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“It’s the largest diamond in the world.”
“No,” the gypsy countered. “It’s ice.”

— Gabriel Garćıa Márquez, One Hundred Years of Solitude, 1967
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1 Introduction

Ice is the coolest state of water. It only remains frozen at temperatures below
0 ○C. Whereas a change from 23 to 21 ○C is hardly noticeable, a transition from+1 to −1 ○C can transform an entire landscape: canals and lakes freeze over and
snow covers everything with a white blanket. For a long time, winter was a
challenging season, when less food was available and people had to rely on their
reserves. However, the ice-cold also has its upsides. Ever since prehistoric times,
ice and snow made it possible to travel great distances for migration, hunting,
commerce, or leisure, as beautifully illustrated by the winter landscape from
Hendrick Avercamp on the cover of this thesis. Over the years ice has even been
a saviour: during the Spanish siege of Haarlem in the winter of 1572–1573, the
frozen Haarlemmermeer enabled the Dutch to supply the city, damsel in distress,
with sledges over the ice. When the ice melted again after seventeen weeks, the
city inevitably had to surrender. [1] Nowadays winters in the Netherlands are
less severe and the ice over lakes and ditches only occasionally grows past the
3–4 cm required to support the weight of a single person. [2–4]

Ice floats on water, and only the top part of the water needs to freeze in order
for us to skate on ice. This property that makes ice float on water is actually
rather peculiar. Most substances become more dense when they freeze and
would therefore sink. The origin of this property and of many other anomalies
of water lies in its special molecular structure. In spite of its simple molecular
formula H2O, water is surprisingly complex. It consists of one oxygen atom to
which two hydrogen atoms are bonded in a triangular shape (Fig. 1.1).

0.9
6
Å

105○

0.9
6
Å

105○

−0.6 e

+0.3 e+0.3 e

Figure 1.1: Schematic picture of the water molecule: an oxygen atom (red)
with two covalently-bonded hydrogen atoms (white). In total the water
molecule is charge neutral, but a charge separation is present within the
molecule. This charge separation corresponds to a net point charge of +0.3 e
at the hydrogen atoms and a negative charge of −0.6 e at the oxygen atom.�

�These values are derived by a goniometric calculation based on an electric dipole moment
of 6 ⋅ 10−30 C m and the electron clouds assumed to be point charges.
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Introduction 1

2.76 Å2.76 A

Figure 1.2: Two hydrogen-bonded water molecules.

The bonds between the atoms are covalent, which means that the hydro-
gen and oxygen atoms share their electrons. This allows them to attain the
equivalent of a full outer shell, corresponding to a more stable electronic con-
figuration. The sharing is not fair: in its greed for electrons, oxygen hogs the
electrons like a selfish lover claiming most of the duvet. [5] As a result, the oxy-
gen atom becomes partly negatively charged and the hydrogen atoms are left
with a slight positive charge. These partial charges in the water molecule give
rise to an attractive interaction between water molecules, called hydrogen bonds
(see Fig. 1.2). This hydrogen bond is about ten times stronger than the van der
Waals force that keeps “regular” liquids together, [6] but 10–100 times weaker
than a covalent bond. The presence of hydrogen bonds between water molecules
is the cause of the relatively high congealing and boiling temperatures, and the
origin of exceptional behaviour. Hydrogen bonds have a large capacity to store
energy, giving water its unusually high heat capacity, which causes sea climates
to be more temperate than land climates.

Every water molecule can form up to four hydrogen bonds: two involving
their own hydrogen atoms plus an additional two involving the hydrogen atoms
of neighbouring water molecules. In liquid water the structure of the hydrogen
bonds is very dynamic and continuously reforms on the timescale of a picosecond
(10−12 s). [7, 8] When liquid water freezes and forms ice, the arrangement of
the hydrogen bonds becomes fixed and an ordered, spacious structure of water
molecules is formed. The density of water decreases by 8.3 % upon freezing. [9]

As a result, ice floats on water. The structure of normal ice is depicted in
Fig. 1.3. The oxygen atoms are found at the summits of non-planar hexagons
that have the shape of a chair. A projection of the ice crystal in the basal plane
gives a regular hexagonal structure similar to honeycombs in a beehive. The
hexagonal structure of ice is the origin of the sixfold symmetry of snowflakes.

12



1 Introduction

Figure 1.3: Hexagonal structure of ordinary ice (Ih). The crystal orientation
is shown in the basal plane.

In his Les météores (1637) Descartes details his observations on
Amsterdam’s snowfalls of 4, 5, 6, and 9 February 1635:

But what astonished me above all was that among the grains which
fell lately I noticed some which had around them six little teeth, like
clockmakers’ wheels.

These were little plates of ice, very flat, very polished, very transpar-
ent, about the thickness of a sheet of rather thick paper, ... so perfectly
formed in hexagons, and of which the six sides were so straight, and the
six angles so equal, that it is impossible for men to make anything so
exact.♩ [10]
Today we continue to marvel at and unravel the properties of ice. Its surface

structure and the reason why ice is slippery, for instance, are still not fully
understood. [11] The low friction of ice is closely linked to a well-established
premelting, which results in a water layer at the surface of ice at temperatures

♩Mais ce qui m’étonna le plus de tout, fut qu’entre ceux de ces grains qui tombèrent les
derniers, j’en remarquai quelques-uns qui avaient autour de soi six petites dents semblables
à celles des roues des horloges.

C’étaient de petites lames de glace, toutes plates, fort polies, fort transparentes, environ
de l’épaisseur d’une feuille d’assez gros papier, ... si parfaitement taillées en hexagones, et
dont les six côtés étaient si droits, et les six angles si égaux, qu’il est impossible aux hommes
de rien faire de si exact.

1313



Introduction 1

close to the melting point. [12, 13] Premelting is not unique to ice, but occurs for
all types of crystalline materials. [14, 15] However, for ice it stands out due to the
ubiquity and importance of the geophysical effects. Our understanding of the
properties of the premelted layer on ice remain very limited, especially at the
most fundamental level. Very little is known about the molecular properties
of the surface layer. [12] The small size of water molecules in combination with
their ultrafast dynamics makes further study challenging. Only few techniques
can be deployed to acquire precise insights. This thesis uses spectroscopy to
shine light on the molecular properties of ice and other related systems.

Spectroscopy Light is made up of wavelengths, and each wavelength corre-
sponds to a particular colour. White light contains all colours of the rainbow,
as can be demonstrated by shining it through a prism. Our eyes are sensitive
to a small range of wavelengths, namely the range (in vacuum) from 390 nm
(violet) to 700 nm (red). [17] This region coincides with the maximum of the
emission spectrum of the sun, [18] which is — from an evolutionary point of view
— unlikely to be a coincidence.

Figure 1.4: The refractive index (blue) and the absorption spectrum (green)
of ice at 266 K. [16] The vibrational and librational normal modes are indicated
by their abbreviation (see text).

14



1 Introduction

v1 v3 v2

Symmetric stretching Antisymmetric stretching Bending

Figure 1.5: Vibrations of the water molecule.

Matter consists of atoms, which in turn comprise charged species like elec-
trons and an ion core. When light is incident in matter, significant interactions
can take place with the charged constituents. The light–matter interaction
can be used as a measurement tool. This field of study is called spectroscopy.
Spectroscopic data is often depicted by a spectrum: a plot of the absorbed or
emitted light as a function of wavelength or frequency. For historic reasons, in
spectroscopy the frequency is often denoted in wavenumbers in units of cm−1.
The wavenumber ṽ is related to the frequency f by the speed of light c:

ṽ [cm−1] = 1

100

f [s−1]
c [m s−1] .

The absorption spectrum of ice from the extreme ultraviolet up to the far in-
frared is shown in Fig. 1.4. The spectrum has both regions of weak and strong
absorptions. At a wavelength of 3 μm (3300 cm−1), a slice of ice of 10 μm (thin-
ner than a human hair) is already enough to absorb 99 % of the light, whereas
at a wavelength of 500 nm this requires a sheet of ice of more than a kilometre.
Ice is almost perfectly transparent to visible light and appears to us colourless.
Only the tail of the red side of the visible spectrum is absorbed giving ice and
water their intrinsic bluish shine. [19]

The features of the absorption spectrum have various origins. The absorp-
tions in the ultraviolet part of the spectrum are caused by electronic transitions
and those in the infrared are caused by molecular vibrations and rotations. In
this thesis we study molecular vibrations, which field of study is called vibra-
tional spectroscopy. The water molecule vibrates in several ways. The normal
mode vibrations are illustrated in Fig. 1.5. There are symmetric and antisym-
metric stretching vibrations, usually denoted as v1 and v3, respectively, in which
the length of the covalent OH bonds oscillates. The bending vibration (v2) is
a scissor-like movement in which the angle between the two covalent OH bonds
oscillates. Lastly, water molecules rotate. In the condensed phase this motion
is restricted by hydrogen bonds giving rise to hindered rotations or librations
(L). Each of these modes has its own oscillation frequency. The vibrations
give rise to several peaks in the absorption spectrum, as marked in Fig. 1.4.
The other features in the infrared spectrum are associated with overtones and
combinations of vibrations.

The vibrational modes of water are very sensitive to the local environment.
The spectral position, width, and amplitude of the vibrational bands depend on

1515
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Figure 1.6: Absorption spectra of ice (270 K) and liquid water (295 K) in the
stretching mode region.

the hydrogen-bond network. [20] Especially the stretching modes are sensitive
to the strength of the hydrogen-bond interaction. [7] The hydrogen bond exerts
a force on a hydrogen atom in opposite direction to the covalent OH bond,
thereby lowering the effective restoring force of the hydrogen atom. As a result,
the hydrogen bond lowers the oscillation frequency of the stretching mode. The
absorption spectra of the H2O stretching modes in ice and liquid water are
shown in Fig. 1.6. Comparing these spectra we note that the stretching modes
of ice have a lower frequency than the stretching modes of liquid water. This
reflects the hydrogen bonds to be on average stronger in ice than in liquid water.
The sensitivity of the stretching vibrations can be of great use as a probe for
the molecular landscape.

Outline In this thesis we investigate several properties of ice and ice-related
systems by taking advantage of the sensitivity of the stretching vibrations to
the hydrogen-bond structure. In Chapters 2 & 3 we first provide a theoretical
introduction and an overview of the employed spectroscopic techniques. We
will investigate aspects of the vibrational dynamics of water molecules in ice
and hydrated salts in Chapters 4 & 5. Subsequently, we study the surface
properties of ice and the surface premelting in Chapters 6 & 7. Chapter 8
deals with the effects of resonant molecular couplings at the surfaces of ice and
liquid water. In the last two chapters we study the surface properties of water
and oil emulsions. The effect of freezing water at the surface of oil droplets
in water is investigated in Chapter 9. The surface structure of water droplets
and ice nanocrystals immersed in a hydrophobic environment is discussed in
Chapter 10.

16



2 Theory

Comprendre c’est avant tout unifier.

— Albert Camus, Le Mythe de Sisyphe, 1942

Vibrational spectroscopy is the study of the interaction between light and
the vibration of molecules. In this chapter we provide the theoretical framework
to describe this interaction. The interaction can be adequately described in a
semi-classical way in which the electric field is considered classically, and the
vibrational states of the molecule are described quantum-mechanically. The
theory presented here will focus on the aspects that are needed to understand
the experiments in the following chapters. More extensive treatments can be
found in textbooks on light–matter interaction, [21–23] non-linear optics, [24–29]

electrodynamics, [30, 31] and quantum mechanics. [32, 33]

2.1 Electrodynamics

Light can be depicted as a travelling electromagnetic wave propagating with the
speed of light c. When an electromagnetic wave E travels through a medium,
the atoms or molecules composing the medium become polarized. The induced
polarization P results in oscillating charges that also emit electric waves. These
fields combine with the original field. For a non-magnetic medium without any
free charges, the electromagnetic fields obey the Maxwell wave equation, which
reads in SI units

∇2E(x, t) = 1

c2
∂2

∂t2
E(x, t) + 1

ε0c2
∂2

∂t2
P (x, t), (2.1)

with ε0 the vacuum permittivity. The solutions are transverse plane waves
oscillating periodically in time t with angular frequency ω and in space x with
spatial frequency k(ω):

E(x, t) = 1

2π
∫ dωE(ω)ei(k(ω)⋅x−ωt). (2.2)

E(ω) are the complex frequency components of the electromagnetic wave incor-
porating both the phase and the amplitude. The polarization P can be written
in the same form

P (x, t) = 1

2π
∫ dωP (ω)ei(k(ω)⋅x−ωt). (2.3)

1717



Theory 2.1

The wave equation [Eq. (2.1)] is valid for every position in space and time, a
substitution of the expressions for E(x, t) and P (x, t) hence yields the following
relation for the frequency components:

k2E(ω) = ω2

c2
E(ω) + ω2

ε0c2
P (ω). (2.4)

The degree of polarization P induced by the electric field E is determined by
the electric susceptibility χ:

P (ω) = ε0χ(ω)E(ω). (2.5)

Depending on the frequency, the polarization P can be out of phase with respect
to the original field E. Hence, the susceptibility χ is a complex quantity with
a real and imaginary part, i.e.

χ(ω) = Re(χ(ω)) + i Im(χ(ω)), (2.6)

The real and imaginary parts of the susceptibility χ are related through the
Kramers–Kronig relations: [28]

Re(χ(ω)) = 1

π
P∫ dω′

Im(χ(ω))
ω′ − ω

Im(χ(ω)) = − 1

π
P∫ dω′

Re(χ(ω))
ω′ − ω

,

(2.7)

where P is the Cauchy principal value of the integral. When Reχ is an odd
function, Imχ is an even function, and vice versa. Substitution of Eq. (2.5) into
Eq. (2.4) gives the dispersion relation between the amplitude of the wavevector
k and the frequency ω:

k(ω) = ω
√
1 + χ(ω)
c

. (2.8)

This can be written as k(ω) = n(ω)ω/c by introducing the factor

n(ω) = √1 + χ(ω). (2.9)

n(ω) is denoted as the refractive index, as it also determines the angle of re-
fraction as light passes from one medium into another. Because of the coupling
with χ, the index of refraction n is a complex quantity, i.e.

n(ω) = Re(n(ω)) + i Im(n(ω)). (2.10)

For the physical representation of the real and imaginary parts it is insightful
to consider an electromagnetic wave propagating in the x-direction. Using the
dispersion relation and the complex refractive index, we can rewrite

E(x, t) = 1

2π
∫ dωE(ω)ei(k(ω)x−ωt) = 1

2π
∫ dωE(ω)eiω(n(ω)x/c−t)

= 1

2π
∫ dωE(ω)eiω(Re(n(ω))x/c−t)e−ω Im(n(ω))x/c.

(2.11)

18



2.1 Theory

The real part of n determines the retardation of the phase velocity with respect
to the vacuum value: vp(ω) = c/Re(n(ω)). The imaginary part of n describes
the exponential damping of the electromagnetic wave in the medium, caused by
light absorption. From Eq. (2.9) follows that the imaginary part of the refractive
index is related to the imaginary part of the susceptibility via

Im(n(ω)) = Im(χ(ω))
2Re(n(ω)) . (2.12)

Hence, the component of the polarization that is 90○ out of phase with the
incoming field E is responsible for the absorption of light.

Non-linear effects In all materials the polarization starts to depend non-
linearly on the applied electric field if the field is sufficiently intense. This
response can be modelled by expanding the susceptibility

χ(ω) = χ(1)(ω) + χ(2)(ω)E(ω) + χ(3)(ω)E2(ω) + ... (2.13)

Here χ(1) is the linear susceptibility, and χ(2) and χ(3) are the second- and third-
order susceptibilities, respectively. χ(n) is a tensor of rank n. The polarization
P [Eq. (2.5)] then consists of the series

P (ω) = ε0χ
(1)(ω)E(ω) + ε0χ

(2)(ω)E2(ω) + ε0χ
(3)(ω)E3(ω) + ... (2.14)

The higher-order polarizations are typically much smaller than the linear po-
larization. These non-linear polarizations are employed frequently throughout
this thesis. We shall refer to the term

P (n)(ω) = ε0χ
(n)(ω)En(ω) (2.15)

as the nth-order polarization.
The complex refractive index will take the following form [Eq. (2.9)]:

n(ω) = √1 + χ(1)(ω) + χ(2)(ω)E(ω) + χ(3)(ω)E2(ω) + ... (2.16)

and will hence depend on the strength of the electric field. Using a Taylor
expansion for the second- and third-order terms, we get

n(ω) ≃ n0(ω) + χ(2)(ω)E(ω)
2n0�																																			
																																			�

Pockels effect

+ χ(3)(ω)E2(ω)
2n0�																																							
																																							�

Kerr effect

, (2.17)

where n0(ω) = √1 + χ(1)(ω) is the linear (complex) refractive index. The mod-
ulation of the refractive index that is proportional to the electric field is known
as the Pockels effect. The Pockels effect is employed in Pockels cells, which are
often used in laser cavities. In centrosymmetric materials like gases, liquids,
and certain crystals, the Pockels effect is zero because the refractive index must
be invariant to the reversal of E. The term proportional to the electric field
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squared (and hence proportional to the intensity) is known as the Kerr effect.
In many materials the Kerr effect is small in comparison with the Pockels effect,
except for centrosymmetric materials where the Pockels effect is non-existing.
The Kerr effect is responsible for self-focusing, which is frequently utilized to
mode-lock a laser oscillator.

Frequency mixing A remarkable effect of the higher-order polarizations is
that the frequency of light can change. To illustrate this let us consider a
medium with a non-dispersive χ(2), i.e. with an instantaneous response to the
electromagnetic wave. A monochromatic electric field

E(x, t) = E0(x) cos(ωt) (2.18)

will then induce the second-order polarization

P (2)(x, t) = ε0χ
(2)E2(x, t)= ε0χ
(2)E2

0(x) cos2(ωt)= 1

2
ε0χ

(2)E2
0(x)[1 + cos(2ωt)]. (2.19)

The first term in the brackets creates a static electric field response known as
optical rectification, the second term oscillating at twice the frequency of the
incident light leads to second harmonic generation.

Let us now consider the simultaneous illumination by two beams with fre-
quencies ω1 and ω2 (ω2 > ω1). The total electric field is

E(t) = E1(x) cos(ω1t) +E2(x) cos(ω2t). (2.20)

Then additional mixing terms appear in the second-order polarization

P (2)(x, t) =ε0χ(2)E2(x, t)=ε0χ(2) [E1(x) cos(ω1t) +E2(x) cos(ω2t)]2=1
2
ε0χ

(2){E2
1(x) +E2

2(x) +E2
1(x) cos(2ω1t) +E2

2(x) cos(2ω2t)+E1(x)E2(x)[cos((ω1 + ω2)t) + cos((ω2 − ω1)t)]}. (2.21)

In this case there are polarization terms at the sum frequency (ω1 +ω2) and at
the difference frequency (ω2 −ω1), giving rise to electromagnetic radiation with
those frequencies.

The mixing process takes place over the whole length of the non-linear
medium. In general destructive interference between the electromagnetic waves
created at different positions in the material leads to small intensities of the
generated light. Only when the conservation-of-momentum condition is fulfilled
does constructive interference occur and are high intensities of light produced.
For photons the momentum p can be expressed in the wavevector k by using de
Broglie’s relation p = h̵k. The wavevector points in the direction of the phase
velocity. Conservation of momentum is therefore also known as phase matching.
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For a three-wave process the energy conservation and phase-matching con-
ditions are:

ω1 + ω2 = ω3, k1 + k2 = k3, (2.22)

where subscripts 1, 2, and 3 denote the participating waves in increasing order
of photon energy. These conditions must be satisfied simultaneously. In case
the three waves are collinear, i.e. they travel in the same direction, we can
rewrite these conditions using k = n(ω)ω/c as

[n(ω1) − n(ω3)]ω1 = [n(ω3) − n(ω2)]ω2. (2.23)

This equation cannot be fulfilled in most materials as the index of refraction
normally increases with frequency, i.e. n(ω1) < n(ω2) < n(ω3). In order to ful-
fill Eq. (2.23) we need n(ω3) to lie in-between n(ω1) and n(ω2). This problem
can be solved by employing birefringent crystals, where the index of refraction
depends on the crystal orientation. The simplest and most common type of
birefringence is that of crystals with an uniaxial anisotropy, like ice, sapphire,
and β-barium borate (BBO). Those crystals have one axis of symmetry, denoted
as the optical axis, with the perpendicular directions being optically equivalent.
The optical axis has the extraordinary index of refraction ne and the perpen-
dicular directions have the ordinary index of refraction no. Let us define θ as
the angle between the incoming light and the optical axis.

The oscillation orientation of the electromagnetic wave (known as the polar-
ization) can be decomposed in two mutual perpendicular components. Because
of the cylindrical symmetry we can, without loss of generality, always define the
polarization of one component to lay in the plane perpendicular to the optical
axis with refractive index no. The polarization of the other component can be
projected onto the optical and ordinary axes which has a refractive index that
is a combination of no and ne, namely

1

n2(θ) = cos2(θ)
n2
o

+ sin2(θ)
n2
e

. (2.24)

The index of refraction for this normal mode can be tuned by rotating the angle
θ between the optical axis and the propagation direction. The three-wave phase
matching condition of Eq. (2.23) and energy conservation can be achieved by
tuning the angle θ.

Another application of birefringent crystals is to change the polarization of
a light wave travelling through it. A half-wave plate (λ/2-plate) can rotate the
polarization of linearly polarized light by retarding one polarization component
by 180○ with respect to the other. The details can be found in the book of
Saleh and Teich. [27] Furthermore, we use the birefringence of ice to determine
its crystal orientation. The procedure is described in the Appendix.
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2.2 Light pulses

A light pulse is an electromagnetic wave of finite duration. For a single position
in space the time-dependent electric field is described by [Eq. (2.2)]:

E(t) = 1

2π
∫ dωE(ω)e−iωt, (2.25)

where E(ω) is the continuum of frequency components, which represent the
pulse envelope in the frequency domain. E(ω) can be recognized as the Fourier
transform of E(t). The inverse of the Fourier transform is given by

E(ω) = ∫ dtE(t)eiωt. (2.26)

Note that the time-dependent electric field E(t) is a real quantity. As a con-
sequence, the frequency function is conjugate symmetric, i.e. E(ω) = E∗(−ω)
with ∗ denoting the complex conjugate and the positive frequency components
are sufficient to describe the electric field uniquely. Hence, the pulse length
can be calculated from the positive frequency components. Reversely, the pulse
envelope can be computed from the time dependence of the electric field. E(t)
and E(ω) are interdependent, which imposes a direct relationship between the
pulse time and its spectral components. For instance, a Gaussian-shaped E(t)
pulse also has a frequency envelope E(ω) with a Gaussian profile.

With the use of some mathematics we will derive now a general property of
the product of the pulse length and spectral bandwidth. The root-mean-square
widths σt and σω are measures for the pulse length and the frequency spread,
respectively. They can be calculated as follows [27]

σ2
t = ∫ dt (t − t)2∣E(t)∣2∫ dt ∣E(t)∣2 (2.27)

σ2
ω = ∫ dω ω2∣E(ω)∣2∫ dω ∣E(ω)∣2 , (2.28)

where t is the weighted mean of the pulse time,

t = ∫ dt t∣E(t)∣2. (2.29)

Because of the conjugation symmetry of the frequency function, the mean fre-
quency is zero. The numerator and denominator of Eq. (2.28) can be rewritten
using Parseval’s theorem

∫ dω ∣E(ω)∣2 = 2π∫ dt ∣E(t)∣2, (2.30)

and the moment theorem of the Fourier transform

∫ dω ω2∣E(ω)∣2 = 2π∫ dt ∣dE(t)
dt

∣2 . (2.31)
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The quadratic product of the root-mean-square widths then becomes

σ2
t σ

2
ω = ∫ dt ∣(t − t)E(t)∣2∫ dt ∣E(t)∣2 ∫ dt ∣dE(t)

dt
∣2∫ dt ∣E(t)∣2 . (2.32)

Using the Cauchy–Schwarz inequality for the numerators we find

[∫ dt ∣(t − t)E(t)∣2]⎡⎢⎢⎢⎢⎣∫ dt ∣dE(t)
dt

∣2 ⎤⎥⎥⎥⎥⎦ ≥ [∫ dt ∣(t − t)E(t)dE(t)
dt

∣ ]2. (2.33)

Integration by parts yields

∫ dt ∣(t − t)E(t)dE(t)
dt

∣ = 1

2
∫ dt ∣E(t)∣2 . (2.34)

Combining the above three equations we obtain the uncertainty relation

σtσω ≥ 1

2
. (2.35)

Hence, the product of the pulse length and the spectral bandwidth cannot be
less than a certain minimal value. This is of great importance for the ultrashort
pulses employed in the experimental chapters of this thesis.

The time–bandwidth product for a specific pulse can be calculated using
Eqs. (2.27) & (2.28). A Gaussian-shaped pulse without chirp exactly fulfills the
minimal value of the time–bandwidth product [Eq. (2.35)]. Usually, the pulse
length τp and the frequency bandwidth Δω are defined in terms of their full
width at half maximum (FWHM). For a Gaussian-shaped pulse the FWHM
equals 2

√
2 ln 2 times the root-mean-square width σ, i.e. τp = 2

√
2 ln 2σt and

Δω = 2
√
2 ln 2σω. In terms of the FWHM the time–bandwidth product becomes

τpΔω = 4 ln(2) ≈ 2.77 (Gaussian pulse). (2.36)

As an example, a Gaussian pulse with a duration of 100 fs (10−13 s) has a
minimal spectral width of 4.4 THz (Δṽ = 150 cm−1).

2.3 Harmonic oscillator

In this section we will describe the vibration of a molecule. To a first approxi-
mation, the vibration of a molecule can be described as a harmonic motion. We
will start from a classical model of the harmonic oscillator and expand this to a
quantum-mechanical description. Along the way, we will learn import aspects
of vibrational spectroscopy.
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m

x

Figure 2.1: A mass connected to a spring. The displacement from the equi-
librium position is denoted by x.

2.3.1 Classical description

Figure 2.1 displays the simplest example of an harmonic oscillator with a mass
m connected to a spring with spring constant κ. When the mass has a small
deviation from its equilibrium position x, the spring exerts a restoring force
F = −κx on the mass (Hooke’s law). For an ideal spring without friction, this
force equals the rate of momentum change following Newton’s second law of
motion: F = ma. Since the body acceleration equals the second derivative of
the displacement x with respect to time t, we arrive at,

m
d2x

dt2
+ κx = 0. (2.37)

The general solution of this differential equation is given by

x = A sin(ω0t + φ), (2.38)

where A and φ are constants depending on the boundary conditions, and

ω0 =√ κ

m
(2.39)

is the natural frequency of oscillation of the mass on a spring. Hence, the natural
frequency scales inversely proportionally to the square root of the mass.

Normal modes Real molecules consist of multiple atoms and the interaction
between each pair of atoms can be described in terms of a spring constant. As an
example, the three coupled masses of the water molecule can be regarded clas-
sically as depicted in Fig. 2.2. Each of the N atoms fulfills Newton’s second law
of motion. As the position of each atom in three-dimension space is described
by 3 coordinates, we thus have a set of 3N equations of motion. In general the
equations of motion are not straightforward to solve, as the equations of motion
are coupled, i.e.

mi
d2xi

dt2
+∑

j

κijxj = 0, i = 1, ...,3N. (2.40)

These equations can be expressed in compact form by defining the vector x
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Figure 2.2: The interaction between each pair of atoms in a water molecule
can be described as a spring connecting the masses. The coupling between the
hydrogen atoms is much weaker than that of the OH bonds.

with the 3N elements xi, the diagonal 3N × 3N matrix M with elements mi,
and the symmetric 3N × 3N matrix K with elements κij :

M
d2x

dt2
+Kx = 0. (2.41)

Multiplying this equation from the left with M−1 yields

d2x

dt2
+M−1Kx = 0. (2.42)

The trick in solving these equations lies in finding the unitary transformation
matrix U

x = Uq (2.43)

such that U−1M−1KU equals the diagonal matrix Ω. With this transformation,
Eq. (2.42) becomes

U
d2q

dt2
+M−1KUq = 0. (2.44)

Multiplying this equation now from the left with U−1 yields

d2q

dt2
+U−1M−1KUq = 0

d2q

dt2
+Ωq = 0.

(2.45)

Since Ω is diagonal, the 3N coupled equations of motion in Eq. (2.40) have now
become 3N uncoupled differential equations

d2qi
dt2

+ ω2
i qi = 0, i = 1, ...,3N, (2.46)

where ω2
i are the (diagonal) elements of Ω. These equations are just 3N equa-

tions of motion of independent one-dimensional harmonic oscillators, which we
already know how to solve [Eq. (2.38)].

Each independent oscillation qi is called a normal mode, and any oscillation
is a superposition of normal modes by Eq. (2.43). However, 3 degrees of free-
dom are needed to describe the translation of the centre-of-mass motion, and
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3 degrees of freedom are needed to describe rotational motion (2 for molecules
with a linear geometry), which are not genuine vibrational modes. Therefore,
for a molecule with N atoms, the number of normal modes is 3N − 6, or 3N − 5
for a linear molecule. A molecule with M covalent bonds shall have M bond-
stretching modes (for a non-cyclic molecule M = N − 1). The remaining modes
are angle-bending modes. The resonance frequencies of the bending modes are
usually lower than those of the stretching modes. [34] The water molecule has a
bend configuration of 3 atoms with 2 covalent bonds, thus water has one bend-
ing and two stretching modes. For normal water (H2O) and heavy water (D2O)
the two OH/OD bond stretches combine to give symmetric and antisymmetric
modes (Fig. 1.5). The symmetric stretching mode has a lower eigenfrequency
than the antisymmetric stretching mode. For the water isotope HDO, the nat-
ural frequencies of the OH and OD bonds are different owing to the mass of a
deuterium atom being twice the mass of a hydrogen atom [Eq. (2.39)]. As a
result, the stretching modes are well localized on the OH and OD bonds.

Damping In real oscillators the vibration will not last, but friction will lead
to damping of the oscillation. The frictional force can be me modelled as being
proportional to the derivative of the normal mode coordinate with respect to
time. As a consequence, the equation of motion contains one more term and
becomes

d2q

dt2
+ Γ

dq

dt
+ ω2

0q = 0, (2.47)

where Γ is the damping constant. The solution to this homogeneous equation
reads

q = A sin(√ω2
0 − Γ2/4 t + φ) e−Γt/2. (2.48)

As can be seen from the last term, this solution is exponentially damped in
time and Γ/2 can be regarded as the rate constant of the amplitude decay. The
energy is proportional to the square of the amplitude, so the energy decay is
twice as fast as the amplitude decay. Hence, the energy damping time τ is the
inverse rate of the energy loss, i.e. τ = 1/Γ.

Let us now drive the oscillator with an external driving force Fdriving. For
a sinusoidal driving force with driving frequency ω and force constant F0, i.e.
Fdriving = F0 cos(ωt), the equation of motion becomes

d2q

dt2
+ Γ

dq

dt
+ ω2

0q = F0

m
cos(ωt). (2.49)

The steady state solution is

q = F0

m

1√(ω2
0 − ω2)2 + Γ2ω2

cos(ωt +ϕ) (2.50)

with

tan(ϕ) = Γω

ω2 − ω2
0

, (2.51)
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where −180○ < ϕ ≤ 0○. Introducing the linear susceptibility of a harmonic
oscillator

χ(1)(ω) = 1

m

1

ω2
0 − ω2 + iΓω

, (2.52)

one can write the steady state solution more compactly as

q = ∣χ(1)(ω)∣F0 cos (ωt + arg(χ(1)(ω))) . (2.53)

The oscillator now oscillates with the driving frequency ω. The amplitude
is largest when the driving frequency ω matches the natural frequency ω0, for
which the oscillation is 90○ delayed with respect to the driving force. By analogy,
consider ringing the bells of a church: A bell only swings boldly when the pull
frequency of the bell-ringer matches the natural frequency of the bell. Moreover,
the best moment to pull the rope is at the equilibrium position of the bell when
the bell moves away from the bell-ringer, i.e. when the force is 90○ out of phase
with the oscillation.

One can now calculate the average power absorbed by the oscillator, which
is the inner product of the applied force with the velocity:

⟨P ⟩t ≡ ⟨Fdriving
dq

dt
⟩
t
= −ωF 2

0

2m
Im(χ(1)(ω)) = F 2

0

2m2

Γ(ω − ω2
0/ω)2 + Γ2

. (2.54)

The maximal absorption coincides with the maximal amplitude, i.e. when the
driving frequency ω matches the natural frequency ω0. Plotting the absorbed
power as a function of frequency gives the absorbed power spectrum, shown in
Fig. 2.3. A typical measure of a resonance is the FWHM of the absorption spec-
trum, which equals here the damping constant and decay rate Γ. For a weakly
damped oscillators where the damping is small compared to the resonance fre-
quency (Γ << ω0), the absorption spectrum is strongly peaked at ω ≃ ω0. Near
the peak frequency we can approximate

(ω − ω2
0/ω)2 = (1 + ω0/ω)2(ω − ω0)2 ≃ 4(ω − ω0)2 (2.55)

and Eq. (2.54) approaches the Lorentzian line shape

⟨P ⟩t = F 2
0

8m2

Γ(ω − ω0)2 + Γ2/4 . (2.56)

The model of the classical harmonic oscillator can be expanded further by
including a term proportional to q2 in the equation of motion. This will lead
to non-linear susceptibilities and frequency mixing [cf. Section 2.1]. Further
details can be found in for instance books by Boyd [28] and Shen. [24]

2.3.2 Quantum-mechanical description

Molecular vibrations show quantized energy levels, which cannot be described
with a classical description of the harmonic oscillator. To account for quan-
tization we need a quantum-mechanical description of the system, which is
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ω0

Γ = ω0

10

Γ = ω0

2

ω

⟨P⟩ t

Figure 2.3: Absorbed power spectrum of the driven harmonic oscillator as
a function of the driving frequency. The FWHM of the absorption spectrum
equals the damping constant Γ. The absorption of an oscillator with a large
damping constant is smeared out over a broad spectral range. A small damping
constant results in a high peak absorption at the natural frequency ω0. The
spectral absorption approaches a Lorentzian line shape for Γ << ω0. The area
underneath the absorbed power spectrum is independent of Γ.

usually described in energy-based formulations in terms of a Hamiltonian. The
Hamiltonian is an operator, which acts on a state like a force on a system and
corresponds to the total energy of the system. For the mass connected to a
spring with force constant κ, the Hamiltonian is given by

Ĥ = p̂2

2m
+ 1

2
κx̂2, (2.57)

where p̂ and x̂ are the momentum and position operators, respectively. The
first term corresponds to the kinetic energy of the system (with p̂ = −ih̵ ∂x), and
the second term represents the potential energy.

The allowed stationary states ψ and the corresponding eigenenergies E are
obtained by solving the time-independent Schrödinger equation, which reads in
Dirac’s bra–ket notation [35]

Ĥ ∣ψ⟩ = E ∣ψ⟩. (2.58)

The solutions of this differential equation yield an orthogonal set of eigenstates
of the form [32]

∣v⟩ = (2vv!)−1/2 (mω0

πh̵
)1/4 e−mω0x

2/2h̵Hv (√mω0/h̵ x) (2.59)

and their corresponding eigenenergies

Ev = h̵ω0 (v + 1

2
) , (2.60)
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where v ∈ N0 is the vibrational quantum number and Hv(ξ) are the Hermite
polynomials�. One can see from this equation that subsequent states are equally
spaced by the energy h̵ω0, where ω0 = √

κ/m corresponds to the classical reso-
nance frequency of the oscillator. The first few stationary eigenstates with their
corresponding energies are shown in Fig. 2.4. Note that the v = 0 state (also
called the ground state) has an energy of h̵ω0/2 larger than the minimum of
the potential well. This is called the zero-point energy. This is in contrast with
the non-driven classical oscillator, where the ground state coincides with zero
oscillation.

h̵ω0

v = 0

v = 1

v = 2

v = 3

ψ0

ψ1

ψ2

ψ3

x

E

Figure 2.4: Wave functions and corresponding energy levels of the harmonic
oscillator potential. The energy levels are spaced by h̵ω0.

Vibrational transitions A transition from one state to another is only
possible when the Hamiltonian is perturbed by a time-dependent energy term.
The effect of the perturbation on the state of a system is described by the
time-dependent Schrödinger equation

ih̵
∂

∂t
∣ψ⟩ = Ĥ(t) ∣ψ⟩. (2.61)

Here the Hamiltonian operator Ĥ(t) is the sum of the unperturbed harmonic
Hamiltonian Ĥ0 from Eq. (2.57) and the time-dependent interaction potential
V̂int(t),

Ĥ(t) = Ĥ0 + V̂int(t). (2.62)

In the case of molecular vibrations irradiation with light can provide such a per-
turbation. The simplest model of the interaction potential between the electric

�The first few Hermite polynomials are given by H0(ξ) = 1, H1(ξ) = 2ξ, H2(ξ) = 4ξ2 − 2.
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field E(t) and the electric dipole moment of the molecule μ is given by

V̂int(t) = −μ̂ ⋅E(t)= −μ̂ ⋅E0 cos(ωt)≡ 1

2
V̂int (e−iωt + eiωt) . (2.63)

We solve the time-dependent Schrödinger equation [Eq. (2.61)] using the
eigenstates for the unperturbed harmonic oscillator [Eq. (2.59)]. These eigen-
states form a complete set, meaning that the perturbed wave function can be
expressed as a linear combination of them:

∣ψ(t)⟩ = ∑
u

au(ω, t)∣u⟩, (2.64)

where au are to be determined amplitudes complex functions. Inserting this
into Eq. (2.61) and multiplying from the left by ⟨w∣ yields the set of differential
equations:

∂ aw(ω, t)
∂t

= − i

2h̵
∑
u

⟨w∣V̂int∣u⟩ [e−i(ω+ωwu)t + ei(ω−ωwu)t]au(ω, t), (2.65)

where h̵ωwu = (Ew − Eu) is the energy difference between states w and u.
The differential equations are coupled, i.e. aw depends on au, which in turn
depends on aw and so on. This problem can be addressed using the perturbation
expansion

aw(ω, t) = a(0)w (ω) + a(1)w (ω, t) + ... (2.66)

where a
(n)
w signifies the amplitude of nth-order expansion. In case the interac-

tion Vint is small in comparison with the unperturbed Hamiltonian Ĥ0, we can
solve Eq. (2.65) by a process of successive approximations. If initially only state

v is populated, we have in zeroth-order a
(0)
v = 1 and a

(0)
w≠v = 0. Relating the time

derivatives of the first-order amplitudes only to the zeroth-order amplitudes we
get

∂ a
(1)
w (ω, t)
∂t

= − i

2h̵
⟨w∣V̂int∣v⟩ [e−i(ω+ωwv)t + ei(ω−ωwv)t] , (2.67)

or in integrated form

a(1)w (ω, t) = − i

2h̵
⟨w∣V̂int∣v⟩∫ t

0
dt′ [e−i(ω+ωwv)t + ei(ω−ωwv)t]

= 1

2h̵
⟨w∣V̂int∣v⟩ [e−i(ω+ωwv)t − 1

ω + ωwv
+ e−i(ω−ωwv)t − 1

ω − ωwv
]

= −i
h̵
⟨w∣V̂int∣v⟩[e−i(ω+ωwv)t/2 sin((ω + ωwv)t/2)

ω + ωwv

+ e−i(ω−ωwv)t/2 sin((ω − ωwv)t/2)
ω − ωwv

].
(2.68)
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The probability that a particle which started out in state v will be found after
time t in state w equals the squared magnitude, i.e.

∣a(1)w (ω, t)∣2 = 1

h̵2
∣⟨w∣V̂int∣v⟩∣2[sin2((ω + ωwv)t/2)(ω + ωwv)2 + sin2((ω − ωwv)t/2)(ω − ωwv)2

+ 2 cos(ωwvt) sin((ω + ωwv)t/2) sin((ω − ωwv)t/2)(ω + ωwv)(ω − ωwv) ]. (2.69)

This expression can be simplified by realizing that as time proceeds it becomes
more and more peaked near the resonance frequencies. About ω = ∓ωwv we can
approximate

∣a(1)w (ω, t)∣2 ≃ 1

h̵2
∣⟨w∣V̂int∣v⟩∣2 sin2((ω ± ωwv)t/2)(ω ± ωwv)2 . (2.70)

It is of interest to calculate the transition rate from initial state v to final state
w which is defined as the time derivative of the squared magnitude a

(1)
w , i.e.

Wwv(ω, t) ≡ ∂

∂t
∣a(1)w (ω, t)∣2 = 2

h̵2
∣⟨w∣V̂int∣v⟩∣2 sin((ω ± ωwv)t)

ω ± ωwv
. (2.71)

Note that the driving frequency ω does not necessarily need to match exactly±ωwv for a non-zero transition rate. This is a manifestation of the time–
frequency uncertainty relation [Eq. (2.35)]. For t → ∞ we can make use of
the limit

lim
t→∞

sin((ω ± ωwv)t)
ω ± ωwv

= π δ(ω ± ωwv), (2.72)

where δ is the Dirac delta function.♩ We then obtain

lim
t→∞

Wwv(ω, t) = π

2h̵2
∣⟨w∣V̂int∣v⟩∣2 δ(ω ± ωwv). (2.73)

Hence, the transition rate is constant for large t. Keeping this in mind we will
drop the time dependence of the transition rate and formulate the following
expression of Fermi’s golden rule [32]

Wwv(ω) = π

2h̵2
∣⟨w∣V̂int∣v⟩∣2 δ(ω ± ωwv)

= π

2h̵2
∣⟨w∣μ̂ ⋅E0∣v⟩∣2 δ(ω ± ωwv). (2.74)

The Dirac delta function ensures the energy conservation to be fulfilled. The
term δ(ω − ωwv) corresponds to the absorption of a photon with energy h̵ωwv

(Ew > Ev) and the term δ(ω + ωwv) corresponds to stimulated emission of a
photon with the same energy (Ew < Ev). The strength of the light–matter

♩Strictly speaking, one should refer to the Dirac delta distribution, as δ(ω) is only an
analytic function once integrated over a certain frequency domain.
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interaction is given by the matrix element ⟨w∣μ̂ ⋅E0∣v⟩. For an angle θ between
the electric field polarization E0 and the dipole moment μ we get

Wwv(ω) = πE2
0

2h̵2
cos2(θ) ∣⟨w∣μ̂∣v⟩∣2 δ(ω ± ωwv). (2.75)

The electric transition dipole moment ⟨w∣μ̂∣v⟩ depends on the normal mode
coordinate q, in which the following first-order Taylor expansion around the
equilibrium position q0 can be made:

⟨w∣μ̂(q)∣v⟩ ≃ μ(q0)⟨w∣v⟩ + (∂μ(q)
∂q

)
q=q0

⟨w∣q̂∣v⟩. (2.76)

Because vibrational eigenstates are orthogonal, the first term is zero. Substi-
tuting this back into Eq. (2.75), we arrive at

Wwv(ω) = πE2
0

2h̵2
cos2(θ) ∣∂μ(q)

∂q
∣2
q=q0

∣⟨w∣q̂∣v⟩∣2 δ(ω ± ωwv). (2.77)

The absorbed power of a transition is found by multiplying the transition
rate by the photon energy, e.g.

Pwv(ω) = h̵ωWwv(ω). (2.78)

The absorption cross section σ is defined as the absorbed power P divided by
the intensity of the incident light I = ε0cE

2
0/2. Using Eq. (2.77) under the

assumption of an isotropic medium where ⟨cos2(θ)⟩ = 1/3, we get

σwv(ω) = Pwv(ω)
I(ω) = πω

3h̵cε0
∣∂μ(q)

∂q
∣2
q=q0

∣⟨w∣q̂∣v⟩∣2 δ(ω ± ωwv). (2.79)

The proportionality to the modulo squared of the derivative of the dipole mo-
ment with respect to the vibrational coordinate entails that only vibrational
motions that lead to a change in the dipole moment of the molecule are active.
As a consequence molecules like O2 and N2 do not absorb infrared (IR) light.
For the CO2 molecule the antisymmetric stretch vibration is active while the
symmetric one is not, since that vibration does not modulate the dipole moment.
The three fundamental vibrational modes of the water molecule (illustrated in
Fig. 1.5) are all IR active.

For the harmonic oscillator the matrix elements of the position operator q̂
can be calculated explicitly: [32]

⟨w∣q̂∣v⟩ =√ h̵

2mω
(√v + 1 δw,v+1 +√

v δw,v−1) . (2.80)

Here the Kronecker delta function is unity when the indices match and zero
otherwise. Hence, an optical transition on the ladder of vibrational states is
only allowed between adjacent excitation levels, i.e. w = v ± 1. The v = 0 → 1
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transition is defined as the fundamental. Other possible transitions are v = 1→ 2
and v = 2 → 3. Transitions such as v = 0 → 2 and v = 1 → 3 are forbidden for a
perfect harmonic oscillator. We note that the v → w cross section (σwv) equals
the w → v cross section (σvw), e.g. σ10 = σ01. We also note that the cross section
is larger for more highly excited states, e.g. σ21 = 2σ10. Since the resonance
frequency scales proportionally to m−1/2 [Eq. (2.39)], we find ⟨w∣q̂∣v⟩ ∝ m−1/4.
Hence, the cross section scales σwv ∝m−1/2.

Vibrational relaxation States can also couple by non-optical interactions.
This yields a finite lifetime for an excited state v, as the vibrational energy can
be dissipated via resonant coupling to accepting modes. For vibrational transi-
tions in the IR, spontaneous emission is negligible owing to an ω3 dependence of
the Einstein coefficient. [21] Resonant coupling to accepting modes occurs within
the molecule (intramolecular coupling) and with other molecules in the vicinity
(intermolecular coupling). A constant decay probability leads to an exponen-
tially decaying vibration in time, which can also be derived more rigourously
by solving the time-dependent Schrödinger equation [Eq. (2.61)]. [36] The decay
rate Γi for initial state i is given by the sum over the transition probabilities of
all accepting modes integrated over all energies, i.e.

Γi = 2π

h̵
∫ dω ∑

f

∣⟨f ∣V̂c∣i⟩∣2δ(ω − ωfi). (2.81)

Here ⟨f ∣V̂c∣i⟩ is the coupling matrix element between the initial state i and final
state f . The initial state i of the system comprises the excited state v of the
vibrational mode and the ground state of the accepting mode. The final state
f of the system encompasses the vibrational state w with w < v and the excited
state of the accepting mode. In physically realistic situations the vibration is
coupled to many other sates, which form a continuum of final states. This
thought is often expressed by replacing the summation over the final states in
Eq. (2.81) by an (energy) density of final states ρf , i.e.

Γi = 2π

h̵
∫ dω ∣⟨f ∣V̂c∣i⟩∣2δ(ω − ωfi)ρf(ω). (2.82)

This expression for Fermi’s golden rule can be used to acquire insights in the vi-
brational lifetime T1, which equals the inverse decay rate (T1 = 1/Γ).� A Fourier
transformation of the exponential decay leads to a Lorentzian spectral line shape
with FWHM Γ, like we found for the classical oscillator [Eq. (2.56)]. Spectral
broadening induced by the vibrational lifetime is called lifetime broadening. In
an ensemble of molecules with heterogeneous environments the absorption lines
are additionally inhomogeneously broadened which can often be described by a
Gaussian profile.

�The nomenclature T1 is adopted from nuclear magnetic resonance (NMR) spectroscopy.
Note that subscript 1 does not refer to the first excited state (v = 1).
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2.3.3 Rules of thumb

In the above description the molecular vibration is described as a simple har-
monic motion. Real molecules do not vibrate in a perfectly harmonic manner.
Nevertheless, the harmonic oscillator model is a good starting point and carries
many guidelines for vibrational spectroscopy. The harmonic oscillator functions
form a complete set of basis functions and are therefore a suitable expansion set
for many anharmonic oscillators. Below, we summarize some learned lessons
with special emphasis on the implications for the water molecule:

(a) The natural frequency of oscillation reads ω0 = √
κ/m [Eq. (2.39)]. There-

fore, the vibrational frequencies of the OH stretching modes are
√
2 larger

than the OD stretching modes.� Furthermore, the effective spring constant
κ depends on the hydrogen-bond strength. The hydrogen bond exerts a
force in opposite direction to the covalent bond, thereby lowering the restor-
ing force of the covalent bond. As a result, the hydrogen bond lowers the
effective spring constant. A strong hydrogen bond leads to a lower effective
spring constant than a weak hydrogen bond. Therefore, the stretching vi-
bration of strongly hydrogen-bonded water has a lower frequency than that
of weakly hydrogen-bonded water.

(b) The cross section scales with the magnitude square of the dipole moment

derivative, i.e. σwv ∝ ∣∂μ(q)/∂q∣2q=q0 [Eq. (2.79)]. As a consequence, only
vibrations that modulate the dipole moment are IR active.

(c) The cross section scales with the magnitude square of the off-diagonal matrix
element of the position operator, i.e. σwv ∝ ∣⟨w∣q̂∣v⟩∣2 [Eq. (2.79)]. There-
fore, transitions are only possible between adjacent levels in the harmonic
approximation, i.e. w = v ± 1. Anharmonic transitions such as v = 0→ 2 and
v = 0 → 3 have in general very low cross sections. In addition, the vibra-
tional cross sections of the OH stretching modes are

√
2 times larger than

the OD stretching modes [Eq. (2.80)].� We also deduced from Eq. (2.80)
that the cross section of the v = 0 → 1 transition equals the cross section
of the v = 1 → 0 transition (σ01 = σ10) and that the cross section of the
v = 1 → 2 transition is twice the cross section of the v = 0 → 1 transition
(σ21 = 2σ10).

(d) The inverse lifetime dictates the minimal spectral line width, i.e.
1/T1 = Γ ≥ FWHM. Lifetime broadening leads to a Lorentzian spectral
line shape. Additional broadening mechanisms for an ensemble of oscilla-
tors can often be described by a Gaussian line shape.

�Taking into account the finite mass of the oxygen atom the theoretical ratio is√
17/9 ≈ 1.374. [37]
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2.3.4 Anharmonic oscillator

The description of the vibrational structure of a molecule in terms of a harmonic
oscillator does not account for effects like the breaking of bonds at high vibra-
tional energies and the anharmonicity. Often a Morse potential is employed as
interatomic interaction model. [22] The special nature of the hydrogen bond can
be accorded for with the Lippincott–Schroeder potential. This potential was
designed by Lippincott and Schroeder to explain the strong dependence of the
OH vibrational frequency on the O⋯O hydrogen-bond length. It models the
problem of a hydrogen atom in a hydrogen bond as a one-dimensional water
dimer. The Lippincott–Schroeder potential is given by [38]

VLS(r,R) =Da[1 − e−na(r−r0)
2/2r] +Db[1 − e−nb(R−r−r0)

2/2(R−r)], (2.83)

where r is the OH distance, and R is the O⋯O distance. Da = 38750 cm−1 is the
binding energy of the OH bond of water, na = 9.8 Å−1 defines the vibrational
frequency of the OH stretching vibration, and r0 = 0.97 Å is the gas phase OH
bond length. Db = 25000 cm−1 and nb = 16.5 Å−1 follow from a comparison to
empirical values. [39]

The Lippincott–Schroeder potential is shown in Fig. 2.5 for an O⋯O distance
of R = 2.76 Å and has a double-minimum structure. The local minimum at
1.75 Å corresponds to the auto-ionized OH−⋯H3O

+ state. [39] For the given
O⋯O distance, the energy difference between the ground state and the first
excited state is about 3300 cm−1. The v = 1→ 2 transition has a smaller energy
difference due to the anharmonicity of the potential, namely about 3000 cm−1.
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Figure 2.5: Wave functions and corresponding energy levels of the Lippincott–
Schroeder potential for an O⋯O distance of 2.76 Å (corresponding to ice at
253 K [40]).
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3 Spectroscopic techniques

The previous chapter outlined the theoretical framework of this research. We
will now proceed to explore the versatile toolbox of spectroscopy, focusing on
the techniques used in the experimental chapters of this thesis.

3.1 Absorption spectrum

Light with intensity I0 travelling through an absorbing medium will leave the
medium with a lower intensity I (Fig. 3.1). For an electric field travelling
through a medium of thickness l, the transmission can be calculated using
Eq. (2.11):

I(ω)
I0(ω) = ∣E(ω)eik(ω)l∣2∣E(ω)∣2 = e−2 Im(n(ω))ωl/c. (3.1)

The absorption α is the natural logarithm of the transmission, i.e.

α(ω) ≡ − ln( I(ω)
I0(ω)) = 2ωl

c
Im(n(ω)) = ωl

c

Im(χ(ω))
Re(n(ω)) , (3.2)

where we made use of Eq. (2.12) in the last equality. Recording the attenu-
ation of light as a function of frequency yields a linear absorption spectrum.
Previously in this thesis (Fig. 1.6) we encountered the absorption spectra of ice
and liquid water in the stretching region. The imaginary part of the electrical
susceptibility determines the extent of the light absorption. This is a result
of a cascade of effects, as we will see in the following: An electric field E in-
duces a polarization P , which in turn serves as a radiation source of an electric
field Erad. The field is radiated with a 90○ phase delay with respect to the
polarization, [23, 26] i.e.

Erad(ω) ∝ iP (ω). (3.3)

l

I0 I

Figure 3.1: Absorbance of a beam of light with initial intensity I0 as it travels
through a sample of thickness l.
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This radiated field interferes with the original field E. The light transmission
becomes

I(ω)
I0(ω) = ∣E(ω) +Erad(ω)∣2∣E(ω)∣2

= ∣E(ω)∣2 + 2Re(E∗(ω)Erad(ω)) + ∣Erad(ω)∣2∣E(ω)∣2
≃ 1 + 2Re(E∗(ω)Erad(ω))∣E(ω)∣2 ,

(3.4)

where we assumed in the last line the radiated field to be much smaller than
the incoming field, i.e. Erad ≪ E. Using a Taylor expansion of the natural
logarithm of the transmission gives the absorption

α(ω) ≡ − ln( I(ω)
I0(ω)) ≃ −2Re(E∗(ω)Erad(ω))∣E(ω)∣2 . (3.5)

Employing Eq. (3.3) we arrive at

α(ω) ∝ 2 Im(E∗(ω)P (ω))∣E(ω)∣2 , (3.6)

which agrees with our observation of Eq. (3.2) that the absorption scales pro-
portionally with the imaginary part of χ.

At relatively low field intensities, the higher-order polarizations are very
small and the extinction process is dominated by the first-order polarization
P (1) = ε0χ

(1)E. The absorption is then independent of the light intensity
[Eq. (3.6)]. For a medium containing a concentration C of absorbers with cross
section σ, the decrease in intensity scales linearly with its magnitude according
to

d I(ω)
dx

= −C σwv(ω)I(ω). (3.7)

Integrating this differential equation over a length l yields the Bouguer–
Lambert–Beer law

I(ω)
I0(ω) = e−Clσwv(ω). (3.8)

Hence the light attenuates exponentially with distance, similar to Eq. (3.1).
The absorption α depends linearly on all parameters, i.e.

α(ω) ≡ − ln( I(ω)
I0(ω)) = Cl σwv(ω). (3.9)

Combining the above equation with Eq. (3.2), we obtain a relation between the
molecular cross section and the material properties:

σwv(ω) = 1

C

ω

c

Im(χ(ω))
Re(n(ω)) . (3.10)
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t

probe

pump

I0

I

Figure 3.2: Schematics of a pump–probe experiment. An intense pump pulse
excites molecular vibrations in a sample and a probe pulse monitors the pump-
induced spectral changes. The time delay t between the pump and the probe
pulse can be varied to obtain dynamic information.

3.2 Pump–probe spectroscopy

Dynamical information of molecular processes can be obtained with pump–
probe experiments (Fig. 3.2). This technique uses two laser pulses separated
in time. An intense pump pulse brings the system in a non-equilibrium state.
This state relaxes in time as described in the previous chapter. The evolution
is monitored by probing the sample with another weak time-delayed pulse: the
probe pulse. The time delay between the pump and probe pulse can be varied.
The absorption of the probe pulse is monitored in the presence and absence of
a pump pulse.

The process of excitation by the pump pulse and subsequent detection by
the probe pulse is a three-field interaction process with two interactions of the
pump field Epu and one interaction with the probe field Epr. The interaction
is described by the third-order susceptibility χ(3), which yields a third-order
polarization P (3). Interference between the radiated field generated by P (3) and
the probe field Epr leads to the following third-order absorption [cf. Eq. (3.6)]:

α(3)(ω) ∝ 2 Im(E∗pr(ω)P (3)(ω))∣Epr(ω)∣2 . (3.11)

We will proceed with a phenomenological description of pump–probe spec-
troscopy, yielding good understanding of the experiments in Chapter 4 & 5.

The absorption of the probe pulse in absence of the pump pulse α0 is given
by

α0(ω) = nσ10(ω), (3.12)

where n = Cl is the amount of absorbers per unit surface. The pump pulse will
excite molecules from the ground state to the v = 1 state. Consequently, there
will be less molecules in the ground state, such that the absorption of the probe
pulse at the fundamental frequency will be smaller. On the other hand, the
first excited state is populated after excitation by the pump pulse. In addition,
stimulated emission from this excited state contributes equally to the absorption
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decrease.� These two contributions lead to a bleaching of the absorption at the
fundamental frequency. Furthermore, the molecules in the first excited state
can be promoted to the v = 2 state. This causes an increase in absorption at the
v = 1 → 2 transition frequency and is called induced absorption. The v = 1 → 2
transition has in general a lower frequency than the v = 0 → 1 transition owing
to the anharmonicity of the vibrational potential. The bleaching and induced
absorption signals give rise to the following expression for the absorption:

α(ω) = (n − 2n1)σ10(ω) + n1 σ21(ω), (3.13)

where n1 denotes the concentration of excitations.
The difference between the pumped and unpumped spectra is called the

transient absorption Δα:

Δα(ω) = α(ω) − α0(ω) = −2n1 σ10(ω)�																													
																												�
bleaching

+ n1 σ21(ω)�																			
																		�
induced

absorption

. (3.14)

Although two signals are contributing to the bleaching signal and only one to
the induced absorption, they roughly have the same intensity as 2σ10 = σ21 in
the harmonic oscillator approximation (see Section 2.3.2). Transient absorption
spectra can be obtained by blocking every second pump pulse and subtracting
the absorption spectrum of the probe pulse in the absence of the pump pulse
from the absorption spectrum in the presence of the pump pulse. Alternatively,
one can modulate the interference of two identical pump pulses in a Mach–
Zehnder and perform a Fourier transformation of the absorption of the probe
pulse. The latter yields the additional information of which spectral component
of the pump pulse is responsible for the transient absorption and is called two-
dimensional (2D) pump–probe spectroscopy.

The transient absorption is independent of the intensity of the probe pulse
but the transient absorption does dependent on the intensity of the pump pulse.
The pump intensity and the spot area of the pump beam Apu determine the
amount of pump-excited vibrations per surface n1 by the Bouguer–Lambert–
Beer law [Eq. (3.8)]. The number of photons in the pump pulse is given by
Npu = ∫ dωNpu(ω). Taking into account both the bandwidth of the molecular
transition and the spectral width of the pump pulse we get

n1 = 1

Apu
∫ dω [1 − e−Clσ10(ω)]Npu(ω), (3.15)

where Apu is the spot area of the pump beam. For a sample with little ab-
sorption, we have e−Clσ10(ω) ≈ 1 −Cl σ10(ω). Combining Eqs. (3.14) and (3.15)
we find the transient absorption to scale approximately with the cross section
squared for a sample with little absorption. In case the sample has a very high
optical density and the pump pulse depletes, the transient absorption will scale
linearly with the cross section.

�It follows from Eq. (2.79) that σ10 = σ01.

40



3.3 Spectroscopic techniques

Polarization-resolved pump–probe The pump pulse excites preferen-
tially molecules with their transition dipole moments aligned parallel to the
pump polarization. As a consequence the distribution of excited molecules is
anisotropic after excitation by the pump pulse. Hence, the transient absorption
of the probe pulse depends on its relative polarization compared to the pump
pulse. One can measure the transient absorption of the probe pulse twice, once
with its polarization parallel to the pump pulse (Δα ) and once with its polar-
ization perpendicular to the pump pulse (Δα�). In an isotropic medium, the
transient absorption initially is three times larger for the parallel polarization
with respect to the perpendicular polarization. Depolarization by molecular
reorientation and energy transfer could reduce this difference over time until
eventually an isotropic distribution of excited molecules is reached. In that case
Δα decays faster, and the transient absorption of the probe pulse with the
polarization perpendicular to the pump pulse Δα� decays slower. An isotropic
signal Δαiso that is free of depolarization processes can be constructed in the
following way:

Δαiso(ω, t) = Δα (ω, t) + 2Δα�(ω, t)
3

. (3.16)

Information about the depolarization dynamics can be obtained by monitor-
ing the difference between the parallel and perpendicular transient absorption
changes. Normalized by the isotropic signal, this yields the anisotropy R, which
depends exclusively on the depolarization dynamics: [41]

R(ω, t) = Δα (ω, t) −Δα�(ω, t)
3Δαiso(ω, t) = Δα (ω, t) −Δα�(ω, t)

Δα (ω, t) + 2Δα�(ω, t) . (3.17)

For a sample with an isotropic distribution of dipoles, it can be shown that the
anisotropy is proportional to [42]

R(t) = 2

5
⟨P2(μ̂(0) ⋅ μ̂(t))⟩

= 3

5
⟨cos2(θ(t))⟩ − 1

5
,

(3.18)

where P2(x) = (3x2 − 1)/2 is the second Legendre polynomial, μ̂(0) ⋅ μ̂(t) =
cos(θ(t)) is the correlation of the direction of the transition dipole moment
between times 0 and t, and ⟨..⟩ denotes the average over all molecules. As
0 ≤ cos2 ≤ 1 we find from Eq. (3.18) that −1/5 ≤ R(t) ≤ 2/5. At t = 0, the
correlation function is unity and the anisotropy equals 2/5.
3.3 Sum-frequency generation

Specific information about the molecular configuration at an interface can be
obtained from sum-frequency generation (SFG) experiments (Fig. 3.3). We have
already seen in Section 2.1 that in a non-linear medium the frequencies of two
electromagnetic waves can mix. This requires strong fields. For a visible and
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IR

VIS
SF

Figure 3.3: Schematic of a SFG experiment. At the interface (where the sym-
metry is broken), two pulses with different frequencies combine and generate a
pulse at the sum frequency.

infrared light source, with frequencies ωVIS and ωIR, respectively, light can be
produced at the sum of these frequencies, i.e.

ωSF = ωIR + ωVIS. (3.19)

The positive frequency part of the second-order polarization P (2) can be written
in vector component form as follows:

P (2)α (ωSF) = ε0χ
(2)
αβγ(ωSF = ωIR + ωVIS)Eβ(ωIR)Eγ(ωVIS), (3.20)

where the Einstein summation notation is used over repeated Greek indices. [43]

E(ωVIS) and E(ωIR) are the electric field amplitudes of the visible and the in-
frared beams, respectively. The intensity of the emitted SF light is proportional
to the absolute magnitude squared of the second-order polarization P (2), [44] i.e.

I(2)α (ωSF) ∝ ∣χ(2)αβγ(ωSF = ωIR + ωVIS)Eβ(ωIR)Eγ(ωVIS)∣2 . (3.21)

SFG is a powerful tool to study surface behaviour, because this process
is bulk forbidden for an isotropic material. This is easily understood by the
following argument. In a centrosymmetric material all directions are identical
and the physical response of the material is independent of the axis system.
This also applies for the second-order susceptibility under a parity inversion Π
in the three spatial coordinates:

Παα′Πββ′Πγγ′χ
(2)
α′β′γ′ = χ

(2)
αβγ (centrosymmetry). (3.22)

In Cartesian coordinates the parity operator is represented by the matrix

Π = ⎛⎜⎝
−1 0 0
0 −1 0
0 0 −1

⎞⎟⎠ (3.23)
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Figure 3.4: The p- and s-polarizations of an electric field with an angle of
incidence θi. The p-polarization is parallel to the plane of incidence and can
be decomposed into both a perpendicular as well as a parallel component to
the interface. The s-polarization is perpendicular to the plane of incidence and
lays entirely parallel to the interface.

or in index notation Παβ = −δαβ . Applying this on Eq. (3.22) gives χ(2) = −χ(2),
which can only be true if and only if χ(2) = 0. A direct consequence is that for
centrosymmetric materials SF light can only be generated at positions with
broken symmetry, i.e. at interfaces.

In general, the second-order susceptibility χ(2) is a third-order tensor with 27
components. Symmetry considerations, however, reduce the number of non-zero
components greatly according to Neumann’s principle.♩ An achiral rotationally
isotropic interface is rotation symmetric in the axis perpendicular to the surface
and mirror symmetric in the interfacial plane. Therefore, the second-order
susceptibility χ(2) has only four independent non-zero elements. [46, 47] These
can be deduced by different polarization combinations of the SF, VIS, and IR
fields. The polarization of these electric fields can be split up in two components,
one parallel and one perpendicular to the plane of incidence, which are denoted
by p and s, respectively.� The polarization combinations are denoted like ssp
where the polarizations are listed in order of decreasing frequency (SF, VIS,
and IR). s-polarized light is polarized entirely parallel to the surface, whereas
p-polarized light has both a parallel as well as a perpendicular component. This
is illustrated in Fig. 3.4. Hence, the ppp-polarization combination probes a
combination of the four non-zero χ(2) components. The effective second-order

susceptibility χ
(2)
eff for a given polarization combination of the SF, VIS, and IR

♩Neumann’s principle states that all symmetries of a system are possessed by every phys-
ical property of that system. [45]

�p stands for parallel, and s stands for senkrecht (German for perpendicular).
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beams has the following dependence on the χ(2) components: [48]

χ
(2)
eff,ssp ∝χ

(2)
�

χ
(2)
eff,sps ∝χ

(2)
�

χ
(2)
eff,pss ∝χ

(2)
�

χ
(2)
eff,ppp ∝χ

(2)
��� − χ

(2)
� − χ

(2)
� + χ

(2)
� ,

(3.24)

where we omitted the Fresnel and angular factors in the last line. These local
field factors correct for the influence of the interfacial reflection and the projec-
tion in the separate components. The Fresnel and angular factors depend on
the optical constants and the angles of incidence. [48]

The second-order susceptibility χ(2) reveals information about the surface
structure, because it is the macroscopical average over the molecular hyperpo-
larizabilities β,

χ
(2)
αβγ = Ns

ε0
⟨RαiRβjRγk βijk⟩, (3.25)

where Ns is the number of surface molecules, Rαi are rotation matrices [49]

using all three Euler angles to project the molecule coordinate system (Roman
indices) on the surface plane coordinate system (Greek indices), and ⟨..⟩ denotes
the ensemble average.

The resonant and hence dominant part of the hyperpolarizability β is given
by [46]

βijk = 1

2h̵
∑
w

MijAk

ωwv − ωIR − iΓw/2 , (3.26)

where the sum is taken over all resonances w with their corresponding resonance
frequencies ωwv and decay rates Γw [cf. Eq. (2.81)]. M and A are the Raman
and IR transition moments, respectively, and are given by [47]

Mij = 1

h̵
∑
s

⟨v∣μ̂i∣s⟩⟨s∣μ̂j ∣w⟩
ωSF − ωsv

− ⟨v∣μ̂j ∣s⟩⟨s∣μ̂i∣w⟩
ωVIS + ωsv

≃ 1

h̵
∑
s

⟨v∣μ̂i∣s⟩⟨s∣μ̂j ∣w⟩
ωSF − ωsv

Ak = ⟨w∣μ̂k ∣v⟩ ≃ ∂μk

∂q
⟨w∣q̂∣v⟩.

(3.27)

Here s can be any state of the system and the wave functions are taken to be real.
For the approximation of the Raman transition moment M we employed the
condition ωSF +ωsv ≫ ωSF −ωsv and for the approximation of the IR transition
moment A we employed Eq. (2.76).

An important note is that the squares of the absolute values of M and A
are directly proportional to the Raman and IR cross sections, respectively. [22]

Therefore, from Eq. (3.26) it follows that SFG needs the vibration to be both
Raman and IR active, i.e. M and A are both non-zero. This can also be inferred
from the energy diagram shown in Fig. 3.5.
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Figure 3.5: Diagrammatic representation of an SFG process, which can be
regarded as a combination of an IR transition in combination with an anti-
Stokes Raman scattering process.

Spectral resolution and normalization Sum-frequency generation can
be used to study the vibrations of molecules at an interface. As the vibrational
resonances make the SFG signal species specific, varying the infrared frequency
creates a vibrational spectrum. For this purpose a visible beam with a fixed
and narrow wavelength is often used in combination with an infrared beam that
has a broad spectrum covering the vibrational resonances to be studied. The
bandwidth of the visible light defines the maximal spectral resolution. The

spectral shape is determined by the effective second-order susceptibility χ
(2)
eff ,

which includes all angular and Fresnel factors. [44] Taking into account the
spectral width of the VIS beam, the SF intensity can be written as

Iα(ωSF) ∝ ∣χ(2)eff,αβγ(ωSF = ωIR + ωVIS)Eβ(ωIR) ∗Eγ(ωVIS)∣2 , (3.28)

where ∗ denotes the convolution operator. [50, 51]

In order to divide out the spectral envelope of the IR light, the SF spec-
trum is often normalized with respect to a reference SF signal acquired from
a material with a non-resonant and therefore non-dispersive second-order sus-
ceptibility. For this purpose often crystalline quartz is employed. [52, 53] For a
certain polarization combination, the normalized SF intensity is given by

Isample

Ireference
(ωSF) ∝ ∣χ(2)eff (ωSF = ωIR + ωVIS) ∗E(ωVIS)∣2 . (3.29)

Hyperpolarizabilities for molecular groups with Cnv symmetry
The strength of the χ(2) response depends on the underlying hyperpolariz-

abilities β. The χ
(2)
αβγ tensor elements are directly connected to the hyperpo-

larizability tensor elements βα′β′γ′ through transformation of the Euler angles
[Eq. (3.25)]. The most general relations are given in Hirose et al. [54] They
simplify considerably when we calculate the relations for molecular groups with
symmetry Cnv

� on a rotational-isotropic interface. When we follow the conven-
tion of the molecular axes system given in Fig. 3.6, many hyperpolarizability
elements are zero. [55, 56] For a rotational-isotropic interface with a random dis-

�The Schönflies symmetry notation Cnv stands for an n-fold rotational axis with n vertical
mirror planes containing the axis of rotation.
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Figure 3.6: The molecular axes frames for molecular groups belonging to
different Cnv symmetry groups. The c-axis coincides with the rotation axis
and the ac-plane lies in one of the mirror symmetry planes.

tribution over the azimuthal and twist angles, and a tilt angle θ between the
c-axis and the surface normal, the relations are

χ
(2)
� =Ns

4ε0
[(2βccc + βaac + βbbc − βaca − βbcb − βcaa − βcbb)⟨cos(θ)⟩− (2βccc − βaac − βbbc − βaca − βbcb − βcaa − βcbb)⟨cos3(θ)⟩]

χ
(2)
� =Ns

4ε0
[(2βccc − βaac − βbbc + βaca + βbcb − βcaa − βcbb)⟨cos(θ)⟩− (2βccc − βaac − βbbc − βaca − βbcb − βcaa − βcbb)⟨cos3(θ)⟩]

χ
(2)
� =Ns

4ε0
[(2βccc − βaac − βbbc − βaca − βbcb + βcaa + βcbb)⟨cos(θ)⟩− (2βccc − βaac − βbbc − βaca − βbcb − βcaa − βcbb)⟨cos3(θ)⟩]

χ
(2)
��� =Ns

2ε0
[(βaac + βbbc + βaca + βbcb + βcaa + βcbb)⟨cos(θ)⟩+ (2βccc − βaac − βbbc − βaca − βbcb − βcaa − βcbb)⟨cos3(θ)⟩].

(3.30)

For the symmetric stretching (v1) and bending (v2) modes the dipole moment
changes in the c-direction, hence only hyperpolarizability elements with the last
subindex c are active, i.e. βaac, βbbc and βccc. Similarly, for the antisymmetric
stretching modes (v3) the dipole moment changes in the a- or b-direction. Hence
only hyperpolarizability elements with the third index equal to a or b contribute,
i.e. βaca, βbcb, βcaa, and βcbb.

These relations can be simplified when both the SF and VIS beams are
off-resonance. In that case the Kleinman’s conjecture [57–59] holds and the first
two subindices of the hyperpolarizability are approximately symmetric on in-
terchange [cf. Eq. (3.27)]:

βijk ≈ βjik (3.31)
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Under Kleinman’s conjecture the relations simplify to

χ
(2)
� =Ns

4ε0
[(2βccc + βaac + βbbc − 2βaca − 2βbcb)⟨cos(θ)⟩− (2βccc − βaac − βbbc − 2βaca − 2βbcb)⟨cos3(θ)⟩]

χ
(2)
� = χ

(2)
� =Ns

4ε0
[(2βccc − βaac − βbbc)⟨cos(θ)⟩− (2βccc − βaac − βbbc − 2βaca − 2βbcb)⟨cos3(θ)⟩]

χ
(2)
��� =Ns

2ε0
[(βaac + βbbc + 2βaca + 2βbcb)⟨cos(θ)⟩+ (2βccc − βaac − βbbc − 2βaca − 2βbcb)⟨cos3(θ)⟩].

(3.32)

Furthermore, for the point groups C∞v, C3v, C4v, and C6v the hyperpolar-
izability tensor is symmetric in a and b, i.e. βaac = βbbc and βaca = βbcb. For the
C2v group βbcb = 0. [48]

The non-vanishing tensor elements for certain molecular groups with Cnv

symmetry are given in Table I. The hyperpolarizabilities are normalized to the
βccc element of the corresponding mode. The hyperpolarizabilities of the H2O
v2 bending mode are one order of magnitude smaller than the hyperpolarizabil-
ities of the H2O v1 stretching mode. [60] CH modes in an alkane chain have an
opposite dipole moment derivative with respect to an OH mode, [61, 62] yielding
an opposite sign in the hyperpolarizabilities. [63] However, care has to be taken
as the dipole moment derivative of a CH mode strongly depends on the residual
group and sometimes even changes its sign. [64] The factor of 2 in βCH3

aca should
be applied in case the two antisymmetric stretch vibrations of the methylene
group are degenerate. [48] For the CH2 group, the term 2βccc−βaac−βbbc vanishes
at the standard bond angle 109.5○. [65] For the water molecule the bond angle
is 105○ and 2βccc − βaac − βbbc is very small. [66] The CH, CH2, and CH3 hyper-
polarizability elements have the following relative magnitudes: βCH

ccc = 4.4βCH3
ccc

and βCH
ccc = 2.0βCH2

ccc . [48]

Water molecules do not always possess C2v symmetry because of hydrogen
bonding. As the hydrogen bonds of a single water molecule may be different in
strength/length, the two stretch modes (v1 and v3) can decouple and become
local modes, as is the case for HDO. In that case the water molecule no longer
possesses C2v symmetry, but C1v symmetry. When the localization is strong
as for HDO, C∞v symmetry may be assumed for the single OH/OD branches.
The stretch vibration of the free OH bond for H2O molecules at the air–water
interface is weakly coupled to the stretch vibration of the other OH bond, [73]

so strictly it neither possesses C∞v nor C2v symmetry. However, it can be well
described with C∞v symmetry. [66]

The orientation of molecules or molecular groups can be determined by
comparing the relative strengths of the χ(2) elements, which can be probed
using different polarization combinations of the SF, VIS, and IR beams [see
Eq. (3.24)]. A precise analysis of the SFG spectra requires the Fresnel factors
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Table I: Non-zero independent hyperpolarizability tensor elements of different
molecular modes

Group Symmetry Mode Non-zero tensor elements [a.u.]

H2O C2v v1 βccc = 1, βaac = 1.30, βbbc = 0.56 [66]

v3 βaca = 0.74 [66]

v2 βccc = 1, βaac = −6.64, βbbc = −2.47 [67]

OH C∞v v1 βccc = 1, βaac = 0.32 [68, 69]

OH− C∞v v1 βccc = 1, βaac = 0.52–0.79 [70]

CH C∞v v1 βccc = −1, βaac = −(0–0.28) [71]

CH2 C2v v1 βccc = −1, βaac = −1.67, βbbc = −0.33 [48]

v3 βaca = −1.38 [48]

CH3 C3v v1 βccc = −1, βaac = −(1.7–3.4) [72]

v3 βaca = −2 ⋅ (0.37–4.5) [72]

and the experimental angles of incidence of the incoming VIS and IR beams. As
a guideline for the identification of the vibrational modes and the orientation of
the molecules, we can formulate rules of thumb following Wang et al. [48] The
polarization dependencies are as follows for the CH3 stretching modes:

(a) The v1 mode is stronger in the ssp-polarization combination than in the
ppp-, sps-, or pss-polarization combinations.

(b) The v3 mode is weaker in the ssp- than in the ppp-polarization combination.
For both polarization combinations the v3 mode is maximal for the magic
tilt angle θ = arccos(1/√3) ≃ 54.7○.

(c) In the sps- and pss-polarization combinations, the v3 mode is largest and
the v1 mode is smallest for small tilt angles θ.

(d) In the ssp-polarization combination the v1 and v3 modes have opposite signs
and negatively interfere whereas they have equal signs in the ppp-polarization
combination.

For the stretching modes of H2O and CH2, the following dependencies hold:

(e) The v1 mode is stronger in the ssp-polarization combination than in the
ppp-polarization combination.

(f) The v3 mode is weaker in the ssp-polarization combination than in the ppp-
polarization combination.

(g) In the sps- and the pss-polarization combinations, the v3 mode is much
stronger than the v1 mode. The v3 mode is largest for small tilt angles θ in
both polarization combinations.

(h) No v1 strength in the sps- and the pss-polarization in case of CH2 and only
very little strength in case of H2O.
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(i) In the ssp-polarization combination the v1 and v3 modes have opposite
signs and negatively interfere, whereas they have equal signs in the ppp-
polarization combination.

For the stretching vibrations of OH and CH groups and of OH−, the polarization
dependencies are:

(j) Strongest in the ssp-polarization combination for large tilt angles θ.

(k) Strongest in the ppp-polarization combination for small tilt angles θ.

(l) The sps- and pss-polarization combinations are largest for the magic tilt
angle θ ≃ 54.7○.

Similar we have for the H2O bending mode (v2):

(m) Stronger in the ssp- than in the ppp-polarization combination.

(n) The mode is largest for the magic tilt angle θ ≃ 54.7○ in the sps- and pss-
polarization combinations.

(o) The mode is much weaker in the sps- and pss-polarization combinations
than in the ssp- and ppp-polarization combinations for small tilt angles θ.

3.3.1 Real and imaginary part of χ(2)

Omitting the tensorial indices, the frequency dependence of a resonant χ(2)

response of a single molecular transition v → w is given by [Eq. (3.26)]

χ(2) ∝ 1

ωwv − ωIR − iΓw/2 .
The response can be separated into a real and imaginary part, viz.

1

ωwv − ωIR − iΓw/2 = ωwv − ωIR(ωwv − ωIR)2 + Γ2
w/4 + i

Γw/2(ωwv − ωIR)2 + Γ2
w/4 . (3.33)

The real and imaginary parts of χ(2) for a single resonance are plotted in Fig. 3.7.
Reχ(2) is an odd function in (ωwv −ωIR), whereas Imχ(2) is an even function in(ωwv−ωIR). This is in agreement with the Kramers–Kronig relations [Eq. (2.7)].
Imχ(2) can be interpreted as a surface absorption spectrum and the maximal
response strength is found on resonance, i.e. when ωIR = ωwv. Unlike a linear
absorption spectrum, Imχ(2) can be positive or negative. The sign of Imχ(2)

reflects the polar orientation of the transition dipole moment derivative revealing
the molecular orientation. In a conventional SFG experiment one measures the
squared magnitude ∣χ(2)∣2. For a single resonance, ∣χ(2)∣2 has the same spectral
shape as Imχ(2), but the information of the polar orientation is lost by squaring.
In case of multiple interfering resonances or the presence of a non-resonant
background, the spectral shapes of ∣χ(2)∣2 and Imχ(2) are different and the
spectral shape of Imχ(2) can only be retrieved by spectral fitting. However, the
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Figure 3.7: Real (red) and imaginary (blue) parts of a single χ(2) resonance
with a negative amplitude and a FWHM of 12 cm−1 as a function of the infrared
frequency. The imaginary part of the second order susceptibility, Im(χ(2)), has
the same spectral shape as the squared magnitude, ∣χ(2)∣2 (black).

uniqueness of the fit is not ensured, especially when χ(2) comprises a continuum
of resonances like the OH stretches of hydrogen-bonded water. [74, 75] These
problems can be circumvented by employing an experimental configuration in
which the SF signal from the sample interferes with the SF signal generated at
a local oscillator. This technique yields the phase of χ(2) directly and is called
phase-resolved SFG. We will discuss the theoretical and experimental approach
of this technique in detail in Chapter 6.

3.3.2 Sum-frequency scattering

Sum-frequency signals can also be generated from non-planar interfaces. This
method is used to probe the surface structure of dispersed particles with sum-
frequency scattering experiments. In these experiments the IR and VIS beams
are overlapped in a solution with dispersed particles and the SF signal is gen-
erated all around the particle’s surface. Because of the phase difference at
the detection point between the polarization components generated at different
parts of the surface, the SF photons interfere and generate a scattering pattern
(Fig. 3.8). The scattering pattern is depending on the polarization configura-
tion, the particle size and shape, surface structure, and the experimental geom-
etry. [76–79] The intensity of the SF light from particle n is proportional to the

modulus squared of the effective particle susceptibility tensor χ
(2)
eff,n

4
, i.e. [82, 83]

Iα,n(ωSF, θ) ∝ ∣χ(2)eff,αβγ,n(ωSF = ωIR + ωVIS, θ)Eβ(ωIR) ∗Eγ(ωVIS)∣2 , (3.34)

4
In literature the effective particle susceptibility tensor is often denoted by Γ

(2)
n . [80–82]
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IR

VIS

SF

SF

Figure 3.8: Schematic of a sum-frequency scattering experiment. A sum-
frequency signal is generated at the surface of a particle (where χ(2) ≠ 0).
Interference of the signals generated at different parts gives rise to a scattering
pattern.

where θ is the scattering angle. The total SF intensity is the incoherent sum of
the SF intensities that are generated on the individual particles n, [79] i.e.

Iα(ωSF, θ) =∑
n

Iα,n(ωSF, θ)
∝∑

n

∣χ(2)eff,αβγ,n(ωSF = ωIR + ωVIS, θ)Eβ(ωIR) ∗Eγ(ωVIS)∣2 . (3.35)

In case the particles are homogeneous and all have the same effective particle

susceptibility tensor, i.e. χ
(2)
eff,n = χ

(2)
eff , the expression of the total SF intensity

becomes equivalent to the previous obtained result for planar SFG [Eq. (3.28)]:

Iα(ωSF, θ) ∝ ∣χ(2)eff,αβγ(ωSF = ωIR + ωVIS, θ)Eβ(ωIR) ∗Eγ(ωVIS)∣2 . (3.36)

It is illustrative to examine the scattering pattern in the extreme case of
particles with an infinitely small radius and collinear IR and VIS beams. Then
a polarization is only created at a single point. Like an oscillating dipole, there
is no emission in the forward direction and the scattered light will have the
maximal intensity at an angle θ of 90 ○. [31] For particles with a finite radius
and an arbitrary angle between the IR and VIS beams, non-linear Mie theory
can be applied to calculate the scattering pattern. [76] The calculated scattering
pattern for water droplets in air is given in Fig. 3.9.

The SF scattering signal increases with increasing particle size. For a spher-
ical particle with radius r, the volume scales ∝ r3. For small particles with
r < c/ωSF, the scattering cross section scales ∝ r6. [76] Therefore, the SF scat-
tering intensity of an emulsions with fixed volume fractions follows an r3 de-
pendence in the limit of small particles.
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Figure 3.9: Computations of the SF scattering patterns for water droplets
with in air as function of the particle radius and the scattering angle in the
ppp-polarization combination. Every scattering pattern has been normalized to
its respective peak value. The non-collinear scattering setup consists of source
waves with a VIS wavelength of 800 nm and an IR wavelength of 2708 nm
(3693 cm−1) under a relative angle of 15 ○. Adapted with permission from de
Beer and Roke. [76]
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4 Anomalous temperature
dependence of the
vibrational lifetime of the
OD stretch vibration

The temperature dependence of the vibrational T1 lifetime of the OD stretch
vibration of HDO in H2O ice is measured using femtosecond mid-IR pump–
probe experiments. We find an increase of T1 from 480 ± 40 fs at 25 K to
860±60 fs at 265 K. These lifetimes are remarkably shorter than the vibrational
lifetime of the OD stretch vibration of HDO in H2O in the liquid phase, which
has a value of 1.7±0.1 ps at 274 K and increases to 2.24±0.09 ps at 343 K. The
observed temperature dependence of T1 can be well explained from a relaxation
mechanism in which the OD vibration relaxes via energy transfer to the bend–
libration combination tones of H2O and HDO.

4.1 Introduction

The IR spectrum of water is strongly influenced by the formation of hydrogen
bonds, which makes IR spectroscopy a powerful tool to study the properties of
water molecules. The position, width, and intensity of the vibrational bands all
depend on hydrogen-bond strength. [20] Especially the OH stretching vibrations
of the water molecule are particularly sensitive to the local environment. [7]

In neat water the two OH stretch modes within the H2O molecule are
strongly coupled. In addition, these vibrations are coupled to other OH os-
cillators on nearby water molecules. These strong interactions make the OH
stretch vibrations of pure water a far from ideal system to study the dynamics
of individual water molecules. This study can best be performed with isotopi-
cally diluted water, i.e. dilute HDO in H2O or D2O, as the OH(OD) vibration
of HDO will only be weakly coupled to the surrounding OD(OH) vibrations. [84]

The temperature dependence of the vibrational relaxation of the OH stretch
vibration of dilute HDO in D2O water and ice has been studied both experimen-
tally [85–87] and theoretically, [88] and an anomalous increase of the vibrational
lifetime with temperature was observed. The temperature dependence of the
OD stretch of HDO in H2O in the liquid phase has also been investigated, [89–91]

and again an increase of the vibrational lifetime was found from 1.7 ± 0.1 ps at
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274 K to 2.2±0.1 ps at 343 K. [89] Recently, the vibrational relaxation of this sys-
tem has been studied in the ice phase at 80 and 258 K, [92, 93] but its temperature
dependence has not yet been studied.

In this chapter we present a study on the temperature dependency of the
OD stretch vibration of the HDO molecule in H2O in the solid (ice Ih) phase.
Combined with the results for the water regime obtained by Tielrooij et al. [89],
we present and discuss the temperature dependence of the OD relaxation over
the temperature range from 25 to 343 K. We also present a relaxation model
that can explain the observations.

4.2 Experimental methods

The polycrystalline ice samples are prepared by inserting isotopic diluted water
of 2 % D2O in H2O (≙ 4 % HDO:H2O) between two z-cut sapphire windows with
a spacer of 10 μm. This dilution is low enough to prevent diffusion by resonant
Föster energy transfer [87] and the samples show a desired transmission of about
10 % at the resonance frequency of the OD stretching vibration. The samples
are frozen using a closed cycle cryostat (CTI-Cryogenics) with a stability of
0.5 K.

Linear absorption spectra are collected with a PerkinElmer 881 double-beam
IR spectrometer. Infrared pump–probe spectroscopy measurements are per-
formed on the OD stretch vibration of HDO in H2O in the temperature range
25–265 K. The infrared pulses are generated using a commercial Ti:sapphire
laser system (Coherent Legend) that delivers 3.5 mJ pulses at a wavelength of
800 nm and a repetition rate of 1 kHz. The 800 nm light is converted into
mid-infrared light using non-linear crystals. This is done using two indepen-
dent optical parametric amplifiers (OPAs) pumped by the 800 nm light. The
infrared pump is produced by differential frequency mixing of a part of the
800 nm light with the doubled idler output (995 nm) produced by a commercial
OPA (TOPAS Light Conversion). This process yields 10 μJ pulses at 4.1 μm
(2450 cm−1) with a bandwidth of 180 nm (110 cm−1). The infrared probe is
generated with a home-built OPA, consisting of two BBO-based amplification
stages. The resulting signal and idler pulses are used in a difference-frequency
mixing process in a AgGaS2 crystal to produce pulses at 4.4 μm (2250 cm−1)
with a FWHM of 440 nm (220 cm−1). From this beam two 100 nJ pulses are
split off by ZnSe plates (8 % reflection). One of these pulses is overlapped with
the pump beam in the sample, the other is used as a reference to correct for
pulse-to-pulse fluctuations. The probe is sent over a delay stage with a resolu-
tion of 0.03 fs to vary the time delay between the pump and the probe. After the
sample the probe and reference pulses are dispersed with an Oriel monochro-
mator and detected by two 32-pixel liquid-nitrogen-cooled mercury cadmium
telluride (MCT) arrays. The width of the cross-correlation of pump and probe
is determined by a germanium plate to be 200 fs.

Every second pump pulse is blocked by a chopper wheel to determine the
pump-induced absorption changes Δα. Fluctuations in the probe intensity are
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corrected for by a reference pulse in the following manner [cf. Eq. (3.9)]:

Δα(ω, t) = − ln(I(ω, t)Ir,0(ω)
I0(ω)Ir(ω) ) , (4.1)

where subscript 0 indicates the absence of the pump beam and subscript r de-
notes the reference beam. After the sample the probe beam passes through a
rotating polarization filter which allows the selection of either the parallel or per-
pendicular component of the transient absorption, Δα and Δα�, respectively.
From these two signals the isotropic signal is constructed following Eq. (3.16).

The pump pulse is resonant with the 0 → 1 transition of the OD stretch
vibration and excites a significant fraction (a few percent) to the first excited
state. The population dynamics of the first excited state are probed with a
probe pulse that covers the 1 → 2 transition. As a result, the measurements
are not affected by scattered pump light falling on the probe array of the MCT
detector, because the probe and pump pulse are dispersed differently by the
monochromator. In addition, the population of the first excited state is directly
probed without a contribution of the ground state recovery, which would be the
case in case the transient signal at the 0→ 1 transition is be probed. [94]

4.3 Results

4.3.1 Linear absorption spectra

The linear absorption spectrum of HDO in H2O at seven different tempera-
tures is shown in Fig. 4.1. The spectrum shows two absorption peaks: a broad
band centred at ∼2200 cm−1 that can be assigned to a combination of the bend
and libration (frustrated rotation) mode of H2O (Fig. 4.1b), and a narrower
peak centred at ∼2450 cm−1 that is assigned to the OD stretch band of HDO
(Fig. 4.1c).

The absorption strength and the centre frequency of the H2O bend–libration
combination both increase with decreasing temperature. [95–97] The absorption
band of the OD stretch becomes narrower and its peak intensity becomes larger
in the transition from the liquid to the solid phase. The narrowing results from
the transition from the disordered liquid phase to the much more ordered and
less inhomogeneous crystalline phase. The centre frequency of the OD stretch
absorption band shifts to lower frequencies when the temperature is decreased.
In addition, we observe an increase in the total absorption cross section σtot

with decreasing temperature.
In a semiclassical approach with a classical treatment of the light the band

strength or total cross section σtot can be expressed as: [21]

σtot ≡ ∫ dω σ(ω) = π

3h̵cε0
∫ dω ∣∂μ(q)

∂q
∣2
q=q0

∣⟨1∣q̂∣0⟩∣2ω g(ω), (4.2)

where q is the vibrational coordinate, μ the electric dipole moment, and g(ω) the
distribution function that describes the initial spectral distribution of the vibra-
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Figure 4.1: Linear absorption spectra of 4 % HDO in H2O (a) and of H2O
(b) at seven different temperatures. The HDO spectrum (c) is obtained by
subtracting the H2O spectrum (b) from the HDO:H2O spectrum (a). The
H2O spectrum contains the H2O bend–libration combination (b) and the HDO
spectrum gives sign of the OD stretch band of HDO (c). The sample thickness
is ∼10 μm.

tions (∫ dω g(ω) = 1). The hydrogen-bonding strength is temperature dependent
and therefore the spectral shape and magnitude of the cross section also depend
on temperature. The dipole moment derivative ∂μ(q)/∂q exhibits a strong non-
Condon effect, meaning that its value strongly depends on the equilibrium posi-
tion q0 and thus on the strength of the local hydrogen-bond. [95, 98–101] Because
of the increase in charge flux associated with the vibration, i.e. ∂μ(q)/∂q, the
integrated cross section increases with increasing hydrogen-bond strength and
thus decreasing temperature. For the OD stretch vibration, this increase is close
to linear within the liquid and solid phase. [98, 100]
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Figure 4.2: Transient absorption spectrum for different delay times at 25 K.

4.3.2 Vibrational energy relaxation dynamics

In Figure 4.2 a typical transient spectrum is shown. We observe an induced
absorption that decays with increasing delay time. The subsequent thermaliza-
tion of the vibrational energy leads to an absorption spectrum that differs from
that of the initial state. The 1 → 2 transition of the OD stretch at 2230 cm−1

overlaps with the H2O bend–libration combination (see Fig. 4.1b). However,
this band is not observed in the transient spectrum because the (non-linear)
transient absorption response scales approximately with the square of the cross
section and the cross section of the H2O bend–libration combination is much
lower than that of the OD stretch vibration.

The transient spectra are fitted with a population relaxation model where
the vibration decays exponentially and the heating effect grows in with the same
rate. Up to 0.3 ps, the overlap between the pump and the probe pulses gives
rise to artifacts due to coherent coupling and cross-phase modulation. After the
vibrational relaxation is complete (after ∼3 ps), we observe additional dynamics
at timescales of 20–100 ps, which can be attributed to a thermally induced
reorganization of the ice lattice. [102] Therefore, we fit the relaxation dynamics
to the data in the time interval 0.3–3 ps. A typical fit result is shown in Fig. 4.3.

Based on linear difference spectra we estimate the local heating caused by
energy deposition of the pump pulse to be maximally 10 K. The temperature
jump due to the relaxation of the OD stretch vibration only takes place after
the relaxation of the vibration, and therefore does not affect the lifetime. The
direct excitation of the H2O bend–libration combination by the pump pulse
might lead to an early heating of a few degrees.

We performed measurements at different temperatures between 25–265 K.
A selection of delay traces with corresponding fits are shown in Fig. 4.4. In this
figure both uncorrected (Fig. 4.4a) and heat-subtracted delay traces (Fig. 4.4b)
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Figure 4.3: Spectral decomposition (a) and population dynamics (b) of the
1→ 2 transition of the OD stretch vibration (red) and the heated ground state
(green) at 25 K.

are shown.

In Table II we present the fitted vibrational lifetimes T1 at different temper-
atures, supplemented with the results in the liquid phase measured by Tielrooij
et al. [89] These lifetimes are plotted as a function of temperature in Fig. 4.5.

Table II: T1 lifetime of the OD stretch vibration of HDO in H2O for different
temperatures.

Solid phase Liquid phase [89]

Temperature [K] T1 [ps] Temperature [K] T1 [ps]
25 0.48 ± 0.04 274 1.71 ± 0.10
35 0.49 ± 0.07 278 1.81 ± 0.10
40 0.48 ± 0.06 283 1.81 ± 0.10
80 0.48 ± 0.05 288 1.79 ± 0.03
130 0.56 ± 0.05 293 1.80 ± 0.02
160 0.59 ± 0.05 298 1.86 ± 0.03
180 0.66 ± 0.06 303 1.90 ± 0.06
200 0.71 ± 0.06 313 1.96 ± 0.08
225 0.75 ± 0.05 323 2.07 ± 0.13
250 0.80 ± 0.07 333 2.14 ± 0.04
265 0.86 ± 0.06 343 2.24 ± 0.09

The lifetime increases from 480 ± 40 fs to 860 ± 60 fs in the temperature
range from 25 K to 265 K. At the solid-liquid transition, the lifetime increases
by a factor of two to 1.7 ± 0.1 ps at 274 K. The vibrational lifetime at 80 K of
480 ± 40 fs is somewhat longer than the value previously found by Perakis et
al. [92] In this study vibrational lifetimes of 410 ± 20 fs for the 0 → 1 transition
and 360±40 fs for the 1→ 2 transition were reported at this temperature. This
difference could be due to a difference in the modelling of the rise of the thermal

58



4.3 Temperature dependence of the OD stretch relaxation

0 1 2 3 4

0

0.2

0.4

0.6

0.8

1

Δα
is

o

(a) Uncorrected

25 K
265 K
274 K (liquid)

0 1 2 3 4

0

0.2

0.4

0.6

0.8

1

Delay time [ps]

Δα
is

o

(b) Heat subtracted

Figure 4.4: Uncorrected (a) and heat subtracted (b) normalized absorption
changes as a function of delay time. The signals are at the centre frequency of
the 1 → 2 transition of the OD stretch vibration of HDO at 25 K and 265 K.
For comparison a measurement at 274 K in the liquid phase is included from
Tielrooij et al. [89] The data are fitted with a monoexponential decay and heat
ingrowth (see text). The fits yield lifetimes of 0.48 ± 0.04, 0.86 ± 0.06, and
1.7 ± 0.1 ps, respectively.

effect on the transient spectrum. We find that the relaxation does not slow down
with decreasing temperature, as most theories for vibrational relaxation would
predict. [103,104] In fact even the reverse is observed: the lower the temperature,
the faster the vibrational decay. A similar anomalous temperature dependence
of T1 has been observed for the OH vibration of HDO in D2O. [85–88]
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4.3.3 Vibrational energy relaxation pathways

The vibrational lifetime is largely determined by non-radiative decay channels,
see Section 2.3.2. The transfer probability to a specific channel depends on its
spectral overlap, the amount of accepting modes, and the coupling strength
with the initial vibration.

The OD stretch vibration is resonant with the H2O bend–libration combi-
nation tone (see Fig. 4.1), and energy transfer to this combination tone forms
a possible relaxation pathway. Another, similar relaxation channel is formed
by energy transfer to the combination tone of the HDO bend vibration and a
librational mode. This combination tone is redshifted by about 300 cm−1 with
respect to the H2O bend–libration combination. [105] Yet another relaxation
channel is formed by energy transfer to the OD⋯O hydrogen-bond. [106] We do
not have quantitative information about the specific coupling strengths of these
three possible relaxation channels. However, we can determine the temperature
dependencies of the three channels, and by comparing these to the experimental
data we can get more information on their likeliness.

For the two relaxation channels to the H2O and HDO bend–libration com-
bination tones we can determine the temperature dependence of the relaxation
rate from the effect of temperature on the spectral overlap of their respective
absorption bands and the absorption band of the OD stretch vibration. Fol-
lowing Fermi’s golden rule [Eq. (2.82)], the relaxation rate of the OD stretch
vibration (v1) to a bend–libration combination (v2+L2) can be expressed in the
following manner:

1

T1
= 2π

h̵
∫ dω ∣⟨0v11v21L2 ∣V̂v1,v2+L2 ∣1v10v20L2

⟩∣2 gv1(ω)ρv2+L2(ω). (4.3)

Here gv1(ω) is the spectral distribution of the OD stretch vibration
(∫ dω gv1(ω) = 1) and ρv2+L2(ω) is the density of states of the bend–libration
combination. In this expression we assume rapid spectral diffusion over the
stretch band. This clearly is an approximation as the OD stretch vibration
shows slow spectral diffusion components both in the liquid phase and the ice
phase. However, the homogeneous linewidth is relatively large, especially in
the ice phase. [107]

We assume the density of states of the H2O v2 +L2 combination to be pro-
portional to its spectral distribution, i.e. ρv2+L2(ω) ∝ gv2+L2(ω). For the HDO
v2 +L2 combination we take the spectral shape of the H2O v2 +L2 combination
band redshifted by 300 cm−1. Furthermore, we assume the interaction potential
responsible for the coupling to be proportional to the product of the local mode
coordinates of the vibrations, i.e.

V̂v1,v2+L2 ∝ q̂v1 q̂v2 q̂L2 . (4.4)

Because the coordinate operators act on the corresponding states only, we can
decompose the coupling matrix as follows,

⟨0v11v21L2 ∣q̂v1 q̂v2 q̂L2 ∣1v10v20L2⟩ = ⟨0v1 ∣q̂v1 ∣1v1⟩ ⟨1v21L2 ∣q̂v2 q̂L2 ∣0v20L2⟩ . (4.5)
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4.4 Temperature dependence of the OD stretch relaxation

Inserting this expression for Fermi’s golden rule [Eq. (4.3)], we find that the
relaxation rate is proportional to

1

T1
∝ ∫ dω ∣⟨1v1 ∣q̂v1 ∣0v1⟩∣2gv1(ω) ∣⟨1v21L2 ∣q̂v2 q̂L2 ∣0v20L2⟩∣2gv2+L2(ω). (4.6)

This equation can be rearranged to an expression for the spectral overlap of
the cross sections of the OD stretch and the bend–libration combination bands,
using Eq. (4.2)

1

T1
∝ ∫ dω

σv1(ω)σv2+L2(ω)
ω2 ⟨∣ ∂μ

∂qv1
∣2⟩

ω
⟨∣ ∂μ

∂qv2+L2
∣2⟩

ω

. (4.7)

We take the spectral average of the squared dipole moment derivative⟨∣∂μ/∂q∣2⟩ω proportional to the integrated cross section at each tempera-
ture. We fit this expression for both the H2O v2 + L2 and HDO v2 + L2 bands
to the measured lifetimes. The only free parameter in these fits is an overall
scaling parameter, which is chosen to fit the data in the ice regime. The result
of the fits is depicted by the red (HDO v2 + L2) and blue (H2O v2 + L2) lines
in Fig. 4.5.

For the relaxation channel to the OD⋯O hydrogen-bond the vibrational
lifetime is highly correlated to the hydrogen-bond induced frequency shift δωv1

of the OD stretch vibration with respect to its gas phase value. This dependence
has been described with a power law relation T1 ∝ (δωv1)−1.8. [106] To determine
the hydrogen-bond induced frequency shift δωv1 we used the maximal value of
the linear absorption spectrum (Fig. 4.1) and 2723.7 cm−1 as the gas phase
OD stretching frequency. [108] The proportionality constant was again chosen
to obtain the best fit to the data in the ice regime (green line in Fig. 4.5).

The results of Fig. 4.5 show that relaxation to the HDO v2 +L2 band yields
a temperature dependence of T1 that agrees surprisingly well with the experi-
mental data in the ice phase. The relaxation channel to the H2O v2 +L2 band
provides a lower quality description of the temperature dependence of T1 in the
ice phase, but is superior in describing the change of T1 at the phase transition
from ice to water. Finally, the relaxation channel to the hydrogen-bond does
not provide a quantitative description in either the ice or the water phase or at
the transition between these phases.

4.4 Discussion

We considered three possible decay channels for the excited OD stretch vibration
of HDO. The relaxation channel to the HDO bending–libration combination
tone probably involves the strongest anharmonic coupling, as the HDO bending
mode is located in the same molecule as the excited OD stretch vibration.
On the other hand, the HDO bending–libration combination tone is redshifted
by ∼300 cm−1 with respect to the H2O bending–libration combination tone,
thereby introducing a significant energy gap with the OD stretch vibration and
a spectral overlap that is ∼3 times smaller. In addition, as the HDO molecule is
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Figure 4.5: The lifetime of the OD stretch vibration of HDO as function
of temperature. The data in the liquid water range (274–348 K) were pub-
lished previously by Tielrooij et al. [89] The solid curves represent calculated
lifetimes according to different theoretical models (explained in the text). Red:
a decay via HDO bend–libration combination. Blue: a decay via the H2O
bend–libration combination. Green: a decay via the hydrogen-bond mode.

surrounded by H2O molecules, the density of possible accepting HDO bending
modes is obviously lower than that of H2O bending modes, which will also
favour relaxation to the H2O bending–libration combination tone.

We found the experimentally observed temperature dependence of T1 to be in
excellent agreement with the temperature dependence of the relaxation channel
to the HDO bend–libration combination, while the large change in T1 at the
phase transition from ice to water is best described by the relaxation channel
to the H2O bending–libration combination tone. These findings suggest that
both relaxation channels may be important. It is even possible that relaxation
to the HDO combination tone dominates in the ice phase, while relaxation to
the H2O combination tone is more important in the water phase. We think
that relaxation to the hydrogen-bond mode can be excluded as a significant
relaxation channel, as the expected temperature dependence of this relaxation
channel poorly agrees with the experimental observations.

It is striking that the temperature dependence of the lifetime of the OD
stretch of HDO in H2O shows many similarities with the OH stretch lifetime of
HDO in D2O. In ice the OH stretch lifetime is a factor of two shorter than in
the liquid phase. [86] In the liquid regime T1 increases further from 740 ± 20 fs
at 270 K to 900 ± 20 ps at 363 K. [86] The vibrational lifetime is determined
by the available decay channels. Since a deuterium atom has twice the mass
of a hydrogen atom, the OD stretch frequency is about a factor of 1.37 lower
than the OH stretch frequency. Therefore, the vibrational relaxation channels
of the OH and the OD vibration will likely differ. Whereas the OD stretch
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4.5 Temperature dependence of the OD stretch relaxation

vibration probably decays via the H2O or HDO bend–librational combination,
the dominant relaxation pathway of the OH stretch vibration likely involves
the bend overtone (v2 = 0 → 2) of HDO. [109–111] Both mechanisms have in
common that they become less probable when temperature increases owing
to the redshift of the bending modes, thus yielding an increase in energy gap
with the stretching modes. As a result, both relaxation mechanisms show an
analogous (anomalous) temperature dependence.

4.5 Conclusions

We measured the vibrational energy relaxation dynamics of the OD stretch
vibration of HDO in ice Ih at different temperatures. We observed an increase
in lifetime from 480± 40 fs at 25 K to 860± 60 fs at 265 K, which is remarkably
faster than the 1.7 ± 0.1 ps at 274 K in the water phase. The temperature
dependence of the vibrational lifetime of the OD stretch vibration of HDO in
H2O is thus anomalous in both its condensed phases. This anomalous behaviour
can be well explained from the decrease in spectral overlap of the OD stretch and
the bend–libration combinations of H2O and HDO vibration when temperature
increases. This result suggests that these modes form the main accepting modes
of the energy of the OD stretching vibration of HDO in H2O.
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5 Vibrational energy
relaxation of water
molecules in a hydrated
lithium nitrate crystal

Water molecules in hydrated salts often have a well-defined geometrical ar-
rangement and form an excellent model system for studying the effects of
the hydrogen-bond environment on vibrational energy relaxation. Hydrated
lithium nitrate contains two distinct types of crystal water molecules. One wa-
ter molecule makes strong and weak hydrogen bonds, the other water molecule
makes two bifurcated hydrogen bonds. We use femtosecond two-dimensional
infrared spectroscopy to probe the vibrational relaxation dynamics of the OD
stretch vibration of dilute HDO molecules in lithium nitrate trihydrate. In the
temperature range from 22 to 295 K we observe a decrease in vibrational life-
time from 3.76±0.16 to 2.83±0.12 ps for the strongly hydrogen-bonded species,
from 5.41 ± 0.08 to 4.14 ± 0.05 ps for the bifurcated hydrogen-bonded species,
and from 10.4 ± 0.2 to 8.8 ± 0.4 ps for weakly hydrogen-bonded species. This
temperature dependence is opposite to that of the OD stretch vibration of di-
lute HDO:H2O ice, for which the vibrational lifetime increases from 480 ± 40 fs
at 25 K to 850 ± 60 fs at 265 K. We discuss the origin of this difference in tem-
perature dependence.

5.1 Introduction

The frequency of the OH stretching vibrations strongly depends on the
hydrogen-bond strength: the stronger the hydrogen bond, the lower its fre-
quency. [6] In liquid water a broad variation of hydrogen-bond strengths exists.
The vibrational lifetime of the hydroxyl stretching modes shows a pronounced
variation with frequency and thus with hydrogen-bond strength. [88, 112–114] The
underlying mechanism of the vibrational relaxation remains an active field of
study. [88, 109–111,115,116]

Recently, hydrated salts have emerged as a model system for studying
the effects of the hydrogen-bond environment on vibrational energy relax-
ation. [117–120] Crystal water in hydrated salts has a well-defined geometrical
arrangement with an accordingly well-defined hydrogen-bond strength. The IR
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Vibrational relaxation in lithium nitrate trihydrate 5.1

Figure 5.1: Crystal structure of lithium nitrate trihydrate. [128,129] The crys-
tal structure belongs to the orthorhombic group D17

2h (Cmcm) and has two
different types of water molecules. The OH groups of the two types of water
molecules lie in mutually perpendicular planes, which are projected in panels
b and c for clarification. (b) Plane with the bifurcated hydrogen bonds (green
dashed lines). (c) Plane with the strong hydrogen bonds (red dashed lines) and
the weak hydrogen bonds (blue dashed lines). The colour scheme is as follows:
H (white), Li (brown), N (blue), and O (red).

fingerprint of crystal water has recently led to the discovery of hydrated salts
on Mars, demonstrating the presence of water on Mars. [121] Here we study the
properties of water molecules present as crystal water in lithium nitrate trihy-
drate using femtosecond mid-infrared spectroscopy. Lithium nitrate contains
crystal water with three different types of hydrogen bonds, leading to spec-
trally well-separated absorption lines of the OH stretch vibrations. [118,122,123]

Lithium nitrate trihydrate is of interest as a thermal energy storage material
because of its low melting point (30 ○C) and its relatively large latent heat of
fusion of 452 MJ/m3 for the solid phase. [124–127]

The crystal structure of LiNO3⋅3H2O contains two different water species
as illustrated in Fig. 5.1. The nitrate anion, lithium cation and one of the two
non-equivalent water molecules lie in the crystal plane indicated as b in Fig. 5.1.
This water molecule donates bifurcated hydrogen bonds to two oxygen atoms
of a nitrate ion. Adjacent planes of type b are linked transversely by water
molecules of the other type, forming the planes indicated as c in Fig. 5.1. One
of the OH groups of this water molecule donates a relatively strong hydrogen
bond to the water molecule in plane b, while the other OH group donates a
relatively weak hydrogen bond to the nitrate ion. The vibrational lifetimes of
the three distinct hydrogen-bonded OH stretch modes have been measured for
HDO molecules in LiNO3⋅HDO(D2O)2 at a temperature of 220 K. [118,119]

In this chapter we study the temperature dependence of the vibrational
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Figure 5.2: Lithium nitrate trihydrate crystal grown in a sprinkle shape from
a nucleation point and the visible structure of the sample indicates the crystal
orientation (see text).

energy relaxation of the three different hydroxyl vibrations. We perform this
study by probing the OD stretch vibrations of HDO molecules embedded in
LiNO3⋅HDO(H2O)2. We observe that the vibrational lifetime increases with
decreasing temperature, opposite to what is observed for pure water and ice.
We present a model that accounts for the observed temperature dependence of
the relaxation.

5.2 Experimental methods

The lithium nitrate trihydrate samples are prepared as follows. A solution of
18.5 M LiNO3 is dissolved in isotopically diluted water (10 % D2O in H2O). The
LiNO3 is fully dissolved by heating the solution above 304 K. [126] The solution is
subsequently pressed between two z-cut sapphire windows, resulting in a sample
thickness of ∼5 μm. The hydrate is formed by lowering the temperature to 250 K
in a closed cycle cryostat (CTI-Cryogenics) with a stability of 0.5 K. The lithium
nitrate trihydrate crystal grows in a sprinkle shape from a nucleation point (see
Fig. 5.2). Once the lithium nitrate trihydrate is formed, it remains stable up to
its melting temperature of 303.3 K. [126]

By recording polarized IR transmission spectra of the sample using a FTIR
microscope (Bruker Vertex 80v with Hyperion 3000) we have found that the
macroscopic structure of the sample (Fig. 5.2) directly reflects the crystal ori-
entation. The polarized linear spectra are shown in Fig. 5.3 and will be discussed
in more detail below. The water molecules donating bifurcated hydrogen bonds
lie in the plane perpendicular to the needle lines. The water molecules forming
strong and weak hydrogen bonds lie in the plane parallel to the needle lines and
perpendicular to the bifurcated water molecules hydrogen bonds. We measure
unpolarized linear absorption spectra of the sample at different temperatures
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Vibrational relaxation in lithium nitrate trihydrate 5.2

with a PerkinElmer 881 double-beam IR spectrometer.

The vibrational dynamics of the OD stretch vibrations of the HDO molecules
in the lithium nitrate crystal are studied with two-dimensional infrared (2D-IR)
spectroscopy. These measurements are performed in the temperature range 22–
295 K. The transient absorption of the OD stretch vibrations is measured as
a function of the pump and probe frequencies and as a function of the time
delay between the pump and probe pulses. The excitation from the ground
state v = 0 to the first excited v = 1 state results in a transient spectrum. For
each vibration this transient spectrum consists of a bleaching component, due
to ground state depletion and stimulated emission of the 1 → 0 transition, and
an induced absorption component corresponding to the 1 → 2 transition. The
1 → 2 transition has a lower frequency than the fundamental 0 → 1 transition
because the vibrational potential of the OD stretch vibration is anharmonic.

The experimental setup is an upgraded version of the laser setup described
in the previous chapter: The femtosecond Ti:sapphire laser system (Coherent
Legend) delivers 3.7 mJ pulses at a wavelength of 800 nm and at a repetition
rate of 1 kHz to generate mid-infrared pulses at ∼4 μm that are resonant with
the OD stretch vibrations of HDO. Approximately two-thirds of the laser out-
put is used to generate the pump pulse, and one-third is used to generate the
probe pulse. The pump pulse is generated with a commercial optical para-
metric amplifier (Spectra-Physics OPA-800C) with an additional amplification
stage in BBO. The generated signal and idler pulses are subsequently difference-
frequency mixed in AgGaS2 yielding pulses in the mid-IR spectral region. The
pump pulse has a central wavelength of 3.9 μm (2570 cm−1), a FWHM of 410 nm
(270 cm−1), and a pulse energy of ∼20 μJ. The pump pulse is sent into a Mach–
Zehnder interferometer. The mirror in one of the two arms of the interferometer
is placed on a motorized stage and its position is controlled with a fast scanning
routine, as described by Helbing and Hamm. [130] The delay between the two
split pump pulses is tracked with a HeNe beam aligned above the IR beams
and a quadrature counter. One interferometric output is focused to a spot size
of ∼150 μm in the sample. The other interferometer output is focused onto a
pyroelectric detector (Eltec 420M7-27) to record a linear interferogram of the
pump pulse, which is used to calculate the absolute delay between the two pump
pulses.

The probe pulse is generated in a home-built optical parametric amplifier
with two BBO-based amplification stages. The generated signal and idler pulses
are used in a difference frequency mixing process in a AgGaS2 crystal to produce
3 μJ pulses at 4.0 μm (2500 cm−1) with a FWHM of 600 nm (370 cm−1). Using
wedged ZnSe plates we split off two ∼200 nJ pulses of the generated pulse.
These pulses are the probe and reference pulse. The probe pulse is guided over
a motorized delay stage to vary its time delay with respect to the pump pulse.
The probe and reference pulses are focused to a spot of ∼100 μm at different
positions in the sample. The probe pulse is spatially overlapped with the pump
pulse in the sample. The probe pulse has the same direction of polarization as
the pump pulse.

Delay time zero is determined in a Ge plate and the cross-correlation time
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Figure 5.3: Polarized linear spectra at 295 K. In one polarization direction
the OD stretch modes with strong and weak hydrogen bonds are observed
(purple). In the other polarization direction the bifurcated hydrogen-bonded
OD stretch modes are observed (green).

between the pump and probe pulses is ∼250 fs. The reference is used to correct
for pulse-to-pulse intensity and spectral fluctuations. After passing the sample
the probe and the reference beams are dispersed with an Oriel monochromator
and their spectrally resolved intensities are measured by two 32 pixel liquid-N2-
cooled MCT arrays. The pump frequency axis in the 2D spectrum is generated
by Fourier transformation of the signal as a function of the delay between the
two split pump pulses. Before Fourier transformation the time-domain is zero
padded by a factor of 2 and multiplied with a Hamming window function. [23, 131]

The 2D-IR setup is purged with nitrogen gas to reduce the strong CO2 absorp-
tion around 2345 cm−1. A librating CaF2 window around the Brewster angle
phase-cycles the pump pulse to average out interference effects between the
probe pulse and scattered light of the pump pulse. [132]

5.3 Results

In Fig. 5.3 we present linear infrared absorption spectra for two distinct po-
larization directions of the infrared light. The spectra show the three distinct
kinds of HDO molecules in the hydrated lithium nitrate crystal. We find a fre-
quency of 2501 cm−1 with a FWHM of 23 cm−1 for the stretch vibration of the
OD group with a strong hydrogen bond, 2563 cm−1 with a FWHM of 29 cm−1

for the stretch vibration of the OD group with a bifurcated hydrogen bond,
and 2610 cm−1 with a FWHM of 9 cm−1 for the stretch vibration of the OD
group with a weak hydrogen bond. The peak at 2463 cm−1 can be assigned
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Figure 5.4: 2D-IR spectra at 22 and 295 K of the strongly and weakly
hydrogen-bonded OD groups (left) and the bifurcated hydrogen-bonded OD
groups (right). The delay between the pump and probe pulses is 0.5 ps. The
positive absorption changes are shown in red, and the negative absorption
changes are shown in blue. The colour steps correspond to a 10 % intensity
increase and are truncated at 70 % of the maximal transient absorption differ-
ences. The spectra show distinct resonances and no cross-peaks.

to a combination of two stretch vibrations of the nitrate ion. [133] The cross
section of the nitrate band is low in comparison with the OD modes. Therefore,
it is not observed in the nonlinear spectrum because the transient absorption
response scales approximately with the cross section squared (see Section 3.2).
The observation that the OD modes can be completely suppressed by changing
the polarization points out that the crystal grows in such a way that planes b
and c in Fig. 5.1 are perpendicular to the window.

We measure 2D-IR spectra with the pump and probe pulses polarized par-
allel to the plane of the OD groups with strong and weak hydrogen bonds and
with the pump and probe pulses polarized parallel to the plane of the OD groups
with bifurcated hydrogen bonds. The spectra are measured at eight different
temperatures. In Fig. 5.4 we present 2D-IR spectra measured at temperatures
of 22 and 295 K for a delay of 0.5 ps between the pump and probe pulses.

In Fig. 5.5 we show transient absorption spectra for pump frequencies that
correspond to the maxima of the bleaching signals of the weakly, bifurcated,
and strongly bonded OD groups shown in the 2D spectra of Fig. 5.4. Besides
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Figure 5.5: Normalized slices at pump frequencies that correspond to the
maximal bleaching signals of the weakly, bifurcated, and strongly bonded OD
groups of the 2D spectra from Fig. 5.4. The transient spectra are fitted by
two Lorentzian functions at 22 K (solid line and filled symbols) and at 295 K
(dashed line and open symbols).

the 0→ 1 bleaching signals, the transient spectra also show the presence of the
1 → 2 excited state absorption bands. These bands are redshifted with respect
to the fundamental 0 → 1 transition by 139 cm−1 for the OD group with a
strong hydrogen bond, 110 cm−1 for the OD group with a bifurcated hydrogen
bond, and 107 cm−1 for the OD group with a weak hydrogen bond. The 1 → 2
excited state absorption bands are about 2–3 times broader than the 0 → 1
bleaching signals. Possible explanations for this additional broadening are the
short vibrational lifetime of the v = 2 state [23] and the quantum nature of the
hydrogen bonds [92].

The vibrational lifetimes are determined by fitting the decay of the 1→ 2 ex-
cited state absorption signals. For this purpose the areas of the 1 → 2 induced
absorption bands are integrated for each delay time. The resulting signal is
plotted as a function of delay and fitted between 0.5 and 100 ps with a popula-
tion relaxation model in which the vibration decays exponentially and a heating
effect grows in with the same rate. In Fig. 5.6 we present delay traces at 22 and
295 K. The vibrational lifetimes T1 resulting from the fit are listed in Table III.
The errors represent 95 % confidence intervals of the fitting procedure.
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Figure 5.6: Fitted normalized absorption changes as a function of delay for
the OD groups with strong (red), bifurcated (green) and weak (blue) hydrogen
bonds, at 22 K (solid line and filled symbols) and at 295 K (dashed line and
open symbols).

Table III: T1 vibrational lifetimes of the three distinct hydrogen-bonded OD
stretch vibrations of HDO in lithium nitrate trihydrate at different tempera-
tures.

Temperature [K]
T1 [ps]

strong bifurcated weak
22 3.76 ± 0.16 5.41 ± 0.08 10.4 ± 0.2
60 3.58 ± 0.15 5.20 ± 0.16 9.9 ± 0.3

100 3.47 ± 0.05 5.2 ± 0.2 10.8 ± 0.2
140 3.30 ± 0.08 5.19 ± 0.13 7.8 ± 0.8
180 3.27 ± 0.11 4.65 ± 0.13 10.3 ± 0.9
220 3.07 ± 0.18 4.54 ± 0.11 9.1 ± 1.8
250 3.13 ± 0.08 4.35 ± 0.07 9.1 ± 0.3
295 2.83 ± 0.12 4.14 ± 0.05 8.8 ± 0.4
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Figure 5.7: Unpolarized linear infrared absorption spectra of
LiNO3⋅HDO(H2O)2 at different temperatures. The line widths of the
OD stretch vibrational absorption bands increase when temperature rises.

5.4 Discussion

From Table III it is clear that the vibrational lifetime of the OD stretch vibration
in lithium nitrate trihydrate is shorter for the OD groups with strong hydrogen
bonds than that for the OD groups with bifurcated hydrogen bonds, which are
in turn shorter than that for the OD groups with weak hydrogen bonds. This
observation agrees with the typical behaviour of the hydroxyl stretch vibration
of decreasing vibrational lifetime with increasing hydrogen-bond strength, as
observed in bulk liquid water, [88, 112–114] frozen reverse micelles, [134] and zeo-
lites. [135] We find that the vibrational lifetimes of the OD stretch vibrations
of HDO molecules in lithium nitrate trihydrate are ∼3 times larger than the
lifetimes of the OH stretch vibration, which are at 220 K 1.1±0.1, 1.9±0.2, and
3.4 ± 0.3 ps for strongly, bifurcated, and weakly hydrogen-bonded OD groups,
respectively. [119]

We observe a decrease of the vibrational lifetime with increasing temper-
ature for all three hydrogen-bonded OD stretching modes. The vibrational
energy relaxation rate is determined by the coupling and spectral overlap with
(combination tones) of other modes that accept the energy. For the OD vibra-
tion of HDO molecules in dilute HDO:H2O ice, the temperature dependence of
the vibrational lifetime of the OD stretching vibration in ice could be well ac-
counted for by considering the temperature dependence of the spectral overlap
of the excited OD vibration and a single accepting combination mode.
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Table IV: Peak positions (ωv1) and FWHM line widths (Γv1) of the three
different hydrogen-bonded OD stretch vibrations of HDO in lithium nitrate
trihydrate at different temperatures determined from the linear spectra shown
in Fig. 5.7.

Temperature
[K]

strong bifurcated weak

ωv1 Γv1 ωv1 Γv1 ωv1 Γv1

[cm−1] [cm−1] [cm−1] [cm−1] [cm−1] [cm−1]

22 2501 8 2570 13 2605 8
60 2500 9 2568 17 2605 8
100 2499 10 2566 20 2605 8
140 2499 12 2564 22 2606 8
180 2499 15 2563 24 2606 8
220 2499 18 2562 26 2607 9
250 2500 21 2563 28 2608 10
295 2500 30 2562 34 2609 12

Using Fermi’s golden rule [Eq. (2.82)], the relaxation rate of the OD stretch
vibration (v1) to a single accepting (combination) mode can be expressed as

1

T1
= 2π

h̵

�
dω dω′ ∣⟨f ∣V̂v1,a∣i⟩∣2gv1(ω)ρa(ω′)δ(ω − ω′)

= 2π

h̵
∫ dω ∣⟨f ∣V̂v1,a∣i⟩∣2gv1(ω)ρa(ω), (5.1)

where gv1(ω) is the spectral distribution of the OD stretch vibration
(∫ dω gv1(ω) = 1), ρa(ω) the density of states of the acceptor mode, and⟨f ∣V̂v1,a∣i⟩ the coupling matrix element between the final and initial states.
The Dirac delta function ensures conservation of energy. In this expression
we assume rapid spectral diffusion due to fluctuations in the thermal bath.
Assuming the density of states of the acceptor mode to be proportional to
its spectral distribution, i.e. ρa(ω) ∝ ga(ω), and the coupling strength to be
independent of frequency, we arrive at

1

T1
∝ ∣⟨f ∣V̂v1,a∣i⟩∣2 ∫ dω gv1(ω)ga(ω). (5.2)

When the two spectral distributions have Lorentzian line shapes, the overlap
integral can be calculated analytically, i.e.

∫ dω gv1(ω)ga(ω) = 2

π

Γv1 + Γa

4(ωv1 − ωa)2 + (Γv1 + Γa)2 , (5.3)

where ωv1 and Γv1 are the centre frequency and FWHM of the OD stretch mode,
and ωa and Γa denote the centre frequency and FWHM of the acceptor mode.
The relaxation rate of the OD stretch vibration is then proportional to

1

T1
∝ ∣⟨f ∣V̂v1,a∣i⟩∣2 ∫ dω

Γv1 + Γa

4(ωv1 − ωa)2 + (Γv1 + Γa)2 . (5.4)
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5.4 Vibrational relaxation in lithium nitrate trihydrate

We fit the experimentally observed vibrational relaxation rates with a model
in which we assume that the three OD groups relax to the same acceptor mode.
This acceptor mode is assumed to have a Lorentzian shape and to be temper-
ature independent. We fit the spectral position and the width of the acceptor
mode. In the fitting we calculate the spectral overlap of the three OD vibrations
with the acceptor mode. The positions and widths of the OD stretch modes are
determined from the linear spectra shown in Fig. 5.7 and given in Table IV. In
the fitting we take the value of the coupling strength ∣⟨f ∣V̂v1,a∣i⟩∣2 to be equal for
the strong and the weak hydrogen bonds, as they are situated on the same type
of water molecules in the crystal structure. The coupling matrix element of the
bifurcated hydrogen-bonded OD group is allowed to be different from that of the
strong and weak hydrogen bonds. The results of the fit are plotted in Fig. 5.8.
We find the ratio of the coupling strengths of the strong/weak:bifurcated hy-
drogen bonds to be 1:1.3. The accepting mode resulting from the fit is centred
at 2354 ± 12 cm−1 with a FWHM of 65 ± 17 cm−1. Hence, the three OD modes
and the found accepting mode only weakly overlap. Therefore, the OD modes
and the accepting modes are only brought into resonance due to spectral dif-
fusion caused by thermal bath fluctuations. We do not observe any IR active
mode in the spectral range 2200–2400 cm−1. However, it is likely that the ac-
cepting mode is a combination band composed of several excitation quanta in
different vibrations, which makes it invisible in the infrared and Raman spec-
tra. The HDO and H2O bending modes have frequencies of about 1460 cm−1

and 1650 cm−1, respectively. [136] Therefore it appears likely that the accept-
ing mode is a combination of the v = 1 of the HDO or H2O bending mode in
combination with one or two quanta in low-frequency intermolecular modes.

The observed temperature dependence is opposite to what has been observed
for the vibrational lifetime of the OD stretch vibration of HDO molecules in
dilute HDO:H2O ice, for which the vibrational lifetime increases from 480±40 fs
at 25 K to 850 ± 60 fs at 265 K (see previous chapter), although a similar
relaxation mechanism is proposed. For HDO:H2O ice, the line width of the
OD stretch increases when the temperature rises, and the peak position of the
excited OD stretch vibration increases from 2415 cm−1 at 20 K to 2447 cm−1

at 270 K, i.e. on average 0.13 cm−1/K. As a result, the spectral overlap of the
absorption band of the OD vibration with the absorption band of the bending
and libration combination mode decreases, thus explaining the increase of the
vibrational lifetime with increasing temperature. For LiNO3⋅HDO(H2O)2 the
change in peak position of the OD vibrations with temperature is one order
of magnitude smaller than for dilute HDO:H2O ice; hence, the change of the
vibrational lifetime is dominated by the increase of the line width rather than
the peak position (see Table IV). As this line width increases with temperature,
the overlap with a combination band of the bending and low-frequency modes
increases, which thus explains the observed decrease of the vibrational lifetime
when temperature increases.

In studies of the vibrational relaxation of hydroxyl groups in crystals [137,138]

the relaxation was described to occur via crystal vibrations that are assumed to
be harmonic. The temperature dependence of the relaxation was described with
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Figure 5.8: Vibrational lifetimes of the OD stretch vibrations of HDO
molecules in three different hydrogen-bond configurations in lithium nitrate tri-
hydrate as a function of temperature. The lifetimes are fitted utilizing Eq. (5.4),
using the central frequencies and line widths of the different OD vibrations ob-
tained from the linear absorption spectra, which yields a Lorentzian-shaped
accepting mode centred at 2354 ± 12 cm−1 with a FWHM of 65 ± 17 cm−1.
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5.5 Vibrational relaxation in lithium nitrate trihydrate

the multi-phonon relaxation model of Nitzan et al. [103,139] In this model the
accepting mode is formed by a combination tone that consists of a number of
low-frequency phonon excitations. The model describes a strong increase in the
vibrational relaxation rate with temperature as a result of the increased thermal
occupation of the harmonic phonon modes. Due to the harmonic character of
the phonon modes, the vibrational amplitudes of these modes increase when
they are thermally excited, and these larger amplitudes lead to an increase of
the anharmonic coupling with the excited hydroxyl vibration, thus accelerating
the vibrational relaxation.

Following the model of Nitzan et al. [103,139] the value of the coupling ma-
trix element ⟨f ∣V̂v1,a∣i⟩ of Eq. (5.4) is expected to increase with temperature,
because the accepting modes get thermally excited. We did not include such
a temperature dependence in modelling the data, and assumed the coupling
matrix element to be temperature independent. For all three OD vibrations the
temperature dependence of T1 can be well explained from the temperature de-
pendence of the spectral overlap of the excited OD vibrations and an accepting
mode that likely consists of a bending mode in combination with low-frequency
intermolecular modes of the water molecule (librations, hydrogen-bond stretch
vibrations). For this accepting mode the coupling matrix element is indeed ex-
pected to show very little temperature dependence in the temperature range 22–
295 K. The HDO and H2O bending modes have frequencies of about 1460 cm−1

and 1650 cm−1, respectively, [136] both being much larger than the thermal ex-
citation energy kBT (corresponding to 205 cm−1 at 295 K). This implies that
the thermal excitation of the bending mode is negligible over the whole studied
temperature range of 22–295 K. Hence, an increase in temperature from 22 to
295 K will lead to a negligible thermal excitation of this mode and thus negli-
gible acceleration of the vibrational relaxation. The intermolecular librational
and hydrogen-bond modes have much lower frequencies and their thermal oc-
cupation will increase in the studied temperature range. However, these modes
are strongly anharmonic, showing a double-well potential, [38, 140] which means
that the vibrational amplitude will not strongly increase when the temperature
is raised. Hence, for an accepting mode that consists of the v = 1 state of the
bending mode and a few quanta of excitation in low-frequency intermolecular
water modes, the assumption of a temperature independent coupling appears
to be justified, at least at relatively low temperatures up to 295 K.

The present results show that the vibrational relaxation mechanism of the
OH stretching vibrations of water is quite anomalous, even when the water
molecules are contained in a highly-ordered crystal structure. While most high-
frequency vibrations like covalently bound hydroxyl vibrations [137,138] relax via
multi-phonon decay, following the relaxation model of Nitzan et al. [103,139], wa-
ter molecules relax via the bending mode vibration in combination with anhar-
monic low-frequency intermolecular modes. This relaxation mechanism leads to
a very different temperature dependence of the relaxation that in some cases,
even leads to a deceleration of the relaxation with temperature, as we found in
the previous chapter for the OD stretching vibration of HDO in neat H2O.
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5.5 Conclusions

We studied the vibrational dynamics of the OD stretch vibrations of HDO
molecules in lithium nitrate trihydrate. Water molecules are located in the hy-
drated lithium nitrate crystal at specific positions, leading to hydroxyl groups
with three different well-defined hydrogen-bond interaction strengths, including
hydroxyl groups with strong hydrogen bonds, weak hydrogen bonds, and bifur-
cated (intermediate) hydrogen bonds. We measured the vibrational lifetimes of
the OD stretch vibrations over a wide temperature range from 22 to 295 K. The
vibrational lifetime of the strongly hydrogen-bonded OD groups is shorter than
that for the bifurcated hydrogen-bonded OD groups, which in turn is shorter
than that for the weakly hydrogen-bonded OD groups. For all three types of
OD groups, the vibrational lifetime decreases when temperature increases: from
3.76±0.16 ps at 22 K to 2.83±0.12 ps at 295 K for the strongly hydrogen-bonded
species, from 5.41±0.08 ps at 22 K to 4.14±0.05 ps at 295 K for the bifurcated
hydrogen-bonded species, and from 10.4±0.2 ps at 22 K to 8.8±0.4 ps at 295 K
for the weakly hydrogen-bonded species. This temperature dependence can be
well explained from an increase in the line width of the OD stretch absorption
bands when temperature increases and the resulting increase in spectral overlap
with a single (combination) accepting mode centred at 2354 ± 12 cm−1 with a
FWHM of 65 ± 17 cm−1. This accepting mode likely consists of the v = 1 state
of the H2O or HDO bending vibration in combination with one or two quanta
in low-frequency intermolecular modes.
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6 Probing the molecular
surface structure of ice
with phase-sensitive
sum-frequency generation
spectroscopy

The surface structure of ice is studied between 150–245 K using phase-resolved
sum-frequency generation, which measures the second-order surface susceptibil-
ity χ(2). At 150 K we observe a correspondence between 5 modes in the surface
spectrum with modes in the analogue bulk spectra, indicating a strong influence
of vibration couplings on the χ(2) spectrum of ice. The mode associated with
the bilayer-stitching bonds (3110 cm−1) is observed to be phase-rotated, con-
sonant with the previous reported quadrupole contribution of this mode. The
surface spectrum contains two modes at higher frequencies that are not present
in the IR and Raman bulk spectra. These modes are assigned to the outer-
most water molecules that have an incomplete hydrogen-bond configuration.
When temperature increases, the features in the modes in the χ(2) spectrum
become less pronounced, which likely results from a decrease in the intermolec-
ular couplings due to an increasing disorder of the surface. Starting from a
temperature of ∼185 K, the χ(2) response strongly increases with temperature
around 3400 cm−1 which is not observed for the Raman and IR spectra, prob-
ably due to the formation of a premelted layer at the surface of ice.

6.1 Introduction

Ice plays a key geophysical role. Glaciers shape the Earth’s surface, and ice
particles in the atmosphere facilitate the occurrence of lightning and the deple-
tion of the ozone layer. [13, 141–143] At least 16 distinct crystalline phases of ice
exist, [144] but the only stable phase that naturally occurs on the Earth surface
is ice Ih.

[145] Ice Ih has a crystal structure of hexagonal prisms as is illustrated
in Fig. 1.3. The oxygen atoms lie on a wurtzite lattice. The hydrogens are dis-
tributed quasi-randomly following the Bernal–Fowler ice rules. [146] These rules
state that each oxygen is covalently bonded to two hydrogen atoms, and that
the surrounding water molecules are oriented in such a way that only one hy-
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Figure 6.1: Fragment of the crystalline basal surface of ice Ih. Bilayers are
formed by water molecules in a chair configuration. The bilayers are intercon-
nected by stitching bonds. The upper part of the 1st bilayer consists of water
molecules with a free OH group and of water molecules with a lone pair.

drogen atom lays between each pair of oxygen atoms. At the surface the crystal
structure terminates, leaving the outermost water molecules with an incomplete
hydrogen-bond configuration.

At low temperatures the surface of ice is highly ordered: the basal plane
of ice Ih has a full-bilayer termination and the outer molecules have either a
free OH group or an oxygen atom with a free electron pair as illustrated in
Fig. 6.1. [147–149] Starting from a temperature of 180–200 K [69, 150] a limited
amount of surface disorder is observed to set in, finally resulting in a premelting
of the surface at temperatures just below the bulk melting point. [12] This
premelted layer governs many chemical and physical processes. [13]

In order to acquire a better understanding of the molecular surface struc-
ture of ice we study the surface of basal ice with phase-resolved SFG spec-
troscopy. SFG spectroscopy is an ideal tool as it combines surface-selectivity
with molecular sensitivity. Since SFG is an even-order (χ(2)) non-linear opti-
cal process, SFG is bulk-forbidden for water and ice under the electric dipole
approximation. [75, 151] The frequency of the SFG signal of the OH stretching
vibrations is strongly correlated with the strength of the hydrogen bonds, [7, 84]

providing insights in the molecular configuration at the surface. Previously,
the surface properties of ice have been studied with conventional intensity SFG
spectroscopy. [69, 151–155] Here we will employ an even more powerful method:
phase-resolved SFG. In this technique the sum-frequency (SF) signal is inter-
fered with a local oscillator, thus enabling a direct determination of the ampli-
tude and the phase of the generated SF electric field. The SFG field can be
directly related to the amplitude and phase of the second-order susceptibility
χ(2) (conventional SFG determines ∣χ(2)∣2), which allows a direct identification
of the surface vibrational resonances. Moreover, phase-resolved SFG allows
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the separation between the resonant part of the signal and the non-resonant
background, which simplifies the interpretation. [73] In this chapter we will use
phase-resolved SFG to investigate the surface of ice between 150 and 245 K.

6.2 Experimental methods and analysis

Monocrystalline ice is grown by applying the method of seed extraction from
the melt: [156] A monocrystalline seed is frozen to a copper pin. The copper pin
is cooled by a processor cooler (LD PC-V2) and the temperature is initially set
to 270 K by adjusting the current through a resistance. The surface of the seed
is molten by a heat gun. Thereupon the seed is dipped in a pan with ultrapure
water maintained at 273.8 K and allowed to grow in the melt. After one hour,
the seed is pulled from the melt with 5 mm/hour. Meanwhile the temperature
of the copper pin is gradually decreased to 240 K. After 10 hours, a crystal of
height ∼50 mm and diameter ∼70 mm is produced (Fig. 6.2a). The crystal is
stored in a freezer for further handling.

The ice crystal is cut into convenient parts by a bandsaw (Proxxon MBS
240/E) with a nickel-plated saw. One piece is frozen to an aluminum bar for
convenient handling. A slice is cut off to determine the orientation of the basal
plane using a Rigsby stage (Fig. 6.2b) following the procedure described in the
Appendix. Next the ice is cut to the correct crystal orientation. A smooth
surface is obtained by repeatedly shaving the ice using a blade of cemented
carbide (Fig. 6.2c). Best results are obtained by shaving at a freezer temperature
of ∼270 K with the blade heated to ∼300 K. A piece of ∼4 mm thickness is cut
off and used in the experiment.

The SFG measurements are carried out using a closed temperature cell that
is cooled with liquid N2 and allows transmittance of the laser beams through
a CaF2 window (Fig. 6.2d). The desired temperature is set by a heating foil
resistance covered by a copper plate. The ice sample is placed on the copper
plate. A temperature sensor is welded onto the ice surface with a water droplet
in order to accurately monitor the surface temperature. For reference purposes
a z-cut quartz crystal is placed adjacent to the ice. After positioning, the sample
cell is thoroughly flushed with N2 gas in order to remove the deposited frost
that enters during the loading of the sample cell. The sample cell can be moved
in the horizontal plane by two motorized actuators (Thorlabs) to prevent the
accumulation of heat and damage of the ice crystal during the measurements.

The laser source for the SFG experiments is a regenerative Ti:sapphire am-
plifier system (Coherent Legend) delivering 35 fs pulses with a pulse energy of
3.2 mJ at a wavelength of 798 nm (FWHM 70 nm) and a repetition rate of
1 kHz. The VIS pulse is prepared by transmitting 20 % of the amplifier output
through an etalon to reduce its spectral bandwidth, yielding a 15 μJ pulse with
a FWHM of 0.9 nm (15 cm−1). The IR pulse is generated by the other 80 % of
the amplifier output power in a home-built OPA with two BBO-based ampli-
fication stages. The generated signal and idler pulses are difference-frequency
mixed in a AgGaS2 crystal, producing 5 μJ broadband pulses centred at 3.0 μm
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Figure 6.2: Ice growth and sample preparation. (a) Monocrystalline ice is
grown by seed extraction from the melt. (b) The basal plane orientation is
determined using a Rigsby stage. (c) Correctly oriented ice is shaved by a blade
to smoothen the surface. Subsequently the sample is cut off by a bandsaw. (d)
The ice sample in the sample cell. A thermocouple on the ice monitors the
surface temperature. A z-cut quartz crystal is placed adjacent to the ice for
reference purposes.
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Figure 6.3: Schematic of the phase-resolved SFG setup.

(3300 cm−1) with a FWHM of 600 nm (650 cm−1). The VIS and IR pulses are
set to s- and p-polarizations, respectively, using a combination of a λ/2-plate
and a polarizer.

The geometry of the phase-resolved SFG setup is depicted in Fig. 6.3. First
the IR and VIS pulses are spatially overlapped on a gold surface to generate
broadband sum-frequency light, which is used as local oscillator. Then the
pulses are refocused by a concave mirror onto the sample surface with angles of
incidence of 44○ and 39○ for the IR and VIS, respectively. The SF signal stem-
ming from the local oscillator is delayed by T ≃ 2 ps by transmission through a
glass plate and creates an interference pattern with the SF signal generated at
the sample, of which the s-polarization component is dispersed by a grating and
recorded with a CCD camera. The detected intensity spectrum is proportional
to

I(ωSF) ∝ ∣Esample(ωSF) + rsample(ωSF)ELO(ωSF)eiωSFT ∣2= ∣Esample(ωSF)∣2 + ∣rsampleELO(ωSF)∣2+ r∗sample(ωSF)Esample(ωSF)E∗LO(ωSF)e−iωSFT

+ rsample(ωSF)E∗sample(ωSF)ELO(ωSF)eiωSFT ,

(6.1)

where r is the reflection coefficient, [31] and ELO and Esample are the sum-
frequency fields of the local oscillator and sample, respectively. The cross terms
are responsible for the interference pattern and contain the phase information.
Because the cross terms carry a phase factor owing to the delay T , they can
be isolated by Fourier filtering in the time domain. [63] The term with positive
time is extracted and divided by the corresponding term of a reference spectrum
measured on z-cut quartz. The resulting quotient is proportional to the ratio

of the frequency-dependent second-order susceptibilities of the sample (χ
(2)
sample)
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and the frequency-independent susceptibility of quartz (χ
(2)
quartz):

r∗sampleEsampleE
∗
LOe

−iωSFT

r∗quartzEquartzE∗LOe
−iωSFT

= r∗sampleFsample

r∗quartzFquartz

χ
(2)
sample

iχ
(2)
quartz

. (6.2)

The F factors are dispersive constants comprising the product of geometrical
factors and Fresnel factors. [48, 63,157] The latter can be calculated using liter-
ature values of the optical constants. [16, 158,159] For ice, the infrared optical
constants are taken at the closest determined temperature [158] and the effective
refractive index of the interfacial layer is calculated using a slab model. [44] The

factor i in front of χ
(2)
quartz reflects the bulk origin of the quartz response, which

causes a 90○ phase-shift with respect to a surface response. [157,160,161] The bulk
χ(2) value of quartz is taken to be 8 ⋅ 10−13m V−1 and the coherence length is
calculated to be ∼40 nm for our experimental configuration. [162] The achieved

χ
(2)
sample is independent of experimental parameters. The ssp-polarization con-

figuration of the SF, VIS, and IR beams yields the χ
(2)
� component, with the

projections of the parallel Raman polarizability in the surface plane and the IR
transition dipole moment perpendicular to the surface plane.

Linear absorption spectra are obtained with a PerkinElmer 881 double-beam
IR spectrometer. The sample is prepared by pressing a water droplet between
two sapphire windows. The sample is placed in a cryostat where the desired
temperature is set.

6.3 Results and discussion

The real and imaginary parts of χ(2) of basal ice at 150 K are shown in Fig. 6.4a.
The imaginary part of χ(2) contains direct information on the resonances. The
real part of χ(2) complements the imaginary part, and contains additionally a
negative non-resonant background contribution. [163] A χ(2) resonance is pro-
portional to the product of its Raman and IR transition moments [Eq. (3.26)].
Since χ(2) is an even-order optical response, only surface vibrations contribute
to the χ(2) response under the electric dipole approximation. The sign of Imχ(2)

reflects the net orientation of the transition dipole moment of the correspond-
ing OH mode, e.g. the positive Imχ(2) response at 3694 cm−1 corresponds to
non-hydrogen-bonded OH groups sticking out of the surface.

Although the surface modes possibly differ from the bulk modes, it is in-
sightful to compare the χ(2) spectrum with the bulk Raman and IR line shapes
(Fig. 6.4b–c). Together, the IR and Raman bulk spectra exhibit five main res-
onances, at about 3110, 3150, 3228, 3350, and 3420 cm−1 (as indicated by the
vertical dashed lines), [165] which we label from low to high frequency by I–V.
Although all modes are both Raman and IR active, peaks I, III, IV, and V are
apparent in the Raman spectrum, and peaks II–IV are observable in the IR
spectrum. These features are caused by strong and weak couplings between OH
oscillators on different molecules, [165–167] and do not directly refer to species
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(b) Parallel-polarized Raman spectrum (aa) of basal ice at 167 K. [164] (c)
IR absorption spectrum of polycrystalline ice at 150 K.

with a certain hydrogen-bond strength. In particular the strong Raman peak I
has been assigned to a collective in-phase vibration. [165,167,168] Peaks II–V can
also be observed in the Imχ(2) spectrum and have negative amplitudes. Peak I
does not coincide with a mode in the Imχ(2) spectrum, but it does coincide with
a strong peak in the Reχ(2) spectrum. SFG experiments using the polarization
null-angle method have shown that peak I (with a frequency of 3098 cm−1 at
113 K) contains a significant quadrupole component. [151,169] Hence, mode I has
been associated with the bilayer-stitching hydrogen bonds (see Fig. 6.1), which
form numerous oppositely aligned dipoles (constituting quadrupoles). [169] This
mode has a significant bulk component, [154,169] which has a 90○ phase-shift in
the χ(2) response with respect to a pure surface response. [161,170,171] Hence, the
bulk component causes the χ(2) response to be phase-shifted by a value close
to 90○. This explains the correspondence of peak I with a peak in the real part
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of χ(2) and the dispersive line shape of Imχ(2) around 3100 cm−1 (cf. Fig. 3.7).
Peaks II–V remain unassigned.

The χ(2) response shows additional bands at 3530 cm−1 (peak VI) and
3694 cm−1 (peak VII) that are not present in the IR and Raman bulk spec-
tra. The latter mode can be assigned to non-hydrogen-bonded free OH groups
that are sticking out of the ice surface. We assign the 3530 cm−1 band to water
molecules with 2 donor and 1 acceptor hydrogen bonds. A similar band has
been observed in the χ(2) spectrum of liquid water. [73, 172] The OH groups of
these molecules are oriented with both hydrogen atoms pointing away from the
surface (see Fig. 6.1), and intramolecular coupling gives rise to an antisymmet-
ric mode contributing positively to Imχ(2) in an ssp-polarization configuration.
Similar water molecules are present at the surface of basal ice (see Fig. 6.1).
A purely parallel mode would in fact be χ(2) inactive. [155,173] The 3530 cm−1

mode can be observed because it is coupled to OH vibrations of neighbour-
ing water molecules. As these neighbouring water molecules constitute a highly
asymmetric environment in the direction perpendicular to the surface, the tran-
sition dipole moment acquires a non-zero perpendicular component, therefore
making the 3530 cm−1 mode observable in the χ(2) spectrum.

In Fig. 6.5 the χ(2) response is shown at several temperatures in the range
150–245 K. The spectra exhibit a strong temperature dependence. All modes
shift to higher frequency when temperature increases. This can be explained by
a weakening of the hydrogen-bonds. [167] Surprisingly, we also observe a shift
in the frequency of the non-hydrogen-bonded free OH mode from 3694 cm−1 at
150 K to 3700 cm−1 at 245 K (Fig. 6.6). This shift can be explained from the
coupling of this mode to the companion OH group that is located on the same
water molecule. The latter OH group is hydrogen bonded and this hydrogen
bond weakens when temperature increases. Hence, the difference in frequency
between the two OH oscillators becomes smaller, leading to a stronger frequency
splitting due to intramolecular coupling. [73] As a result, the free OH mode shifts
to higher frequency when temperature increases.

The amplitude of the low frequency modes I–III decreases when the tem-
perature rises. In particular the bilayer-stitching mode (I) exhibits a strong
temperature dependence and has been reported to gain further strength be-
low 150 K. [153] The strong temperature dependence of the χ(2) response has
been explained by a decreasing order of the crystal structure with increasing
temperature leading to a less strong delocalization of the OH stretch vibra-
tions. [169,174,175] The bulk Raman spectrum shows a comparable decrease in
spectral intensity when temperature increases. [166,176]

The spectral features of the χ(2) spectrum become less pronounced at higher
temperatures. Modes I–III combine into a single broad band. Moreover, modes
IV and V, quite distinct at 150 K, broaden and converge into a single broad fea-
ture at higher temperatures. There is also a strong increase in amplitude around
3400 cm−1 when temperature increases. The available Raman spectra [164,167]

also display the merge of modes IV and V, but do not show an increase in am-
plitude. Temperature dependent IR absorption spectra are shown in Fig. 6.7
and exhibit only a slight increase in amplitude around 3400 cm−1 when the

86



6.3 Probing the molecular surface structure of ice

Im
 

(2
)  [1

0
-2

1  m
2
 V

-1
]

-4

-2

0

2

I II III IV V VI VII
R

e 
(2

)  [1
0

-2
1  m

2
 V

-1
]

-6

-4

-2

0

2

IR frequency [cm-1]
3000 3200 3400 3600 3800

|
(2

) |2
 [1

0
-4

1  m
4
 V

-2
]

0

1

2

3

4

150 K
170 K
185 K
200 K
215 K
230 K
245 K

Figure 6.5: χ(2) spectrum of basal ice at different temperatures. The top
panel shows the imaginary component (Imχ(2)), the central panel the real
component (Reχ(2)), and the bottom panel the squared amplitude (∣χ(2)∣2).

8787



Probing the molecular surface structure of ice 6.3

Temperature [K]
140 160 180 200 220 240 260

F
re

e 
O

H
 fr

eq
ue

nc
y 

[c
m

-1
]

3694

3695

3696

3697

3698

3699

3700

Figure 6.6: Peak position of the free OH stretching mode as a function of
temperature. The data are fitted by a quadratic function.

Frequency [cm-1]
3000 3200 3400 3600 3800

IR
 a

bs
or

pt
io

n 
[O

.D
.]

0

0.5

1

1.5

2

150 K
170 K
185 K
200 K
215 K
230 K
245 K

Figure 6.7: IR absorption spectrum of polycrystalline ice as a function of
temperature.

88



6.4 Probing the molecular surface structure of ice

temperature is increased. Because the Raman and IR spectra do not show a
significant change in spectral shape in the temperature range 150–245 K, we ex-
plain the strong rise of the χ(2) response around 3400 cm−1 from an increase in
disorder of the structure of the ice surface. A disordering of the ice surface [177]

has been reported to set in around 180–200 K. [69, 150] An increase in disorder
leads to a reduction of the delocalization of the OH vibrations of the surface
water molecules. [165,167] Increasing the temperature from 150 to 245 K has
little effect on the order in the bulk. As a result, the delocalization of the bulk
modes hardly changes, and thus the Raman and IR spectra show a much smaller
change in spectral shape with temperature. As the frequency of ∼3400 cm−1

coincides with the surface sum-frequency response of liquid water, the observed
disorder could well be associated with the formation of a premelted layer, i.e. a
layer of supercooled water on the crystalline ice surface.

6.4 Conclusions

We studied the surface structure of basal ice in the temperature range 150–245 K
using phase-resolved surface sum-frequency generation. The obtained second-
order susceptibility χ(2) spectrum provides information on the vibrational res-
onances on the ice surface. At 150 K the structure of the low-frequency χ(2)

spectrum and the structure of the IR and Raman bulk spectra correspond. This
indicates that the OH vibrations at the surface of ice show a similarly strong
intermolecular coupling as in the bulk. We observe five distinct modes in the
χ(2) spectrum. The lowest frequency mode (3110 cm−1) is associated with the
bilayer-stitching bonds and is observed to be phase-shifted with respect to the
other modes, in agreement with the previously reported quadrupole contribu-
tion to this mode. The modes at 3530 and 3694 cm−1 in the χ(2) spectrum
are absent in the IR and Raman bulk spectra. These two modes are associated
with the outermost water molecules on the basal surface. We assign the band at
3530 cm−1 to the antisymmetric mode of surface water molecules that are ori-
ented in such a way that both hydrogen atoms point away from the surface and
have a lone pair. The peak at 3694 cm−1 originates from non-hydrogen-bonded
free OH groups that are sticking out of the ice surface.

The modes in the χ(2) spectrum are observed to shift to higher frequency
when temperature increases because of a weakening of the hydrogen bonds.
The blueshift of the free OH mode finds its origin in the blueshift of the other
hydrogen-bonded OH mode that is located on the same water molecule. Due to
the blueshift of this latter mode, the frequency splitting between the uncoupled
OH vibrations decreases, leading to a stronger mixing of the two modes and a
higher frequency of the high-frequency mode resulting from the coupling. When
temperature increases, the individual hydrogen-bonded OH modes become less
pronounced and the surface structure becomes more disordered resulting in a
reduction of the intermolecular coupling. As a result, the 3 modes with the
lowest frequency combine into a single broad band. Furthermore, the 2 modes
near 3400 cm−1 also merge. In addition the Imχ(2) amplitude around 3400 cm−1
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increases from 185 to 245 K. The latter increase is not observed in the Raman
and IR spectra, which primarily probe the bulk OH modes. Hence the increase
of Imχ(2) around 3400 cm−1 points at an increased disorder of the ice surface,
probably associated with the formation of a premelted layer.
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7 Observation of liquid
water at the surface of ice
at temperatures far below
the melting point

We employ phase-resolved sum-frequency generation (SFG) spectroscopy to
study the molecular properties of the premelted layer on ice. We observe that
even at temperatures far below the melting point (<245 K), the surface of ice
is covered by a liquid layer, that is indistinguishable from supercooled liquid
water.

7.1 Introduction

It has been well-established that the surface of ice is covered by a liquid-like
layer. This layer governs processes as diverse as glacier motion, frost heave, the
occurrence of lightning and chemical reactions at the surface of ice particles in
the atmosphere. [13] In spite of its importance, the precise nature of the liquid-
like layer is still under debate. For decades, the surface properties of ice have
been the subject of numerous studies employing a large variety of experimental
techniques. Much of this previous work reached seemingly inconsistent conclu-
sions about the structure of the liquid-like layer and the temperature at which
it forms. For example, the top surface layer has been reported to resemble
bulk liquid water, [178–180] but also to have a much higher viscosity than liquid
water. [69, 181–186] The onset temperature for the formation of a liquid-like layer
reported from experiments varies between 200 and 271 K. [69, 178,186–191]

SFG spectroscopy is an ideal tool to provide information on the molecular
structure at the surface of ice as it combines surface-selectivity with molecular
sensitivity. In the previous chapter we have studied the surface structure of ice
using phase-resolved SFG between 150 and 245 K. In this chapter we employ
the same technique at higher temperatures to probe the molecular nature of the
premelting layer at the surface of ice.
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Observation of liquid water at the surface of ice 7.3

7.2 Experimental methods

The preparation of the ice sample and the experimental configuration of the
phase-resolved sum-frequency setup have been described in the previous chap-
ter. The spectra are obtained in an ssp-polarization configuration and divided
by a reference spectrum taken from z-cut quartz. The Fresnel factors are cal-
culated using literature values for the optical constants of ice, [16] water, [158,192]

and quartz, [159] and calculating the effective refractive index of the interfacial
layers by the use of a slab model. [44] For an accurate determination of the phase
of χ(2), it is essential that the sample and reference are measured at the same
height. The heights of the sample and reference are set to a precision of 10 μm,
resulting in a phase inaccuracy of 10○. Following previous work, the obtained
χ(2) spectra are precisely phased such that the imaginary part is zero in the off-
resonance part of the spectrum between 3800–3900 cm−1. [73] During the SFG
experiment, the ice sample is continuously moved to prevent the accumulation
of heat and damage of the crystal. The heating effect of the laser pulses is found
to be negligible (see Fig. 7.5).

7.3 Results

In Fig. 7.1 we present the phase-resolved SFG response of the ice surface at
different temperatures in the range 245–270 K for an ssp-polarization configu-
ration. The imaginary part of χ(2) contains direct information at the surface
resonances. The real part of χ(2) complements the imaginary part, and ad-
ditionally contains a negative non-resonant background contribution. [163] The
constructed ∣χ(2)∣2 spectra allow for a direct comparison with conventional in-
tensity SFG measurements. At 245 K the spectrum is dominated by an intense
band at 3230 cm−1 with a shoulder around 3400 cm−1. With increasing tem-
perature the 3230 cm−1 band decreases in amplitude and the shoulder around∼3400 cm−1 increases in amplitude. The Imχ(2) spectrum also shows a clear
band at ∼3580 cm−1. The low amplitude of this band makes it hardly visible in
the constructed ∣χ(2)∣2 spectra. This band can be assigned to water molecules
with 2 donor and 1 acceptor hydrogen bonds and a lone pair. [73, 172] These
molecules are oriented with both hydrogen atoms pointing towards the bulk,
which implies that the antisymmetric mode will be oriented nearly parallel to
the surface. Nevertheless, this mode contributes with a positive sign to the
Imχ(2) in the ssp-polarization combination. [73] This mode shows a very small
blue shift when the temperature increases reflecting a weakening of the hydro-
gen bonds. The resonance at ∼3700 cm−1 is assigned to free OH groups sticking
out of surface. The positive sign of the imaginary part reflects their outward
orientation from the bulk. The amplitude of the free OH band changes only
moderately with temperature, which is in agreement with previous work. [152]

In Fig. 7.2a we show the Imχ(2) spectra of ice at 245 K, ice at 270 K, and
supercooled liquid water at 270 K. To facilitate the comparison, the amplitude of
the ice spectra are multiplied by 1.6. The lower amplitude of the ice spectrum
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Bulk absorption spectra of ∼0.5 mm polycrystalline ice and supercooled liquid
water.

is likely caused by some remaining surface roughness resulting from the ice
sample preparation, which causes SFG light to be scattered outside the range
of detection angles (the detection path has a numerical aperture of ∼0.1). It is
clearly seen that the surface spectrum of ice at 270 K is more similar to that
of supercooled liquid water than to that of ice at 245 K. This conclusion is not
influenced by the applied corrections for the Fresnel factors (see Fig. 7.6).

The bottom panel of Fig. 7.2b shows bulk infrared absorption spectra of
equivalent systems that were shown in Fig. 7.2a. The absorption bands of ice
at 245 K and ice at 270 K are quite similar. Ice at 245 K has its maximum
infrared absorption at 3255 cm−1, and ice at 270 K has its maximum absorption
at 3265 cm−1. Hence, the strength of the hydrogen bonds in bulk ice decreases
only slightly going from 245 to 270 K. For supercooled water at 270 K the
infrared absorption maximum is found at a frequency of 3390 cm−1, much higher
than is observed for ice at 270 K, which implies that the hydrogen bonds are
significantly stronger in bulk ice at 270 K than in bulk liquid water at 270 K. It
is thus clearly seen that for ice at 270 K the bulk response is similar to that of
ice at much lower temperatures, whereas the surface response is similar to that
of liquid water. This result indicates that the surface response of ice at 270 K
has a large contribution from a layer that resembles liquid water.
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7.4 Observation of liquid water at the surface of ice

To obtain more quantitative information on the properties of the ice surface
we perform a spectral decomposition (Fig. 7.3). First we fit the Imχ(2) spectrum
of supercooled water by 3 Gaussian bands of which 2 have asymmetric widths
to account for the inhomogeneity in hydrogen-bond strengths. The broad band
with the maximum at 3407 cm−1 corresponds to hydrogen-bonded OH modes of
liquid water, the band at 3587 cm−1 corresponds to the mode involving 2 donor
and 1 acceptor hydrogen bonds and a lone pair, [73, 172] to be denoted as the lone-
pair band, and the band at 3702 cm−1 corresponds to the free OH mode. Next
we fit the ice spectra with these three bands plus another asymmetric Gaussian-
shaped band to account for the response around 3230 cm−1, which represents
the OH vibrations of crystalline ice. In this fit of the ice spectra we keep the
spectral shapes shapes and widths of the four bands constant. Furthermore, the
peak position of the lone-pair band is kept constant and obtained from a global
fit. The peak position of the band corresponding to liquid water is taken to be
3407 cm−1 at 270 K and to shift by 1 cm−1/K. This latter shift per Kelvin is
determined from the liquid water spectra at 270 and 295 K (Fig. 7.7). The peak
position of the crystalline ice band is also fitted globally to all ice spectra and is
also set to shift by 1 cm−1/K. The fitting of the ice spectra yields the amplitudes
of the 4 bands. The areas of the fitted bands as a function of temperature are
shown in Fig. 7.4.

The results of Fig. 7.3 show that at all measured temperatures the Imχ(2)

spectrum of ice can be well described with the four bands described above. This
implies that the surface response of ice contains a contribution of (supercooled)
liquid water, even at 245 K, i.e. at 28 K below the melting point. It also follows
from Fig. 7.4 that the liquid water band still shows a significant amplitude at
245 K, that is only ∼3 times smaller than the amplitude of the liquid water
band of ice at 270 K. This observation indicates that the surface of even very
cold ice (at −28 ○C) is covered with a water layer. In contrast, the amplitude
of the crystalline ice response strongly depends on temperature, and vanishes
when approaching the melting point at 273 K (Fig. 7.4). The amplitudes of
the free OH band and the lone-pair band involving the OH groups of water
molecules with a lone pair change only moderately with temperature. The
frequency position of the lone-pair band is shifted 30 cm−1 to lower frequencies
in comparison to the spectrum of supercooled liquid water. This frequency shift
indicates that the two OH groups of the water molecule on which this mode is
located, are pointing into the bulk of crystalline ice instead of liquid water.
This means that the observed lone pair modes are likely located at the water
molecules in the top layer of the crystalline ice phase, i.e. at the boundary of
the crystalline ice phase and its overlying liquid water layer.

7.4 Discussion

The surface properties of ice have been studied before with conventional in-
tensity SFG spectroscopy. [69, 152] In this study it was found that the free OH
groups sticking out the ice–air interface show orientation disorder at tempera-

9595



Observation of liquid water at the surface of ice 7.4

-0.5

0

0.5

270 K (liquid)

-0.5

0

0.5

270 K (ice)

-0.5

0

0.5

265 K 

-1

-0.5

0

0.5

255 K 

-1
-0.5

0
0.5

250 K 

IR frequency [cm-1]

3000 3200 3400 3600 3800

-1.5
-1

-0.5
0

0.5

245 K 

Im
 

(2
)  [1

0
-2

1  m
2
 V

-1
]

-0.5

0

0.5

260 K 

Figure 7.3: Spectral decomposition of the imaginary part of the susceptibility
(Imχ(2)) of the surface of supercooled water at 270 K and basal ice at tem-
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Figure 7.4: Area of the bands resulting from the spectral decomposition of
the ice spectra shown in Fig. 7.3.

tures ≥200 K, [69, 152] pointing at a disordered character of the top surface layer
of ice. However, the exact nature of this disorder was not revealed, in particu-
lar to what extent the disordered surface would resemble liquid water. In this
study we measure the spectrum of the ice surface with phase-resolved SFG, and
we find that the spectrum of the premelted layer is indistinguishable from the
spectrum of supercooled liquid water at the same temperature.

As the premelted layer is indistinguishable from supercooled water, the
hydrogen-bond structure and dynamics of this layer will also likely be similar to
the structure and dynamics of supercooled liquid water. In view of this finding
it seems unlikely that the viscosity of the premelted layer would be 300–4000
times larger than the viscosity of (supercooled) water, as has been reported in
interfacial and atomic force microscopy studies of the ice surface. [184–186] The
observed extremely high viscosity may find its origin in the strong confinement
of the liquid-like layer between the probing tip of the atomic force microscope
and the ice crystal surface. [12] Indeed, in an interfacial force microscopy study
it was reported that the measurements may be affected by the formation of a
frustrated capillary between the probing tip and the ice surface. [186]

7.5 Conclusions

We studied the surface of ice between 245–270 K using phase-resolved SFG
spectroscopy. At all temperatures in this range, we find the ice surface to be
covered with a layer of supercooled liquid water. We observe that the magnitude
of the water signal decreases only by a factor of 3 when the temperature is
decreased from the melting point down to 245 K.
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7.6 Supplementary figures
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Figure 7.5: SFG spectra at various IR intensities and moving speeds of the ice
sample. Both a reduction in IR intensity from 5 μJ to 2 μJ as well as a reduction
in the scanning speed from 4 mm/s to 2 mm/s do not affect the spectral shape.
From this we conclude that the laser pulses used in the experiment lead to a
negligible heating effect.
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8 Resonant intermolecular
coupling at the surfaces of
liquid water and ice

We study the strength of hydrogen-bond interactions and effects of resonant
intermolecular coupling at the surfaces of liquid water and ice using phase-
resolved sum-frequency generation spectroscopy. The effect of intermolecular
resonant vibrational coupling is determined by isotope substitution, i.e. by
comparing the response of the OH stretching vibrations of H2O with that of
the OH stretch vibration of dilute HDO in D2O. The HDO:D2O spectra are
not affected by resonant intermolecular vibration coupling. For liquid water,
the surface spectra of H2O and HDO:D2O are surprisingly similar, in contrast
to the bulk infrared absorption spectra of H2O and HDO:D2O that strongly
differ. This indicates that the OH stretch vibrations are far less delocalized
at the surface of liquid H2O than in the bulk. For ice, the surface spectra of
H2O and HDO:D2O strongly differ, and this difference is comparable to the
difference observed between the bulk infrared absorption spectra of H2O and
HDO:D2O ice. This indicates that the surface OH stretch vibrations of H2O ice
are strongly delocalized, in contrast to H2O liquid water. The delocalization of
the OH stretch vibrations at the surface of H2O ice is likely caused by the highly
ordered crystal structure of ice that persists at the ice surface. Comparison of
the SFG spectra of HDO with bulk infrared spectra of HDO reveals that the
hydrogen-bond strengths at the surface and the bulk are quite similar, both for
liquid water and for ice.

8.1 Introduction

Water is a remarkable substance owing to the presence of a strong spatial net-
work of hydrogen bonds. This network is truncated at the surface, which gives
rise to unique properties like water’s high surface tension. These properties in
turn govern a broad variety of biological and environmental processes. [13, 142,193]

The understanding of the physical properties of the surface structure of water
and ice at the molecular level is thus of broad scientific interest. Unfortunately,
the detailed study of the surface properties of water and ice is complicated
because the surface region is very thin compared to the bulk and not many
techniques are sufficiently surface-specific. [194]
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Intermolecular coupling at the surfaces of water and ice 8.2

Over the last three decades, sum-frequency generation (SFG) spectroscopy
has emerged as an extremely useful tool to study the molecular structure of
water surfaces. [68, 75,194] SFG is a second-order (χ(2)) optical process that is
forbidden in centrosymmetric media like bulk water, but allowed at its surface.
As detailed in Chapter 3, the method involves the frequency mixing of an IR
and a VIS laser pulse, yielding a signal at the sum frequency. The SFG response
is strongly enhanced when the IR frequency matches a vibrational resonance,
making it a selective probe for surface vibrations. For the OH stretching vi-
brations of water, the frequency is strongly influenced by the strength of the
hydrogen bonds. As a result, the Imχ(2) spectrum is a sensitive probe of the
molecular structure of the water surface.

The spectrum of water is not only affected by the strength of the hydrogen-
bond interactions, but also by resonant intermolecular interactions, often re-
sulting from dipole–dipole (Föster) coupling. In neat H2O the stretching vi-
bration of an OH group couples both with the other OH group of the same
molecule (intramolecular coupling) and to other OH oscillators in the vicinity
(intermolecular coupling). As a result, the vibrational modes are delocalized
over many OH oscillators, which has a profound effect on the spectrum and
impedes a direct connection between the hydrogen-bond strength and the reso-
nance frequency. [101,195] Resonant intermolecular interactions can even change
the apparent orientation of molecular groups. [73]

In this chapter we examine the effect of resonant intermolecular interactions
at the surface of liquid water and ice by studying different isotopic mixtures of
H2O and D2O using phase-resolved SFG spectroscopy. For isotopically dilute
HDO in D2O, OH oscillators are effectively uncoupled from the surrounding
OD oscillators and other local modes, owing to the large frequency mismatches.
As a result, the Imχ(2) spectrum of HDO:D2O can be interpreted in terms of
isolated well-localized OH stretch oscillators.

8.2 Experimental methods and analysis

Water samples of various isotopic mixtures are prepared by mixing ultrapure
water H2O (with a resistivity of 18.2 MΩ cm at 25 ○C) with D2O (>99.9 %D,
Cambridge Isotope). The liquid water samples are measured in a teflon cup.
The growth and handling of single crystal ice are detailed in Chapter 6. For the
growth of H2O : 3D2O ice, the maintaining temperatures of the water bath and
the seed crystal are increased by 2.7 K to account for the higher melting point
with respect to H2O.

The experimental configuration of the phase-resolved SFG laser setup is
described in Chapter 6. The spectra are collected in an ssp-configuration of
the polarizations (SF,VIS,IR) and normalized to a reference spectrum obtained
from z-cut quartz. The Fresnel factors [48] are calculated using literature values
for the optical constants of water, [192,196] ice, [16] and quartz. [159] The dielec-
tric constant of liquid HDO:D2O is approximated by taking the average of the
dielectric constants of H2O and D2O, weighted by their relative concentrations.
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8.3 Intermolecular coupling at the surfaces of water and ice

In the calculation of the dielectric constant of HDO:D2O ice, the dielectric con-
stant of D2O ice is calculated by frequency shifting the optical constants of H2O
ice by a factor of 1/1.35. This simplification is justified because D2O has no
strong vibrational resonances above 2900 cm−1. We verify the validity of the
approximation for the liquid phase, for which literature values of the optical
constants are available. [192,196] The effective refractive index of the interfacial
layers has been calculated using a slab model. [44] We take the effective χ(2)

value of quartz to be 3 ⋅ 10−20m2 V−1 for our experimental configuration, based
on a bulk response of 8 ⋅ 10−13m V−1. [162]

In phase-resolved SFG it is essential that the sample and reference are mea-
sured at the same height, as a difference in height will lead to a phase offset in
the recorded χ(2) spectrum. The height of the reference and sample is set to
a precision of 10 μm, as determined by the height of the sum-frequency signal
on the CCD camera. Evaporation of the liquid water sample during the typical
acquisition time of 300 s is a potential threat to an accurate determination of
the phase. [172] We account for this by setting the initial height of the sample
slightly higher, i.e. by half the height loss due to evaporation. This procedure
leads to an overall phase uncertainty of the acquired χ(2) of ∼10○. At low iso-
topic concentrations, the Imχ(2) value is very sensitive to the correct reference
phase, due to a large non-resonant background contribution (described below).
Therefore, we phase-shift the spectra within the phase accuracy to an average
Imχ(2) of zero between 2850–3000 cm−1 conforming previous work. [53, 73,197]

The mean applied phase shift is 6○. After phasing, 10–20 spectra are averaged
for each isotopic dilution.

8.3 Results and discussion

The Imχ(2) of the liquid water–air interface at different isotopic concentrations
is presented in Fig. 8.1. The signal scales with the number of chromophores
and decreases consequently with increasing isotopic dilution. The spectra show
a main negative band with a peak at ∼3425 cm−1 and a positive band near
3700 cm−1. We observe an isosbestic point at ∼3570 cm−1 near the zero-crossing.
The spectrum also shows a feature at ∼3620 cm−1 that strongly decreases with
isotopic dilution. This feature has been assigned to water molecules with 2
donor and 1 acceptor hydrogen bonds. [73, 172] The OH groups of such molecules
are oriented away from the surface, and intramolecular coupling gives rise to
an antisymmetric mode which contributes positively to the Imχ(2) response in
an ssp-polarization configuration. Intramolecular coupling also effects the fre-
quency of the free OH mode: The position of the free OH mode shifts from∼3702 cm−1 in pure H2O to ∼3692 cm−1 for diluted HDO. In a previous study
by Stiopkin et al. [73] a similar shift of ∼17 cm−1 has been observed for the free
OD mode. The observed shift of ∼10 cm−1 for the free OH mode exactly agrees
with their predictions and is smaller than for the free OD mode because the nat-
ural frequency is a factor of ∼√2 larger for the free OH mode. [73] In addition,
the intramolecular coupling is somewhat weaker in H2O than in D2O. [73, 167]
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Figure 8.1: Imaginary part of the second-order susceptibility of
the water–air interface at 295 K with various isotopic concentrations.
The indicated H2O :nD2O ratios quickly exchange to a mixture of
H2O :HDO :D2O ≈ 1 : 2n :n2. [198] The maximum of the negative band and the
position of the free OH mode of H2O are indicated by dashed lines.

The positive amplitude of the free OH mode in the Imχ(2) spectrum reflects
its orientation outward from the bulk. The negative imaginary band below
3570 cm−1 correspond to hydrogen-bonded OH groups with a net orientation
toward the bulk. The peak position is ∼3425 cm−1 and does not change with
isotopic concentration (within experimental uncertainty). The spectra with iso-
topic dilutions of H2O : 3D2O and H2O : 4D2O have similar spectral shapes,
indicating that the spectrum with an isotopic dilution of H2O : 3D2O (corre-
sponding to H2O :HDO :D2O ≈ 1 : 6 : 9) can be regarded to represent the spectra
of OH vibrations of HDO molecules that are not coupled to other nearby OH
oscillators.

A comparison between the sum-frequency spectra of liquid H2O and
HDO:D2O is shown in Fig. 8.2a. The spectral shapes of the main hydrogen-
bonded bands are surprisingly similar. For HDO the band is somewhat narrower
(by ∼20 %) at the low frequency wing of the band. This difference is likely
the result of the complete switching off of the resonant intermolecular coupling
upon isotopic dilution of the OH oscillators. [199]

Previously, the hydrogen-bonded region of the Imχ(2) spectrum of the liq-
uid water–air interface has been reported to contain a positive band at low
frequency. [199,200] The presence of this band likely results from a small offset
in the determined phase, [53, 197,201] which leads to a transfer from the real part
of χ(2) to its imaginary part. Because Reχ(2) contains a non-resonant back-
ground contribution. [163] A phase offset significantly distorts the spectral shape
of Imχ(2), especially in the low frequency region where Imχ(2) is small com-
pared to Reχ(2). The χ(2) spectrum of HDO:D2O contains a relatively large
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Figure 8.2: (a) Imaginary part of the second-order susceptibility of H2O and
H2O : 3D2O at 295K. (b) Linear absorption spectra of H2O and a mixture of
4 % HDO in D2O at 295K.

non-resonant background contribution in comparison to the χ(2) spectrum of
pure H2O. As a result, a phase offset leads to a much stronger spectral distortion
for HDO:D2O than for pure H2O. Hence, the difference between the present and
previous observations for the Imχ(2) spectrum of HDO:D2O, can be explained
from a phase offset in the previous data. [199,200] The present Imχ(2) spectrum
of the liquid H2O–air interface is very similar to the recently reported spectra
of Yamaguchi, [197] Nihonyanagi et al., [53] and Sun et al. [161]

Figure 8.2b shows (bulk) infrared absorption spectra of H2O and isotopically
diluted water (HDO:D2O). The H2O absorption spectrum is strongly affected
by intermolecular coupling. [101] The intermolecular coupling leads to a signifi-
cant broadening of the H2O spectrum by 65 % with respect to the HDO:D2O
absorption spectrum. The broadening in the bulk spectrum is much larger than
in the sum-frequency spectrum. This indicates that the amount of vibrational
delocalization is much smaller at the surface of liquid H2O than in the bulk
of the liquid. This observation agrees with the results of molecular dynamics
simulations performed by Auer and Skinner. [101,202] These simulations show
the vibrational eigenstates to be delocalized over up to 12 OH groups in the
bulk and only few OH groups close to the surface boundary. [101,202]

For HDO:D2O, the maximum of the Imχ(2) spectrum is blueshifted by only∼20 cm−1 with respect to the maximum of the bulk infrared spectrum. The sur-
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face and bulk spectra of HDO:D2O also show a quite similar width and spectral
shape. These observations show that the hydrogen bonds at the surface are
comparable in strength to the hydrogen bonds in the bulk, which supports the
observation by other work of a remarkably fast onset of a bulk-phase hydrogen-
bond structure when entering the surface of water. [73, 114,203]

In contrast to the observations for the Imχ(2) spectrum, the intensity spec-
tra (∣χ(2)∣2) of the liquid water–air interface of H2O and HDO:D2O differ sub-
stantially. [204–207] In Fig. 8.3 we show the experimentally obtained Imχ(2)

(top panel), Reχ(2) (middle panel), and the constructed ∣χ(2)∣2 (bottom panel),
both of liquid H2O and HDO:D2O. It is clearly seen that the intensity spectra
of H2O and HDO:D2O strongly differ. From the Imχ(2) spectra it is clear that
this difference is not caused by resonant intermolecular coupling effects on the
spectrum of the OH stretch vibrations of H2O. The origin of this difference
can in fact be found in the Reχ(2) spectra. These spectra show that χ(2) also
possesses a quite strong non-resonant contribution as a frequency-independent
contribution with a negative sign to Reχ(2). [163] The non-resonant background
is relatively larger for isotopically diluted water than for neat water. As a re-
sult, the non-resonant contribution has a much stronger effect on the intensity
spectrum for HDO:D2O than for H2O, leading to a strong difference between
these spectra. For instance, due to the non-resonant contribution, the peak po-
sition of the free OH mode is far more strongly shifted in the intensity spectrum
of HDO:D2O than in the intensity spectrum of H2O. We can correct the spec-
tra for the non-resonant contribution by subtracting a frequency-independent
contribution from the experimentally obtained Reχ(2). In the middle panel of
Fig. 8.3 we show the experimentally obtained Reχ(2) (dashed lines) and the
corrected Reχ(2) (solid lines). Using the corrected (resonant-only) Reχ(2) we
can construct corrected intensity spectra for HDO:D2O and H2O. These spectra
are shown as the solid lines in the lower panel of Fig. 8.3. Correction for the
non-resonant background yields intensity spectra for H2O and HDO:D2O that
are strikingly similar, again indicative of the weak effect of resonant intermolec-
ular coupling on the OH stretch vibrations at the surface of liquid water. It is
thus clearly seen that the shape of the intensity spectra of isotopically diluted
water is strongly influenced by the non-resonant background. Furthermore, the
peak at 3200 cm−1 in the H2O spectrum, which has been previously assigned
to ice-like water, [194,208] is suppressed in the intensity spectra if these spectra
are corrected for the non-resonant background.

The current observations show that the SFG response of the OH stretch
vibrations at the liquid water-air interface is quite similar for HDO:D2O and
H2O, which indicates that at the water surface the effects of intermolecular cou-
pling are small, and that the OH vibrations of H2O are only weakly delocalized.
This result does not necessarily hold for charged aqueous interfaces, as in these
studies the depth over which water molecules contribute to the sum-frequency
signal can be substantially larger. [170,209] It has indeed been observed that
the Imχ(2) responses of pure and isotopically diluted water can show profound
differences in case the liquid-water surface is charged. [207,210,211] Apparently,
if liquid water is probed over a larger depth, the intermolecular coupling and
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Figure 8.3: Effect of the non-resonant background on the spectral shape of
∣χ(2)∣2 for H2O and H2O : 3D2O at 295 K. The resonant χ(2) response (solid
lines) is obtained by subtracting a real background constant from the experi-
mentally obtained χ(2) (dash-dotted lines).
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Figure 8.4: (a) Imaginary part of the second-order susceptibility of the basal
face of H2O ice and H2O : 3D2O ice at 245K. (b) Linear absorption spectra of
H2O ice and a mixture of 4 % HDO in D2O ice at 245K.

delocalization of the OH vibrations does play an important role for the shape
of the observed Imχ(2) spectrum of H2O.

We also investigated the role of resonant intermolecular coupling for the sur-
face of ice. In Fig. 8.4a we show the Imχ(2) spectrum of the basal faces of H2O
and H2O : 3D2O ice crystals at 245 K. Above 3500 cm−1, the Imχ(2) spectrum is
positive and contains two features: a resonance at ∼3700 cm−1 corresponding to
non-hydrogen-bonded free OH groups sticking out of the ice surface, and a band
at ∼3570 cm−1. We assign the latter band to an antisymmetric OH mode involv-
ing surface water molecules with two OH groups pointing away from the surface
and a dangling electron pair, equivalent to the mode observed at ∼3620 cm−1

in the liquid H2O spectrum. [73] The redshift of ∼50 cm−1 can be well explained
from the stronger hydrogen bonds of ice compared to liquid water. The position
of the free OH is ∼8 cm−1 higher for H2O ice than for HDO:D2O ice, caused by
the presence of near-resonant intramolecular coupling for H2O, similar to what
is observed for the surface of liquid water. The observed frequency shift for
ice is slightly smaller than the ∼10 cm−1 shift observed for liquid water, which
can be well explained from the larger frequency difference between the free OH
oscillator and the other OH group located on the same H2O molecule of H2O
ice compared to H2O water. [73]
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The spectral shapes for H2O and HDO:D2O ice are very different below
3500 cm−1. The negative imaginary band of the H2O spectrum can be described
by two bands, of which the strongest is located at 3230 cm−1. The other, less
strong negative imaginary band is located at ∼3440 cm−1. The HDO spectrum
below 3500 cm−1 consists of a single negative imaginary band at ∼3310 cm−1.
The marked difference between the Imχ(2) spectra of H2O and HDO:D2O ice
indicates that the OH vibrations at the surface of ice are strongly delocalized,
which clearly deviates from the results obtained for liquid water for which we
observed the Imχ(2) spectra of H2O and HDO to be quite similar.

In Fig. 8.4b we present (bulk) infrared absorption spectra of H2O and isotopi-
cally diluted ice at 245 K. The HDO spectrum has a single mode at ∼3300 cm−1.
This mode is much narrower and has a lower frequency for ice than for liq-
uid HDO:D2O, reflecting the narrower distribution of hydrogen bonds in ice
and their increased strength. For HDO:D2O ice, the bulk resonance frequency
is close to the maximum of the sum-frequency spectrum, redshifted by only∼10 cm−1. Hence, the strength of the hydrogen bonds at the ice surface is
similar to the bulk ice value, as was the case for liquid water.

The infrared absorption spectra of HDO:D2O and H2O ice strongly differ,
which can be explained from the effect of intermolecular coupling and resulting
delocalization of the OH oscillators in pure H2O. [165,167] The difference observed
in the linear infrared absorption spectrum is comparable to the difference ob-
served in the Imχ(2) spectrum. The observation of a similar difference between
HDO and H2O for the surface Imχ(2) spectra indicates that the OH vibrations
of H2O ice are approximately equally strongly delocalized at the surface of H2O
ice at 245 K as in the bulk. This observation is supported by previous theoretical
work by Ishiyama et al. [174,175] Their molecular dynamics simulations indicate
that the persistence of the tetrahedral structure at the ice surface augments the
delocalization of the surface OH vibrations. [174]

8.4 Conclusions

In summary, we studied the strength of the hydrogen-bond interactions and
the effects of resonant intermolecular interaction at the surfaces of liquid water
and ice using phase-resolved SFG experiments. We observe the Imχ(2) spectra
of isotopically diluted (HDO:D2O) and pure water to be rather similar, which
indicates that the OH vibrations are only weakly delocalized at the liquid-water
surface. In contrast, the bulk absorption spectrum of pure H2O is much broader
than for HDO:D2O. This indicates that the OH stretch vibrations are strongly
delocalized in the bulk. For ice at 245 K, the Imχ(2) spectrum of H2O strongly
differs from that of HDO:D2O. A comparable difference is found in the linear
absorption spectra of H2O and HDO:D2O, which indicates that the OH stretch
vibrations of H2O ice are strongly delocalized both in the bulk and at the surface
of ice at 245 K. This is likely caused by the persistence of the bulk tetrahedral
structure of ice towards the surface at temperatures well below the melting
point.
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9 Freezing effects of
oil-in-water emulsions

Sum-frequency scattering spectroscopy is used to study the properties of hexade-
cane and dodecane oil droplets in water. The sum-frequency scattering spectra
contain vibrational bands that correspond to the symmetric and antisymmetric
CH stretching vibrations of the methylene (CH2) and methyl (CH3) groups of
the alkane molecules. The relative amplitudes of the vibrational bands provide
information on the surface structure and the shape of the oil droplets. We study
the emulsions over a temperature range of −48 to 24 ○C, including the freezing
transitions of the water matrix and the oil droplets. Hexadecane oil droplets
freeze at a higher temperature than the surrounding water, whereas dodecane
oil droplets freeze at a lower temperature than the surrounding water. This
allows us to independently study the freezing effect of oil and water on the sur-
face structure of the oil droplets. In both cases freezing leads to a change in the
polarization dependencies that are valid in the case of the spherical-symmetric
shapes that the oil droplets assume when both water and oil are liquid. We find
that the freezing of water leads to a strong distortion of the liquid dodecane
surface but has little effect on the surface of already solidified hexadecane. For
completely frozen emulsions a further decrease in temperature is observed to
lead to a further distortion of the surface of the solid oil particles, which might
be caused by increasing hardness of the ice matrix encapsulating the particles.

9.1 Introduction

Oil-in-water emulsions are omnipresent in oil-based products, including foods,
cosmetics, paints, crop protectors, and pharmaceuticals. [212–214] The emulsion
properties are determined by the molecular-scale structure of the adjacent oil
and water layers, as this structure determines the free energy of the oil–water
interface. The freezing of oil-in-water emulsions affects many functional prop-
erties like their stability, [215] which is relevant in many applications, for in-
stance in the chilled storage of frozen ready meals. Previously the liquid–solid
phase transitions of emulsified oils have extensively been studied with differen-
tial scanning calorimetry [215–220] and ultrasonics. [221–224] The bulk properties
of frozen emulsified oils have been investigated using X-ray scattering experi-
ments [225–227] and electron microscopy. [228] However, until now no direct study
on the molecular structure of the oil droplet surface upon freezing has been
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performed. To this purpose, temperature-dependent sum-frequency scattering
is a powerful technique.

Recently, SF scattering made it possible to obtain information about the
molecular structure of the oil droplet–water interface. [79, 83] In this chapter we
investigate the effects of phase changes on the interface of oil-in-water emulsions
using SF scattering spectroscopy. We investigate two oil-in-water emulsions:
a hexadecane-in-water emulsion with the oil freezing temperature above the
freezing point of water, and a dodecane-in-water emulsion with the oil freezing
temperature below the freezing point of water. [215] In this chapter we present
and discuss SF scattering spectra at room temperature and at different temper-
atures during cooling down to −48 ○C. This is the first reported study employing
temperature-dependent SF scattering spectroscopy.

9.2 Experiment

The SF scattering experiments are performed using a commercial Ti:sapphire
laser system (Coherent Legend) that delivers 3.2 mJ pulses at a wavelength of
800 nm (FWHM 70 nm) and at a repetition rate of 1 kHz. The VIS pulse is
made by spectrally narrowing 20 % of the laser output to a FWHM of 0.6 nm
(10 cm−1) by a pulse shaper. [229] The IR pulse is generated using a home-built
OPA, pumped by the other 80 % of the laser output. This process yields 20 μJ
pulses at 3.4 μm (2900 cm−1) with a FWHM bandwidth of 280 nm (240 cm−1).
The polarizations of the VIS and IR light are independently adjusted by a
combination of a λ/2-plate and a polarizer.

A schematic of the experimental geometry is shown in Fig. 9.1. The IR and
VIS light are focused by the same 90○ off-axis parabolic gold mirror with an
effective focal length of 10 cm to a spot size of about 150 μm and are incident
under a relative angle of 6○ (as measured in air). To match the focused spot
sizes of the IR and VIS beams, [27] the VIS beam size is reduced by a telescope
before the parabolic mirror.

The SF scattering signal is collected by a collimating lens with a focal dis-
tance of 4 cm under an angle of 45○ and an effective diameter of 23 mm, corre-
sponding to an acceptance angle of 21–41○ of the SF signal of a water sample. A
shortpass filter (Semrock FF01-775/SP-25) and bandpass filter (Semrock FF02-
650/100-25) are used to suppress background scattering of the VIS beam and
light generated at other frequencies by higher-order processes. A final polarizer
cube is used to select the polarization of the SF light. The SF light is detected
by a Princeton Instruments spectrometer system consisting of a Pixis 100 CCD
camera in conjunction with an Acton SP 2356 monochromator. We use an
integration time of 300 s per spectrum.

The sample is cooled in two stages. A processor cooler (LD PC-V2) with a
cooling power of 300 W at −30 ○C cools a copper board on which a 40 W double
stage Peltier element is mounted. On top of the Peltier element a movable
copper holder is placed, which can hold both an emulsion between two Raman
grade CaF2 windows (Crystran) with a 100 μm spacer and a z-cut quartz crystal
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9.2 Freezing effects of oil-in-water emulsions

Figure 9.1: Schematic of the experimental setup in the horizontal plane. An
IR beam (red) and a VIS beam (green) are collimated by the same parabolic
mirror and overlapped in the sample cell containing an emulsion. SF scattered
light (blue) is generated in a wide angular range. A collimating lens selects
an angular range which is conducted into the spectrograph. The reflection
detection scheme, which is used for referencing of the IR spectrum, is indicated
in yellow.
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Figure 9.2: Schematic drawing of the sample cell holder.

(see Fig. 9.2). The copper holder is held in place by a flexible spring steel plate
which acts as a pressure release. By adjusting the current through the Peltier
element, temperatures down to −60 ○C can be achieved. During the experiments,
we used a cooling rate of maximally 2 ○C/min. In order to prevent condensation
on the windows of the sample cell holder, the last part of the setup is enclosed
and continuously purged with dry nitrogen.

Recorded SF spectra are shown as a function of IR frequency in units of
wavenumber (cm−1). The spectra are baseline subtracted and corrected for
the air–CaF2 reflection losses in s-polarization. The polarization combinations
are given in order of decreasing frequency of the interacting light fields, i.e.
ssp stands for s-polarized SF, s-polarized VIS, and p-polarized IR light. For
spherical liquid droplets the non-zero polarization configurations are ppp, ssp,
sps, and pss, and the latter two have nearly identical spectral shapes. [78] All
spectra are normalized to a SF spectrum of z-cut quartz measured in reflection
geometry in the ssp-polarization combination in order to divide out the spectral
shape of the IR beam. [52] We switched between measuring emulsions in the
scattering geometry and quartz reference spectra by shifting the height of our
sample cell holder (see Fig. 9.2).

The emulsions are prepared by adding 1 vol% dodecane or 2 vol% hex-
adecane to a solution of 10 mM deuterated sodium dodecyl sulfate (SDS) in
D2O. Hexadecane and dodecane are from Sigma–Aldrich and have analytical
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Figure 9.3: Temperature dependence of the linear scattering intensity of a
diode laser for the C16 and C12 emulsions by cooling from 24 to −48 ○C. Intensity
changes are an indicator of phase transitions.

purity (≥ 99.8 %). Deuterated SDS (98 % D) is obtained from Cambridge Iso-
topes. The emulsions are ultrasonicated to decrease the average droplet radii,
which is characterized by dynamic light scattering (using a Malvern Zetasizer
Nano ZS) to be 116 ± 21 nm for the hexadecane emulsion and 59 ± 14 nm for
the dodecane emulsion. Both emulsions have a surface to volume ratio of about
5 ⋅ 105 m−1 in the hard sphere approximation. The addition of SDS makes the
emulsions stable, even over years. [230] With the droplet concentrations used the
scattering is in the linear regime, [79] multiple scattering will thus be negligible.
Hereafter, we will denote the hexadecane-in-D2O emulsion as the C16 emulsion
and the dodecane-in-D2O emulsion as the C12 emulsion after the number of
carbon atoms in the alkane.

Due to supercooling, the freezing temperatures in emulsions are lower than
in bulk, which are reported to be 3.8 ○C for D2O, 18.1 ○C for hexadecane, and−9.6 ○C for dodecane. [9] We measure the freezing transition temperatures of
the C16 and C12 emulsions by linear light scattering, [231,232] shown in Fig. 9.3.
During the linear light scattering experiment the water phase crystallizes rapidly
in the whole sample at −3 and −4 ○C for the C16 and C12 emulsion, respectively.
However, given that the water solvent can nucleate from a single nucleation core,
the water crystallization temperature can vary by a couple of degrees, even for
samples of the same composition. [217,233] The oil droplet solidification takes
place over a broad range due to the polydispersity in droplet size. [216,220,221]

This finding agrees with differential scanning calorimetry experiments. [215] The
oil solidification takes place in the C16 emulsion from 2.5 to 1 ○C and in the C12

emulsion over a broader temperature range from −15 to −27 ○C. [234]
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9.3 Results and discussion

9.3.1 Room temperature

SF scattering spectra of the two alkane-in-water emulsions taken at room tem-
perature are shown in Fig. 9.4. The different polarization combinations allows
to assign the resonances. Similar to the guidelines we have given for reflective
SFG in Section 3.3, we can formulate rules of thumb for the dependence of the
scattering SF signals on the polarization configuration. For our experimental
configuration, the following dependencies on the polarization configurations are
expected: [77, 235]

(a) Symmetric CH2 and CH3 vibrations are stronger in the ssp- than in the ppp-
polarization combination and negligible in the pss-polarization combination.

(b) Antisymmetric CH2 and CH3 vibrations are strongest in the ppp-, interme-
diate in the pss-, and weakest in the ssp-polarization combination.

Therefore, we can assign the symmetric CH2 stretch mode (d+, at∼2857 cm−1), the symmetric CH3 stretch mode (r+, at ∼2878 cm−1), and
the nearly degenerate antisymmetric CH3 stretch mode (r−, at ∼2970 cm−1).
The antisymmetric CH2 stretch mode (d−, at ∼2928 cm−1) overlaps with a
Fermi Resonance of the r+ with the overtone of the antisymmetric bending
vibration (r+FR, at ∼2940 cm−1). [236,237] In the pss-polarization combination
the d− dominates and in the ssp-combination the r+FR dominates. In the
ppp-polarization combination both the d− and the r+FR are strong and they
are observed as a single broad band. The deviation of a few wavenumbers
with other literature values [65, 83,235,237,238] falls within the uncertainty in the
calibration of the spectrometer.

The solid lines in Fig. 9.4 are fitted using Eq. (3.29) with five Lorentzian-
shaped resonances and a spectral width of 10 cm−1 for the VIS beam. To
decrease the covariant noise in the fitting procedure, we assumed the resonance
widths of the CH2 and CH3 symmetric stretch vibrations to be equal.

An alkane molecule with an even number of carbon atoms in an all-trans
configuration has local inversion symmetry at the centre of each C–C bond.
Therefore, symmetry considerations impose that no SF photons can be emit-
ted from the symmetric CH2 stretch (d+) vibration of an alkane in all-trans
conformation. [239] Therefore, the amplitude ratio of the d+ and the r+ vibra-
tions is a measure of the deviation from an all-trans conformation of the alkyl
chains. [83, 238–243] In the ssp-polarization combination we find a d+/r+ ratio of
0.49±0.14 for the C12 emulsion and a d+/r+ ratio of 0.89±0.13 for the C16 emul-
sion. The latter is in agreement with the value of 0.88±0.42 found by de Aguiar
et al. [83] It follows that the d+/r+ ratio is 1.8 ± 0.6 times larger for hexadecane
than for dodecane. Thus, hexadecane molecules have more gauche defects than
dodecane molecules, which agrees with their difference in alkyl chain length.
This ratio is in reasonable agreement with reflective SF studies on the liquid
alkane–air interface by Esenturk et al. [243] where the d+/r+ amplitude ratio (as
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Figure 9.4: SF scattering spectra of the liquid–liquid interface of the C16

emulsion (top) and the C12 emulsion (bottom) at 24 ○C. Circles represent ex-
perimental data and solid lines are fitted curves to the experimental data (see
text). The different CH2 and CH3 modes are indicated by their abbreviations.
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determined from the intensity ratio) was found to be 1.12 ± 0.07 for dodecane
and 1.8 ± 0.3 for hexadecane.

The d+/r+ ratio depends on the polarization combination. In the ppp-
polarization combination we find a d+/r+ ratio of 1.6± 0.4 for the C16 emulsion
and 0.76 ± 0.13 for the C12 emulsion. The d+/r+ ratios in the ppp-polarization
combination are thus 1.8±0.4 (hexadecane) and 1.6±0.2 (dodecane) times higher
than in the ssp-polarization combination. This result agrees with calculations
using the theoretical framework provided by de Beer and Roke, [77] predicting
the d+/r+ ratio to be 1.5 times larger in the ppp- than in ssp-polarization com-
bination.

The antisymmetric CH3 stretch (r−) and symmetric CH3 stretch (r+) vi-
brations both originate from the same part of the alkane molecule and the
r−/r+ amplitude ratio gives information about the average molecular tilt of the
end group. [235] In the ssp-polarization combination we find a r−/r+ ratio of
0.38 ± 0.15 for the C16 emulsion and 0.26 ± 0.07 for the C12 emulsion. Calcula-
tions by Chen et al. [235] show that these ratios correspond to average tilt angles
of the CH3 group with respect to the droplet surface normal of 30± 30○ for the
C16 emulsion and 55 ± 15○ for the C12 emulsion. [235] The r−/r+ ratio strongly
depends on the polarization combination.

9.3.2 C16 emulsion freezing

In the top panel of Fig. 9.5 we present SF scattering spectra in the ssp-
polarization configuration at a selection of temperatures. For the liquid emul-
sion, we do not observe any significant changes in the amplitude and shape of
the SF scattering spectra when we vary the temperature. The spectrum at 24 ○C
represents an average of several SF scattering spectra measured in the liquid
phase. This spectrum is fitted using Eq. (3.29).

When we cool the C16 emulsion down to −48 ○C, we observe discontinuous
intensity increments in the SF scattering signal at temperatures that correspond
with the phase transition temperatures (Fig. 9.3). The oil solidification, visible
from 2 ○C, induces both spectral changes as well as an overall increase in SF
intensity. Note that the bulk crystal structure of frozen hexadecane is triclinic
pinacoid [217,244,245] which is centrosymmetric and thus SF forbidden. Hence,
the changes in SF spectrum are manifestations of the interfacial changes.

The formation of crystallites leads to an increase in the SF intensity as a
result of (a combination of) the following three effects:

1. Ordering of the alkyl chains at the interface. [246]

2. Deviations from the spherical shape of liquid oil droplets leading to a larger
interfacial area. [76, 78]

3. The formation of multiple crystalline domains per frozen oil droplet. At the
interfaces of the crystalline domains the symmetry is broken and additional
SF light can be generated. [247]
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Figure 9.5: Top: SF scattering spectra in the ssp-polarization combination of
the C16 emulsion at a selection of temperatures by cooling from 24 to −48 ○C.
Circles represent experimental data and solid lines are fits based on five reso-
nances (see text). Bottom: The d+/r+ (red) and r−/r+ (blue) amplitude ratios
of the C16 emulsion as determined by the fitting procedure. The dashed lines
are the freezing points of the water and the oil. Error bars represent 95 %
confidence intervals of the spectral fitting procedure and the solid lines are
trends.
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Figure 9.6: SF scattering spectra for all eight possible polarization combina-
tions of the C16 emulsion at 0 ○C with frozen oil droplets and liquid water. SF
scattering signal is observed for all eight polarization combinations, indicating
less strict polarization selection rules than for the spherical symmetric droplets
in the liquid emulsion (see text).

Effects 2 and 3 additionally lead to an increase in the SF signal due to a relax-
ation of the polarization selection rules, [78, 247] i.e. more second-order suscepti-
bility elements are non-zero than for spherical symmetric droplets. The random
crystal orientation of the frozen oil droplets also contributes to the relaxation of
the polarization selection rules. [247] The relaxation of the polarization selection
rules is confirmed by the fact that oil freezing results in the observation of SF
signal for all eight polarization configurations (Fig. 9.6). Combined molecular
dynamics and quantum-chemical calculations would be required to determine
the relative importance of these effects.

As oil freezing can result in a large variety of particles with different shapes,
crystal orientations, and crystalline domains, the effective surface second-order
susceptibility that determines the SF response of a particle can be different
for each particle [cf. Eq. (3.35)]. As a result, the responses of the different
vibrations no longer have well-defined phase relations. To illustrate the influ-
ence of a modification of the selection rules on the phase relations, one can
compare the polarization dependencies for an isotropic interface in the ssp-
polarization combination with respect to the ppp-polarization combination. For
the ssp-polarization combination, the second-order susceptibilities of the sym-
metric CH2 stretch (d+) and antisymmetric CH2 stretch (d−) modes of the
same molecular group have opposite signs, whereas they have equal signs for
the ppp-polarization combination. [48, 77] The same holds for the symmetric (r+)
and antisymmetric (r−) stretch modes of a CH3 group. To obtain structural
information, we fit the intensity spectra with an incoherent sum of Lorentzians,
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representing the d+, r+, d−, r+FR and r− bands. The d+/r+ and r−/r+ amplitude
ratios are shown in the bottom panel of Fig. 9.5.

The crystallization of the hexadecane oil droplets leads to an increase of the
r−/r+ ratio from 0.38±0.15 to 0.96±0.03 at 2 ○C. The value of 0.38 is observed for
the all-liquid phase for which there is no polarization mixing. This r−/r+ ratio
corresponds to an average tilt angle of the terminal CH3 group of 30 ○C. [235] The
r−/r+ ratio of 0.96 observed at 2 ○C cannot be related to a tilt angle as there
is strong polarization mixing (Fig. 9.6), leading to a significant ppp-type signal
for an ssp-polarization combination configuration. The d+/r+ ratio is observed
to decrease from 0.89 ± 0.13 to 0.70 ± 0.04 at 2 ○C, which tentatively indicates
an enhanced polar ordering and a decrease of the number of gauche defects of
the hexadecane molecules at the interface. A decrease of the d+/r+ ratio has
also been found in the case of hexadecane freezing at a hexadecane–sapphire
interface. [248] However, as freezing also leads to a change of the polarization
selection rules, it is not possible to draw unambiguous structural conclusions
from the change in d+/r+ ratio.

The freezing of the water matrix at −4 ○C does not lead to an abrupt change
in the shape of the SF spectrum: neither the d+/r+ nor the r−/r+ ratio changes.
This observation implies that water freezing has no effect on the shape and
surface structure of already solid oil particles. This can be explained from the
fact that the ice matrix is not very solid just below the freezing point: apparently
the amorphous liquid-like layers of water molecules at the ice-oil interface fully
accommodate the shape of the frozen oil droplets. This scenario is illustrated
in the top panel of Fig. 9.9. The freezing of the water matrix does lead to
an increase in the intensity of the SF signal. This is likely an effect of the
clustering of the oil particles induced by the water freezing [212,215,249] because
clustered oil particles scatter SF light at much higher intensities than isolated
particles. [76, 250]

When the temperature is further decreased, the d+/r+ and r−/r+ ratios both
gradually increase. The d+/r+ ratio increases from 0.74±0.03 at −6 ○C to 0.85±
0.04 at −48 ○C. The r−/r+ ratio increases from 1.02±0.02 at −6 ○C to 1.13±0.03 at−48 ○C. The increase of these ratios indicates that the oil particles become more
distorted with decreasing temperature. This can be explained by a hardening
of the liquid-like water layer on the ice surface with decreasing temperature as
we have observed in Chapter 7.

9.3.3 C12 emulsion freezing

We also cool the C12 emulsion down to −48 ○C. The SF scattering spectra at a
selection of temperatures during the cooling process are shown in the top panel
of Fig. 9.7. The spectra for the liquid emulsion do not show any significant
changes as a function of temperature. The spectrum at 24 ○C represents an
average of the several SF scattering spectra measured in the liquid phase, which
is fitted using Eq. (3.29).

For the C12 emulsion the water phase freezing occurs at −7 ○C with the oil
still being liquid. This causes an increases in SF intensity, which is likely a result
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Figure 9.7: Top: SF scattering spectra in the ssp-polarization combination of
the C12 emulsion at a selection of temperatures by cooling from 24 to −48 ○C.
Circles represent experimental data points and solid lines are fits based on five
resonances (see text). Bottom: The d+/r+ (red) and r−/r+ (blue) amplitude
ratios of the C12 emulsion as determined by the fitting procedure. The dashed
lines are the freezing points of the oil and the water. Error bars represent
95 % confidence intervals of the spectral fitting procedure and the solid lines
are trends.
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Figure 9.8: SF scattering spectra for all eight possible polarization combi-
nations of the C12 emulsion at −7 ○C with a frozen water phase and liquid oil
droplets. SF signal is observed for all eight polarization combinations, indicat-
ing non-spherical droplet shapes.

of the clustering of the oil droplets. [212,215,249] Since we observe scattered SF
photons for all eight polarization combinations (Fig. 9.8) which is not allowed
for spherical droplets, we conclude that the water freezing induces a strong
deformation of the liquid oil droplets, [78] probably as a result of the water
expansion upon freezing. The water freezing likely leads to a large variety of
droplet shapes, each with their own effective second-order susceptibility. We fit
the intensity spectra with an incoherent sum of five Lorentzians as we did for the
C16 emulsion with frozen oil droplets. The d+/r+ and r−/r+ amplitude ratios
are shown in the bottom panel of Fig. 9.5. Both the d+/r+ and r−/r+ ratios
increase upon freezing. At −9 ○C the r−/r+ ratio is 1.29 ± 0.04. The increase of
the r−/r+ ratio follows from the deformation of the oil droplets induced by the
frozen water matrix. Freezing of the water matrix also leads to an increase of
the d+/r+ ratio from 0.49±0.14 to 1.06±0.05 at −9 ○C. This change is likely due
to an increase in the number of gauche defects of the dodecane molecules at
the droplet interface. However, it may in part also result from the modification
of the polarization dependencies due to the fact that the droplets become non-
spherical. A strong increase of the d+/r+ and the r−/r+ ratios is observed in
the temperature range from −9 down to −15 ○C, which can be explained from a
hardening of the ice matrix, leading to a stronger deformation of the liquid oil
droplets.

The dodecane oil droplets freeze at temperatures below −17 ○C. The solid-
ification of the oil droplets leads to larger SF signals and the crystallization
causes a modification in the polarization dependencies, like we observed for
the C16 emulsion. The oil solidification is accompanied by a decrease in oil
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Figure 9.9: Illustration of the effect of a decrease in temperature on the oil
droplets for the C16 emulsion (top) and the C12 emulsion (bottom). The liquid–
solid transitions are indicated by the black arrows. Freezing of the water matrix
has very little effect when the oil is solid (C16 emulsion) and a large influence
on the oil droplet surface when the oil is liquid (C12 emulsion). Freezing of the
oil droplets in liquid water leads to a distortion of the spherical droplet surface
(C16 emulsion), whereas freezing of dodecane oil droplets in ice reduces the
distortion that resulted from the freezing of the water matrix (C12 emulsion).

volume [251,252] and is observed to lead to a decrease of the r−/r+ ratio from
1.51 ± 0.05 at −15 ○C to 1.11 ± 0.02 at −18 ○C, which indicates that the surface
deformation that was induced by the freezing of the water matrix gets somewhat
reduced when the oil freezes. The bottom illustration of Fig. 9.9 illustrates this
scenario. The d+/r+ ratio decreases from 1.18 ± 0.05 at −15 ○C to 0.93 ± 0.03
at −18 ○C. This observation tentatively shows that the freezing of the oil leads
to an increased ordering of the dodecane alkyl chains, thereby decreasing the
number of gauche defects and thus the d+/r+ ratio. A further decrease of the
temperature again increases both the d+/r+ ratio and the r−/r+ ratio. This ob-
servation indicates that the surface of the oil particle becomes more distorted at
lower temperatures. As in the case of the C16 emulsion, this effect is probably
caused by the hardening of the ice matrix with decreasing temperature.

In the temperature range where the oil droplets are frozen the r−/r+ ratio is
larger for the C12 emulsion than for the C16 emulsion. This finding indicates that
the frozen dodecane droplets are stronger deformed than the frozen hexadecane
particles.
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9.4 Conclusions

We studied the molecular interfacial properties of hexadecane and dodecane oil
droplets in aqueous emulsions with sum-frequency scattering spectroscopy in
the temperature range from 24 to −48 ○C temperatures including the water–
ice and liquid–solid oil transitions. The SF scattering spectra show vibrational
bands corresponding to the symmetric CH2 vibration (d+), the antisymmetric
CH2 vibration (d−), the symmetric CH3 vibration (r+) and its Fermi resonance
(r+FR), and the antisymmetric CH3 vibration (r−). The d+/r+ and the r−/r+ am-
plitude ratios provide information on the conformation of the alkane molecules
and the shape of the oil droplets. Both oil and water freezing lead to a distortion
of the spherical-symmetry of the droplets and a modification of the polariza-
tion dependencies, which in turn affects the d+/r+ and r−/r+ ratios. Whereas
the freezing of hexadecane oil droplets in liquid water leads to changes in the
oil surface, the subsequent freezing of the water phase has little effect on the
oil surface, probably because the amorphous liquid-like ice layer at the ice–oil
interface is soft in comparison with the surface of already frozen oil droplets.
Freezing of the water matrix is observed to lead to a strong distortion of the
surface of the oil droplets in case the oil is liquid (dodecane). Freezing of liquid
dodecane oil droplets within an ice matrix reduces the distortion that resulted
from freezing of the water matrix. Further decreasing the temperature for solid
oil particles embedded in ice leads to a further distortion of the oil surface, prob-
ably because the ice matrix hardens at lower temperatures, thereby imposing a
stronger deformation of the solid oil particle.
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10 Cool behaviour of water
droplets in oil

We report on the surface structure of nanoscopic water droplets and ice
nanocrystals in hydrophobic oil as obtained from vibrational sum-frequency
scattering measurements. The interface of a water droplet shows significantly
stronger hydrogen bonds than the air–water interface and previously reported
planar hydrophobic–water interfaces at room temperature. The observed spec-
tral difference is similar to that of a planar air–water surface at a temperature
that is ∼60 K lower. Supercooling the droplets to 263 K does not affect the
surface structure. Below the homogeneous ice nucleation temperature a single
vibrational mode is present with a similar mean hydrogen-bond strength as for
a planar ice–air interface. The observed differences suggest that the interface of
a liquid water droplet in a hydrophobic environment — such as marine aerosols
and cloud droplets — is much less reactive than expected.

10.1 Introduction

Aqueous hydrophobic interfaces play a defining role on nano- and microscopic
length scales. Pockets and droplets of water in a hydrophobic environment
are omnipresent in the atmosphere (as ice particles, marine aerosols, and cloud
droplets [253]), the earth [254] (in e.g. oil fields), and in chemical [255,256] and
biological processes [257–259] (as vehicles for medicine delivery [260]). For all of
these processes the hydrophobic interface of nanoscopic water droplets plays a
critical role in determining the fate of the system. The molecular surface proper-
ties of such water droplets are commonly inferred from data obtained from the
macroscopic water–air interface [48, 66,194,261–263] or from aqueous solutions of
solvated hydrophobes, [264] systems that are possible very different in both their
size, chemical composition and temperature dependence from actual droplet
surfaces. As such, the surface structure of a water droplet remains elusive.

In this chapter we present temperature controlled sum-frequency scattering
experiments on nanoscopic water droplets in a liquid hydrophobic environment.
We find that compared to the water–air interface the spectrum reveals a greater
order corresponding to that of a planar water surface at a ∼60 K lower temper-
ature. In addition, upon supercooling the droplets the surface spectrum does
not change shape. Cooling the water droplets below the homogeneous ice nu-
cleation temperature results in a spectrum with a single symmetric peak that
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is similar to the one found for the ice–air interface.

10.2 Experimental methods

Water-in-oil emulsions are prepared by 1 vol% D2O to a solution of 5 mM
Span80 in hexadecane or in a 1:1 mixture of decane and cyclohexane. The
emulsions are sonicated in an ultrasonic bath to an average droplet radius of∼100 nm and a polydispersity index of ∼0.2. Span80 is a hydrophobic non-ionic
surfactant that partially covers the interface and stabilizes the droplets.

Temperature dependent SF scattering measurements are performed using
a custom made temperature cell (Quantum Northwest) with a metallic holder
for the sample cuvette. The temperature is regulated by an attached Peltier
element. The hot side of the Peltier element is cooled with a flow of liquid
ethanol pumped by a peristaltic pump (Ismatec ISM1200). The liquid ethanol
is cooled to ∼220 K with a copper coil placed in a bath containing a mixture of
dry ice and ethanol. The windows of the temperature cell are from CaF2 (for
the incoming beams) and quartz (for the scattered SF beam). The enclosed
sample chamber is filled with N2 gas to avoid condensation of water vapour.

The SF scattering experiments are performed with a comparable experimen-
tal setup as the one described in Chapter 9. The angle between the 10 μJ VIS
beam (800 nm, FWHM 15 cm−1) and the 6 μJ IR beam (3–4.5 μm, FWHM
160 cm−1) is 20○ (as measured in air). The focused beams are overlapped in a
sample cuvette with a path length of 200 μm. The scattered SF photons are
detected under an angle of 55○ (as measured in air). The experimental setup is
purged with N2 gas to reduce the strong CO2 absorption around 2345 cm−1 of
the IR pulse and to prevent the condensation of water vapour on the tempera-
ture cell windows.

All spectra are acquired in an ssp-polarization configuration and baseline
subtracted. Because the scattering experiments are performed in transmission,
we have to take into account that the oil phase absorbs part of the IR spectrum.
For that purpose the SF scattering spectra are corrected by a linear absorption
spectrum as measured from the same cuvette. Next the spectra are corrected for
refraction of the electromagnetic fields at the droplet interface using non-linear
Mie theory [76, 77] and literature values for the optical constants of oil [265] and
D2O. [266] The spectral envelope of the IR light is divided out by a SF spectrum
of z-cut quartz measured in reflection geometry.

10.3 Results and discussion

The scattered SF spectrum of D2O nanodroplets in d-hexadecane (296 K) as
well as the SF spectrum of a planar liquid D2O–air interface are shown in
Fig. 10.1. The SF spectrum of the D2O–air interface has three main features
at 2370 cm−1, 2510 cm−1, and 2745 cm−1. The latter corresponds to free OD
bonds sticking out of the surface. [68] The 296 K droplet–hydrophobic interface
spectrum contains the same 2370 cm−1 and 2510 cm−1 features (indicated by the
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Figure 10.1: SF scattering spectrum of D2O droplets in d-hexadecane (red)
and SF spectrum of the D2O–air interface measured in reflection geometry
(blue). The inset shows the ratio between the low and high frequency bands
of the SF spectrum of the planar water–air interface [267] (blue markers) and
an extrapolation with a quadratic polynomial fit to a lower temperature range
(blue line). The ratio for the room temperature water nanodroplet spectrum is
depicted by the red marker. The SF spectra are collected in the ssp-polarization
configuration.

dashed lines), but the higher frequency components are significantly less intense.
The frequency of the OD stretching vibrations is correlated to the strength of
the interfacial hydrogen-bond interaction: the OD frequency decreases when the
hydrogen-bond strength increases. Hence, there are relatively more strongly
hydrogen-bonded water molecules at the water droplet interface than at the
water–air interface of the same temperature. This difference implies a higher
degree of tetrahedral ordering at the water droplet interface.

The peak ratio of the 2370 cm−1 and 2510 cm−1 features changes with tem-
perature for the water–air interface. The inset in Fig. 10.1 shows that the
ratio increases with decreasing temperature, [267] indicating that the popula-
tion of stronger hydrogen bonds increases over that of weaker hydrogen bonds.
The peak ratio obtained for the water droplets is also indicated (red marker).
Based on extrapolating the ratios found for the water–air spectra (blue line)
we find that the same ratio as for the water droplets would be found at a hy-
pothetical planar water–air interface of ∼240 K (i.e. ∼60 K colder). Thus, the
water molecules of the water droplet–hydrophobic interface appear to be much
more structured than the water molecules at a planar water–air interface. This
result is in qualitative agreement with previous studies on macroscopic water–
hydrophobic interfaces, [267–269] but the change in the peak ratio with respect
to the air–water interface (100 %) is much bigger than that observed for the
planar liquid–hydrophobic interfaces (∼20 % [267–269]). The absence of a non-
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Figure 10.2: Room temperature SF scattering spectra of D2O droplets in
different solvents (a) and stabilized with different surfactants. (b) The planar
D2O–air SF spectrum is shown for comparison. (a) D2O droplets (1 vol%)
in deuterated and hydrogenated hexadecane and in a mixture of cyclohex-
ane and decane, stabilized with 5 mM Span80. (b) D2O droplets in 5 mM
Span80 in deuterated hexadecane, a 5 mM mixture of 84:16 weight fraction
Span80:Tween80 in deuterated hexadecane, a mixture of 10 mM SDS with
5 mM Span80 in hexadecane, tri-block PEG-900 in fluorinated oil HFE-7500
(prepared with microfluidics).

hydrogen-bonded free OD mode in the droplet spectrum can be explained by
the presence of OH groups on the Span80 molecule that can form hydrogen
bonds with interfacial water molecules.

To estimate the influence of the precise chemical structure of the hydropho-
bic environment on the interfacial water structure we measure water droplets
in different hydrophobic solvents. SF scattering spectra for other combinations
of hydrophobic oils (mixtures of decane and cyclohexane, fluorinated oil) and
surfactants (Tween80, tri-block PEG-900) are presented in Fig. 10.2. The spec-
tra of dispersed water droplets in various hydrophobic environments are all
redshifted with respect to a planar water–air interface. Besides, the addition
of either an anionic (SDS) or a hydrophilic non-ionic surfactants (Tween80)
does not result in a significant spectral change. This indicates that the spec-
tral redshift is a common phenomenon of water droplets in an hydrophobic
environment.

The SF spectra of D2O droplets in a mixture of decane and cyclohexane
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Figure 10.3: (a) SF scattering spectra of D2O droplets in a mixture of decane
and cyclohexane at room temperature and under supercooled conditions. (b)
SF scattering spectrum of frozen D2O droplets in a mixture of decane and
cyclohexane at 233 K and SF spectra of the basal surface of the H2O ice–air at
230 K, 200 K, and 170 K. The H2O spectra are converted to D2O spectra [263]

by multiplying the frequencies by a factor of 1/1.35.

at different temperatures are shown in Fig. 10.3. Supercooling the droplets
results in a slight redshift of the spectrum, but the spectral shape does not
change (Fig. 10.3a). Further cooling the droplets down to 233 K let all droplets
freeze (the homogeneous ice nucleation point of D2O is 237 K [270]) and yields
a spectrum of ice nanocrystals (Fig. 10.3b). The spectrum of the nanocrystals
is redshifted and much narrower than the spectrum of liquid droplets, reflect-
ing the narrower distribution of hydrogen bonds in the ice nanocrystals and
their increased strength. For comparison, Figure 10.3b also shows normalized
intensity spectra of the planar ice–air interface (see Chapter 6). The H2O fre-
quencies are converted to corresponding D2O frequencies [263] by multiplication
with 1/1.35. The resonance in the SF spectrum of the ice nanocrystals has a
similar frequency as is observed for the planar ice surface of the same temper-
ature. This indicates that the difference in surface structure observed for the
liquid interface is not present in the solid phase. The absence of the effect for the
frozen droplets can be understood from the fact that when the droplets freeze,
the mutual water–water interactions become relatively more important for the
resulting water spectrum (and the detected hydrogen-bond strength) than the
interactions with the hydrophobic oil molecules. For crystalline planar ice, the
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observed SF ice–air spectrum originates in part from OH groups connecting the
different layers in the ice crystal. [169,174] These deeper layers of water molecules
are much less influenced by the hydrophobic groups at the interface. Hence, for
planar ice and frozen water droplets of the same temperature the hydrogen
bonds of the probed OH groups are of similar strength.

Thermodynamics [271,272] and Raman-MCR measurements on solvated alka-
nols [264] show that hydrophobic solute perturbed water molecules are more
tetrahedrally ordered and thus more constrained in configurational space. These
solutes are very small and fulfill the criterion of Chandler [255] that states that
hydrophobic solutes lead to an enhancement of the tetrahedral ordering of wa-
ter if the radius of the solute is <1 nm. [255] In this perspective the present
observations of an enhanced ordering of water molecules at the surface of wa-
ter nanodroplets embedded in oil is surprising, as the droplet radius is very
large compared to the criterion defined by Chandler. However, the interaction
with oil can lead to a significant local corrugation of the water droplet surface,
yielding a similar structure for the interfacial water as is observed for water
surrounding small hydrophobic solutes.

10.4 Conclusions

Vibrational sum-frequency scattering spectra from water droplets with a radius
of ∼100 nm embedded in a hydrophobic liquid at different temperatures show
that the hydrogen-bond network of the interfacial water possesses a much en-
hanced tetrahedral structure compared to a planar air–water interface. This
greater order manifests itself as a redshifted spectrum. This increase is much
larger than observed in previous studies of planar liquid hydrophobic–water
interfaces. The observed surface structure of the water droplets corresponds
to that of a water–air interface that is ∼60 K colder. Upon supercooling the
droplets, the surface spectrum does not change shape. Cooling the sample be-
low the homogeneous ice nucleation temperature results in a spectrum with a
single symmetric peak at a comparable frequency as that of a planar ice–air
interface of the same temperature.

The presented experiments demonstrate the possibility of quantifying the in-
terfacial structure of water droplets and illustrate the large impact of nanoscopic
hydrophobic surfaces on the hydrogen-bond structure of water. With a reduc-
tion of the effective ‘surface temperature’ we expect that the reactivity of water
droplets embedded in a hydrophobic environment such as in marine aerosols
and cloud droplets [253] or medicine carriers [260] is lower than what one might
think based on the actual temperature. Future studies on such nanoscopic sys-
tems may reveal important information on the role and reactivity of interfacial
water in aerosol formation, protein folding, pore functioning [255,257,258,273] and
the charging and stabilization of hydrophobic interfaces.
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The work presented in this chapter has been performed in collaboration with the
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Appendix: Determination of the
crystal orientation of ice

Hexagonal ice (Ih) is a uniaxial birefringent crystal and its birefringence can be
used to determine the crystal orientation. The ordinary axes have a refractive
index of no = 1.3091 and the extraordinary or optical axis has a refractive index
of ne = 1.3105 for light at a wavelength of 589 nm (daylight mean). [274] We
exploit the birefringence of ice to determine the orientation of the optical axis,
which coincides with the basal plane of ice.

For that purpose we constructed a Rigsby-type universal stage with four
independent axes of rotation (Fig. A1). [275–277] The stage can rotate around an
inner vertical axis (IV), an outer vertical axis (OV), a north–south axis (NS),
and an east–west axis (EW). The point of intersection of NS and EW lays in
IV.

NS

EW

IV

OV

Figure A1: The four independent axes of rotation of the Rigsby stage.
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Determination of the crystal orientation of ice

The Rigsby stage comprises two crossed polarizing filters in front of a diffuse
lamp. The OV coincides with the line of sight. The bottom polarizer is oriented
to transmit light that is vibrating in a north–south direction and the top polar-
izer (or analyser) to transmit light vibrating in an east–west direction. During
crystal orientation determination it is of paramount importance to keep the eye
centred above the ice, especially at higher angles of inclination. We ensure the
alignment of the eye with two cross hairs on top of the polarizers.

The optical axis orientation can be determined by the following routine, as
described by Fairbairn: [275]

1. Rotate on IV to extinction.

2. Test the extinction by rotation on NS. If the ice does not remain dark, then
return on NS to 0○, rotate 90○ on IV to the alternative extinction position
and test in the same manner on NS. In this position it will remain dark,
indicating that the east–west plane contains the optical axis.

3. Turn about 20–30○ on EW and rotate on NS to an extinction position. If
two positions are available, select the one of least inclination.

4. Rotate on EW to the zero position. Then rotate around OV. If the ice
remains dark, then the optical axis coincides with the line of sight; if it is
illuminated, then the optical axis is normal to the line of sight and to NS.

5. Note the readings on IV and NS.

Special orientation cases arise where, in its initial position, the crystal remains
dark for all positions of IV (optical axis parallel, or nearly so, to the line of
sight) or where the manipulation in step 3 gives extinction in both IV positions
(optical axis perpendicular to the line of sight). In the former case, a more
exact determination can be obtained by the following additional steps:

1. Rotate on NS until the ice is illuminated.

2. Rotate on IV to restore extinction.

3. Return NS to 0○, retaining the IV position.

4. Proceed with the standard procedure, omitting steps 1 and 2.

The second case is treated as follows:

1. With the crystal at one of the two extinction positions, rotate an arbitrary
amount on EW.

2. Then vary NS. If the crystal remains dark, the horizontal optical axis lies
in the north–south plane; if extinction is lost, the optical axis lies in the
east–west plane.

Care has to be taken that the difference in refractive index of ice and air
gives a distorted view of the optical axis. This should be properly corrected for
by Snell’s law, especially for larger tilt angles. [276]
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Fundamental constants

Quantity Symbol Numerical value Unit

number π π 3.14159265358979323...

number e e 2.71828182845904523...

speed of light in vacuum c 299792458 m s−1

vacuum permeability μ0 4π ⋅ 10−7 N A−2

vacuum permittivity 1/μ0c
2 ε0 8.854187817... ⋅ 10−12 F m−1

elementary charge e 1.6021766208(98) ⋅ 10−19 C

Planck constant h 6.626070040(81) ⋅ 10−34 J s

reduced Planck constant h/2π h̵ 1.054571800(13) ⋅ 10−34 J s

Avogardo constant NA 6.022140857(74) ⋅ 10−23 mol−1

Boltzmann constant kB 1.38064852(79) ⋅ 10−23 J K−1

Values are taken from the National Institute of Standards and Technology. [278]
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Summary

Water is an extraordinary substance. It owes its characteristic anomalous prop-
erties to a network of strong hydrogen bonds present between water molecules.
Ice is frozen water. In bulk ice, water molecules hold regular positions in the
crystal. Nevertheless, the behaviour of ice can be dynamic and exciting, es-
pecially at the surface. At temperatures well below bulk melting, the surface
of ice is covered by a liquid premelted layer. This water layer governs many
geophysical processes and may be a significant factor in the low friction of ice.

This thesis describes the properties of ice and related systems at the molec-
ular level. For this purpose we employ a variety of spectroscopic techniques and
make use of stretching vibrations as sensitive probes of the molecular structure.
The position, amplitude, and width of the stretching bands are utilized to de-
scribe the molecular properties and structure. The scientific insights from these
studies are summarized below.

As a first experiment, we study the dissipation of vibrational energy us-
ing pump–probe spectroscopy. An intense pump pulse resonantly excites OD
stretches of dilute HDO molecules and the population dynamics are probed us-
ing a time-delayed probe pulse. In ice we find the dissipation of the vibrational
energy to decelerate with increasing temperature. The vibrational lifetime is
observed to increase from 480±40 fs at 25 K to 860±60 fs at 265 K. These life-
times are remarkably shorter than the vibrational lifetime in the liquid phase,
which has a value of 1.7 ± 0.1 ps at 274 K and increases to 2.24 ± 0.09 ps at
343 K. The increase in vibrational lifetime with temperature is quite unusual
because the vibrational lifetime generally decreases with temperature.

We also investigate the vibrational lifetime of similar water molecules in a
hydrated lithium nitrate crystal. The crystal water contains OD groups with
three distinct hydrogen bonds. The vibrational lifetime of the three hydrogen-
bonded species is observed to increase with decreasing hydrogen-bond strength.
Furthermore, the vibrational lifetime is found to decrease with temperature,
which is qualitatively the opposite to the observed behaviour in ice.

The observed temperature dependencies can be well explained from a re-
laxation mechanism in which the OD vibration relaxes via energy transfer to a
combination tone involving a bending mode of HDO or H2O. The vibrational
lifetime are determined by the spectral overlap of the OD stretching mode and
the acceptor mode. For ice, the spectral overlap decreases when temperature
increases. For the OD stretching modes in hydrated lithium nitrate, the oppo-
site holds and the spectral overlap increases with temperature. The frequency
dependence of the spectral overlap also explains the differences in vibrational
lifetime of the OD vibrations. The OD modes with strong hydrogen bonds
have better spectral overlap with the acceptor mode than the OD modes with
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weak hydrogen bonds, hence the vibrational lifetime is observed to increase with
decreasing hydrogen-bond strength.

The surface structures of ice and liquid water are studied using phase-
resolved sum-frequency generation spectroscopy. In this technique a broad-
band infrared pulse is overlapped at the surface with a visible pulse to generate
sum-frequency light. The efficiency of this light-conversion process is strongly
enhanced when the infrared light is resonant with a surface vibration. The spec-
tral response is used to characterize the molecular surface structure of basal ice.
At 150 K we observe 7 modes in the sum-frequency spectrum, of which 2 modes
are absent in the bulk. These 2 modes are assigned to the outermost water
molecules with an incomplete hydrogen-bond configuration. When increasing
the temperature we find the crystalline surface to become disordered above
∼185 K. At temperatures starting from 245 K we observe the surface of ice to
be covered by a layer of liquid water, i.e. the hydrogen bonds of this premelted
layer are indistinguishable from supercooled water.

In another experiment we study the extent of resonant molecular coupling
towards the surfaces of ice and liquid water using isotope substitution. For iso-
topically dilute HDO in D2O, the OH stretch vibration is effectively uncoupled
from the surrounding OD oscillators owing to the frequency mismatch. The
sum-frequency spectra of isotopically diluted ice and H2O ice at 245 K strongly
differ. This indicates that the OH stretches at the surface of H2O ice are strongly
influenced by intermolecular couplings, which leads to a delocalization of the
vibrations. For liquid water, the difference between the surface spectra of neat
and isotopically diluted water is found to be much smaller. The intermolecular
coupling of the H2O vibrations at the surface of liquid water is thus concluded
to be smaller in comparison with the bulk, resulting in localized vibrations. The
OH stretch vibrations are thus found to be much more delocalized at the surface
of H2O ice than at the surface of liquid H2O. This is explained from a difference
in surface order. The surface of ice is highly ordered and the homogeneity of the
hydrogen-bond network leads to a large delocalization of the vibrations. The
surface of liquid water is more disordered and the resulting heterogeneity of the
hydrogen-bond strengths leads to a localization of the vibrations. Furthermore,
for isotopically diluted liquid water and ice the surface spectra bear a striking
similarity with the corresponding bulk spectra. This implies that the hydrogen-
bond strengths at the surface of both liquid water and ice to resemble the bulk
values.

Finally, we employ sum-frequency scattering spectroscopy to study the sur-
face structure of nanoscopic water and oil droplets in emulsion. In this technique
the infrared and visible pulses generate sum-frequency photons all around the
droplets’ surface. The scattered sum-frequency photons yield a spectrum of the
vibrations at the water–oil interface. We investigate the effect of freezing of the
constituents on the interfacial structure of oil-in-water emulsions. The freezing
of oil is observed to lead to deviations from the spherical shape of liquid oil
droplets. The freezing of the water matrix leads to a strong distortion of the oil
droplets in case the oil is liquid, but has little effect on frozen oil particles.

In a final experiment we characterize the surface structure of water droplets
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in oil. The hydrogen-bond network at the surface of water droplets is found
to possess a much enhanced tetrahedral structure compared to a planar air–
water interface. The increase is much larger than observed in previous studies
of planar liquid hydrophobic–water interfaces. The observed spectral difference
is similar to that of a planar air–water surface at a temperature that would be
60 K lower.
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Samenvatting

Water is een fantastische substantie, helemaal als het bevroren is. Wat onmo-
gelijk lijkt wordt mogelijk. Je kunt dan zowaar over water lopen. IJs is erg
glad en het is nog leuker om erop te schaatsen! Waarom ijs zo glad is, is nog
steeds niet helemaal goed begrepen. De afgelopen 150 jaar heeft een aantal
grote natuurkundigen zich met deze vraag bezig gehouden. Het is duidelijk dat
dit te maken moet hebben met een waterlaagje op ijs. Denk aan een stroeve
keukenvloer die spekglad wordt als je er water op morst.

Gladheid heeft alles te maken met hoe oppervlakken over elkaar heen be-
wegen. Op een microscopische schaal zien de meeste oppervlakken eruit als
schuurpapier, zelfs als ze er met het blote oog wél glad uit zien. De vele in
elkaar hakende pieken en dalen verhinderen dat twee oppervlakken makkelijk
over elkaar heen glijden. Het aanbrengen van een smeermiddel vermindert het
contact en zorgt ervoor dat het glijden veel soepeler verloopt. IJs heeft van na-
ture zo’n smeermiddel in zich, namelijk water. Er doen verschillende theorieën
de ronde over de oorsprong van het laagje water op ijs.

Vaak wordt beweerd dat de druk van je schaats ervoor verantwoordelijk is
dat het ijs een beetje smelt. Vloeibaar water is ruim 9 % compacter dan ijs,
waardoor ijs onder druk zijn smeltpunt iets verlaagt. De druk van een schaats
op het ijs leidt tot een smeltpuntverlaging van een paar tienden graad. In de
praktijk blijkt het ook mogelijk te zijn om bij lagere temperaturen te schaatsen.
Bovendien schiet ook iets lichts als een ijshockeypuck, zonder dat deze veel
druk uitoefent, met groot gemak over het ijs. Naast de druk moeten er dus ook
andere effecten een rol spelen.

Twee andere mechanismen bieden een betere verklaring. Daarvan is de meest
geaccepteerde dat de beweging van je schaats over ijs een waterlaagje creëert.
De wrijvingswarmte zorgt er namelijk voor dat er een dun laagje water smelt
waar de schaats vervolgens zonder veel wrijving overheen kan glijden. Dit effect
houdt zichzelf in stand: Indien het waterlaagje afwezig is, is er geen smering
waardoor er veel wrijving is. Door de vrijgekomen wrijvingswarmte smelt het
oppervlak van het ijs en ontstaat er een waterlaagje. Het betreft slechts een heel
dun laagje, omdat ijs weinig wrijving geeft doordat het glad is en het smelten
van ijs veel energie kost.

Daarnaast speelt een ander effect ook nog een rol. Ook zonder wrijvings-
warmte kan ijs namelijk nat zijn. Het oppervlak van ijs is dat uit zichzelf al.
Dat komt doordat de kristalstructuur van ijs aan het oppervlak ophoudt. Mid-
denin het ijskristal worden de watermoleculen door andere moleculen op hun
plek vastgehouden. Voor de moleculen aan de buitenkant geldt dit in mindere
mate, waardoor deze moleculen beweeglijker zijn en er een soort waterlaagje
ontstaat. De dikte van het waterlaagje is sterk afhankelijk van de temperatuur.
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Hoe dichter de temperatuur bij 0 ○C is, des te dikker is het waterlaagje. Het
belang van dit laagje voor de gladheid van ijs is nog niet goed duidelijk. Dat
komt mede doordat er nog weinig bekend is over de eigenschappen van het wa-
terlaagje op het meest fundamentele niveau. In dit proefschrift gaan wij hier
dieper op in. De geringe grootte van watermoleculen in combinatie met hun
ultrasnelle dynamica maakt het uitdagend hier meer inzichten over te vergaren.
Slechts enkele technieken zijn hiervoor geschikt.

In dit proefschrift hebben we de moleculaire eigenschappen van ijs onder-
zocht door naar trillingen van watermoleculen te kijken. Bij de paginanummers
van dit proefschrift staan watermoleculen afgebeeld. Als je de pagina’s snel
omslaat zie je ze vibreren. De werkelijke vibraties zijn ontzettend snel. Je zou
per seconde 1000000000000000 (1015) pagina’s moeten omslaan om de water-
moleculen met hun werkelijke frequentie te zien vibreren. De precieze trillings-
frequentie wordt sterk bëınvloed door de configuratie van de watermoleculen.
Zo is de strekfrequentie van watermoleculen in ijs lager dan in vloeibaar water.
Dat komt doordat de onderlinge verbindingen van watermoleculen (zogeheten
waterstofbruggen) in ijs sterker zijn dan in vloeibaar water.

De molecuulvibraties van water kunnen worden aangeslagen met behulp van
licht. Daarvoor moet het licht wel de juiste trillingsfrequentie hebben, oftewel
resonant zijn. Door vervolgens de frequentie en intensiteit van het licht te
analyseren kunnen allerlei moleculaire eigenschappen worden afgeleid. Deze tak
van wetenschap heet spectroscopie. In dit proefschrift hebben we met behulp
van verscheidene spectroscopische technieken de moleculaire eigenschappen en
structuur van ijs onderzocht.

Het oppervlak van ijs hebben we bestudeerd met behulp van somfrequen-
tiegeneratie spectroscopie. Deze techniek maakt het mogelijk om alleen de vi-
braties van moleculen aan het oppervlak zichtbaar te maken, en niet de vibraties
van moleculen die diep in de kristalstructuur zitten en in veel grotere getallen
aanwezig zijn. Aan de hand van de gemeten oppervlaktevibraties hebben wij
waargenomen dat er een waterlaagje aanwezig is aan het oppervlak van ijs,
zelfs bij temperaturen ver onder het smeltpunt (−30 ○C). Er blijkt geen ver-
schil te zijn in de sterkte van de waterstofbruggen tussen de watermoleculen in
het waterlaagje op ijs en aan het oppervlak van vloeibaar water bij eenzelfde
temperatuur.

Naast het oppervlak van ijs hebben we ook het oppervlak bestudeerd van
druppeltjes in emulsies, zowel van waterdruppeltjes in olie als van oliedruppel-
tjes in water. De watermoleculen aan het oppervlak van vloeibare waterdruppel-
tjes in olie blijken geordender te zijn dan watermoleculen aan een niet-gekromd
oppervlak met lucht. Een dergelijk verschil nemen we niet waar indien de wa-
terdruppeltjes in olie bevroren zijn en ze kleine ijskristallen vormen.

We hebben tevens het bevriezen van oliedruppeltjes in water onderzocht.
Daarbij hebben we afzonderlijk zowel het bevriezen van de olie als het bevriezen
van het omringende water onderzocht door het type olie te variëren. Een inte-
ressant aspect is daarbij dat olie krimt als het bevriest in tegenstelling tot water
dat uitzet als het ijs wordt. Wij hebben gevonden dat het bevriezen van de olie-
druppeltjes resulteert in een vervorming ten opzichte van de sferische symmetrie
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van vloeibare oliedruppeltjes. Het effect van het bevriezen van het omringende
water op de oliedruppeltjes wordt sterk bepaald door de toestand waarin de
oliedruppeltjes zich bevinden. Het bevriezen van het omringende water leidt
tot sterke vervormingen van vloeibare oliedruppeltjes, maar heeft geen effect op
reeds bevroren oliedruppeltjes.

Tenslotte hebben we in andere experimenten zuurstof–waterstof-vibraties
bestudeerd van watermoleculen in een kristalrooster. Bij verschillende tem-
peraturen hebben we gemeten hoe lang deze vibraties voortduren nadat ze
zijn aangeslagen door een korte lichtflits. Dat hebben we gedaan voor zowel
watermoleculen in ijs als voor watermoleculen opgesloten in een zoutkristal.
Het blijkt dat de levensduur van de zuurstof–waterstof-vibraties in ijs en het
zoutkristal een tegenovergesteld temperatuursverloop kennen; wanneer de tem-
peratuur hoger wordt, neemt de levensduur van de watervibraties in ijs toe,
terwijl de levensduur in het zoutkristal afneemt. In het algemeen wordt de le-
vensduur van een vibratie bepaald door de mate waarin deze zijn energie kan
overdragen. Op eenzelfde manier trilt een vrije gitaarsnaar veel langer dan wan-
neer je er een hand tegenaan legt. De vibraties van watermoleculen blijken hun
energie beter over te kunnen dragen bij een toenemende sterkte van de water-
stofbruggen. De sterkte van de waterstofbruggen hangt af van de configuratie
van de watermoleculen. Het verschil in de configuratie tussen de watermoleculen
in ijs en in het zoutkristal verklaart in beide gevallen het gevonden tempera-
tuurverloop.

Met deze experimenten hebben we het begrip over de moleculaire eigenschap-
pen van ijs vergroot. Het verhaal is echter nog niet af. Over veel eigenschappen
bestaat nog onzekerheid en andere zijn nog onbekend. Door gebruik te maken
van meer geavanceerde experimentele technieken zal het in de toekomst ook
mogelijk zijn om de dynamica van watermoleculen aan het oppervlak van ijs te
meten. Daarmee zullen we de bijzondere eigenschappen van ijs nog beter gaan
begrijpen.
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� A greyhound
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Hendrick Avercamp, Winter Landscape with Ice Skaters, circa 1608
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