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Introduction

The Remarkable Properties of Water Without exaggeration water can
be regarded as one of the most interesting compounds in nature. The water
molecule is deceptively simple, consisting only of one oxygen and two hydrogen
atoms. It is probably the one chemical that most people in the world actually
know by its chemical formula: H2O. The human body contains 65 % of water
(men a bit more than women) and life as we know it would not be possible
without it. That is: not possible without liquid water. The fact that water
pours out of the tap as a liquid substance is actually quite remarkable. Any
other substance of comparable molecular size and weight would be a gas under
ambient conditions (eg. methane, ammonium, oxygen, carbondioxide).

Another fact present in the human consciousness is the floating of icecubes
on water. Indeed, the density of ice is lower than that of liquid water and
the density of liquid water increases upon heating. Interestingly, though, the
minimum density of liquid water is not at zero degrees Celsius but actually at
4◦ C. As long as a body of water like a lake does not entirely cool down to 4◦ C.,
warmer water will thus always well up to the surface. Dutch people know this
very well, since this effect prevents ice skating on most small but deep lakes
most winters, while sometimes the very large but shallow IJsselmeer is covered
with ice.

The examples given above are just two out of a long list of ’anomalies’ of
water (some count 46, others more than 60) [1]. At the heart of many of these
(apparent) anomalies is the special structure of water on a molecular level. The
water molecule is unique in its property of both donating and accepting two
hydrogen-bonds. A hydrogen-bond is an electromagnetic attraction between a
slightly positively charged hydrogen-atom in a molecule and a lone electron pair
on the oxygen (in the case of water) of another molecule (Fig. 1.1). This bond
is not as strong as a typical covalent bond, but still has a quite high binding
energy (5.0 kcal/mol). By forming on average almost four of such bonds, water
molecules form a tetrahedral network that is strongly bound. This hydrogen-
bond network is the reason for many of the anomalies of water: its liquid phase
at ambient conditions, unusually high viscosity, high specific heat capacity, high
density, low compressibility and high surface tension, to name a few.

In spite of this strong binding, reorganization of the hydrogen-bond network
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Figure 1.1. The positive net charge on the protons (+0.33) and the negative net
charge on the oxygen atom (-0.66) results in the formation of a hydrogen-bond. Since
the covalent bonds make an angle of 106◦, the molecule has a net dipole of 1.85 D.
The hydrogen-bond (oxygen-oxygen) distance of 281 pm is the average value in liquid
water at ambient conditions.

takes place on a picosecond timescale. In a process involving concerted dis-
placements of a number of surrounding water molecules, hydrogen-bonds are
continuously broken and reformed [2, 3, 4]. This dynamical behavior leads to
additional properties of importance: water can rapidly adapt to a change of
chemical environment, enabling the solvation of ions and other solutes. Water
is also a transport medium for chemical reactions. A special example is the
transport of protons. The two protons of a water molecule are not at all tightly
bound to the oxygen atom. In pure liquid water spontaneous (auto)ionization
occurs and low concentrations of OH− and H3O

+ ions exist. As a result of the
fast reorganization of hydrogen-bonds and the ease at which the protic covalent
bonds are broken and formed, excess protons show an extremely fast diffusive
behavior in water [5]. It is however not one proton that finds its way through
the hydrogen-bond network, but rather a relay race of innumerable proton ex-
changes that lead to transfer of the proton charge. This mechanism is called
the Grotthuss mechanism [6].

Water as a Solvent All the above properties make water a very compli-
cated substance and a topical subject of research even in its pure form [7, 8, 9].
However, the property that makes water special in a much broader context is its
role as a solvent. Crucial in this aspect is the conformation of the molecule: the
two covalent bonds make an angle of 106◦. Since the oxygen atom has a larger
electron affinity than the two protons, this conformation result in a net electric
dipole of 1.85 Debye (Fig. 1.1). This charge distribution in combination with
the small molecule size makes water an extremely good solvent for ions. Water
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is the most polar solvent known a, and its high dielectric constant (∼80 at room
temperature [10]) shields the charge of an ion such that for many anion/cation
combinations ion recombination followed by precipitation does not occur up to
very high concentrations.

A consequence of the strong polarity is that water is a very poor solvent for
apolar compounds like alkanes: Oil and water do not mix. Such compounds go
by the name of hydrophobes, they fear water. Although other polar solvents
have a dislike for hydrophobes as well, the affinity mismatch between fatty
molecules and water does not find an equal in nature [11]. Recent theoretical
research on the microscopic origins of the phase segregation of water and hy-
drophobic compounds showed that the hydrogen-bond network acts as a driving
force of hydrophobic assembly [11]. The size of the hydrophobic molecule does
however play an important role. For apolar molecules larger than about one
nanometer, hydrogen-bonds need to be broken to make a cavity in which the
molecule can reside. The energy cost involved in the breaking of those hydrogen-
bonds scales with the surface of the hydrophobic molecule, and aggregation
naturally becomes favorable to limit this energy cost [11]. For anything smaller
than one nanometer, the hydrogen-bond network is flexible enough to fold itself
around it while keeping the hydrogen-bonds intact. The size dependence can
be compared with a densely crowded mob of people: A child that wants to
move through will find no problem in sneaking in between the legs, but a big
fat person will have to excuse him/herself all the time.

In nature, hydrophobes are often combined with a charged or polar molecular
group, thus forming an amphiphilic molecule. Examples are plentiful: any
soap or detergent, the alcohol in a glass of wine or the lipids that make up
the cell membranes in the body. For such solutes, water reveals its unique
properties as a solvent best. The affinity of water for the polar moieties and
its enmity for the hydrophobic parts of an amphiphile drives the formation of
membranes and numerous other processes in organisms. Proteins in organisms
rather shield their hydrophobic parts from interacting with water in a process
called the hydrophobic collapse. The three-dimensional structure that such
molecules thereby assume give them their function. It is for this reason that
water is often referred to as the solvent of life.

The Look of Water In this thesis we study the properties of water that
are fundamental to the properties that were described above. We study the
dynamics of the ever changing hydrogen-bond network and how this network
is affected by the presence of charged, polar or hydrophobic solutes. But how
does one look at something as small as a water molecule? Especially since
its size is not the only challenge. Moreover, for water all relevant dynamical
processes take place on ultrashort timescales between 50 femtoseconds and a
couple of picoseconds. The atoms are not even tightly fixed to each other

aSome solvents, like DMSO or acetonitrile, have a larger dipole than water. Their dielectric
constant, which can be regarded as a measure of how well the solvent shields an electric charge,
is however smaller. For this reason, water is nonetheless considered more polar than any other
solvent.
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Figure 1.2. The linear absorption spectrum of pure liquid water (adapted from [12]).
Absorption in the UV region is due to electronic transitions. The absorption bands at
3µm and 6µm are the OH-stretch and H2O-bend vibrations, respectively. Absorption
at wavelengths longer than 8µm are librational and translational motions, while all
other bands between the visible region and than 3µm are vibrational overtones and
combination bands.

(proton transfer and hydrogen-bond switching). The solution to this problem is
waters interaction with light. The interaction with light of the right wavelength
has the same result on a water molecule as a soundwave of the right pitch has
on a guitar string: it will induce a vibration.

In daily life water appears to us as a clear, transparent liquid. The trans-
parency of water to visible light is nonetheless an exception that was exploited
by evolution when it came to the ’choice’ to which part of the electromag-
netic spectrum the eyes of organisms should be sensitive. Fig. 1.2 shows the
absorption spectrum of water from the UV to the microwave spectral region.
The absorption at shorter wavelengths of the visible gap are due to electronic
transitions, while the rich structure of bands at longer wavelengths are due to
vibrations and (for yet longer wavelengths) librational motions and hydrogen-
bond vibrations. It is the vibrational region that is of most interest to us in
this thesis.

A water molecule (and any molecule in general) is all but a rigid structure
made out of sticks and balls. The covalent bonds are flexible enough to give
freedom for the atoms to vibrate. A classical picture of a water molecule would
thus be one of springs and balls. A close-up of the vibrational modes that
are of importance to this thesis are shown in Fig. 1.3. Water molecules have
three normal modes of vibration: the bending mode (absorbing light of 6µm),
the symmetric stretching mode and the asymmetric stretching mode (absorbing
light of 3µm). These modes have overtones with much lower absorption cross
section, causing small additional absorption peaks at wavelengths shorter than
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Figure 1.3. The main part of the vibrational absorption spectrum of pure liquid
water. The three vibrational modes are depicted by ν1 (symmetric OH-stretch), ν2
(H2O-bend) and ν3 (asymmetric OH-stretch). At shorter wavelengths, all kinds of
combination and overtone bands occur of increasingly lower amplitude.

2.5µm. The extension of the overtones into the region of visible light causes
water to appear blue.

The techniques that are used in this thesis to study water exploit the vibra-
tions of water. The vibrational modes are excited with laser pulses tuned to the
vibrational frequencies. These excitations change the absorption spectrum of
water and the time evolution of these absorption changes can provide informa-
tion on the water molecules and the structure and dynamics of the hydrogen-
bond network. Although the water molecule itself has only three intramolecular
vibrational modes, the coupling to the network of the hydrogen-bonds highly
complicates the analysis of the absorption changes. All molecules are connected,
and making one spring vibrate will quickly lead to a response of many other
vibrations [9]. It is exactly this interconnectedness that makes water such an
interesting liquid, but also one that is very challenging to study.

Outline of this Thesis The following three chapters are a general intro-
duction to the measurement and analysis techniques we used. We first discuss
the theory behind the spectroscopic experiments. The harmonic oscillator lies
at the heart of many topics in physics and vibrational spectroscopy is certainly
one of them. From there we proceed to the more realistic picture of a quantum
anharmonic oscillator, which is closer to most oscillators in nature including the
vibrations of a water molecule. Subsequently, the experimental details of the
used experimental setups are discussed, with extra emphasis to the manipula-
tions of the laser-light polarization in polarization resolved measurements. The
three chapters are concluded with an extensive treatise of the techniques used
to analyze and to interpret the experimental data.

After these introductional chapters, the thesis describes a number of studies
of aqueous solutions. The chapters are organized such that we start with the
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most fundamental aspects of water and as the chapters progress, systems with
more direct biological implications are studied. Chapter 5 and 6 consider the
vibrational dynamics and reorientation in pure water, followed in chapter 7 by
a study of the fundamental aspects of hydrophobic hydration. Chapter 8 and
9 are concerned with the dynamics of water molecules in solutions of ions. In
chapter 10 the results of chapters 7 and 9 are used to study a system in which
both coulomb effects and hydrophobic hydration combined play a role. Finally,
chapter 11 makes a comparison of the reorientation of water and the properties
of denaturation agents in aqueous solutions of various osmolytes.


