protein denaturants.168 The mechanism underlying its exceptional
protein unfolding capacity has been the subject of many experimental and the-
oretical studies.169–171 Two main classes of mechanisms have been proposed
by which denaturation could occur: either by i) indirect interactions mediated
by ion-induced changes of the properties of the water solvent169, 172 or ii) by
direct interaction between the Gdm+ ion and charged or aromatic protein side
groups.173, 174

The notion of an indirect mechanism strongly relies on the specific nature
of the interaction between Gdm+ and water, which has inspired a large number
of studies on the structure of such solutions.143, 175, 176 In particular, molecular
dynamics simulations have given much insight into the ion’s fascinating hy-
dration properties.174, 177–179 Due to its planar shape and strongly non-uniform
charge distribution, the Gdm+ ion exhibits a highly anisotropic hydration struc-
ture. The net positive charge of the ion makes the lone pairs of the nitrogen
atoms poor hydrogen-bond acceptors. As a result, there are few hydrogen bonds
formed pointing perpendicular to the molecular plane, essentially rendering the
ion hydrophobic along this molecular axis. Instead, the main hydration interac-
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tions of the Gdm+ cation is formed through directional hydrogen bonds donated
by the N–H groups oriented in the plane of the ion. Consequently, the water
solvent is more structured around Gdm+ than around most other ions of similar
size.

It has been suggested by several authors that the strong anisotropy of the
hydration structure and the amphiphilic nature of the Gdm+ ion are essential
for how the ion binds to protein surfaces. While the ion can bind to negatively
charged regions by strong in-plane hydrogen bonds, the out-of-plane hydropho-
bic interaction is thought to align Gdm+ parallel to hydrophobic and aromatic
patches. The strong ion-protein interaction resulting from this alignment has
been considered to be an important factor in guanidinium’s strong denaturing
effect.173, 174, 177 The out-of-plane hydrophobicity is even so severe that the exis-
tence of Gdm+- Gdm+ planar co-ion pairs has been proposed. In both classical
and ab initio MD simulation studies, Gdm+ ions have indeed been found to
stack. This finding agrees with neutron scattering data.174, 178 This picture was
later further experimentally supported by Shih et al.,180 who showed that the
red-shift of the nitrogen K-edge X-ray absorption spectroscopy (XAS) measure-
ments could be theoretically reproduced from structures in which guanidinium
ions form stacked co-ion pairs. Using quantum chemical calculations on the
CCSD(T) level, Inagaki et al. found that such structures are stabilized through
a subtle energy balance, partly favorable due to π-stacking interactions and the
reduction of the hydrophobic effects, while partly repulsive due to net Coulomb
interactions.181 Gdm+- Gdm+ co-ion pairing has further been invoked to ex-
plain the stabilizing role of arginine-arginine interactions on many protein sur-
faces.182–184 While the somewhat unintuitive picture of Gdm+ co-ion pairing
is becoming more and more accepted, this conformation is not supported by
the dielectric relaxation spectroscopy (DRS) and conductivity measurements of
Hunger et al.176, 185

The anisotropic hydration properties of Gdm+ leads to quite peculiar behav-
ior of the ion near water/air interfaces. Overall, the water surface region shows
a net depletion of guanidinium ions, resulting in an increased surface tension.186

However, at the surface itself, in the top molecular layer, the concentration of
guanidinium ions is enhanced, as was evidenced in recent liquid-jet photoelec-
tron spectroscopy experiments by Werner et al.187 MD simulation studies have
found that surface-bound Gdm+ ions show a strong preferential orientation
parallel to the water surface, allowing for the formation of in-plane hydrogen
bonds, while de-solvating one of the hydrophobic faces.188 Similar observations
were made in MD simulations where slabs of GdmCl electrolytes were placed
between either hydrophobic or hydrophilic plates.189 The authors found that
hydrophobic surfaces induce a stronger orientational parallel ordering of Gdm+

ions than hydrophilic surfaces, thus further illustrating how the behavior of the
ion at interfaces is driven by its amphiphilic nature.

Recently, in a MD simulation study by Ou et al. the surface hydration prop-
erties of guanidinium were compared to those of methylguanidinium (M-Gdm+,
a derivative of Gdm+).190 In particular, the authors studied to what extent
solute-induced interfacial solvent density fluctuations can explain the surface
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propensity of various orientational configurations of the solute; a topic which
recently has attained significant attention for rationalizing the varying surface
propensities of simple ions.191–193 While the net surface activity of M-Gdm+

and Gdm+ was somewhat different, they found that both ions are primarily
stabilized at the surface in parallel-oriented configurations.

In this work, we use HD-VSFG to study the orientation of M-Gdm+ ions at
the water/air interface. As Gdm+ is fully symmetric, and thus VSFG inactive,
we utilize the fact that the methyl group of M-Gdm+ introduces a molecular
asymmetry which can be the source of VSFG. By measuring the HD-VSFG
response of the symmetric and asymmetric stretch vibrations of the methyl
group of M-Gdm+ for different polarization combinations, we determine the
orientation of the methyl group and thereby of the M-Gdm+ ion at the water/air
interface.

7.2 Experimental

The details of the HD-VSFG setup are presented in Chapter 3. The determi-
nation of the imaginary and real part of the second-order susceptibility χ(2)

relies on the generation of a local oscillator signal using a quartz crystal. To
determine the absolute sign of the real and imaginary parts of χ(2), and to ob-
tain an accurate determination of the relative intensities measured in different
polarization configurations, we also need to know the effective χ(2) of quartz in
measured polarization combinations. In the co-propagating reflective geometry,
the effective second-order susceptibility of quartz has the same sign in an SSP
and a PPP polarization configurations, even though the macroscopic second
order susceptibilities have different signs.85 Due to differences in Fresnel fac-
tors, the effective susceptibility has not the same value in SSP and PPP. In the
geometry of our experiment χ(2),SSP

eff /χ
(2),PPP
eff

∼= 1.14 in 3000 cm−1 region.
The samples were prepared by mixing D2O (≥99.96 %, Cambridge Isotope

Laboratories) and methylguanidine hydrochloride (≥98 %, Sigma-Aldrich).

7.3 Theory

The key for performing an orientational analysis is to derive the right relations
between the microscopic molecular hyperpolarizability βi′j′k′ tensor elements

and the effective nonlinear susceptibility χ(2)
eff , measured at different polarization

combinations for a particular vibrational mode. The theory required for such
an analysis has been described in detail in the literature.73, 74, 76, 77, 194, 195 In
Chapters 2.3 – 2.4 we briefly presented the mathematical formulas for the C3v

symmetry molecular group at rotationally isotropic achiral interfaces (C∞v)
that we need to analyze the results of methyl groups at water interfaces.

One can see that expressions of molecular hyperpolarizabilities for C3v sym-
metry molecular group (Equations 2.29 and 2.30) can be expressed in term of
the orientational parameter D, defined as:



82 Orientation of Methylguanidinium Ions 7.3

D =

〈

cos3θ
〉

〈cosθ〉 (7.1)

We obtain for the symmetric vibration:

χ(2),SS
xxz =

1

2
Nsβccc〈cosθ〉[(1 +R)− (1−R)D]

χ(2),SS
xzx =χ(2),SS

zxx =
1

2
Nsβccc(1−R)〈cosθ〉[1−D] (7.2)

χ(2),SS
zzz =Nsβccc〈cosθ〉[R + (1−R)D〉]

and for the asymmetric vibration:

χ(2),AS
xxz =−Nsβaca〈cosθ〉(1 −D)

χ(2),AS
xzx =χ(2),AS

zxx = Nsβaca〈cosθ〉D (7.3)

χ(2),AS
zzz =2Nsβaca〈cosθ〉(1 −D)

where θ is the tilt angle between the methyl C3 axis and the surface normal z
and R is the ratio of hyperpolarizability elements βaac/βccc, Ns is the number
density of the molecules probed at the interface. If one assumes the orientation
distribution function to be a δ-function, the tilt angle is given by:

θF = arccos(
√
D) (7.4)

The susceptibilities χ(2),V
ijk of the different vibrations V (V = {SS, AS})

determine the effective second-order susceptibilities (χ(2)
eff ) measured in SSP and

PPP polarization combinations through the following expressions:

SSP :

χ
(2),V
eff =Lyy(ωSF)Lyy(ωVIS)Lzz(ωIR)sinηIRχ

(2),V
xxz

PPP :

χ
(2),V
eff =− Lxx(ωV)Lxx(ωVIS)Lzz(ωIR)cosηSFcosηVISsinηIRχ

(2),V
xxz (7.5)

− Lxx(ωSF)Lzz(ωVIS)Lxx(ωIR)cosηSFsinηVIScosηIRχ
(2),V
xzx

+ Lzz(ωSF)Lxx(ωVIS)Lxx(ωIR)sinηSFcosηVIScosηIRχ
(2),V
zxx

+ Lzz(ωSF)Lzz(ωVIS)Lzz(ωIR)sinηSFsinηVISsinηIRχ
(2),V
zzz

where ηVIS and ηIR are the incident angles of the VIS (ωVIS) and IR (ωIR)
beams, respectively. The generated SF signal (ωSF) is reflected from the surface
at an angle ηSF. Lii(i = x, y, z) are the Fresnel factors, expressions are given in
Eq. (2.24).
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Figure 7.1. Imaginary χ(2) spectra of methylguanidine hydrochloride at different
polarization combinations: SSP (a) and PPP (b). Global fitting result is shown in a
red line, and contributions of the separate Gaussian peaks are presented in different
colors.

One can see from Equations 7.2 and 7.3 that the ratios of the signals mea-
sured for different vibrations, for example for the symmetric and asymmetric
vibration, will have only one parameter which will depend on θ, namely D.
Hence D is the crucial parameter to be determined from VSFG experiment to
obtain the molecular orientation of the methyl group at water surfaces. How-
ever, D will depend on the distribution function f(θ). Even if this distribution
function is known, the D value cannot be used to uniquely determine both the
central orientational angle and width of the distribution. We will later come
back to what this means in detail for the current investigation.

7.4 Results and Discussion

In Figure 7.1 we show imaginary χ(2) spectra of 3 M methylguanidine hy-
drochloride solutions measured with SSP and PPP polarization combinations.
As M-Gdm+ possesses a single methyl group, three possible modes contribute
in this frequency region; the symmetric vibration (SS), the Fermi resonance
(FR) and the asymmetric vibration (AS). The Fermi resonance is a result of
the interaction between symmetric methyl vibration and the overtone of the
bending mode (∼1460 cm−1) and it bears the same symmetry as the symmetric
mode. We assign the two bands at ∼2862 and ∼2926 cm−1 to the SS and FR
mode, respectively, as the sign of these two bands show the same dependence
on the polarization combination. The peak at ∼2946 cm−1 shows the opposite
behavior which we thus assign to AS.

The formalism presented in the theory section provides the dependence of
χ(2) on the CH3 molecular tilt angle relative to the water surface. Thus, by
comparing calculations using this formalism to the experimental results mea-
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sured in SSP and PPP polarization combinations, we obtain information of the
molecular orientation of the methyl group. Essential for making an accurate
quantitative interpretation is knowledge of the main optical parameters of the
system, mainly the refractive indexes of the medium and interfacial layer as well
as the molecular hyperpolarizability values.

It has previously been shown that the molecular tilt angles deduced from
VSFG experiments is quite sensitive to the refractive value of interfacial layer
(n′, see Figure 2.2), used in the analysis.195 In some studies, n′ was taken to be
equal to that of the bulk medium value (n2),196, 197 while in others it was deter-
mined using experimental techniques such as ellipsometry.198 Shen et al. de-
rived a formalism for estimating n′ when n2 is known, using a modified Lorentz
model for local field correction at the interface, and showed that such a model
can be used to determine the molecular orientation of pentyl-cyanoterphenyl
molecules at the air/water interface.195

Other crucial parameters for the accurate determination of molecular ori-
entation using VSFG are the hyperpolarizability βi′j′k′ tensor elements (βaac,
βaca, βccc). As expressed in Eq. 2.27, the hyperpolarizability tensor elements
are proportional to the product of the dipole moment µk′ derivative and the
Raman polarizability αi′j′ derivative tensor elements. Knowledge of those terms
allows the elements of the βi′j′k′ tensor to be determined. Hence, all approaches
to obtain βi′j′k′ tensor elements are based on accurately determining αi′j′ and
µk′ . There are several methods employed in literature for doing so. Most widely
used is the so-called bond additivity method, also called the bond polarizability
derivative model, which was first derived by Hirose et al.73, 75 In this formal-
ism, the hyperpolarizability tensor elements βi′j′k′ of CH3 group are assumed
to have C3v symmetry and are expressed in terms of a polarization derivative
ratio R of a single CH bond with C∞v symmetry. The single bond polarizability
derivative can be empirically determined by measuring Raman depolarization
ratios.199 For methyl groups attached to different molecules the R values differ,
but it was shown from a bond additivity model that 4 > R > 1. More recently,
ab initio calculations have been employed to determine hyperpolarizability ten-
sor elements.200 The advantage of such calculations is that the molecular group
does not need to possess a specific symmetry, and thus this method can be used
for any complex molecular structure.

Figure 7.2 shows calculated χ
(2)
eff values for the symmetric (SS) and asym-

metric (AS) methyl stretch vibrations in both SSP and PPP polarization combi-
nations, plotted against the orientational angle θ relative to the surface normal
(see Figure 7.5 in Appendix 7.A for SPS polarization combination). For sim-
plicity, we initially assume a δ-distribution function for angle θ. To estimate
the bulk refractive index of a 3 M methylguanidinium hydrochloride solution we
assumed that the value would be the same of an equimolar solution of guani-
dinium hydrochloride. The refractive index of a 8 M guanidinium hydrochloride
solution is 1.465 as reported by Sigma Aldrich. We then estimate the value for
a 3 M solution using the formalism of Nozaki et al., relating the refractive index
and solution molarity.201 From this approach a value of bulk refractive index
of 1.34 was extracted. The refractive index for the corresponding solution sur-
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Figure 7.2. Calculated χ
(2)
eff (βccc) versus orientational angle θ for symmetric assum-

ing that R = 2 (a) and χ
(2)
eff (βaca) for asymmetric methyl vibration (b). Functions

are plotted for SSP and PPP polarization combinations. Details of calculations are
given in the text.

face was then estimated following the method proposed by Shen et al.,195 using
the bulk refractive index as input, which yielded a value of 1.16. We neglect
dispersion of the refractive indexes and use the same values for all frequencies
within the VSFG spectrum. It is important to note that for the SS mode the
calculated intensity has βccc as a unit, and the AS mode has βaca as a unit.
Hence, the scale of Figure 7.2 a) and b) graphs cannot be compared directly,
unless the absolute values of hyperpolarizability tensor elements are known.

Several polarization selection rules for the symmetric and asymmetric CH3

stretching modes can be concluded from Figure 7.2. For the symmetric mode,
the imaginary χ(2)measured with SSP is always at least ∼1.5 times higher than
the imaginary χ(2) measured with PPP and the sign is opposite for the two
polarization combinations. For the asymmetric mode the intensity is larger in
PPP polarization than SSP (∼2 times) and the sign is also opposite in the two
polarization combinations.

With all these mathematical expressions we are now ready to fully fit the
experimental data plotted in Fig. 7.1. The expression of the fit procedure is
given in the Appendix 7.A. 11 fitting parameters are needed to describe the
complete data set; namely, the center frequencies and widths of the AS, FR
and SS peaks, the R and D parameters describing the hyperpolarizability ratio
(R = βaac/βccc) and orientational order of the methyl group of M-Gdm+ ion at
the water interface, and finally three one dimension-free scaling parameters for
scaling the overall intensities. Note however that the relative peak intensities
in both polarization combinations is uniquely described by the R and D pa-
rameters. The result of the fit is plotted together with the experimental data
in Fig. 7.1; the different colors represent the contributions of the respective
Gaussian peaks and the red line gives the sum of all the contributing peaks. The
resulting fit paramters are given in Table I. The extracted D value is 0.5 ± 0.06.
Equation 7.1 can be used to relate this extracted parameter to an angular distri-
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Table I. Parameters determined from global fitting SSP and PPP spectra of
M-Gdm+.

R 1.0 ± 0.1
D 0.5 ± 0.06

SS ωSS 2863 cm−1

σSS 23 cm−1

FR ωFR 2922 cm−1

σFR 23 cm−1

AS ωAS 2950 cm−1

σAS 21 cm−1

bution of methyl groups at the water/air interface. The simplest approach is to
assume that the distribution can be approximated by a δ-function. Under that
approximation a D value of 0.5 ± 0.06 yields a molecular tilt angle θ of 45◦ ± 2◦.

As discussed in the introduction, the behavior of the both guanidinium and
methylguanidinium cations at the water/air interface has been investigated by
Ou et al. using MD simulations.193 They found that close to the Gibbs divid-
ing surface both ions show a strong orientational preference, with the molecular
planes aligning parallel to the water surface plane. The average orientation
could be well approximated with an angular δ-distribution function at θ = 90◦.
This prediction stands in rather sharp contrast to our experimentally extracted
value of 45◦ ± 2◦. Interestingly though, further towards the vapor phase, the
simulation of M-Gdm+, in contrast to Gdm+, shows a tendency to orient with
the methyl group pointing away from the liquid phase, corresponding to con-
figurations with tilt angles θ close to 0◦. This implies that there would be
a distribution of M-Gdm+ orientations going from flat at the Gibbs dividing
surface, to oriented perpendicular to the surface in the vapor phase. The den-
sity profiles reported by Ou et al. however shows that the relative contribution
from the latter should be rather small, and that the flat configurations (θ = 90◦)
should strongly dominate.

The experimentally determined value of D of 0.5 ± 0.06 can also correspond
to a broad distribution of orientation angles. To construct such a distribution,
we use a Gaussian function with central angle θc, and which is zero above 90◦.
This distribution can be rationalized by considering the hydrophobic nature of
the methyl group, making it unlikely that surface-bound M-Gdm+ would orient
such that the methyl group would be pointing towards the bulk aqueous phase,
i.e. θ > 90◦). We will refer to such a distribution as a half-Gaussian, defined
as:

FHG(θ) =











e

−(θ − θc)
2

2σ2 if 0◦ < θ < 90◦

0 if 90◦ < θ < 180◦
(7.6)

D can be evaluated for this distribution using:



7.4 Orientation of Methylguanidinium Ions 87

Figure 7.3. a) Dependence of D value on the center angle and width as defined in
equation 7.7. b) Cuts at various center angles (see legend). c) Half-Gaussian angular
distributions at various center angles with corresponding widths, determined from
Fig. 7.3b (θc = 30◦ and 60◦ have width of ∼35◦, θc = 0◦ and 90◦ have width of
∼65◦).

D =

90◦
∫

0◦
cos3θsinθFHG(θ) dθ

90◦
∫

0◦
cosθsinθFHG(θ) dθ

(7.7)

In Figure 7.3 a) values of the orientational parameter D (calculated from
Eq. 7.7) are plotted as a function of the center angle θc and width σ, represent-
ing different half-Gaussian distribution functions. In Figure 7.3 b) values are
shown at various center angles (θc = 0◦, 30◦, 45◦, 60◦ and 90◦) as a function of
the width σ alone. This plot represents vertical cuts of 7.3 a) plot at particular
center angles θc. The MD simulations of Ou et al. suggest that the most prob-
able surface bound configuration would be parallel to the surface flat, which
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can be described with a half-Gaussian with center angle θc=90◦. In this case,
to reproduce the experimentally determined D value of 0.5 ± 0.06 we arrive at
a minimum width of at least 65◦. Figure 7.3 c) shows several half-Gaussian
angular distributions with corresponding widths, including one at 90◦ with a
width of 65◦ and a δ-distribution.

It should hence be clear that by the HD-VSFG technique we cannot dis-
tinguish between a δ-distribution centered at ∼45◦ or a broad half-Gaussian
distribution with its maximum at 90◦ and width ∼65◦, as both of them give the
same D value. Assuming the second distribution, 80% of all the M-Gdm+ ions
would have their methyl groups pointing at an angle smaller than ∼72◦ relative
to the surface normal, meaning that only 20% of the molecules would be lying
flat on the surface with an angle < 18◦ with respect to the surface plane.

Hence, we find that the M-Gdm+ ion is not oriented as parallel to the
water/air interface as was predicted with MD simulations. The same notion may
apply to the Gdm+ ion, which was found in MD simulations to have a similar
flat orientation as the M-Gdm+ ion. Unfortunately, we cannot investigate the
orientation of Gdm+ as it is fully symmetric and thus VSFG inactive.

7.5 Conclusions

We have presented a heterodyne-detected VSFG study of the orientation of
methylguanidinium ions at the water/air interface. To this purpose, we mea-
sured HD-VSFG spectra of the symmetric and asymmetric methyl stretch vibra-
tions of the ion in SSP and PPP polarization combinations. From these spectra
we obtained the ratios of the second-order susceptibility tensor elements that
provide information on the molecular orientation of the probed methyl group.
Assuming a δ-distribution for the orientation angle, we find that the observed
spectra can be well explained if the C3 axis of the methyl group of methylguani-
dinium is at an angle of ∼45◦ with respect to the surface normal. Assuming
a half-Gaussian orientational distribution with its maximum at 90◦ (= par-
allel to the surface plane), we find that the spectra can only be explained if
this distribution has a width >65◦. From this, we conclude that >80% of the
methylguanidinium ions the molecular plane is at an angle >20◦ with respect
to the surface plane, which implies that only a minor fraction of the ions has
an orientation (near-)parallel to the water surface.
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7.A Appendix

Fitting Results SSP and PPP spectra were globally fitted with three Gaus-
sian peaks and 11 parameters, expressions of each individual peak in both po-
larization combinations are given by:

R, D, x1 = 0.5Nsβccc〈cosθ〉, x2 = ratio between FR and SS,

x3 = −Nsβaca〈cosθ〉,
ωSS and σSS − frequency and width of SS,

ωFR and σFR − frequency and width of FR,

ωAS and σAS − frequency and width of AS.

Numbers in front of each χ(2)
eff element come from Fresnel factors.

For SSP

χ
(2),SS
eff = 0.334x1((1 +R)− (1−R)D) exp

(−(ω − ωSS)
2

2σ2
SS

)

χ
(2),FR
eff = 0.334x1x2((1 +R)− (1− R)D) exp

(−(ω − ωFR)
2

2σ2
FR

)

(7.8)

χ
(2),AS
eff = 0.334x3(1−D) exp

(−(ω − ωAS)
2

2σ2
AS

)

For PPP

χ
(2),SS
eff =(−0.279x1((1 +R)− (1 −R)D)

− 0.242x1((1 −R)(1−D))

+ 0.250x1((1 −R)(1−D))

+ 0.1372x1(R + (1−R)D)) exp

(−(ω − ωSS)
2

2σ2
SS

)

χ
(2),FR
eff =(−0.279x1x2((1 +R)− (1−R)D) (7.9)

− 0.242x1x2((1−R)(1−D))

+ 0.250x1x2((1−R)(1−D))

+ 0.1372x1x2(R + (1−R)D)) exp

(−(ω − ωFR)
2

2σ2
FR

)

χ
(2),AS
eff =(−0.279x3(1 −D)− 0.242x3D + 0.250x3D

+ 0.137× (−2x3)(1−D)) exp

(−(ω − ωAS)
2

2σ2
AS

)
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Table II. Parameters determined from global fitting SSP and PPP spectra of
M-Gdm+.

R 1.0 ± 0.1
D 0.5 ± 0.06
x1 -19
x2 FR/SS 2.1
x3 42

SS ωSS 2863 cm−1

σSS 23 cm−1

FR ωFR 2922 cm−1

σFR 23 cm−1

AS ωAS 2950 cm−1

σAS 21 cm−1

Figure 7.4. Imaginary χ(2) spectra of methylguanidinium hydrochloride at SSP and
PPP polarization combinations. Grey areas mark regions when R value is varied ±0.1
from minimum value (1) (a) and angle θ varied ±5◦ from minimum value of 45◦ (b).
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In Figure 7.5 we show calculated χ
(2)
eff values for the SS and AS methyl

stretch vibrations in SSP, SPS and PPP polarization combinations. We do not
include SPS polarization combination in our orientational analysis, because it
has been demonstrated that the intensities of the asymmetric CH3 stretching
modes of methanol, acetone and acetonitrile, measured with the SPS polar-
ization combination do not correspond to the values predicted by the bond
additivity model.199 For the SSP and PPP polarization combinations, the ex-
perimental findings are in excellent agreement with the predicted polarization
dependence.39, 77, 202

Figure 7.5. Calculated χ
(2)
eff (βccc) versus orientational angle θ for symmetric (a)

and χ
(2)
eff (βaca) for asymmetric methyl vibration (b). Functions are plotted for SSP,

SPS and PPP polarization combinations. Details of the calculations are given in the
Theory section.
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Observation of a Decrease in the
Dissociation of Amino-Acids at

the Surface of Water

We use surface-specific intensity VSFG and attenuated total reflection spec-
troscopy (ATR) to probe the ionization state of the amino-acids L-alanine and
L-proline at the air/water surface and in the bulk. The ionization state is de-
termined by probing the vibrational signatures of the carboxylic acid group,
representing the non-dissociated acid form, and the carboxylate group, repre-
senting the dissociated form, over a wide range of pH values. We find that the
carboxylic acid group deprotonates at a significantly higher pH at the interface
than in the bulk.

8.1 Introduction

The air/water interface is characterized by a discontinuity and asymmetry in in-
termolecular interactions, which results in molecular properties that differ from
the bulk. For instance, it has been shown that molecules residing at the surface
can show a different molecular conformation.203 The degree of acid dissociation
and thus the ionization state of molecules can also be different at the inter-
face compared to the bulk. The degree of acid dissociation of molecules at the
air/water interface constitutes an important parameter for the structural prop-
erties of molecules near the surface and for the understanding of the reactivity
and potential catalytic role of the interface.204, 205

The acid dissociation constants of molecules in aqueous solution are routinely
determined using techniques like potentiometric titration, voltammetry, and
electrophoresis.206 The dissociation constants determined by these techniques
represent bulk values, as the signal originating from bulk molecules typically
overwhelms the signal arising from those at the surface. Hence, the degree of
acid dissociation at the water surface needs to be probed by highly surface-
specific techniques.

In previous spectroscopic studies of acid/base pairs it has been found that
the surface favors the neutral form of the acid/base pair in comparison to the

93
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bulk. For instance, using highly surface-specific second harmonic generation
(SHG) and VSFG, it has been shown for phenol and carboxylic acids that the
pKa increased at the surface, thus favoring the neutral acid species over the
anionic conjugate base.207–210 Similarly, it was found for molecules containing
an acid ammonium group that the surface pKa is lower than the bulk pKa, thus
favoring the neutral amine base species over the cationic quaternary ammonium
acid.207

A recent infrared reflection-absorption spectroscopy (IRRAS) study of
L-phenylalanine that contains both a carboxylic acid group and an amine
group, reported a decrease of the pKa values of both the carboxylic acid and
the amine group.211 Clearly, this behavior cannot be explained from the con-
cept that the surface would favor the neutral species, as for L-phenylalanine
this would mean that the surface pKa of the amine group should be higher
than the bulk value. The observation that the pKa values of both groups were
lower than the bulk values was explained from the presence of an enhanced
concentration of OH− in the probed surface region,211 which for IRRAS has a
depth of ∼1 µm. This probing depth constitutes thousands of molecular layers,
thus making it possible that the pKa shows a different behavior in the top
molecular layers.

Here, we report on a VSFG study of the surface pKa of the amino-acids
L-alanine and L-proline with high surface sensitivity. We compare the surface
pKa with the bulk pKa that we determine with attenuated total reflection
infrared spectroscopy.

8.2 Experimental

ATR spectroscopy is a widely used linear infrared spectroscopic technique that
is suited for measuring vibrational spectra of samples that absorb too strong
for transmission measurements. The layer thickness that is probed in the ATR
geometry is determined by the decay length of the evanescent field, which is a
function of wavelength, incident angle and the refractive indexes of the ATR
crystal and the sample. At ∼1600 cm−1 the probed depth is on the order of
∼1 µm.212 We recorded ATR spectra with 0.4 cm−1 resolution using a Bruker
Vertex80v equipped with an ATR module (Platinum ATR Diamond). The
VSFG setup has been described in detail in Chapter 3.

The VSFG and the ATR measurements were performed in solutions of D2O
instead of H2O to avoid overlap of the νAS,COO− (∼1602 cm−1) and νCOOD

(∼1720 cm−1) bands with the water bending mode located at ∼1670 cm−1. We
use a pH meter (Mettler Toledo FE20/EL20) that is calibrated for measuring
the pH in H2O solutions instead of D2O solutions. The measured pH* of a D2O
solution is transformed to the pD value using the following equation:213

pD = pH* + 0.44 (8.1)

The pD value can be transferred to the pH value of a solution in H2O of
equal acidity using:213
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pH = 0.929× pD (8.2)

The studied samples are solutions of L-Alanine (≥98%) and L-proline
(≥99%) in D2O. These chemicals were obtained from Sigma-Aldrich (St. Louis)
and were used without further purification. D2O (≥99.96%) was purchased from
Cambridge Isotope Laboratories. We adjusted the pD of the samples by adding
NaOD or DCl (Sigma-Aldrich).

8.3 Results

Figure 8.1. Spectra of L-proline in the frequency region of the carbonyl and carboxy-
late anion vibrations a) VSFG and b) ATR spectra at different pH values. The white
area in the VSFG spectra represents a region where no VSFG response was measured.

The surface and bulk pKa values are determined by measuring the vibra-
tional signatures of the carbonyl and carboxyl groups as a function of pH.
Thereby we determine the relative populations of dissociated [A−] and non-
dissociated [HA] at each pH value. The relation of this quantity to the pKa is
given by the Henderson-Hasselbach equation:214

pKa = pH + log
[HA]

[A−]
(8.3)

In Figure 8.1 we present VSFG (a) and ATR (b) spectra of L-proline at
different pH values. We assign the peaks at ∼1400 cm−1, ∼1602 cm−1 and
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∼1720 cm−1 to the symmetric and antisymmetric stretch vibrations of the car-
boxylate anion (νSS,COO− and νAS,COO−) and the carbonyl stretch vibration
of the carboxylic acid group (νCOOD), respectively. All experiments were per-
formed in deuterated water to avoid spectral overlap with the absorption of the
water bending mode. The pH values were determined from the measured pD
values of the D2O solutions as desribed in Experimental section. pH=7 and
pD=7.5 both refer to neutral solutions at 293 K ([H3O+] = [OH−] and [D3O+]
= [OD−]). It is clearly seen in Figure 8.1 that the intensity of the νAS,COO−

vibrational band increases with increasing pH values, while the intensity of the
νCOOD vibrational band decreases, reflecting the shift in the acid-base equilib-
rium.

To quantify the observed changes of the intensities of νAS,COO− and νCOOD

vibrational bands, we fit the VSFG spectra at each measured pH value. As
described in Chapter 2.6, the VSFG spectra contain resonant and non-resonant

Table I. Fitting parameters for the VSFG spectra of L-proline in νCOOD and
νAS,COO− vibrational regions.

νCOOD νAS,COO−

ω0=1746 cm−1 ω0=1628 cm−1

Γ=20cm−1 Γ=22cm−1

pH ANR ϕNR AR ANR ϕNR AR

0.9 0.12 ± 0.01 -2 ± 1 3.99 ± 0.06 0.16 ± 0.01 179 ± 12 0.13 ± 0.03
1.5 0.12 ± 0.01 -4 ± 1 3.73 ± 0.04 0.16 ± 0.01 174 ± 4 0.44 ± 0.03
1.8 0.10 ± 0.03 -8 ± 1 3.43 ± 0.06 0.16 ± 0.01 175 ± 2 0.74 ± 0.02
2.2 0.08 ± 0.01 -21 ± 2 2.76 ± 0.06 0.16 ± 0.01 175 ± 2 1.1 ± 0.03
2.9 0.08 ± 0.01 -24 ± 2 1.87 ± 0.05 0.17 ± 0.01 177 ± 2 1.9 ± 0.03
3.9 0 0 0.4 ± 0.1 0.16 ± 0.01 183 ± 1 2.73 ± 0.03
5 – – – 0.16 ± 0.01 180 ± 1 3.93 ± 0.03
7 – – – 0.16 ± 0.01 179 ± 1 4.27 ± 0.03

Figure 8.2. VSFG spectra of L-proline in the frequency regions of the νAS,COO− (a)
and the νCOOD (b) vibrations. The red lines represent the results of the fit described
in the text.
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contributions. To extract the amplitudes of the resonant contributions of the
νAS,COO− and νCOOD bands at different pH values, we fit VSFG spectra with a
non-resonant background and a Lorentzian line shapes for the resonances:

IVSFG ∝
∣

∣

∣
χ
(2)
NR + χ

(2)
R

∣

∣

∣
=
∣

∣

∣
ANRe

iϕNR +
Ai

ω − ωi + iΓi

∣

∣

∣

2

(8.4)

where ANR and ϕNR is the non-resonant amplitude and phase. Ai, ωi and Γi are
the amplitude, center frequency and width of the i-th resonance, respectively.

In fitting the VSFG data, the center frequencies and widths were fixed,
and the amplitudes of the resonant and the non-resonant contributions were
left free. The measured VSFG spectrum at frequencies >1800 cm−1 at pH 7
was subtracted from all spectra before fitting, to remove the weak signal of
the low-frequency wing of the broad resonant contribution originating from the
vibrational band of the OD stretch vibrations of D2O centered at ∼2400 cm−1.
In Figure 8.2 we show the fitted VSFG spectra of L-proline (red lines) and in
Table I we present the parameters obtained from the fit.

Table II. Fitting parameters for the L-proline ATR spectra.
ω0 = 1400 cm−1 ω0 = 1608 cm−1 ω0 = 1720 cm−1

Γ = 140 cm−1 Γ = 40 cm−1 Γ = 45 cm−1

pH y0 Peak Area Peak Area Peak Area
7 -0.01 8.3 ± 0.7 36.8 ± 0.2 -
5 -0.01 8.1 ± 0.6 36 ± 0.2 -

3.9 -0.01 8.8 ± 0.7 33.8 ± 0.2 1.5 ± 0.3
2.9 -0.007 8.9 ± 0.5 27 ± 0.2 4.6 ± 0.2
2.2 0.002 8.7 ± 0.4 17.6 ± 0.1 9.1 ± 0.2
1.8 0.007 7.9 ± 0.4 13 ± 0.1 11.4 ± 0.1
1.5 0.012 7.4 ± 0.3 8.4 ± 0.1 14.5 ± 0.1
0.9 0.017 7.0 ± 0.4 0.06 ± 0.08 17.7 ± 0.3

Figure 8.3. Experimentally measured ATR spectra of L-proline and Lorentzian
model fits.
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The ATR spectra were fitted with 3 Lorentzian functions in the frequency re-
gion from 1500 to 1800 cm−1. Central frequencies and widths of each Lorentzian
peak were kept constant throughout the fits of all spectra. One of the peaks (cen-
tered at 1400 cm−1) lays outside the fitted region, but was needed to achieve an
accurate fit of the ATR spectra. Figure 8.3 shows fitting results of ATR spectra
of L-proline and Table II presents the obtained parameters for each Lorentzian
peak.

In Figure 8.4 we plot the pH dependence of the normalized areas (normalized
to maximum area) of the νAS,COO− and νCOOD vibrations obtained from fitting
the VSFG (a) and ATR (b) spectra. Equation 8.3 shows that the pH is equal to
the pKa when the number of dissociated [A−] molecules is equal to the number
of non-dissociated [HA] molecules. From the curves shown in Figure 8.4 we find
that for L-proline [COOD] is equal to [COO−] at a pH value of ∼2.2 ± 0.1 in
the bulk and at a pH value of ∼3 ± 0.2 at the surface.

Figure 8.4. Areas (normalized) of the bands associated with the νAS,COO− and
νCOOD vibrations obtained from fitting a) VSFG and b) ATR spectra.

It should be noted that the VSFG intensity not only depends on the number
density of the molecules at the interface but also on the molecular orientation.
A change in the VSFG intensities of the COO− and COOD vibrations with a
variation of the pH may thus also result from a change in molecular orienta-
tion. We checked the potential occurrence of this effect by probing the VSFG
spectrum of the CH vibrational bands of L-proline. Intensity of CH vibrational
bands of L-proline do not show any prominent changes when varying the pH.
This observation indicates that L-proline does not change its orientation at the
water surface when the pH is changed.

We also find higher surface pKa values for the carboxylic acid group of
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Figure 8.5. VSFG spectra of L-proline (a) and L-alanine (b) in the frequency region
of the C–H stretch vibrations at different pH values.

L-alanine (∼2.8 ± 0.1 vs 2.5 ± 0.1). Data and results for L-alanine are presented
in Appendix 8.A.

We thus find clear evidence that the carboxylic acid groups of amino-acids
have a higher surface pKa than bulk pKa. This result does not follow the
principle that the surface would favour the neutral species of acid/base pairs,
as the deprotonation of the carboxylic acid group renders an overall neutral
base with an anionic carboxylate group and a cationic quaternary ammonium
group. The higher surface pKa values of L-proline and L-alanine imply that the
cationic species of the amino-acids are favoured over the neutral species in the
top molecular layers.

8.4 Discussion

The enhanced surface pKa values of the carboxylic acid group of the amino-
acids can be explained as follows. The deprotonation of the carboxylic acid
group yields a negatively charged carboxylate group. This process is highly
favoured by the formation of strong hydrogen bonds between the negatively
charged carboxylate group and the surrounding water molecules. As a result,
amino-acids occur as zwitterions in solution whereas in the gas phase non-
zwitterionic structures are present. This difference is rationalized by the fact
that water strongly stabilizes the zwitterionic form of an amino-acid by forming
strong hydrogen bonds.215 For example, the zwitterion of L-glycine in the gas
phase was calculated to be unstable, whereas it is more stable than neutral
glycine when solvated by water.216 It has been found that five water molecules
are needed to stabilize the zwitterionic form of L-proline.217 At the water
surface the solvation interactions cannot extend as far as in the bulk and thus
the carboxylate group will be less stabilized, which results in a less favourable
solvation of the negative charge of the carboxylate anion. As a consequence,
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higher bulk pH values are required to induce the dissociation of carboxylic acid
groups of molecules at the surface which means that the surface has a higher
pKa value than the bulk. This explanation also implies that the surface pKa

is not determined by the overall charge of the molecule, but rather by the
energetics of the local solvation interactions of the acid/base groups with the
surrounding water molecules.

An alternative explanation for the increased surface pKa of the carboxylic
acid group of amino-acids would be that the top molecular layers contain an
excess concentration of protons. Many MD simulations found that hydrated
protons have an enhanced surface propensity at the air/water interface,218–220

although the different studies do not agree on the amount of the enhancement.
The notion that protons are attracted to the interface gets experimental support
from surface tension measurements, and from VSFG and SHG experiments of
the water/air interface.221–223 The presence of excess protons at the surface
implies that the pH at the water surface would be lower than the bulk pH,
which in turn means that the surface number densities of dissociated and non-
dissociated molecules become equal to each other at a higher bulk pH value.

8.5 Conclusions

In conclusion, we study the surface pKa of the carboxylic acid group of the
amino-acids L-alanine and L-proline with surface vibrational sum-frequency
generation spectroscopy. We observe that the surface pKa of the carboxylic
acid group of L-proline is higher by 0.8 (±0.2) units than the bulk value, im-
plying a decrease in acidity by a factor of 6. This observation indicates that
the surface pKa is not determined by the overall charge state of the amino-acid,
but rather by local solvation interactions of the anionic carboxylate group, or
possibly the presence of an excess concentration of protons in the top molec-
ular layers of the aqueous solution. The higher surface pKa of the carboxylic
acid groups of amino-acids may have consequences for the conformation and
chemical reactivity of proteins at aqueous surfaces.
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8.A Data and Results for L-alanine

Figure 8.6. VSFG spectra of L-alanine in the frequency regions of the νAS,COO− (a)
and the νCOOD (b) vibrations. ATR spectra in the region 1500 - 1850 cm−1 (c).

8.A.1 Fitting L-alanine VSFG Spectra

Figure 8.7. VSFG spectra of L-alanine in the frequency regions of the νAS,COO− (a)
and the νCOOD (b) vibrations.
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Table III. Fitting parameters for the L-alanine in νCOOD and νAS,COO− vibrational
regions.

νCOOD νAS,COO−

ω0=1740 cm−1 ω0=1630 cm−1

Γ=17 cm−1 Γ=18 cm−1

pH ANR ϕNR AR ANR ϕNR AR

0.6 0.18 ± 0.01 7 ± 1 2.6 ± 0.1 – – ± 2 –
1.3 0.17 ± 0.01 6 ± 1 2.7 ± 0.1 0.12 ± 0.01 141 ± 16 0.08 ± 0.01
1.7 0.17 ± 0.01 4 ± 1 2.45 ± 0.04 0.10 ± 0.01 162 ± 1 0.22 ± 0.01
2.3 0.16 ± 0.01 10 ± 1 2.18 ± 0.04 0.11 ± 0.01 170 ± 2 0.44 ± 0.02
2.8 0.15 ± 0.01 9 ± 1 1.38 ± 0.04 0.11 ± 0.01 178 ± 1 0.83 ± 0.02
3.3 0.12 ± 0.01 2 ± 1 0.82 ± 0.03 0.12 ± 0.01 181 ± 1 1.14 ± 0.02
3.7 0.10 ± 0.01 5 ± 1 0.43 ± 0.05 0.11 ± 0.01 191 ± 1 1.38 ± 0.02
4.2 – – – 0.11 170 1.43 ± 0.02

8.A.2 Fitting L-alanine ATR Spectra

Figure 8.8. Experimentally measured ATR spectra of L-alanine and Lorentzian
model fits.
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Table IV. Fitting parameters for the L-alanine ATR spectra.
ω0 = 1515 cm−1 ω0 = 1608 cm−1 ω0 = 1727 cm−1

Γ = 140 cm−1 Γ = 30 cm−1 Γ = 40 cm−1

pH y0 Peak Area Peak Area Peak Area
7 -0.01 9.8 ± 0.4 20.8 ± 0.2 0.4 ± 0.1

4.2 -0.013 9.4 ± 0.4 19.8 ± 0.1 0.6 ± 0.1
3.7 -0.013 9.5 ± 0.3 19.4 ± 0.1 1.1 ± 0.1
3.3 -0.013 9.2 ± 0.3 18.5 ± 0.1 1.9 ± 0.1
2.8 -0.013 8.6 ± 0.3 14.9 ± 0.4 4.2 ± 0.1
2.3 -0.015 7.2 ± 0.2 8.4 ± 0.1 7.5 ± 0.2
1.7 -0.014 7.1 ± 0.3 3.5 ± 0.1 9.9 ± 0.1
1.3 -0.015 7.3 ± 0.3 1.8 ± 0.08 11.0 ± 0.1
0.6 -0.017 5.9 ± 0.3 0.5 ± 0.08 12 ± 0.1

Figure 8.9. pH dependence of the peak areas of the νAS,COO− and νCOOD vibrations
obtained from fitting the VSFG (a) and ATR (b) spectra of L-alanine.
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Summary

There is no doubt that water is very important for numerous biological pro-
cesses. Protein folding, self-assembly, molecular recognition, proton transport
are only few examples to illustrate water’s necessity. In the past years var-
ious spectroscopic methods as well as molecular dynamics simulations have
been performed to understand how water influences the function and activity
of biomolecules. The main idea arising from all the studies is that water solvat-
ing biomolecules has very distinct properties from aqueous bulk water due to
direct or non-direct interactions with the biomolecules. However, in general the
number of water molecules affected by the biomolecule is very small compared
to the number of bulk water molecules, making it difficult to selectively probe
the structure and hydrogen-bonding of water in contact with biomolecules. In
addition, some molecules, for example oils, have a very low solubility in water,
which makes it particularly challenging to probe the solvating water.

Ideally, a technique that can separate the bulk water molecules from the
interfacial water molecules is needed. Vibrational sum-frequency generation
spectroscopy (VSFG) is capable to differentiate these two different type of water
molecules. Its surface specificity arises from the fact that it is a second-order
nonlinear process, which occurs only in a non-centrosymmetric medium. Water
molecules in the bulk are randomly oriented and thus the VSFG signal cancels
out and only at the interface, where the symmetry is broken, a VSFG signal will
be generated. This surface specificity is the key feature of VSFG spectroscopy
and sets it apart from other spectroscopic techniques.

Conceptually, VSFG is quite simple - two pulsed laser beams, one at a fixed
visible wavelength, the other with a broad infrared spectrum, are overlapped
in time and space on the sample surface to generate their sum-frequency. The
intensity of the VSFG light will be resonantly enhanced when the frequency
of the infrared light matches the frequencies of the molecular vibrations at the
surface. Thus VSFG spectra, in a way resemble the spectra generated using lin-
ear infrared spectroscopic techniques, but only of the interfacial molecules. A
detailed description of VSFG theory and experiment is presented in Chapter 2
and Chapter 3. In this thesis the structure and orientation of water and var-
ious biologically relevant molecules have been studied using VSFG as well as
heterodyne-detected VSFG.
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Chapter 4: Water structure at hydrophobic surfaces In order
to understand how water interacts with hydrophobic molecules we performed
VSFG and heterodyne-detected VSFG studies to specifically probe the struc-
ture and hydrogen-bond interactions of water molecules in contact with hy-
drophobic molecules such as alkanes and polydimethylsiloxane (PDMS). We
find that the surface water molecules are much more ordered and have stronger
hydrogen bonds at hydrophobic interfaces than at the air/H2O interface. From
heterodyne-detected VSFG measurements we were able to determine the ab-
solute orientation of water molecules and we found that most water molecules
have their hydrogen atoms pointing towards the hydrophobic layer. With in-
creasing temperature the VSFG intensity decreases and the VSFG spectrum
shows a significant blue-shift, indicating that the ordering of the water de-
creases and the hydrogen bonds get weaker. Additionally, we investigated the
effect of the pH of the solution on the VSFG signal. This enhanced water struc-
ture at water/hydrophobe interfaces is a result of a highly corrugated surface
with the methyl groups protruding into the water. Water network can fold
around these methyl groups, which results in an enhanced water structure and
the hydrogen-bond interaction. We further discuss how imbalance in donating
and accepting hydrogen bonds at the water/hydrophobe interface could lead
to an excess hydroxide concentration, which would enhance water structure as
well. Both explanations can be present at the water/hydrophobe interface and
even enhance each other.

Chapter 5: Hydrophobic hydration and electrostatic interactions
Tetra-n-alkylammonium salts (TTA+) are often used as model systems to study
hydrophobic hydration. TTA+ cations display both hydrophobic and electro-
static interactions. Thus the question arises whether hydrophobic hydration or
electrostatic interaction mainly affects water molecules solvating TTA+ cations.
The hydrophobic interactions can be tuned by changing the length of the alkyl
chains. We have investigated water structure and hydrogen bonding at the
surface of tetra-n-alkylammonium bromide salt solutions. We find that short-
chain tetra-n-alkylammonium bromides (n = 1, 2) do not alter water structure
by much, which can be explained by the fact that they are not very surface ac-
tive. Only a minor blue-shift and slight increase in VSFG spectra were observed
due to water molecules forming hydrogen bonds with the counter-ion bromide.
In contrast, long-chain TAABr (n = 3, 4) induce very strong changes in the
VSFG spectra. At low bulk concentrations water molecules are on average ori-
ented with their dipoles pointing to the bulk due to the electric field created by
TAA+ ions being at the top most layer and Br− ions located deeper down in
the solution. Surprisingly, VSFG spectra are strongly red-shifted in contrast to
VSFG spectra of short-chain TAABr solutions, which is due to hydrophobic hy-
dration effect. At high concentrations orientation of water molecules and shift
of VSFG spectra reverses as a result of the cluster formations between TAA+

and Br− ions at the solution surface.
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Chapter 6: Orientation of polar molecules near charged protein
interfaces Urea is one of the most widely used protein denaturant, yet the
underlying mechanism of the denaturation process is still not fully understood.
Experimental evidences for direct denaturation mechanism, as well as for indi-
rect have been found. Recently, intensity VSFG studies by the group of Paul
Cremer showed that the orientation of urea molecules at the protein interface
depends on the net charge of the protein. Moreover, this orientation closely
follows the orientation of the interfacial water molecules, which was interpreted
as evidence for an indirect mechanism. However, the change of urea orientation
might also be caused by a flipping of the protein amide groups with which the
urea molecules can form hydrogen bonds. This would indicate towards direct
denaturation mechanism. We explored this possibility by studying orientation
of water, urea and the amide groups of α-lactalbumin with heterodyne-detected
VSFG. We found that the orientation of the amide groups of the protein does
not show the same pH dependence as urea and water molecules. This finding
clearly shows that urea is not directly binding to the protein, and supports the
indirect mechanism of the urea protein denaturation.

Chapter 7: Absolute orientation of methylguanidinium at wa-
ter/air interface The guanidinium cation (Gdm+) is another widely used
denaturant. The mechanism of the denaturation as well as fascinating ion’s hy-
dration properties have been studied intensively with molecular dynamics (MD)
simulations. These simulations find that at the water surface guanidinium ions
are preferentially oriented with their main molecular plane parallel orientation
to the water surface. This preferred parallel orientation at the water surface has
been explained from the anisotropic hydration of the ion. Recently, the hydra-
tion properties of methylguanidinium (M-Gdm+), a derivative of Gdm+, have
been investigated, and it was found that M-Gdm+ as well shows a preferred par-
allel orientation at water surface. We use HD-VSFG to study the orientation of
M-Gdm+ ions at the water/air interface. We perform this study on M-Gdm+,
because Gdm+ is fully symmetric and is thus VSFG inactive. By measuring the
polarization dependence of the VSFG signal for the methyl vibrational modes
and assuming the same tilt angle for all M-Gdm+, we find a tilt angle of ∼45◦

of the molecular plane. However, the data can also be explained with a broad
angular distribution function formed by a half-Gaussian distribution centered at
90◦ with respect to the surface normal (i.e.parallel to the water surface) and a
width of ∼65◦. We conclude, that more than 80% of the M-Gdm+ ions have an
angle larger than 20◦, which shows that only a very small fraction of M-Gdm+

ions possess an (near-)parallel orientation to the surface.

Chapter 8: Surface pKa of amino-acids Water molecules at the
air/water interface possess different properties from the bulk water molecules
due to the fact that the surface atoms are asymmetric in their intermolecular
interactions. For instance, the acid dissociation constant (pKa), of molecules
residing at the surface may be very different from the pKa of molecules sol-
vated in the bulk. There are many various techniques such as potentiometric
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titration, voltammetry, etc. to determine the acid dissociation constant of
molecules in bulk aqueous solutions. In this chapter we present VSFG study
of amino acids L-alanine and L-proline in order to determine surface pKa. We
use attenuated total reflection (ATR) spectroscopy to compare the surface pKa

with bulk pKa. We find that the surface pKa is substantially higher than the
bulk value for both amino acids. We conclude that higher bulk pH is needed to
induce the release of a proton by the carboxylic acid at the surface, due to the
lack of stabilizing water. An alternative explanation would be that there exists
an excess concentration of protons at the water surface (the water surface being
acidic), which implies that acid dissociation at the surface requires a higher
bulk pH than acid dissociation in the bulk.
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Samenvatting

Water is zonder enige twijfel van groot belang voor zeer veel biologische pro-
cessen. Het vouwen van eiwitten, zelf-assemblage, moleculaire herkenning en
proton transport zijn slechts enkele voorbeelden om de noodzaak van water te
illustreren. In de laatste jaren zijn verschillende spectroscopische methoden en
moleculaire dynamica simulaties gebruikt om te begrijpen hoe water de functie
en activiteit van biomoleculen bëınvloedt. Het beeld wat uit al deze studies naar
voren komt, is dat water in de omgeving van biomoleculen duidelijke verschillen
vertoont ten opzichte van bulk water, als gevolg van directe en indirecte inter-
acties met de biomoleculen. In het algemeen is het aantal water moleculen dat
bëınvloed wordt door de biomoleculen echter klein ten opzichte van de totale
hoeveelheid water moleculen, wat het moeilijk maakt om de structuur en wa-
terstofbinding van deze watermoleculen in contact met biomoleculen te meten.
Bovendien zijn sommige moleculen, bijvoorbeeld oliën, slecht oplosbaar in wa-
ter, wat het bijzonder uitdagend maakt het water rondom deze moleculen te
meten.

Voor de bestudering van dit probleem is een techniek nodig die een onder-
scheid kan maken tussen de watermoleculen in de vloeistof en de watermoleculen
aan het oppervlak. Vibrationele somfrequentie generatie spectroscopie (VSFG)
is een techniek die specifiek gevoelig is voor watermoleculen aan het oppervlak.
De oppervlaktegevoeligheid van deze techniek is gebaseerd op een niet-lineair
proces wat zich alleen voordoet in het geval van symmetriebreking. Water-
moleculen in de vloeistof hebben een willekeurige oriëntatie wat resulteert in
een opheffing van het VSFG signaal. Aan het oppervlak, waar de symmetrie
gebroken is, vindt generatie van VSFG signaal plaats. De oppervlaktegevoe-
ligheid is de kerneigenschap van VSFG en maakt deze uniek ten opzichte van
andere spectroscopische technieken.

VSFG is conceptueel vrij eenvoudig – twee gepulste laserbundels, de een
met een specifieke golflengte en de ander met een breedbandig spectrum, wor-
den in de ruimte en de tijd overlapt op een oppervlak en genereren zo een
somfrequentiesignaal. De intensiteit van het gegenereerde signaal zal versterkt
worden als de frequentie van het infrarode licht overeenkomt met de molec-
ulaire vibratiefrequentie van de moleculen aan het oppervlak. VSFG spectra
zijn dan ook vergelijkbaar met lineaire infrarood spectroscopische technieken,
maar dan specifiek gevoelig voor de moleculen op het oppervlak. Een uitge-
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breide uitleg van de VSFG theorie en van de experimentele opstelling wordt
gegeven in hoofdstuk 2 en 3. In dit proefschrift is de structuur van water en
de oriëntatie op het oppervlak van biologische relevante moleculen zowel met
VSFG als fase-opgeloste VSFG bestudeerd.

Hoofdstuk 4: De waterstructuur aan een hydrofoob oppervlak
Om de wisselwerking tussen water en hydrofobe moleculen te begrijpen, hebben
we VSFG en fase-gevoelige VSFG studies uitgevoerd om de structuur en
de waterstofbinding interacties van watermoleculen in contact met hydrofobe
moleculen zoals alkanen en polydimethylsiloxane (PDMS) te meten. De wa-
termoleculen aan het hydrofobe oppervlak blijken meer geordend en hebben
sterkere waterstofbindingen dan aan het water-lucht oppervlak. Met behulp
van fase-opgeloste VSFG metingen hebben we de absolute oriëntatie van wa-
termoleculen kunnen bepalen en gevonden dat de meeste watermoleculen hun
waterstofatomen richten naar de hydrophobe laag. Met toenemende temper-
atuur neemt de VSFG intensiteit af en laat het spectrum een blauwverschuiving
zien, wat wijst op een verminderde ordening en een zwakkere waterstofbinding
van de watermoleculen. We hebben ook onderzocht wat het effect is van de pH
van de oplossing op het VSFG signaal. De meer geordende waterstructuur aan
het hydrofobe oppervlak is een resultaat van een zeer gecorrugeerd oppervlak
waarbij de methylgroepen die in het water steken. Het waternetwerk kan rond
deze methylgroepen vouwen, hetgeen resulteert in een meer geordende water-
structuur en een sterkere waterstofbinding interactie. Verder bespreken we hoe
de onbalans tussen het doneren en het accepteren van waterstofbruggen aan het
hydrofobe oppervlak zou kunnen leiden tot een verhoogde hydroxide concen-
tratie, die de waterstructuur ook meer zou kunnen ordenen. Beide verklaringen
zouden van toepassing kunnen zijn op het oppervlak tussen water en hydrofobe
moleculen en kunnen elkaar zelfs versterken.

Hoofdstuk 5: Hydrofobe hydratatie en elektrostatische interac-
ties Tetra-n-alkylammoniumzouten (TTA+) worden vaak gebruikt als mod-
elsystemen om hydrofobe hydratatie te bestuderen. TTA+ kationen vertonen
zowel hydrofobe en elektrostatische interacties. Daarbij rijst dus de vraag
of hydrofobe hydratatie of elektrostatische interactie bepalend is voor water-
moleculen rond de TTA+ kationen. De hydrofobe interacties kunnen wor-
den gevarieerd door het veranderen van de lengte van de alkyl-ketens. We
hebben de waterstructuur en waterstofbinding onderzocht aan het oppervlak
van oplossingen van tetra-n-alkylammonium bromidezouten. We vinden dat
tetra-n-alkylammonium bromiden (n = 1, 2) met korte ketens de waterstruc-
tuur niet veranderen, wat verklaard kan worden door het feit dat ze niet erg
oppervlakteactief zijn. Slechts een kleine blauwverschuiving en een lichte in-
tensiteitsstijging van de VSFG spectra werd waargenomen als gevolg van de
watermoleculen die waterstofbruggen vormen met het bromide ion. Daarente-
gen veroorzaken langketenige TAABr (n = 3, 4) kationen sterke veranderingen
in de VSFG spectra. Bij lage concentraties orienteren de watermoleculen zich
gemiddeld met hun dipolen richting de bulk vanwege het elektrische veld dat



Samenvatting 131

wordt gecreëerd door TAA+ -ionen in de bovenste laag en Br− ionen dieper in
de oplossing. Verrassend genoeg zijn de VSFG spectra sterk rood verschoven,
in tegenstelling tot de VSFG spectra van kortketenige TAABr oplossingen, van-
wegehet hydrofobe hydratatie effect. Bij hoge concentraties is de oriëntatie
van watermoleculen en de verschuiving van de VSFG spectra omgekeerd ten
gevolge van de clustervorming tussen TAA+ en Br− ionen aan het oppervlak
van de oplossing.

Hoofdstuk 6: Oriëntatie van polaire moleculen in de in de nabijheid
van geladen eiwit oppervlakken Ureum is een van de meest gebruikte ei-
witdenaturanten, maar het onderliggende mechanisme van het denaturatiepro-
ces is nog niet volledig begrepen. Er zijn experimentele bewijzen gevonden
voor zowel een direct als een indirect denaturatiemechanisme. Recent bleek
uit intensiteit VSFG studies van de onderzoeksgroep van Paul Cremer dat de
oriëntatie van ureummoleculen aan het eiwit oppervlak afhankelijk zijn van de
netto lading van het eiwit. Bovendien, volgt deze oriëntatie de richting van de
watermoleculen aan het interface, wat kan worden uitgelegd als bewijs voor het
indirecte mechanisme. De verandering van de ureumoriëntatie kan ook worden
veroorzaakt door het omklappen van het amidegroepen van het eiwit waarmee
de ureummoleculen waterstofbruggen kunnen maken. Dit zou wijzen in de richt-
ing van het directe denaturatiemechanisme. Deze mogelijkheid hebben we on-
derzocht door het bestuderen van de water en ureum oriëntatie en de oriëntatie
van amidegroepen van α-lactalbumine met fase-opgeloste VSFG. We vonden
dat de oriëntatie van de amidegroepen van het eiwit niet dezelfde pH afhanke-
lijkheid als de ureum en de watermoleculen vertonen. Uit deze bevinding blijkt
duidelijk dat het ureum niet rechtstreeks bindt aan het eiwit, wat wijst op een
indirect mechanisme van de eiwitdenaturatie door ureum.

Hoofdstuk 7: Absolute oriëntatie van methylguanidinium aan het
lucht/water oppervlak Het Guanidinium kation (Gdm+) is een ander
veel gebruikt denatureringsmiddel. Het mechanisme van de denaturatie en de
fascinerende hydratatie eigenschappen van de ionen zijn intensief bestudeerd
met moleculaire dynamica (MD) simulaties. Deze simulaties geven aan dat
de guanidiniumionen aan het wateroppervlak bij voorkeur zijn georiënteerd
met hun voornaamste moleculaire vlak parallel aan het wateroppervlak. Deze
voorkeursoriëntatie parallel aan het wateroppervlak is uitgelegd aan de hand van
de anisotrope hydratatie van het ion. Onlangs zijn de hydratatie-eigenschappen
van methylguanidinium (M-Gdm+), een derivaat van Gdm+, onderzocht en is
gevonden dat ook M-Gdm+ een voorkeursoriëntatie parallel aan het waterop-
pervlak vertoont. Wij gebruiken fase-opgeloste VSFG om de oriëntatie van
M-Gdm+ ionen aan het lucht /water oppervlak te bestuderen. We meten aan
M-Gdm+, omdat Gdm+ volledig symmetrisch is en dus VSFG inactief. Door
het meten van de polarisatie-afhankelijkheid van het VSFG signaal dat afkom-
stig is van methyl vibraties, en uitgaande van dezelfde hellingshoek voor alle
M-Gdm+ ionen, vinden we een kantelhoek van het moleculaire vlak van ∼45◦.
Echter, de gegevens kunnen ook worden verklaard met een brede hoekverdel-
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ingsfunctie gevormd door een half-normale verdeling gecentreerd rond 90◦ ten
opzichte van de oppervlaktenormaal (parallel aan het wateroppervlak) en een
breedte van ∼65◦. We concluderen dat meer dan 80% van de M-Gdm+ -ionen
een hoek groter dan 20◦ heeft, waaruit blijkt dat slechts een zeer kleine fractie
van de M-Gdm+ ionen (bijna) parallel georiënteerd is aan het oppervlak.

Hoofdstuk 8: Oppervlakte pKa van aminozuren Watermoleculen
aan het lucht/water oppervlak hebben andere eigenschappen dan bulk wa-
termoleculen, vanwege het feit dat aan het oppervlak de intermoleculaire
interacties asymmetrisch zijn. De dissociatieconstante (pKa) van moleculen
aan het oppervlak kan bijvoorbeeld heel anders dan de pKa van moleculen in
de bulk. Er zijn veel verschillende technieken zoals potentiometrische titration,
voltammetrie, etc. om de dissociatieconstante van moleculen in de bulk van
wateroplossingen te bepalen. In dit hoofdstuk presenteren we een VSFG studie
van de aminozuren L-alanine en L-proline, met als doel om de oppervlakte
pKa te bepalen. Wij gebruiken ATR spectroscopie om de oppervlakte pKa

te vergelijken met de pKa in de bulk oplossing. We zien dat de oppervlakte
pKa aanzienlijk hoger is dan de bulk waarde voor beide aminozuren. We
concluderen dat een hogere bulk pH nodig is om de afgifte van een proton
door het carbonzuur aan het oppervlak te veroorzaken, vanwege het gebrek
aan stabiliserend water. Een alternatieve verklaring zou kunnen zijn dat de
concentratie van protonen aan het wateroppervlak hoger is (het wateropper-
vlak wordt zuur), hetgeen impliceert dat de dissociatie van een zuur aan het
oppervlak een hogere bulk pH vereist dan in de bulk.
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