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Introduction

The importance of salt solutions may be best illustrated by the fact that two thirds of the
earth’s surface is covered by a salt solution of approximately 10 21 litres. The salt content is
an important parameter for the oceanic flow patterns, since it affects the density of water
and its melting temperature. On a smaller scale, the fysiological fluids that constitute a
principal part of the human body consist mainly of water, and contain significant amounts
of ionized solutes. Human blood can be (partly) replaced by ‘fysiological salt’, which is
nothing but a solution of salts and minerals in water, with a salt content similar to that of
blood. The chemical reactions that take place in the human body are closely related to the
behaviour of water molecules. The hydrolysis of adenosine triphosphate (ATP), forming
adenosine diphosphate (ADP), a solvated phosphate group, and a solvated proton, is only
one example of a chemical reaction in which solvation plays a crucial role.
A salt molecule consists of a cation and an anion, ions of positive and negative charges,
respectively. The ions are held together by an ionic bond; the separate charges give rise to
strong electrostatic attraction. When dissolved, the molecule falls apart in its constituent
ions, that are separately solvated by the solvent molecules. These solvation interactions
must overcome the rather strong ionic bond, in addition to the solvent–solvent interactions that may be distorted to accomodate the ions. It is surprising how well soluble many
salts are in water. Potassium Fluoride, for example, is soluble up to 18 M: three water
molecules for each pair of solvated K and F  ions.
In this thesis, solutions of salt in water are studied. Water is the common solvent
in nature, and may be considered the most important for that reason. However, solvation is in itself by no means limited to water. There are several practical applications for
non-aqueous or mixed solvents. Since the reactivity of dissolved ions will depend on the
solvation interactions, the solvent can be chosen so as to optimize the ions’ reactivity, e.g.
in batteries.
Connected to solvation, two notions are important in this thesis, that of hydrogen
bonding and of solvation shells.

1.1 Solvation shells
The first theories that deal with electrolyte solutions, e.g. the Debye-H ückel theory at
the beginning of the 20th century, did not take any molecular structure into account, but
simply treated the solvent as a homogeneous medium with a dielectrical constant. The
development of X-ray diffraction (1920s) and infrared spectroscopy (1930s) techniques
revealed that liquid water does have a structure on the molecular scale, that is altered
by the presence of solute molecules.3  40  38 Around many solutes, among which ions, the
solvent molecules were found to reside preferrably at specific distances from the solute
molecule. These layers of solvent molecules around the solute are called solvation shells,
9
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or hydration shells when the solvent is water. Because the solvation structure and its
dynamical behaviour are of great importance to the reactivity of the solute, there has been
an ever-growing interest in the study of these solvation shells. 3  132  81
A salt is said to be dissolved if its constituent ions reside separately within the solvent.
The solvent structure around the ion is characterized by the pair correlation function
g(r), that gives the (time- and ensemble-averaged) probability of finding a water molecule
(usually either an oxygen or a hydrogen atom is measured) at a distance r from the ion.
For small r, g(r) will be zero because the Van der Waals repulsion prevents the molecules
to come too close to the ion. For greater r, g(r) will go through a series of maxima and
minima, corresponding to subsequent solvation shells. In liquid water, only one or two
such maxima are pronounced.96 The number of molecules in the first solvation shell can
be calculated from g(r), by integrating g(r) from 0 to the first minimum, or by fitting
the first peak. Note that the existence of these shells does not provide much information
on the ion–solvent interaction: even a non-interacting hard sphere in a condensed-phase
solvent will give rise to their formation, since otherwise a cavity would exist within the
solvent. The distance between the shells, and the orientation of the solvent molecules
within the shells will be more strongly dependent on the interactions.
Experimentally, the pair correlation functions g(r) can be obtained by X-ray, neutron
or electron diffraction, or with EXAFS (extended X-ray absorption fine structure). In the
latter technique, the modulation of monochromatic X-ray radiation is measured, resulting from the interference of low-energy electrons that scatter from different atoms in the
sample. The modulation depends on the distance between the atoms. 96
The solvent structure, and so the radial distribution function, are the result of four
structuring forces that act on the conformation of water molecules around ions. 81 First, in
the case of anions, a hydrogen-bond interaction can exist between the ion and first-layer
solvent molecules that is directional. Second, both for anions and cations, the electric field
of the ion tends to align the dipole moment of the solvent molecules; this latter effect may
extend beyond the first shell, although decreasing outward due to the Coulomb potential.
Resulting from the hydrogen-bond interactions between water molecules, two other forces
can be identified. From the ion on outward, the first solvation shell tends to align the water
molecules in the second shell, and so on. Reversely, the bulk liquid will try to impose its
structure on the molecules closer to the ion.
Traditionally, the net structuring effect has been considered in terms of structuremaking and structure-breaking ions. Some ions are considered to promote a more rigid
hydrogen-bond structure around the ion, others would not change it or even weaken it
over relatively large distances. Of the four above-mentioned structurizing interactions,
the interactions that alter the hydrogen-bond structure are the ion–dipole interaction and
the anionic hydrogen bonds. In this thesis, experiments are presented that challenge this
view of structure-making and structure-breaking ions, by showing that there is no marked
change in structural rigidity even around the strongest structure-making ions.
Several new experimental and computational methods have been developed since the
first investigations of the solvation structure. One of the greatest obstacles in these studies
is that one has to separate the response from water molecules in the bulk solvent from
those that participate in the solvation structure.
Nuclear magnetic resonance (NMR) has been used since 1948. 11  48 With NMR, the
‘chemical shift’, the change in magnetic resonance frequency of a nuclear spin, is measured.
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The chemical shift depends very sensitively on the direct environment of the nucleus, and
can be measured with great accuracy. Although NMR has been very valuable, e.g. in
obtaining hydration numbers,48 with respect to hydration there are two disadvantages to
this technique.96 First, the interpretation of the spectra is not straightforward: several
effects contribute to the chemical shift, the separation of which is complicated, especially
for protons. The second disadvantage is that the frequency of the magnetic field is at most
100 MHz, so that the time scale of the phenomena that can be measured with full accuracy
is restricted to nanoseconds. A very precise measurement of the linewidth can partly
compensate for the loss of accuracy, and extend the range to picoseconds. However, this
linewidth must correspond to one specific type of nucleus; the molecules in the solvation
shells that we study do exchange with the bulk solvent hundreds of times within the
measurement of the linewidth, rendering NMR unsuitable for separating the responses
from bulk and shell molecules.
The problem of distinguishing the solvating molecules can be solved by studying clusters existing of one ion and a fixed number of water molecules. In vibrational predissociation experiments,4  6  5  7  20  16  110  128 such clusters are prepared and selected using a mass
spectrometer. The spectrum of frequencies at which one molecule is ‘shattered’ off the
cluster is measured by shining laser light on the clusters and detecting the mass-selected
fragments. Clusters have also been studied in molecular dynamics simulations. 140  102  80  52 It
must be realized that they are not real solutions. The hydrogen bonds and the vibrational
spectra are different and furthermore, in real liquids, many more interactions are present
due to the greater number of molecules.
Another experimental method that circumvents the problem of the strong inhomogeneity of an aqueous system, comprises the use of a probe molecule dissolved in
water.32  55  103 In this type of experiment, information on the dynamics of the solvating
water molecules is inferred from the time-dependent response of the molecule after excitation. For instance, it was observed that the fluorescence of a dye molecule dissolved
in water shows a very rapid redshift with a time constant smaller than 100 femtoseconds,
which indicates that solvating water molecules can show a very rapid reaction. 32  55 A disadvantage of this technique is that it probes the dynamics and structure of the solvating
water molecules rather indirectly.
In the past decade, computer power has increased enormously, and better modeling
potentials for water molecules have been developed, resulting in a large number of molecular dynamics (MD) simulations of aqueous solutions.2  17  22  28  27  26  25  46  54  62  64  102  101  104  114  143
These simulations produce the position variables of all molecules at a discrete series of
time steps, from which easily all relevant structural and dynamical parameters can be calculated. For example, statistics of configurational parameters in solvation structures were
studied;22  28  27  26  25  143 ion-pairing was found to take place, even the pairing of ions with
charges of equal sign.26  54  101  108 Also dynamics is easily accessed: the exchange of water
molecules between the shell and the bulk solvent can be followed in detail; 22  47  108  114 for
monovalent ions these exchanges are found to take place on the order of one to a few
hundreds of picoseconds. However, results from MD simulations should be regarded with
some reservation, since they strongly depend on the potentials chosen: without experimental verification, their value is limited.
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1.2 Hydrogen bonding
Hydrogen bonds play an important role in the solvation interactions. A hydrogen bond is
an attractive directional interaction between a proton-donating D–H group and an acceptor A, denoted D–H  A. With directional it is meant that the bond has a preferred DHA

angle, namely 180 . D and A are usually one of the following electronegative elements: F,
O, Cl, N, Br or I.
The first reportings of interactions that are now called hydrogen bonds, date shortly
after 1900. Weak interactions were identified, e.g. in ammonia salts, and given names like
‘secondary valence’129  29 or ‘weak union’.87  29 The term ‘hydrogen bond’ was first used by
Pauling,99 who later gave it widespread attention by devoting a chapter to it in his book
‘The nature of the chemical bond’.100
Today, the role of the hydrogen bond in chemistry is widely acknowledged. Its importance lies in the association of molecules. Since the interaction is directional, it favors
certain configurations and thus brings some order in liquids, and promotes the formation
of certain crystal structures over others. The interaction energy is in the range of 0.1 to
20 kJ/mole.29 The thermal energy available for each vibrational coordinate at room temperature is 1.2 kJ/mole, so that most hydrogen bonds are easily formed or broken. Recent
research identifies electrostatic and covalent interactions as the main physical interactions
that constitute the hydrogen bond.23
Hydrogen bonds are particularly important in liquid water, which would be a gas at
room temperature when hydrogen bonds would not hold the molecules together. Each
water molecule can participate in up to four hydrogen bonds, with an average of 3.4 at
room temperature.122 The hydrogen bonds form an extensive network throughout the liquid, that is responsible for many remarkable macroscopic properties of water. For example,

water reaches its maximal density at 4 C, instead of at its melting point.
Dissolution of salt in water may lead to several changes with respect to the hydrogenbond interactions. First, the hydrogen-bond structure that exists in liquid water may be
‘mechanically’ changed by the fact that the ions occupy a certain space in the solvent. The
structure may either be enhanced, by promoting the local formation of ice-like structures,
or weakened when the hydrogen bonds are bended or even broken if the size of the solute
does not match the undisturbed hydrogen-bond structure. Second, the interaction of the
ion’s charge with the dipole moment of the water molecules can lead to a restructuring of
the network; the electric field may polarize the hydrogen bonds, especially around cations.
Finally, new hydrogen bonds can be formed between water molecules and anions.

1.3 The O–H stretch vibration
We have already remarked that in the study of aqueous solvation, hydrogen bonds are
extremely important. The ideal probe of hydrogen-bond interactions is the O–H stretch
vibration, since its frequency is directly correlated with the hydrogen-bond length, i.e. the
intermolecular distance.
In figure 1.1, the absorption spectrum of the O–H stretch vibration in liquid water is shown. The symmetric and antisymmetric stretching vibrations in liquid H 2 O are
spectroscopically nearly indistinguishable. To avoid this latter effect, experimental work
has mainly been devoted to dilute solutions of HDO in D 2 O,91  90  137  139 where the O–H
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Figure 1.1. Spectrum of the O–H stretch vibration in liquid water.

and O–D stretching bands are well separated, being centered at 3400 and 2505 cm  1 ,
respectively, while the chemical (hydrogen-bonded) structure remains nearly unchanged.
Experimentally83  84 and theoretically,74 it has been shown that the frequency of the
O–H stretch vibration and the hydrogen-bond length are linearly correlated within a large
regime for water–water and ion–water hydrogen bonds. It appears that a stronger hydrogen bond weakens the covalent O–H bond, and reduces its vibrational frequency.
Due to the variation of hydrogen-bond lengths in liquid water, the spectrum is strongly
inhomogeneously broadened (the term ‘inhomogeneous’ refers to the fact that the broadening results from the different environments that the molecules have in the liquid).
The spectrum can be thought of as the sum of individual absorption bands. The width
of one individual band is called the homogeneous linewidth. Experimentally, inhomogeneous broadening with an exchange between subbands that is faster than the time
resolution of the experiment, cannot be distinguished from homogeneous broadening.
Recent photon-echo experiments estimate the homogeneous linewidth between 60 and
120 cm  1 .*121  120  119  142 Lifetime-broadening alone leads to a homogeneous linewidth of
7 cm  1 .3
Infrared126  125  58  10  118 and Raman57  124  126  127 spectroscopic studies show that the most
significant change of the O–H stretch spectrum is due to the anions. For most halogenic
anions, notably Cl  , Br  and I  , a new component appears on the blue side of the spec* In

this thesis, we will often use the wavenumber unit for frequency
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trum, depending on the nature of the anion and its concentration. Only for the strongest
electronegative ion, F  , an increased absorption at the red side of the spectrum is observed.
It was concluded that in aqueous salt solutions, a new hydrogen bond is formed between
the anion and the water molecule, which we will denote O–H  X  , where X represents
the anion, the solid line connecting O and H a covalent interaction, and the dotted line
denotes the hydrogen bond. For X  = Cl  , Br  or I  , this hydrogen bond is weaker than
the O–H  O hydrogen bond between two water molecules, and its strength decreases
within the halogenic series. The decreasing redshift can be understood from the increasing diameter (decreasing field strength) in the series F  , Cl  , Br  , I  . For the even bigger
perchlorate ion (ClO4 ), the redshift is so small that the anion-bonded O–H absorption is
well separated from the bulk absorption. The spectrum of a solution containing ClO 4 is
shown in figure 8.1.
The spectral changes are too small to allow for an accurate study of the individual
components. ClO4 forms one of the few exceptions. Still, an approximate spectrum of
the individual components can be extracted by subtracting known components from the
full spectrum.10 To isolate the anion contribution, e.g. I  of a solution of NaI in water
(HDO:D2 O), one can subtract the other components in two steps: first, the background
absorption of pure D2 O with NaI must be subtracted. Second, a similarly prepared difference spectrum of a Na -containing salt with a large anion, that does not change the
spectrum, must be subtracted. The absorption component thus obtained contains the absorption by the O–H stretch vibration in O–H  I  hydrogen-bonds, but may not be free
from (inseparable) disturbances of the bulk-water structure by the I  ion. In addition, the
absorption likely is still inhomogeneously broadened, as in pure water, as a result of which
no information on the dynamical behaviour of these hydrogen bonds can be obtained
from the spectrum.
The effect of cations on the absorption spectrum is smaller than that of anions. For
the single-charged, moderately large cations Na and K , almost no effect is observed.
In a solution containing Li or small double-charged ions such as Be2 or Mg2 , the
absorption at the red side of the spectrum increases. In contrast to the anion, cations
cannot participate in hydrogen bond formation; their influence is limited to polarizing
existing hydrogen bonds. The presence of anions and cations makes the absorption band
of the O–H stretch vibration even more inhomogeneous than it already was for pure
liquid water, which makes it even more difficult to obtain sensible information out of the
absorption spectra.
It will be shown in this thesis that non-linear spectroscopy on the O–H stretch vibration of O–H  X  groups is an ideal tool to study the dynamical behaviour of the
molecules in the solvation shells of anions. In real solutions, the dynamics of the solvating
molecules is probed directly and exclusively.

1.4 Outline
In this thesis, the dynamical behaviour of solvation shells is studied using femtosecond
mid-infrared pump–probe spectroscopy. In chapter 2, this experiment is described that
has significant advantages over linear spectroscopy, as well as over the techniques discussed
in 1.1. In chapter 3 and chapter 4, the vibrational relaxation of the O–H stretch mode
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is described, focusing on its dependence on temperature, and on the nature and concentration of the ions, respectively. A critical discussion of recently published related work of
Laenen and Thaller is presented in chapter 5. Experiments on the dynamics of the anionic
hydrogen bond are discussed in chapter 6. The reorientational motions of solvation shells
are studied in chapter 7. The final chapter is devoted to the study of the changes induced
by ions in the bulk-water structure, i.e. the hydrogen-bond structure of water outside the
first solvation shell.

2

Experimental method and setup

In this chapter, the experiment is explained. First, in section 2.2, some basic principles of (nonlinear) spectroscopy are summarized. In section 2.3, we describe the way in which the femtosecond
mid-infrared pulses are generated from a commercial 800 nm laser source, and finally we describe
the pump–probe setup in section 2.4.

2.1 Introduction
In the past, a lot of information on the hydrogen-bond structure of liquid water has been
obtained with spectroscopy of the O–H stretch vibration. However, due to the considerable inhomogeneous broadening, which is even larger in salt solutions, no information on
the hydrogen-bond dynamics can be extracted. To this end, new techniques have been developed that make use of short laser pulses. In the mid-infrared, pulse durations of 200, 34
15041 or even 100 fs141 have become available in the past decade. This opened a whole
new field of research, since on the molecular scale, most dynamical processes in liquids
like water take place within picoseconds.
In most ultrafast spectroscopy experiments, the pump–probe technique is used. In
this technique, the (strong) pump pulse prepares the system in a certain state, e.g. exciting
molecules or inducing some chemical reaction. The probe beam monitors the change of
the system, by being attenuated, amplified, or refracted as a result of the changes in the
sample. Dynamical information can be obtained by delaying the pump and probe beams
with respect to each other. The time resolution is characterized by the cross-correlation
time of the two pulses. If the excitation pulse has a narrow spectrum and the absorption
that is studied is inhomogeneously broadened, only a subset of the molecules is excited,
characterized by their absorption frequency. A ‘hole’ will then appear in the absorption
spectrum, for which reason this technique is referred to as ‘hole-burning’ spectroscopy. In
the context of this thesis, pump–probe spectroscopy is used to study the vibrational excitation of water molecules. The vibrational lifetime T1 , and, by performing polarizationresolved measurements, the orientational-correlation time  or of the water molecules are
measured. In the next section, we will explain these techniques in more detail.
Another spectroscopic technique that can be used to study liquids is photon-echo
spectroscopy. With this technique, in various forms and degrees of complexity, the
homogeneous-dephasing time, vibrational lifetime, rotational-correlation time and
spectral-diffusion time can be measured. The latter time can also be determined with
hole-burning spectroscopy.
In this thesis, we are primarily interested in the intermolecular (hydrogen-bond) dynamics of water molecules in aqueous salt solutions, for which the O–H stretch vibration
is an excellent probe. It is studied using femtosecond mid-infrared pump-probe spectroscopy. Unlike electronic excitations, the energy of this vibration is sufficiently small
16
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that the spontaneous dynamics of the system is not significantly changed.

2.2 Principles of pump–probe saturation spectroscopy
2.2.1 Lambert–Beer Law
If I denotes the intensity of a light beam directed along the x-axis, the absorption during
its passage through a layer of absorbing material is given by the following relation:
dI 

 3Id x 

(2.1)

where is the absorption cross section, 3 the concentration (in moles/m3 ) of the absorbing species. Integrating over the layer of thickness d , and dividing by the initial light
intensity I 0 , the transmittance T is obtained:
T  I  I 0  e 

3d



(2.2)

For convenience, in the remainder of this section we will use a concentration per unit
of surface perpendicular to the incoming light:  3 d . The product  is called the
absorbance  of the absorbing layer. The absorbance is proportional to the concentration
of the absorbing molecule.
In the experiments described in this thesis, the absorbing species is the O–H group
of a water molecule, more specifically an HDO molecule (see section 1.3). Central in
the experiments is the excitation of water molecules using a powerful pump beam, while
monitoring the population of excited molecules by a weak probe beam. The probe beam
measures the absorption of either the 0  1 or the 1  2 vibrational transition, that can
be distinguished by their frequencies (see the Appendix at the end of this chapter). By
varying the time delay between the two laser pulses, the evolution of this population can
be monitored.
When both pump and probe pulses are tuned to the 0  1 transition, the population
of absorbing species, i.e. the water molecules in the vibrational ground state, will decrease
as a result of the interaction with the pump beam. At the same time, the excited molecules
will show stimulated emission. According to the Einstein theory of absorption, stimulated emission occurs from the excited state, with the same probability as absorption. 79
Both decrease of ground-state population and excited-state stimulated emission lead to a
decrease of the absorbance of the sample for the probe beam. This is called ’bleaching’ of
the sample.
Excitation of a fraction f of the molecules will lead to a change in the absorbance at
the 0  1 transition:
ln(I  I 0 ) 

(1

f ) 

f 

(2.3)

where the first term is due to absorption of non-excited molecules, and the second due
to stimulated emission from the excited state. Defining T0  I  I 0 and T  (I  I 0 )  ,
equation (2.3) becomes
ln(T  T0 )  2f  

(2.4)
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Alternatively, the probe beam may be tuned to the frequency of the 1  2 transition. For
anharmonic vibrations, the excited molecule absorbs at a different frequency. In the case
of the O–H stretch vibration of a water molecule, the 1  2 transition is redshifted with
respect to the 0  1 transition. At room temperature, the number of water molecules in
excited states is negligible; the only excited molecules are the ones that were excited by the
pump pulse to the v  1 state. The absorbance at the 1  2 transition becomes different
from zero only after an excited-state population has been created by the pump pulse. There
is no stimulated emission due to the absence of population in v  2. For the excited-state
absorption we find, equivalent to equation (2.4),
f  

ln(T  T0 ) 

(2.5)

 is the absorption cross section for excited-state absorption. It is approximately twice as
large* as the ground state absorption , so that the pump–probe signals are comparable in
size for both situations.
The quantity ln T  T0 is the principal quantity studied in this thesis. It is linearly
proportional to the ground-state population change f induced by the pump pulse.

2.2.2 Vibrational lifetime
The population of excited molecules, n x ! f , will decay exponentially in time. The
exponential decay is simply the result of equal transition probability per unit of time: the
number of molecules that relax between t and t  dt, d n x , is proportional to the number
of excited molecules, n x , which leads to
n x (t)  n x (0) e  t "

T1 #

(t) 

(2.6)

#

where (t) is the Heavyside function, that ensures that the excitation takes place at t  0.
T1 is the lifetime of the excitation. $
If there are n absorbing species, their individual absorption (changes) can be simply
added. For example, equation (2.5), combined with equation (2.6), becomes
ln(T  T0 )(t) 

% n
i& 1

f i i

i

e  t " T1 ' i # (t) 

(2.7)

Sofar, the excitations considered were created instantaneously at t  0. To take
the finite pump-pulse duration into account, we should convolve the excited population
with the pump pulse intensity. However, we also need to take into account the finite
probe-pulse duration, since this is what measures the transmission change in equation
(2.7). Therefore, we must also convolve with the probe-pulse intensity profile. Since
the operation of convolution is distributive, F ( (f  g)  F ( f  F ( g, and associative, F ( (G ( f )  (F ( G) ( f , we should convolve each term in equation (2.7) with
the cross correlation of pump and probe pulses, which can be easily determined experimentally (see section 2.3.5). The cross correlation function is approximately gaussian:
* It can be shown that for harmonic potentials, the transition dipole moment for the 1 ) 2 transition is exactly
twice
* as large as for the 0 ) 1 transition
The symbols T1 and T2 are used for the vibrational lifetime and the dephasing time, respectively. The
1 .
homogeneous linewidth +-, is given by ./+-,10 2T1
T2
1 2
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cc(t) ! exp( t 2  2d 2 ). We may now perform the convolution to obtain the following
function:

ln(T  T0 )(t) 

% n

A i e  t " T1 ' i

(d " T1 ' i )2 " 2 3

i& 1

1  erf 4 5

t

5
2d  d  ( 2T1  i ) 687

(2.8)

The amplitudes A i depend on the concentration and absorption cross section of the
species. The 1  erf ( t  T1 ) ensures that there is no absorption change before the pump
pulse has arrived. There are 2n  1 free variables, the amplitude and lifetime of each component, and the cross correlation time. Equation 2.8 will be used in the main part of this
thesis to describe the pump–probe signals. It is nothing more than a sum of exponentials,
convolved with the gaussian cross correlation.

2.2.3 Background absorption
It should be noted that, by taking the absorption difference in equations (2.4) and (2.5),
any constant background absorption is cancelled. For the samples used in the experiments
covered in this thesis, the high-frequency wing of the O–D stretch vibration forms the
main contribution to the background. In principle, it is not exactly constant since this
vibration can be excited as well, and contribute to the pump–probe signal. The nonlinearity of the measurement strongly reduces this contribution. If the O–D stretch band
is modeled by a gaussian function, with a central frequency of 2500 cm  1 and a width of
170 cm  1 , its absorption should have decreased with a factor of 106 at 3400 cm  1 , the
center of the O–H stretch frequency. Therefore, rather than being a pure O–D stretch
mode, this background absorption probably results from a combination tone of the O–D
stretch mode and some other mode, e.g. a libration. Such a combination mode has a
very low cross section, that can be roughly estimated as follows. In the samples used, the
background absorption is typically an order of magnitude weaker than the O–H stretch
absorption, depending on the proton concentration. However, since the density of O–D
groups is about two orders of magnitude higher than of the O–H groups, the absorption
per molecule (i.e. the cross section) at the excitation frequency is three orders of magnitude
smaller. Since the excited fraction is proportional to , the background contribution to the
pump–probe signal will be three orders of magnitude smaller than the real signal, which
is outside the dynamic range of our experiments.

2.2.4 Polarization
Equations (2.1–2.8) were formulated for unpolarized light. The laser pulses that are used
in the experiments however have a well-defined polarization. The probability to excite an
O–H stretch vibration depends on the angle 9 between the O–H vector and the polarization of the light. Vibrational excitations are dipole transitions, for which the excitation
probability is proportional to cos2 ( 9 ). Therefore, if the pump is directed along the z axis
( 9: 0), the normalized initial distribution of the orientation of an ensemble of excited
O–H groups is given by g( 9 )  3 cos2 ( 9 )  4 ; . The absorption of a probe beam with
polarization vector ( < p , 9 p ) can then be calculated by performing the integration
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g( 9 ) cos2 @ d AB

2.3

(2.9)

where C d ADEC d <FC sin 9 d 9 , and @ is the angle between the probe polarization and the
integration variables 9 and < .  0 is the absorption if the polarization would not matter.
For a probe polarization along (0,0), i.e. parallel to the excitation axis, cos 2 @ simplifies to
cos2 9 . The integral then gives G 3  0  5. When the probe polarization is perpendicular
to the excitation axis, say ( < p , 9 p ) = ( ; /2, ; /2), cos @  sin 9 sin < . In this case, => 0  5.
Rotation-free measurements It now seems logical to do the experiments with equal
pump and probe polarizations, to obtain as large as possible signals. However, it has not yet
been taken into account that the molecules may reorient. The initial cos 2 9 distribution
will evolve to being completely isotropic. This reorientation leads to a faster decay of
T  T0 at parallel polarizations, and a slower decay at perpendicular polarizations.
It is clear that a rotating molecule will disappear out of the ‘angular window’ of the parallel probe, and appear in the perpendicular probe window. If we define  rf >IH HJ 2 LK
(the factor 2 is there because of both perpendicular directions, we measure only one), we
are sure that each molecule always contributes equally to  rf , independent of its orientation. The same is obtained by rotating the polarization of the probe beam such that
the projection
on the parallel and perpendicular axes have the same ratio, i.e. at an angle
5
of arctan 2 M 54  7 deg. This angle is sometimes called the ‘magic angle’, for mysterious
reasons.
Anisotropy measurements Instead of eliminating the rotational effects on the signals
and retain the vibrational relaxation, one can also do the reverse, and construct a parameter
that only reflects the reorientational motion, being independent of vibrational relaxation.
A possible definition for such a parameter, that we will call the anisotropy parameter R , is
R 

1H H/DLK
 HH 

2 K



(2.10)

The denominator in the definition of R is just the rotation-free signal  rf . It can be shown
that R is proportional to the ensemble average of the second Legendre polynomial.

2.3

Pulse Generation

2.3.1 Introduction
The vibrational modes in a water molecule are optically active in the mid-infrared. 49 The
O–H stretch vibration in liquid water absorbs around 3400 cm  1 (3 N m) (figure 1.1).
At these wavelengths, however, there are no laser sources available that deliver short and
powerful pulses. Therefore, frequency-conversion processes in nonlinear crystals such as
LiNbO3 must be used to convert the wavelengths of the available short laser pulses (e.g.
1064 nm for Nd:YAG lasers or 800 nm for Ti:sapphire lasers) into mid-infrared light.
Because this conversion requires a high-intensity source laser, the experiments that could
be performed have been limited by the progress in pulse duration and energy of these
lasers.
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In the 1970’s, Nd:glass lasers were developed,73 producing 6 ps pulses with an energy
of 1 mJ, at a rather low repetition rate (less than 1 Hz). They were followed up by Nd:YAG
lasers, that produced longer pulses, typically 20 ps, at a higher repetition rate, 10 Hz, with
an energy of 40 mJ.63 With the advent of Ti:Sapphire lasers, and after the discovery of
self-modelocking in this material in 1991,116 powerful sub-picosecond laser pulses could
be produced.
The techniques to compress the laser pulses have developed in the past decade. Passage
of the laser puls through optical materials, inevitable in any laser system, induces chirp:
temporal separation of different frequency components. A pair of gratings or prisms can be
used to compensate for linear chirp by letting the different frequency components follow
paths of different length. Alternatively, specially made double-chirped mirrors can be used
to induce a specific chirp on the reflected beam. A modern way to compress laser pulses
comprises the use of a pulse-shaper, that consists of an array of liquid crystal cells, placed
between two gratings. The gratings spectrally disperse the beam, so that different part of
the spectrum pass through different cells. The cells can alter the phase and/or amplitude
of each frequency component by applying a voltage over the cell. In this way, the pulse can
be shaped to any desired form, including the shortest possible pulse. It is usually operated
such that a computer determines the required values of the applied voltages by optimizing
the outcome of some event that depends on the pulse duration, such as second-harmonic
generation.
With these pulse-compression techniques, pulse durations of 4.5 fs can be
achieved.92  142 Recently, for the first time attosecond laser pulses have been detected. 98

2.3.2 Parametric Generation
In this section, we will describe in short the process of parametric generation and amplification of light. For more details, we refer to textbooks such as Refs. 13, 113.
In nonlinear media, the relation between an electric field EO , and the polarization PO it
induces in a medium , is given by
PO  @
@ (2)

(1)

EO  @

(2)

EO 2 

@ (3) EO 3 D

(2.11)

is the second-order susceptibility, and PO (2) (t)  @ (2) EO 2 (t) the second-order polarization. When two optical fields with frequencies P p and P s are present in the medium,
the induced polarization will have a component that oscillates with a new frequency
P i QP p RP s ( P p S P i S P s ). This component of the polarization will generate an
electric field with frequency P i . Thus, energy is transferred from the fields at P p and P s to
the field at P i . The field with frequency P p is called the pump field, those at P s and P i are
called signal and idler fields, respectively. In principle, new fields can be generated at all
combinations of the input fields, but usually at most one combination will be amplified
effectively, determined by the phase-matching condition explained below. In the rest of
this section, when speaking of polarization, the polarization of the light waves is meant, in
contrast to the above induced crystal polarization.
For the conversion to be efficient, the phase-matching condition, kO p  kO s  kO i , or,
equivalently, P p n p TP s n s  P i n i , where n is the refractive index, has to be satisfied.
In media with normal dispersion, the refractive index increases with frequency. In that
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case, n p S n i S n s , so that the phase-matching condition cannot be fulfilled. In a
birefringent crystal, however, the index of refraction, experienced by a light beam, depends
on its polarization with respect to the optical axis of the crystal: light polarized parallel
(extra-ordinary) to the optical axis will experience a different index of refraction than light
polarized perpendicular (ordinary) to it. If the three interacting waves do not all have
the same polarization, it is possible to satisfy the phase-matching condition by changing
the orientation of the optical axis, i.e. by rotating the crystal, which affects the index of
refraction differently for different polarizations. Instead of rotating the crystal, one can
also change pressure or temperature to change the index of refraction.
The second-order susceptibility in equation (2.11) is actually a tensor, relating all components of the input fields to the induced polarization in the medium. To assure effective
conversion, the configuration of the three polarizations are chosen such that the appropriate component of this tensor is as large as possible.
In our setup, parametric generation and amplification is used, first in the TOPAS
(section 2.3.4), generating signal and idler beams from an 800 nm pump beam (amplified
quantum noise), and secondly in generating an idler wavelength of 3 N m out of a pump
beam of 800 nm and signal beam of 1100 nm (parametric amplification, section 2.3.5).
The following coupled equations hold for the amplitudes A of the signal, idler and pump
waves:
dA s
!
dz
dA i
!
dz
dA p
!
dz

P s

ns
P i

ni

A pA i 

(2.12)

A pA s 

(2.13)

P p

np

A sA i 

(2.14)

where n s  n i  n p denote the indices of refraction for the polarization of the signal, idler and
pump beams, respectively, and z denotes the distance that has been travelled through the
medium. As the conversion efficiency for these processes is usually less than 10 % (in our
case, typically 2 %), we can neglect the change in A p due to energy transfer to the signal
and idler waves. From equations (2.13) and (2.12) it can be seen that, in order to generate
a signal (idler) field, no signal (idler) input field is needed: it is generated from the idler
(signal) and pump fields. It is even possible to generate the two fields by one pump field
alone: in this case, quantum fluctuations in the medium act as input signal or idler field.
This is called superfluorescence.

2.3.3 800 nm
The laser setup used for the experiments in this thesis consists of a Millennia pump laser,
a Tsunami Ti:sapphire oscillator, and a Quantronix Titan regenerative amplifier (RGA) /
multipass laser system.
The oscillator is pumped by 5 W continuous light at 532 nm. Self-modelocking in
the Ti:sapphire crystal ensures that a short pulse of 800 nm light, rather than a continuous
beam, oscillates in the laser cavity. At each roundtrip, at a frequency of 80 MHz, part of
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the pulse leaves the cavity. The pulse duration is below 100 fs, and the energy per pulse
is about 10 nJ. Unfortunately, this energy does not suffice for the subsequent conversion
steps into mid-infrared frequencies.
To amplify the pulses, they are first stretched to approximately 100 ns, by passing
the pulses over a grating, inducing a linear chirp. The stretched pulses are coupled into
the RGA, in which a Ti:sapphire crystal is pumped by approximately 3 W of 527 nm
light from a Nd:YLF laser. This laser delivers pulses of a few hundred nanoseconds at
1 kHz, synchronized with the oscillator output. One in 80.000 pulses from the oscillator
is selected to be amplified in the RGA. Without having been stretched, the pulse intensity
would be too high and would damage the Ti:sapphire crystal. The amplified pulse, with
an energy of approximately 500 N J, is further amplified during two passes through another
Ti:sapphire crystal, that is pumped with 13 W from the same Nd:YLF laser that pumps the
RGA. The pulse energy is now 4 mJ. Finally, the pulses are compressed to some 100 fs. The
compressor has a transmittance of approximately 70%, so that a pulse energy of almost
3 mJ is left for conversion into mid-infrared light.

2.3.4 TOPAS

Figure 2.1. Schematic picture of the TOPAS. The broad grey lines denote 800 nm pump light,
thinner black lines are used for the signal and idler beams. The broader the line, the more intense
is the light. Abbreviations: M1-M11: dielectric mirrors, except M3,M7,M8: broadband metallic
mirrors; BS1,BS2: beam splitters; G: glass plate; TD1,TD2: birefringent plates, used to induce a
time delay between signal and idler beams; BBO: U -barium borate, nonlinear crystal.

The first conversion step takes place in the TOPAS (Travelling wave Optical Parametric Amplifier of Superfluorescence), an optical parametric generation and amplification
device (OPG/OPA). It is capable of generating mid-infrared light from a 800 nm pump
beam. It is based on V -barium borate (BBO). BBO is used because of its high damage
threshold, which is necessary because the 800 nm light has to be focused in the crystal
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quite strongly. BBO absorbs at wavelengths S 2.6 N m, which limits the tunability range
from M 1.1 to M 2.6 N m. Conversion is most efficient at degeneracy, when signal and idler
have the same wavelength (1600 nm).
In our setup, we make use of two TOPASes of different generations. The older one is
used for the probe branch, and is described below. The newer one operates more stably
and is used for generation of the pump beam. The differences between the two versions
will be pointed out.
A schematic picture of the probe-TOPAS is shown in figure 2.1. Inside the TOPAS,
the pump beam is split in three parts, each part passing the crystal at a different moment.
In the first pass (M1–M3), broadband mid-infrared signal and idler beams are created
from amplification of quantum noise (superfluorescence). In order to be efficient, the first
pass 800 nm beam has to be very intense, and is therefore down-telescoped fairly strongly.
The signal is redirected toward the crystal, to arrive simultaneously with the second-pass
pump beam. Signal and idler have different polarizations, so the idler can be separated in
time from the signal by passing them through a birefringent plate. This is done to prevent
both the loss of conversion efficiency due to re-conversion into 800 nm, and the start
of an additional amplification processes from the idler pulse, resulting in double-pulse
structures. In the third and final pass, the main part (95 %) of the pump intensity is used
for amplification of the pre-amplified signal pulse. The frequencies of signal and idler are
tuned by rotating the BBO crystal.
The newer pump TOPAS differs from the probe TOPAS in two aspects. First, the
first pass is replaced by three passes. Second, the mirror M3 is replaced by a movable
grating, that is rotated so that a higher order reflection of the signal generated in the first
three passes is redirected toward the crystal. In this way the separation between signal and
idler pulses is accomplished without the use of an extra dispersive element, that results in
elongation of the pulses.
In our setup, 0.8 and 0.3 W of the 800 nm light is used to pump the pump and the
probe TOPAS, respectively. To generate 3000 nm from 800 nm light, 1100 nm light
from the TOPAS is needed as a seed pulse. Since 1100 nm is on the edge of the range,
we tuned the TOPAS to generate 2200 nm light instead, that is efficiently converted into
1100 nm light, by second harmonic generation in another BBO crystal. The total energy
of signal and idler pulses (1270 nm and 2200 nm) produced by the probe TOPAS was
approximately 120 N J. The 1100 nm light had an energy of 10 N J per pulse.
The TOPASes are based on the generation of superfluorescence. Today, newly built
devices usually start from white-light generation. In this way, the generated mid-infrared
pulses can be more stable and possibly shorter.141 It may improve the setup to replace the
TOPASes by seed-generating setups that use white-light generation.

2.3.5 Mid-infrared pulse generation
To generate mid-infrared light around 3 N m, the 1100 nm seed and 800 nm pump pulses
are collinearly directed through a KTP crystal. The conversion is most efficient for high
pump intensity. Therefore, a telescope is used to make a collimated pump beam, as narrow
as possible without damaging the crystal. To improve the beam profile of the seed pulse,
sometimes a spatial filter is used, that consists of a 50 or 100 N m pinhole in the focus of a
+50/+100 mm telescope.
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Figure 2.2. Schematic picture of the pulse generation scheme. The pump and probe pulses are
independently produced following this scheme to enable the independent tuning of their frequencies. Each branch has a TOPAS, an optical parametric generation and amplification stage based on
a BBO crystal, that is used to generate 1250 nm (signal) and 2200 nm (idler) light. The idler is
frequency-doubled in BBO, obtaining an 1100 nm pulse that is used as a seed pulse in the final
conversion step, where a fresh part of the 800 nm light is converted into 1100 nm and 3000 nm
light using a 5 mm KTP crystal. The indicated intensities of 800 nm light are for the pump pulse;
for the probe pulse, less intensity is used: 0.3 ] J for the TOPAS, and 0.15 ] J for pumping the KTP
crystal.

By tuning the seed pulses and adjusting the phase-match angle of the KTP crystal,
the pulses can be tuned from 2600 to 3500 nm ( M 2900–3800 cm  1 ). The pump (probe)
pulses have a typical energy of 20 (1) N J and a bandwidth of 80 (60) cm  1 . The broader
pump spectrum is probably due to saturation at the center frequency in generating the
pump pulse. The cross-correlation trace typically has a width of 300 fs, which is measured
either by second harmonic generation in a LiIO3 crystal, or two-photon absorption in
a semi-conductor such as germanium, as a function of delay between pump and probe
pulses. Mathematically, the crosscorrelation of two light beams is the convolution over
the time coordinate of their intensities. Measuring the crosscorrelation can easily be done
using the pump-probe setup, described in section 2.4.1.
The spectral widths of the pump and probe pulses can be reduced to M 40 cm  1 by
using two KTP crystals to generate the mid-infrared light instead of one; this was done in
chapter 4 to gain pulse-to-pulse stability, and in chapter 5 to narrow the bandwidth. By
doing so, the pulses are elongated to 450 fs.

2.4 Pump–probe measurements
2.4.1

Pump–probe setup

The principles of pump–probe saturation spectroscopy have been explained in section
2.2. To perform this type of measurement, one needs a powerful pump beam to excite
molecules to an excited state, and a weaker probe beam to measure the induced transmission change. It is required that the probe beam can be delayed with respect to the pump
beam, and that its polarization can be changed. The measured quantity is T  T0 , where
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Figure 2.3. Typical spectra of the pump and probe pulses used in the experiments. The probe
spectra are narrower because 2 KTP crystals are used instead of one.
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Figure 2.4. Typical cross-correlation trace of the pump and probe pulses used in the experiments (1
KTP crystal). The traces are obtained by two-photon absorption in the semiconductor Ge.

T  I   I ref is the normalized intensity of transmitted probe light in the presence of the
pump; T0  I  I ref is the same quantity in absence of the pump. To perform polarizationresolved measurements, the transmitted probe light is detected at different polarizations
using polarizers.
The pump–probe setup is depicted in figure 2.5. In the pump beam, a chopper chops
at 500 Hz, blocking every other pump pulse. The beam is focused in the sample using a
+150 mm CaF2 lens. The probe beam is delayed with respect to the pump beam using
a delay stage, that can be set with an accuracy of 1 N m, i.e. with a temporal resolution
of 1.5 fs. The reflection of a CaF2 wedged window is used to measure the reference
intensity. Since the pulse-to-pulse stability, in particular of the probe pulses, is not always
satisfactory, it is necessary to compensate for these intensity fluctuations. For the pump
pulses this is not so easily done. The best option would be to measure the pump intensity,
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Figure 2.5. Schematic picture of the pump–probe setup. Here, the probe beam is detected parallel
as well as perpendicular to the pump pulse. When only rotation-free measurements are required,
one signal detector without a polarizer is used.

and only count the data point if the pump intensity falls within some specified range; this
is not done in our measurements. Fortunately, the stability of the pump pulses is quite
good, owing to the more stable pump-TOPAS (section 2.3.4). The intensity fluctuations
of the pump pulses are typically within a few percent. A zero-order half-wave plate is
used to rotate the polarization of the probe beam over 54.7 degrees (the ‘magic angle’), in
case the rotation-free signal is detected, or over 45 degrees if the anisotropy is measured
(section 2.2.4).
The probe beam is focused in the sample using a +100 mm CaF 2 lens. The focal
length of the lens used to focus the probe is shorter than that of the pump, to make sure
the probe has a smaller focus; in this way, the pump intensity is (almost) constant over the
probe focus. This is necessary for the following reason: the desired quantity is ln(T  T0 )
averaged over the focal region, i.e. b ln(Ti  T0  i ), while the actual quantity we determine
is ln( b Ti  T0  i ). These two quantities are the same only if the Ti and T0  i do not depend
on i , i.e. on variations within the focus.
The measurements take place in a fully automated way, thanks to the computer program Irismeet $ . It records the transmission changes T and T0 at a rate of 500 Hz, and
provides averages of ln(T  T0 ) over a specified time interval. A detailed description of the
data acquisition can be found in Refs. 89, 90.
Cross-phase modulation artefact Care must be taken that no ‘artefacts’ in the measurements are mistakenly interpreted as ‘signals’. One such artefact is due to cross-phase
*

The program was written by Han-Kwang Nienhuys, and was later further developed by Frederik van den
Broek to incorporate new detection techniques, not covered in this thesis
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modulation: the index of refraction can change due to the powerful pump field. This
results in a change of the spectrum of the probe pulse, and consequently a changed transmission during the time the pump pulse is present, if the absorption is not constant with
frequency. Typically, a ‘swing’ is seen around delay zero. In the experiments covered in
this thesis, such signals are sometimes observed, but with a much lower amplitude than
the real saturation signals. Furthermore, in the interpretation, we only consider the data
at delays much larger than the cross correlation time of the pulses, so that the effect is not
of great importance here.
Coherent artefact Another measurement artefact that should be taken care of, is the
‘coherent artefact’, that shows up in pump–probe delay scans as a sharp peak around delay
zero if the pump and probe frequencies are the same. Physically, interference of the pump
and probe pulses in the sample leads to the formation of a grating that can scatter pump
light in the direction of the probe. It can be shown33  133 that at delay zero this coherentcoupling peak should have the same amplitude as the pump–probe signal. In this thesis,
most measurements have been performed with different frequencies for the pump and
probe beams, in which case no coherent coupling occurs. Moreover, because of the large
bandwidths of the transitions studied, this effect will only be important when the pump
and probe pulses overlap in time.
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2.5 Appendix: Potentials and energy levels
2.5.1 The harmonic oscillator
The harmonic oscillator provides the simplest approximation of any system that is in a
state near its potential minimum, and in many cases suffices to describe the main characteristics. The existence of equilibrium implies that the derivative of the potential to
any coordinate R is zero, so that the first non-zero term in a Taylor expansion will be the
quadratic term. The harmonic potential can thus be written as
k
(2.15)
(r r 0 )2 
2
where r 0 is the equilibrium value of the (generalized) position coordinate.
With this potential, the eigenvalues of the Schrödinger equation become the wellknown
Vharm (r) 

1 
(2.16)
)
2
Transitions between two levels involve a change in energy of h̄ P . This energy can also be
expressed as h̄ c k  m r , where m r is the reduced mass of the oscillator. Thus, similar to the
classical harmonic oscillator, the oscillation frequency, and the transition frequency, are
proportional to the inverse of the square root of the reduced mass.
The discrete energy levels are a quantum mechanical effect, and so are the selection
rules. For a dipole transition, the probability (per unit of time) to go from one state d 1 to
another d 2 is given by
E n  h̄ P (n 

P !fehg d

2 e x e d 1 ie

2

(2.17)

‘Forbidden’ transitions are those for which the above integral is equal to zero. For the
harmonic oscillator, it turns out that only transitions for which n 2  n 1 j 1 are ‘allowed’.
It is readily understood that the harmonic oscillator cannot provide a complete description of intermolecular motion. For example, it cannot be symmetric: the two molecules
will experience a strong repulsion when they approach each other; on the other side, since
dissociation is possible, the potential energy must go to zero at large distances. Several
other potentials are used to more accurately describe intermolecular dynamics. One of
these is the Lennard-Jones potential, VLJ (r)  C k 21 ( rr0 )12 ( rr0 )6 l , that we will not discuss
here; another is the Morse potential.

2.5.2 The Morse potential
The Morse potential is an empirical anharmonic potential that in many cases quite accurately describes reality. It is given by
VM (r)  De m 1

e

a(r r 0 ) n



2



(2.18)

where De is the dissociation energy, not present in the harmonic potential. The constant
a  (m r  2De )1 " 2 ; it is specific to the system. The Morse potential is plotted in figure 2.6.
The energy levels can be approximated by
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Figure 2.6. The Morse potential function and its energy levels.
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2
x e is called the anharmonicity constant, and is usually of order 0.01. The spacing between
energy levels can be calculated from equation 2.19:
E n  h̄ P (n 

En

1

E n  h̄ Ppo 1

2x e (n  1)q 

(2.20)

Thus, the anharmonicity leads to a decrease of the spacing between subsequent energy levels, which enables one to distinguish spectroscopically between the different transitions.
Without anharmonicity, non-linear spectroscopy would be impossible, since excitation
would not lead to a different transmission of the sample. The anharmonicity also enables transitions other than between adjacent levels, though still with small probabilities
(P( r n) ! x es n ).
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Vibrational energy relaxation in aqueous
solvation shells

Femtosecond two-color pump–probe spectroscopic measurements are described, in which the vibrational lifetime of the O–H stretch vibration in solutions of KF, NaCl, NaBr and NaI in HDO:D 2 O
is measured. The pump–probe signal decays in a bi-exponential manner. The fast-decaying component is similar to the decay of pure HDO:D2 O, which has a lifetime of 740 fs. The slow component
(roughly 2 to 5 times as slow as the fast component) is due to O–H groups that are hydrogen bonded
to the dissolved anions. The time constant of this slow component depends on the nature of the
anions and decreases with temperature, in contrast with the temperature dependence of the O–H
stretch lifetime in pure HDO:D2 O.

3.1 Introduction
Chemical reactions can be catalyzed by vibrational energy. For example, the potential
energy barrier for the dissociation of water was found to decrease strongly when the O–H
stretch mode is in an excited state.8 The lowering of the energy barrier is such that the
most efficient pathway for autodissociation probably involves the excitation (by thermal
energy) of the water molecule to the second excited state, instead of directly breaking the
O–H bond.
Vibrational relaxation is the result of anharmonic coupling between the excited vibration and the accepting modes. If a vibrationally excited molecule relaxes, the energy must
go somewhere. In macroscopic situations, the energy then ‘converts into heat’, but since
the vibration is on the molecular scale, both in space and time, this ‘heat’ must be considered explicitly as the occupation of excited states of a specific collection of lower-energy
modes. For molecules in the gas phase, the accepting modes are in many cases exactly
known, as well as the potentials that describe the coupling to these modes. For solid-state
materials, in particular for crystals, often a discrete set of accepting modes (phonons) can
be identified, so that these are also reasonably accessible for theory. 93  15 For liquids the situation is different. Vibrational energy relaxation of molecules in liquids is one of the fields
in which theory is behind experiment. It is not yet possible to obtain vibrational lifetimes
within 1 or 2 orders of magnitude from first principles.
Theories of vibrational relaxation often start from Fermi’s ‘Golden Rule’. To calculate
transition rates, it is necessary to use (anharmonic) potentials that sufficiently well describe
the system. These potentials must include the coupling to all bath modes, and one must
integrate over all the modes that match the energy of the original excitation. Except
for a few simple systems, neither the correct potentials are available, nor can all possible
accepting modes be taken into account. The usual way to proceed is to select a few
accepting modes that are treated quantum mechanically, and to deal with the remaining
‘bath’ modes in a more indirect way, for example by assuming a continuous density of
31
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states of low-frequency bath modes.59  86  117 The bath modes are required to match the
initial and final energies of the system.
An interesting way to obtain information on the local environment is to change it and
observe the effect on the vibrational lifetime. For example, changing the pressure in the
liquid reduces the freedom of translational motion. With temperature, the occupation
of accepting modes and equilibrium bond lengths change. The direct environment can
be changed by substituting one molecule for another. In many cases, the effect of such
changes on the vibrational lifetime reveals the specific interactions that lead to the vibrational relaxation. Vibrational lifetimes in the liquid state have been measured for a variety
of systems, including liquid water137  41  42  43  91  24  70  77 and ethanol.69  77  136
In this and the next chapter, we will present measurements on the vibrational lifetime
of the O–H stretch vibration of anion-bonded water molecules. First, we will focus on the
temperature dependence of the vibrational lifetime. In chapter 4, the anion and cation
content is varied. Although a full theoretical description is not yet possible, certain trends
are observed and modeled. Hopefully, the work that is presented here will stimulate future
theoretical developments.

3.2

Experiment

The experiments described in this chapter are two-color mid-infrared pump-probe experiments on the O–H stretch vibration in solutions consisting of 3 M or 6 M of salt
(KF, NaCl, NaBr and NaI) and less than 1 M of HDO in D2 O. KF is used instead of
NaF because the solubility of the latter salt is too low, approximately 1 M. The sample
was a 200 N m thick layer of liquid kept between CaF2 windows, which was continuously
rotated to avoid accumulation of heat. The temperature of the body of the rotating de
vice was kept constant (within 2 C) at a certain specified temperature. The temperature
in the sample was measured with a thermocouple placed between two windows that are
identical to those used in the experiments. This should provide a realistic estimation of
the temperature within the sample; the absence of water in this measurement hardly alters the measured temperature since the heat conduction takes place mainly through the
windows.89
In the experiment, the pump pulse excites the O–H stretch vibration of the molecules.
The probe pulse measures the induced transmission change (T /T0 ) at the 1  2 transition.

The polarization of the probe pulse was set at the magic angle (54.7 ) with respect to the
pump polarization, so that the measured signals are not affected by the reorientational
motion of the excited molecules. The spectral widths of the pump and probe pulses
were approximately 80 and 60 cm  1 , respectively. Details about the experiment and the
experimental setup can be found in chapter 2.

3.3

Results

In figure 3.1, infrared spectra of the O–H stretching band of protonated heavy water
(HDO:D2 O), and of different salt solutions (KF, NaCl, NaBr, NaI) in HDO:D 2 O are
shown. The O–H stretching band of the HDO:D2 O solution is centred at 3410 cm  1 ;
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Figure 3.1. The O–H stretch absorption spectrum of solutions of 6 M of NaI, NaBr, NaCl and KF,
respectively, and less than 1 M of HDO, dissolved in D2 O. Also shown is a solution containing no
salt. The D2 O background is subtracted.

upon dissolution of salt this band shifts to the blue (NaCl, NaBr and NaI), or to the red
(KF).
In the experiments on KF, NaCl, NaBr and NaI, the pump frequency was tuned to the
approximate center of the 0  1 transition (3450 cm  1 ), and the probe frequency to the
1  2 transition (3200 cm  1 ). At these particular pump and probe frequencies, the measured signals are quite insensitive to spectral diffusion of the O–H stretch vibration. 134  24
In chapter 6, it will be seen that the spectral diffusion of the anion-bonded O–H groups
is slow and only becomes observable when the pump frequency is in the wings of the
absorption band and when the probe is tuned through the 0  1 absorption spectrum. If
the probe is resonant with the 1  2 absorption, spectral diffusion effects are not observed,
probably because the spectral diffusion is slow, and because each particular probed 1  2
frequency corresponds to a broad distribution of 0  1 frequencies. We observed that
changing the pump and probe frequencies within a range of 100 cm  1 did not change the
results. The measured dynamics thus directly represent the vibrational relaxation of the
O–H stretch vibration.
In figure 3.2, pump-probe measurements of 6 M solutions of KF, NaCl, NaBr and
NaI are shown. Clearly, for the solutions of NaCl, NaBr and NaI, the signals decay nonexponentially, showing a fast and a slow component. The pump-probe signal can be
modeled well with a sum of two exponential functions, convolved with the crosscorrelation
trace (equation 2.8, with i  2); the fits using these functions are shown in the figure. The
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Figure 3.2. Room temperature isotropic pump-probe scans of 6 M solutions of KF, NaCl, NaBr,
and NaI, and bi-exponential fits described in the text. The pump frequency was 3450 cm t 1 , the
probe frequency was 3200 cm t 1 . For a solution of KF, the decay is almost identical to that of pure
HDO:D2 O.

fast component decays with a time constant of approximately 740 fs that has been observed
before for pure, i.e. containing no ions, HDO:D2 O 138 ; the slow component decays much
slower (e.g. 2.6 ps for NaCl). The time constant of the fast component is the same for
all solutions. The time constant of the slow component depends on the dissolved salt,
and increases within the halogenic series. The relative amplitude of the slow component
scales with the salt concentration. Interestingly, for the solution containing KF, no slow
component is observed; the signal decays with a time constant similar to that in pure
water.
In figure 3.3, the absorption change is plotted as a function of time delay for a 3 M

solution of NaCl at several temperatures between room temperature and 106 C. In figure 3.4, the anion-bound O–H stretch lifetimes of Cl  , Br  and I  are shown as a function of temperature. We observe that the vibrational lifetime decreases with temperature.

3.4 Discussion
A few conclusions can be drawn from the data presented in figures 3.2–3.4. First, the
slow component in the vibrational relaxation depends on the anion species (figures 3.2
and 3.4). Second, the slow component becomes faster when the temperature is increased
(figures 3.3 and 3.4).
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Figure 3.3. Isotropic pump-probe scans of a solution of 3 M NaCl in HDO:D2 O at different temperatures, and bi-exponential fits described in the text. The pump frequency was tuned
to 3475 cm t 1 , the probe to 3200 cm t 1 . The decay time constant (obtained by fitting to a biexponential function) decreases from 2.2 ps at room temperature to 1.5 ps at 106 u C.

For a solution of pure HDO:D2 O, it was found that the hydrogen bond plays an important role in the relaxation of the O–H stretch vibration.138  91 The excited O–H stretch
relaxes via excitation of the hydrogen bond or by transferring its energy to a combination
tone of the hydrogen-bond vibration and the bending vibration. 24 For the salt solutions
studied here, the vibrational lifetime is found to depend on the nature of the anion, which
indicates that again the hydrogen bond, in this case to the anion, plays a substantial role
in the relaxation of the anion-bonded O–H groups.
There exists a strong correlation between the frequency of the O–H stretch vibration
and the vibrational lifetime: the O–H stretch lifetime has been found experimentally to
increase with frequency.85 The relation between the frequency and lifetime of the O–H
stretch vibration has also been studied theoretically.93  117  108 The existing theories do not
provide a quantitative description of the vibrational relaxation of aqueous systems, but
they may be used in the present context to elucidate the trends we observe in our data.
In the analytical theory developed by Staib and Hynes,117 vibrational relaxation in
an isolated O–H  O system is described with Fermi’s ‘golden rule’, using LippincottSchroeder potentials (see 2.5) for the covalent bond and for the hydrogen bond. The
coupling between the hydrogen bond and the O–H stretch vibration is described adiabatically, with a non-adiabatic coupling term giving rise to vibrational relaxation. This nonadiabatic coupling is smaller for longer and weaker hydrogen bonds, resulting in longer
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Figure 3.4. The O–H stretch vibrational lifetime of anion-bound water molecules as a function of
temperature for 3 M solutions of Cl t , Br t , and I t in liquid water. The lifetimes are obtained by
fitting the data to a bi-exponential function. The uncertainty is approximately 0.1 ps.

O–H stretch lifetimes. The linear spectra in figure 3.1 show that the O–H stretch frequency increases going from a KF solution to pure water to solutions containing Na and
Cl  , Br  or I  , which indicates that the hydrogen-bond interaction decreases in that order. Hence, the observed increase of T1 in the series F  , Cl  , Br  , I  can be explained
qualitatively from a decrease of the anharmonic interaction between the O–H stretch and
the O–H  X  hydrogen bond.
An additional effect is the increase in the reduced mass of the hydrogen bond in the
series F  , Cl  , Br  , I  . In the theory of Staib and Hynes, the non-adiabatic coupling
responsible for the energy transfer is inversely proportional to the reduced mass. Thus,
the increase of T1 in the series F  , Cl  , Br  , I  can be explained from a decreased anharmonic coupling due to a weakening of the hydrogen bond, and from the reduced mass of
the hydrogen-bond oscillator. For O–H  F  , both the O–H stretch frequency and the
reduced mass of the hydrogen bond are similar to that of the O–H  O system, which
explains why the T1 of O–H  F  is observed to be similar to that of HDO:D2 O.
For the temperature dependence of the relaxation rate of the O–H stretch vibration
in hydrogen-bonded systems, two counteracting effects are important. First, the hydrogen bond becomes longer and weaker (as indicated by the blue shift of the O–H stretch
frequency) when the temperature increases, which leads to an increase of the vibrational
lifetime.117 Second, increasing the temperature leads to a higher average occupation number of the accepting modes. The relaxation rate is, applying Fermi’s ‘golden rule’, propor-
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tional to ehg f e H c e i ie 2 , where i  f denote the initial and final states of the system, and H c
denotes the coupling terms in the Hamiltonian. For a single accepting harmonic oscillator with vibrational coordinate x that takes k quanta in the relaxation process, the matrix
element g n e x k e n  k i increases with n, because the wavefunctions for higher n are more
spatially extended.14 If the frequency of the accepting mode is smaller than, or on the order
of kT , as is the case for the hydrogen-bond mode, n will show a significant temperature
dependence. In this case, a temperature increase leads to a decrease of the vibrational
lifetime.
Previous work on liquid water (i.e. HDO:D2 O)138 showed that the O–H stretch lifetime in pure water increases with temperature. Apparently, for liquid water, the effect
of the weakening of the hydrogen-bond interaction with temperature is dominant in the
temperature dependence of the relaxation rate. In Ref. 138, the O–H stretch frequency (as
a measure for the hydrogen-bond strength) as a function of temperature was used in combination with the theoretical dependence of the vibrational lifetime on the O–H stretch
frequency by Staib and Hynes.117 By using only the frequency shift of the O–H stretch with
temperature, the data could be quite well described over the whole temperature range (30
to 363 K). However, a close observation of the data of Ref. 138 shows that the measured
increase of the lifetime with temperature is somewhat less steep than the theory predicts
based on the frequency shift alone. This difference may be attributed to the neglect of the
change of accepting-mode occupation numbers with temperature.
For the O–H  X  (X  = Cl  , Br  , I  ) hydrogen-bonded systems, we observe that
the lifetime decreases with temperature. In order to understand this opposite temperature
dependence of the lifetime, we compared the temperature dependence of the O–H stretch
absorption spectrum of the O–H  O oscillators measured for HDO:D 2 O (without the
D2 O background) with that of the O–H  I  oscillators measured for a solution containing 6 M NaI. The latter spectrum is a difference spectrum of a solution of 6 M NaI,
1 M HDO and D2 O, and D2 O containing 6 M of NaI and pure D2 O, from which the
difference spectrum of HDO in D2 O and pure D2 O was subtracted. A small residual
broadening due to bulk-water disturbance, or due to cation solvation may still be present.
The spectra are shown in figure 3.5. For the O–H  O oscillators of pure water, the O–H
band shows a strong blueshift of about 50 cm  1 when the temperature is increased from

room temperature to 93 C. In contrast, the O–H stretch band of O–H  I  oscillators
shifts by only 10 cm  1 in this temperature range. Hence, the lifetime-increasing effect of
the O–H stretch frequency shift is much weaker for the salt solution, so that the dominant effect in the temperature dependence of the O–H stretch lifetime is now formed by
an increased occupation number of the accepting hydrogen-bond mode, which leads to a
decrease of the lifetime.

3.5

Conclusions

In this chapter, we have presented femtosecond mid-infrared pump-probe spectroscopy
on the O–H stretch vibration of water molecules in aqueous salt solutions. The transients
decay in a bi-exponential manner, with a fast component that originates from O–H  O
groups (all O–H groups that are hydrogen bonded to another water molecule), and a slow
component due to O–H  X  groups (i.e. O–H groups that are hydrogen bonded to Cl  ,
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Br  or I  ). For F  , no slow component was observed. The increase in vibrational lifetime
of the O–H  X  group (X  = F  , Cl  , Br  or I  ) results from the decreased hydrogenbond interaction, and from the decreased frequency of the hydrogen-bond mode.
We observe that the O–H  X  lifetime becomes shorter when the temperature is
raised. This behaviour is expected on theoretical grounds, and is observed for most molecular vibrations, except for the O–H stretch in bulk water, for which the vibrational lifetime increases with temperature. This opposite behaviour can be explained from the much
stronger temperature dependence of the hydrogen-bond interaction for bulk water than
for water in an ionic solvation shell.
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Figure 3.5. Spectra of the O–H stretch vibration of HDO:D2 O (The D2 O background was subtracted, panel A) and of a solution of 6 M NaI in HDO:D2 O (background D2 O and bulk O–H
band were subtracted, panel B) at three temperatures. For HDO:D2 O the band shifts to the blue by
about 50 cm t 1 , the O–H vwvxv I t band shifts only by approximately 10 cm t 1 .
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Concentration and cation dependence
of the vibrational relaxation of anionic
solvation shells

Femtosecond two-colour pump-probe spectroscopy is used to study the dependence of the vibrational relaxation on the nature of the anion and the cation, and their concentration. The vibrational
lifetime of the anion-solvating molecules has been determined for a series of salts consisting of the
anions Cl t , Br t and I t , and the cations Li y , Na y and Mg2 y , for a range of concentrations from
0.5 M up to 6 M (chloride salts), 9 M (bromide salts), and 10 M (iodide salts). A quantum mechanical model is presented that describes the observed dependencies. In addition to the previously found
strong dependence on the nature of the anion, the lifetime is found to show a small but significant
dependence on the nature of the cation and a strong concentration-dependence.

4.1 Introduction
In the previous chapter, the vibrational relaxation of water molecules in aqueous salt solutions was observed to differ drastically from that of pure liquid water. The O–H stretch
lifetime was found to be much longer for the anion-bound molecules: after vibrational
excitation, the bulk and cation-bonded water molecules relax in about 0.8 picoseconds,
whereas the water molecules in the anion shell remain excited 3 to 6 times as long.
Notwithstanding the dominant influence of the anions, it can be expected that at high
concentrations the cations should also affect the vibrational relaxation: at concentrations
above approximately 6 M, almost all water molecules are involved in solvating ions, and
ions are sharing water molecules in their first solvation shells. 27 Between 1 and 6 M, the
salt concentration becomes an important parameter because in this regime, the local environment of the anion changes drastically.
In the present chapter, the effect of the cation on the vibrational relaxation of the
anion-bonded O–H stretch vibration is studied. It is observed that the cations do change
the vibrational lifetime of water molecules in the solvation shell of the anion, albeit to a
lesser extent than do the anions. The experiments and modeling presented in this paper
aim to understand the influence of anions and cations on the O–H stretch vibrational
lifetime of water molecules in anionic solvation shells.

4.2 Experiment
We performed two-color mid-infrared pump-probe experiments on the O–H stretch vibration in several salt solutions. The salt solutions were LiCl, NaCl, MgCl 2 , LiBr, NaBr,
MgBr2 , LiI, NaI, or MgI2 , dissolved in D2 O and less than 1 M of HDO. The salts were
40
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studied at the following anion concentrations: 0.5, 1, 2, 3, 4, 6 and 9 M (bromide salts),
10 M (iodide salts). Below 0.5 M, the concentration was too low to allow for an accurate
determination of the vibrational lifetime. The maximum concentrations are limited by the
solubilities in each series of three salts of the same anion. The samples were kept between
two CaF2 windows, separated by a 200 N m teflon spacer. The transmission of the samples
at the approximate center of the O–H stretch absorption band (3450 cm  1 ) is generally
between 5 and 20 %, depending on the HDO concentration.
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Figure 4.1. Pump-probe traces of solutions of several concentrations of NaI in HDO:D 2 O. The
measurement was performed at a pump frequency of 3450 cm t 1 , and a probe frequency of 3200
cm t 1 . The lines are fits to the data. The fit function is a bi-exponential function convolved with a
gaussian crosscorrelation function.

The experimental methods applied in this chapter are similar to those of the previous

chapter. The polarization of the probe pulse was again set at the magic angle (54.7 )
with respect to the pump polarization, so that the measured signals are not affected by
the reorientational motion of the excited molecules. The spectral widths of the pump
and probe pulses were approximately 80 and 40 cm  1 , respectively. The probe now has
a narrower spectral width, because two KTP crystals have been used instead of one for
better pulse-to-pulse stability. The pump pulses have an energy of typically 20 N J, the
energy of the probe pulses is less than 1 N J. The cross-correlation trace typically has a
width of 400 fs. Variation of the pump energy leads only to a change in signal amplitude,
and does not influence the dynamics.
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4.3 Results
In figure 4.1, pump-probe traces of solutions of NaI are shown. The decay is nonexponential, which is most clearly seen at low concentrations. The data can be well fitted
with a bi-exponential function, convolved with a gaussian cross-correlation trace (equation
2.8 with n  2). In this way, two time constants are obtained, the shorter of which, 0.8 ps,
is approximately the same as obtained previously for pure HDO dissolved in D 2 O.138  91 It
originates from O–H groups that are hydrogen bonded to another water molecule, which
makes them similar to the O–H groups in HDO:D2 O. The longer time constant ranges
from roughly 2 to almost 5 picoseconds, and was found to correlate mainly with the type
of anion and its concentration. The slow component of the vibrational relaxation, denoted
in this chapter by T1 , is the focus of the present study.
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Figure 4.2. Pump-probe traces of 9 M solutions of LiBr and NaBr in HDO:D2 O. The measurement was performed at a pump frequency of 3450 cm t 1 , and a probe frequency of 3200 cm t 1 . The
lines are fits to the data. The fit function is a bi-exponential function convolved with a gaussian
crosscorrelation function.

T1 shows a clear concentration dependence, that can already be seen from the raw data
(figure 4.1). Less well pronounced are the differences in T1 for different cations: in figure
4.2, raw data are shown for 9 M solutions of NaBr and LiBr.
In figure 4.3, T1 is plotted as a function of anion concentration, for a series of lithium
salts. For all anions, the lifetime increases with concentration, but different slopes are
observed for different anions; the slope increases going from Cl  to Br  to I  . Below 3 M
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Figure 4.3. T1 as a function of concentration for three salts containing the same cation: LiCl, LiBr
and LiI. The lines are fits to the data.

of anion concentration, the lifetimes of Br  and I  are almost the same; Cl  is faster at
all measured concentrations. The sodium and magnesium salts show the same features.
In figures 4.4, 4.5 and 4.6, T1 is plotted for solutions of salts containing chloride,
bromide and iodide, respectively. Each anion is combined with lithium, sodium and
magnesium. The difference between the data in these figures, in which the cation is
varied, is much smaller than in figure 4.3, in which the anion was varied. For example, at
a concentration of 6 M, T1 of an iodide salt is 50 % longer than for a chloride salt, whereas
the change of the cation from Mg2 to Na leads to an increase of T1 of at most 10 %.
The lithium salts have T1 ’s in between sodium and magnesium salts.

4.4 Model
In this section we will develop a model for the vibrational relaxation of HDO molecules in
the solvation shells of Cl  , Br  and I  that can explain the trends observed in the previous
section. The relaxation rate of the initially excited state of the O–H stretch vibration with
wave function z OH  v & 1 can be described by a Fermi ‘golden rule’ expression:
1  T1  ?

d E f ehg z

acc  Ef z OH  v & 0 e Vanh e z acc  Ei z OH  v & 1 ie

2{

(E f

E i ) (E f ) 

(4.1)

with E f the energy of the final combination state of accepting modes, represented by the
wavefunction z acc  f z OH  v & 0 , E i the energy of the initial state z acc  i z OH  v & 1 , and (E f ) the
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Figure 4.4. T1 as a function of concentration for three salts containing Cl t : LiCl, NaCl and MgCl2 .
The lines are fits to the data.

density of states.
In the condensed phase, the combination of accepting modes will contain both highfrequency intramolecular modes and low-frequency intermolecular (bath) modes. The latter modes often play an important role in making the energy transfer resonant, i.e. making
the { (E f E i ) function different from zero. Two different cases can be distinguished. In
the first, the anharmonic coupling only depends on high-frequency intramolecular coordinates. Then the energy transfer gets resonant because the energies of the initially excited
mode and the combination of intramolecular accepting modes are both subject to fluctuations induced by the interactions with the bath modes.9 In the second case, the anharmonic coupling depends explicitly on the bath coordinates. In this case, the anharmonic
coupling Vanh is often assumed to be a product of an intramolecular system part V anh  S and
a bath part Vanh  B . By representing the delta function in the time domain, the transition
rate can be written in the form of a product of an intramolecular anharmonic coupling
and a Fourier transform of a g Vanh  B (t)Vanh  B (0) i bath correlation function.59 The latter is
often evaluated with molecular dynamics simulations.
For polyatomic molecules in the condensed phase, it is not possible to evaluate the
transition rate exactly. In most cases only the trends, e.g. the dependencies on certain
parameters like pressure, temperature or solvent, can be described. These dependencies
often result from changes in the character, energy and density of states of the low-frequency
bath modes.
In the relaxation of the O–H stretch vibration of HDO:D2 O, at least part of the
energy has to be accepted by the hydrogen bonds, because in contrast to H 2 O, there is
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Figure 4.5. T1 as a function of concentration for three salts containing Br t : LiBr, NaBr and MgBr2 .
The lines are fits to the data.

no combination of intramolecular modes that is resonant with the O–H stretch vibration.
A special role is expected to be played by the hydrogen bond that involves the hydrogen
atom of the excited O–H group. In the following we will denote this hydrogen bond
as the donated hydrogen bond. The present experiments indeed demonstrate that this
hydrogen bond plays an essential role, because the change of this hydrogen bond from
O–H  O to O–H  Cl  to O–H  Br  to O–H  I  leads to a significant slowing down
of the vibrational relaxation. However, it should be realized that the hydrogen bonds in
liquid water form a strongly coupled network. This means that the energy of the excited
O–H stretch vibration in the solvation shell of the anion is not only dependent on the
local O–H  X  coordinate, but also on the O–D  X  , O–D  O and Y O-D  O
coordinates of the other hydrogen bonds in the liquid. Hence, the donated hydrogen bond
is not a pure local O–H  X  (X=Cl  , Br  , I  ) mode, but in fact will be a delocalized
mode showing admixture of surrounding hydrogen bonds. We therefore anticipate that
the small but significant influences of the cations and concentration on the relaxation rate
result from changes in the wavefunction of this delocalized hydrogen bond.
We assume that the anharmonic coupling Vanh can be written as VOHVdhbVoth , with
VOH the dependence of the anharmonic coupling on the O–H stretch coordinate, V dhb
the dependence on the delocalized hydrogen-bond coordinate, and V oth the dependence
on all other coordinates including intramolecular coordinates (bending mode, O–D
stretch vibration) and intermolecular modes (librational modes, other hydrogen bond
stretch and bend vibrations). The wavefunction z acc  f can then be written as the product z oth  f z dhb  f . The wavefunction z dhb  f has contributions from four different hydrogen
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Figure 4.6. T1 as a function of concentration for three salts containing I t : LiI, NaI and MgI2 . The
lines are fits to the data.

bonds: the local anionic (O–H  X  ) mode, other anionic hydrogen bonds (O–D  X  ),
bulk (O–D  O), and cationic (Y O-D  O) hydrogen bonds. Since almost all solvent
molecules are D2 O molecules, the latter hydrogen bonds are actually deuterium bonds.
This does not hold of course for the donated hydrogen bond next to the excited O–H
group. The stretching frequency of a deuterium bond is almost the same as for a hydrogen bond, because the reduced mass of the hydrogen-bond vibration does not change
very much when hydrogen is substituted by deuterium. The delocalized hydrogen bond
wavefunction z dhb  f can be written as:
z dhb  f



Ca | z
%
b

O H } } } X ~ f 



Cb z b  O


%
a| |

D} } } O f 

Ca | | z a | | O

%

Cc z c  Y
c

D } } } X ~ f 
O D} } } O f





(4.2)

The contribution of each hydrogen-bond mode is denoted by the coefficients C a | , Ca | | ,
Cb , and Cc , where the subscripts a  b  c denote anion (single prime for O–H  X  , double
prime for admixing O–D  X  ), bulk water and cation, respectively. The wavefunction
likely will be dominated by the local anionic hydrogen bond. Hence, C a | will be greater
than Ca | | , Cb and Cc at all concentrations. The coefficients further depend on the components’ abundance, which changes with concentration; they will be calculated below.
If we now substitute the expression for z dhb  f of equation (4.2) in z acc  f and z acc  i in
equation (4.1), and use the product form of the anharmonic coupling, we get:
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(4.3)

In this expression all cross terms have been neglected. The reasoning behind this is that the
different Ca | | , Cb , Cc will have different signs. Hence, the terms proportional to C a | b b Cb ,
Ca | b c Cc , b a | | Ca | | b b Cb , b a | | Ca | | b c Cc , b b Cb b c Cc , b b Cb b b | Cb | (b   b  ), and
b c Cc b c | Cc | (c   c  ), are all expected to be negligibly small.
We can write equation (4.3) as
1  T1 

%

2
e Ca e 

T1a 

a

%

2
e Cb e 

T1b 

%

2
e Cc e 

T1c 

(4.4)

c

b

where the term b a e Ca e 2 is equal to e C a | b a | | Ca | | e 2 of equation (4.3). In this expression
it is assumed that the coupling to the O–H  X  hydrogen bond is the same as to the
O–D  X  hydrogen bond. The relaxation rate is now given by a sum of three contributions corresponding to the different characters of hydrogen bonds present in the solution.
The T1i (i = a,b,c) are the lifetimes of the O–H groups, in the case where z dhb  f would be
purely anionic, bulk, or cationic in character. In the case of bulk, this corresponds to the
situation of pure liquid HDO:D2 O with no ions added.
In the following we will determine the values of the b i e Ci e 2 from the concentrations of the different types of hydrogen bonds present in a particular salt solution. We
will calculate the concentration N OD  i (  ) of the three different types of hydrogen bonds
as a function of the concentration  of the anion. We assume that there is an equilibrium between unoccupied anion binding sites (the concentration of empty anion binding
sites is denoted [A  ]), the actual concentration of anion-bonded O–D groups ([A  OD])
and the concentration of O–D groups that are not bound to the anion solvation shell
([O–D  O]). With the equilibrium an equilibrium constant K a is associated defined by
Ka 

oA 

OD q

o A  qo OD 



(4.5)

Oq

We now identify [A  OD] with N OD  a (  ). It can be written in terms of K a and  using
the following ‘conservation laws’:

o A  qEo A 
oA 

OD q

OD qEo OD  O q

Na 

NOD 

(4.6)
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Na is the maximum number of water molecules in the anion’s solvation shell, called the coordination number. N OD is the concentration of O–D groups, equal to twice the molarity
of water, 110 M.
An expression for the concentration of cation-affected O–D groups, N OD  c (  ), can be
obtained in a similar way. We describe these O–D groups in terms of water molecules,
since in the solvation shell of the cation the water molecules are closest with their oxygen
atom to the cation. The equilibrium is written as:
oC 

OD 2 q
o C  qo D 2 O q

Kc 

(4.7)

and the conservation laws
o C  qEo C 
oC 

OD 2 q

OD 2 qEo D 2O q

Nc 
NOD  2 

(4.8)

Nc is the cation’s coordination number, [D 2O ] is the concentration of water molecules
that are not in the cation’s solvation shell.
The concentration of O–D groups that are affected by the cation is equal to twice
(two O–D groups per water molecule) the concentration of occupied cation bonding sites.
However, a fraction of these O–D groups will bind to the anion (especially at high concentrations); these are considered to be anion-bound O–D groups, since the anion has
a much stronger effect on the hydrogen bond than the cation. This is illustrated by the
O–D stretch absorption spectra obtained from infrared spectroscopy 118  125  58  76 and Raman
spectroscopy.126 Hence, to arrive at N OD  c (  ), the concentration of cation-affected O–D
groups, 2 [C  OD 2 ], is multiplied with the fraction that binds to another water molecule
and not to an anion. Hence,
NOD  c (  )  2 o C  OD 2 q 4 1

NOD  a (  )
NOD 6

(4.9)

Neglecting changes in N OD due to dissolution of salt, the concentration of bulk O–D
groups, i.e. the ones that are neither affected by the anion nor by the cation, is given by
NOD  b (  )  NOD

NOD  a (  )

NOD  c (  )

(4.10)

The dominant character of z acc is that of O–H  X  . The admixture of bulk and
cation behaviour is assumed to scale with N OD  b (  ) and NOD  c (  ), respectively. We assume
that the coefficients e Cb e 2 and e Cc e 2 depend linearly on these concentrations. The coefficient e Ca e 2 then follows from the normalization of z acc . As a function of concentration,
the coefficients are now defined as follows:
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(4.11)

c

b

with k b and k c proportionality constants that depend on the nature of the cation and the
anion. Equations (4.4) to (4.11) fully describe the dependence of the vibrational lifetime
on anion, cation and their concentration. Note that N OD  b (  ) and b b e Cb e 2 reach their
maximum value at  0, while NOD  c (  ) and b c e Cc e 2 are equal to zero at  0.

4.5 Fit Results
In the previous section, we obtained an expression for the lifetime of the anion-bound
O–H stretch vibration, as a function of concentration and composition of dissolved salt,
in terms of the lifetimes of anionic (T1a ), bulk (T1b ) and cationic (T1c ) components. T1b
is known from previous studies on pure HDO:D2 O and equals 0.74 ps. For the T1c , no
data are available, and their contribution to the measured T 1 turned out to be too small
to allow for an accurate determination of their values in the present work. Hence, we
determine the value of T1c using a phenomenological relation between the O–H stretch
redshift (with respect to the gas-phase value of 3700 cm  1 ) and the vibrational lifetime
85  117 :
T1  k(rP

OH ) 

1 8 

(4.12)

The form of this relation can be intuitively understood by appreciating that both
quantities rely on the hydrogen-bond strength. The first spectral moment of the component of the O–D stretch absorption band due to several cations has been measured in
Ref. 118. After multiplication by a factor of 1.36131 to obtain the O–H stretch frequencies,
the values are 3325 cm  1 (Li O–H  O), 3456 cm  1 (Na O–H  O) and 3340 cm  1
(Mg2 O–H  O). Compared to a frequency of 3410 cm  1 for HDO:D2 O without salt,37
the Na affected O–H stretch band is blueshifted with respect to pure water, whereas
Mg2 and Li , that have stronger electric fields, are redshifted. The constant k in equation (4.12) is determined using a lifetime of 0.74 ps for pure HDO:D 2 O.138  91 For T1c the
following values are obtained: 0.5 ps (Li ), 1.0 ps (Na ) and 0.5 ps (Mg2 ). For the determination of T1a we cannot use equation (12) since it is only valid for O–H  O hydrogen
bonds. For O–H  X  hydrogen bonds the frequency dependence will be different.
Values for the coordination numbers can be found in the literature. 96  81  10  31  107 We use
coordination numbers of 4 for Li , 6 for Na , Mg2 , Cl  and Br  , and 9 for I  . The
values of K a and K c appeared not to be very critical in the fit. We used a value of 0.25;
a 1 M NaCl solution will then have 5 % of the available anion-binding sites unoccupied.
At 6 M, this fraction is 7 %.
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LiCl
NaCl
MgCl2
LiBr
NaBr
MgBr2
LiI
NaI
MgI2

T1a
3.5 ps
3.5 ps
3.5 ps
5 ps
5 ps
5 ps
6 ps
6 ps
6 ps

kb
0.17
0.17
0.17
0.18
0.18
0.18
0.22
0.22
0.22

4.6

kc
0.07
0.10
0.07
0.08
0.14
0.07
0.08
0.19
0.06

Table 4.1. Fit values of T1a , k b and k c . T1a and k b are considered to be characteristic of the anion,
and therefore kept constant for each anion. The fits are shown in figures 4.3–4.6.

The remaining fit parameters are T1a , k b and k c . Of these parameters T1a and kb
should only depend on the nature of the anion. At zero concentration N OD  b  NOD and
2
e Ca e  1 k b . Therefore, for a given anion, k b should be the same for all cations. Hence,
for a particular combination of cation and anion only k c is left as a fit parameter.
The fit values of T1a , k b and k c are shown in table 4.1.

4.6 Discussion
The model of section 4.4 provides a good description of the trends observed in section
4.3. From the comparison of the fit results with the experimental data we can now identify
the origins of the trends observed. Within the framework of the model, the increase in
T1 going from Cl  to Br  to I  finds its origin in an increase in T1a . This increase
implies that the coupling of the excited O–H stretch vibration to the local O–H  X 
mode decreases in the series Cl  to Br  to I  . This can be understood in the following
way. Within the halogenic series (F  , Cl  , Br  , I  ), the absorption spectrum of the
O–H stretch vibration shifts to higher frequencies, which indicates that the strength of
the hydrogen-bond interaction decreases.94  83 The weaker hydrogen-bond interaction in
turn leads to a decrease of the anharmonic interaction between the O–H stretch vibration
and the hydrogen-bond mode,117 and thereby to a slow-down of the vibrational relaxation.
In addition, the reduced mass of the O–H  X  hydrogen-bond stretch vibration, which
determines the energy spacing of the levels of this mode, increases within the halogenic
series Cl  , Br  , I  . The hydrogen-bond frequencies have been measured 6 : 210 cm  1
for O–H  Cl  , 158 cm  1 for O–H  Br  and 135 cm  1 for O–H  I  . As a result, the
dissipation of the excitation energy of the O–H stretch vibration will involve a higher level
of excitation of the hydrogen-bond vibration for I  than for Cl  , which also decreases the
anharmonic interaction.93
A second important effect is the increase of T1 with concentration. According to the
model, this increase mainly results from the decreased contribution of bulk O–D  O
bonds to the delocalized hydrogen bond wavefunctions z dhb  f and z dhb  i . In figure 4.7, the
fractions of the different types of hydrogen bonds are shown for NaCl and MgI. It is clearly
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Figure 4.7. The functions N OD  a (  ), NOD  b (  )and NOD  c (  ), defined as the concentration of O–D
groups that is involved in an anion-, cation-, or bulk hydrogen bond, for NaCl (solid lines) and MgI
(dashed lines); see text (section 4.4) for details.

seen that with increasing concentration of dissolved salt, the fraction of O–D  O hydrogen bonds decreases while the fraction of O–D  X  hydrogen bonds increases. The fraction of cationic hydrogen bonds Y O-D  O first increases with concentration because
more ions are present, but at high concentration decreases again because an increasing
part of the water molecules in the first solvation shell of the cation are simultaneously
bound to an anion via an O–D  X  hydrogen bond. In figure 4.8, the corresponding
coefficients are shown for the same two salts. It is clearly seen that at low concentration the delocalized hydrogen bond is already dominated by the anionic hydrogen bond
modes. With increasing concentration this character gets even stronger, making the hydrogen bond into an almost purely anionic hydrogen bond at high concentrations. Hence,
the overall relaxation time T1 increases with concentration because of the increase of the
contribution of the long T1a and the decrease of the contribution of the short T1b .
The slope of the concentration dependence is largest for I  salts. The slope of the
concentration dependence of T1 is mainly determined by the difference between T1a and
T1b . This difference increases going from Cl  to Br  to I  , thus largely explaining the
observed increase in slope. In addition, the coordination number is higher for I  than for
Cl  and Br  . As a result, the fraction of anion-affected O–D groups increases faster with
concentration for I  than for Cl  and Br  . In figure 4.7, it is indeed seen that for MgI2
the relative fraction of anionic hydrogen bonds rises much faster with anion concentration
than for NaCl. The faster rise of the fraction of anionic hydrogen bonds for I  leads to a
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Figure 4.8. The functions  a Ca (  ),  b Cb (  ) and  c Cc (  ), for NaCl (solid lines) and MgI
(dashed lines). The functions depend on the functions N OD  a (  ), NOD  b (  )and NOD  c (  ), shown in
figure 4.7, and are defined in equation 4.11; see text (section 4.4) for details.

faster rise of the contribution of the anionic hydrogen bonds to the delocalized hydrogenbond wavefunctions z dhb  f and z dhb  i , which in turn results in a faster increase of T1 .
Another important trend is the small but significant dependence of T 1 on the nature of
the cation: the sodium salts have a longer T1 than the magnesium and lithium salts. This
results primarily from the difference in the value of T1c . The different T1c can be explained
from the different strengths of the electric fields around the cations: Li is smaller than
Na , while Mg2 has the same size as Na , but twice the charge. The electric field serves
to polarize the hydrogen bonds of water molecules adjacent to the cation such that they are
strengthened, thereby increasing the anharmonic interaction with the O–H vibration. The
influence of the very short (0.5 ps) T1c of lithium and magnesium is somewhat tempered
by the fact that there are less cations around compared to sodium; for lithium because the
coordination number is lower (4), for magnesium because of the double charge, halving
its concentration with respect to the anion.
Finally, the influence of the cations on T1 is much smaller for the iodide salts than
for the bromide and chloride salts. In the model this effect is reflected in the relatively
small contribution of the Li O–D  O and Mg2 O–D  O hydrogen bonds to the delocalized z dhb  f and z dhb  i wavefunctions. This can be seen from the coefficients k c of
the iodide salts shown in table 4.1. A possible explanation for the small admixture of
cationic hydrogen bonds is the large frequency difference between the Li O–D  O and
Mg2 O–D  O hydrogen bonds and the O–H  I  hydrogen bond. The Li O–D  O

4.7

Concentration and cation dependence of the vibrational relaxation

53

and Mg2 O–D  O hydrogen bonds are relatively strong and will have high frequencies, whereas the O–H  I  hydrogen bond is relatively weak, resulting in a rather low
frequency. Within a perturbative approach of the description of the wavefunction, the
admixture is inversely proportional to the frequency difference, thus explaining why the
Li O–D  O and Mg2 O–D  O hydrogen bonds are only weakly contributing to the
hydrogen bond of dominant O–H  I  character.
From the above it is clear that the observed trends can be well explained from changes
in the delocalized hydrogen-bond mode involving the hydrogen atom of the excited O–H
vibration. However, this hydrogen bond is not the only accepting mode. The accepting
combination tones likely also contain excitations of the bending mode and/or the O–D
stretching vibration,24 and other hydrogen-bond modes. These modes can also be affected
by a change in concentration and nature of the dissolved cations and anions, and these
effects can also contribute to the observed trends. However, the influence of the dissolved
ions on the intramolecular modes will not be as strong as on the z dhb hydrogen-bond.
Hence, the effects on the intramolecular modes are not expected to have a large influence
on the overall relaxation rate. The other hydrogen bond modes certainly do depend on the
nature and concentration of dissolved salt. These other hydrogen bonds are not expected
to couple directly with the excited O–H stretch vibration, because they are shielded from
the excited vibration by an oxygen atom or a heavy anion. The interaction with the bulk
O–D  O and cationic Y O-D  O hydrogen bonds is therefore expected to occur mainly
via the coupling of these modes with the local O–H  X  mode, which forms the basis of
the model of section 4.4.

4.7 Conclusions
We studied the mechanism of vibrational relaxation of water molecules in the solvation
shells of Cl  , Br  and I  halogenic anions. To this end we performed measurements on the
vibrational relaxation of HDO:D2 O solutions of a series of salts formed by the cations Li ,
Na and Mg2 , and the anions Cl  , Br  and I  . The concentration was varied between
0.5 M and 6 M (Cl  ), 9 M (Br  ), or 10 M (I  ). We found that the vibrational lifetime
T1 of HDO molecules in the solvation shell of the anions increases in the halogenic series
Cl  , Br  , I  , and with increasing concentration of dissolved salt. In addition, we found
a small but significant dependence of T1 on the nature of the cation: for the same type of
anion and concentration, T1 increases in the cationic series Mg2 , Li , Na .
The observed trends in the relaxation can be well described with a model in which
one of the accepting modes is the hydrogen bond involving the hydrogen atom of the
excited O–H group. Due to the coupling between the hydrogen bonds in the liquid,
this hydrogen bond is not a pure O–H  X  (X=Cl  , Br  , or I  ) bond, but a delocalized
mode showing admixture of other anionic O–D  X  hydrogen bonds, bulk O–D  O
hydrogen bonds and O–D  O hydrogen bonds of water molecules in the first solvation
shells of the cations, denoted as Y O-D  O hydrogen bonds.
With increasing concentration, the O–D  X  character of the delocalized hydrogen
bond increases while the bulk O–D  O character decreases, leading to an increase of T 1
(slower relaxation), because the coupling to an O–D  O hydrogen bond is much stronger
than to an O–D  X  bond. For the iodide salts this difference in coupling is largest, thus
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explaining the relatively steep increase of T1 with concentration for solutions containing
I  . The value of T1 is also affected by the coupling of the excited O–H stretch vibration to the part of the delocalized hydrogen-bond wavefunction representing the cationic
Y O-D  O bonds. The strength of the cationic hydrogen bond increases going from
Na O–D  O to Li O–D  O to Mg2 O–D  O. Hence, the anharmonic interaction
increases in this series, thus explaining the observed decrease in T 1 . The latter effect is
small (maximum = 10%), because for all salt solutions the cationic hydrogen bonds only
form a small contribution (  7%) to the delocalized hydrogen bond mode.

5

Comment on Laenen and Thaller

Comment on: Water in the vicinity of solvated ions: modified dynamical and structural water
properties resolved by sub-picosecond IR-spectroscopy
by R. Laenen and A. Thaller, Chem. Phys. Lett. 349 (2001) 442
Recently, Laenen and Thaller published results on the vibrational lifetime of the O–H stretch vibration of aqueous salt solutions (LiCl, NaCl, KCl or NaI). They reported that the vibrational lifetime
depends on the nature of the cation, and not on that of the anion. The variance of this finding with
the results presented in chapter 3 and chapter 4, was attributed to differences in pulse characteristics.
In this chapter, we present experimental results that show that the claims by Laenen and Thaller are
wrong, and that the vibrational lifetime is influenced strongly by the anion, and only weakly by the
cation, independent of the pulse characteristics.

5.1 Introduction
In the Letter published by Laenen and Thaller,72 results were presented on the vibrational
and orientational relaxation of water molecules in aqueous salt solutions containing LiCl,
NaCl, KCl, or NaI. It was reported that the vibrational lifetime depends on the nature of
the cation and not on that of the anion (see chapter 3 and chapter 4). Unfortunately, no
comparative data were supplied to support these findings (only data for NaCl solutions
were shown). Since the difference with our previously published work 66  67 was ascribed by
Laenen and Thaller to differences in the pulse parameters, we repeated their measurements
with laser pulses identical to the pulses they used. The results, which are presented in this
chapter, show that the conclusions of Laenen and Thaller are incorrect.

5.2 Experiment
In order to reproduce the measurements of Laenen and Thaller, we changed our method of
pulse generation slightly with respect to the previous chapters. By using two instead of only
one KTP crystal in the pulse generation (section 2.3), we managed to obtain laserpulses
with almost the same bandwidth, pulse duration and pump energy as the pulses used by
Laenen. The spectral width of the pulses was reduced to 37 cm  1 , and the pulse duration
was increased to 450 fs. The pump-pulse energy was limited to 10 N J. The pump was
tuned to 3420 cm  1 , the probe to 3150 cm  1 and 3420 cm  1 . The sample is contained in
a rotating sample cell to obtain a fresh part of the sample at every laser shot. Hence, the
temperature error is limited to the effect of a single pump pulse, and is less than 1 K. The
only difference with the experiment of Ref. 72 is that the pulses used in the present study
have a 1 kHz repetition rate, whereas the pulses used in Ref. 72 have a repetition rate of
only 50 Hz.71
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Figure 5.1. Isotropic transmission changes of solutions of HDO in D2 O and 2 M of NaI, NaCl,
and KF. The pump was tuned to 3420 cm t 1 , the probe to 3150 cm t 1 .

5.3

Results and Discussion

The pump–probe transients (isotropic transmission changes) of 2 M solutions of NaCl,
KCl, KF, and NaI obtained with these pulse parameters are shown in figures 5.1 and 5.2.
First, we studied the dependence of the vibrational lifetime on the nature of the anion.
In Ref. 72 it is reported that the vibrational relaxation is independent of the anion: the
same time constant of 2.7 j 0.2 ps is reported for NaCl and NaI at all concentrations. In
figure 5.1, we present data on these solutions using the same pulse parameters as Laenen
and Thaller. It is clear that, contrary to the results of Ref. 72, the vibrational relaxation in
the solutions containing 2 M NaCl or NaI is different. In the figure, we also added a measurement of 2 M KF, for which the absorption change decays much faster, approximately
as fast as pure HDO:D2 O (0.74 j 0.1 ps). We used KF instead of NaF since the latter salt
is poorly soluble in water. However, exchanging Na for K does not have a strong effect
on the lifetime, as is illustrated in figure 5.2. It is clear from the measurements presented
in figure 5.1 that the anion does have a strong effect on the vibrational lifetime and that
this lifetime increases going from F  to Cl  to I  .
Time constants for the relaxation can be obtained by performing a biexponential fit to
the data (the fit function is the sum of two exponentials, multiplied with the Heavyside
function and convolved with the gaussian cross-correlation trace). For all solutions, we
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Figure 5.2. Isotropic transmission changes of solutions of HDO in D2 O and 2 M of NaCl, and
KCl. The pump was tuned to 3420 cm  1 , the probe to 3150 cm  1 .

find a fast component similar to that of HDO:D2 O and slow decay-time constants of
2.21  0.1 ps (2 M NaCl) and 2.76  0.1 ps (2 M NaI). For higher concentrations, the
decay times increase to 2.6  0.2 ps (6 M NaCl) and 3.7  0.2 ps (6 M NaI). The decay
time of KF remains 0.74  0.1 ps at all concentrations. We found that the time constant
of the slow component does not depend on the probe frequency: measurements on a 2 M
NaCl solution using a pump frequency of 3420 cm  1 and probe frequencies of 3100,
3150, and 3200 cm  1 give the same result.
Second, we studied the dependence of the vibrational lifetime on the nature of the
cation. Laenen and Thaller report a rather strong dependence of the vibrational lifetime
on the cation, eg. 2.4 ps for KCl and 2.7 ps for NaCl (2 M solutions). We also performed measurements on these solutions; the results are presented in figure 5.2. The
relaxation does not differ at all. Biexponential fits of the data reveal the following lifetimes: 2.21  0.1 ps (NaCl) and 2.18  0.1 ps (KCl) (2 M solutions, at 3150 cm  1 probe).
At higher concentrations of salt, the vibrational relaxation of NaCl and KCl remain equal.
In these experiments on aqueous salt solutions, there is very little effect of spectral
diffusion, at least at delay times  2 ps. Only if the 0  1 transition is excited in the wings
of the absorption band, so that the initial distribution of excited molecules most strongly
differs from the final equilibrium distribution, we observe a small effect (see chapter 6).
In the experiments of figures 5.1 and 5.2, where the 0  1 transition is excited close to the
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Figure 5.3. Experimental data published by Laenen and Thaller (figure 2 of Ref. 72). In the experiment, the pump was tuned to 3420 cm t 1 , the probe to 3150 cm t 1 . The sample was a solution of
5 M of NaCl.

center of the absorption band, the dynamics after 2 ps are not at all affected by spectral
diffusion, which implies that the time constants directly represent the vibrational lifetimes
T1 of the O–H stretch vibration. This means that the differences between the time constants we find and those of Ref. 72 cannot be attributed to differences in modeling of the
transient spectral response and of the spectral diffusion.
If not from the pulse parameters or from differences in spectral modeling, how can
the qualitative differences between the present findings and those of Ref. 72 be explained?
The answer to this question can be found in the quality of the data. For comparison of
the data quality, similar experimental data from Laenen’s work (figure 5.3) and measured
with our setup (figure 5.4) are presented.
The difference in quality of the data can be quantized by calculating the value of @ 2 .
The value of @ 2 calculated from the data of figure 5.3 (figure 2 of Ref. 72) is 2 10  4 (with
respect to their own fit), whereas for the data we obtained (figure 5.4), @ 2 = 3 10  6 (with
respect to a biexponential fit). The difference is almost two orders of magnitude. This
difference in quality of the data leads to a large difference in dynamic range of the data:
the data of figures 1 and 2 have a 20 times larger dynamic range than the measurements
of Ref. 72. As a result, the uncertainties in the time constants reported in Ref. 72 must
be quite substantial. As such, the statement of Ref. 72 that “increasing the size of the
anion results in no measurable effect on T1 for the investigated anions [. . . ] within our
measurement accuracy”is more informative on this accuracy than on the true physical
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Figure 5.4. Data obtained at our setup, using the same sample and pulse characteristics as in the
experiment of Laenen and Thaller, shown in figure 5.3. Comparison of the variances between the
data set and its fitted curve leads to a value of  2 that is two orders of magnitude smaller in our case.

properties of these solutions. In view of the poor quality of the data, it is also questionable
whether a decomposition of the absorption band in no less than six exchanging spectral
components, as is done by Laenen and Thaller, is required and justified.
In their discussion of the data, Laenen and Thaller propose a correlation between the
vibrational lifetime T1 and the redshift of the O–H-stretch frequency with respect to the
gas-phase value. This correlation is in agreement with experiment 85 and with theory, e.g.
Ref 117, where the vibrational lifetime has been calculated as a function of O–H stretch
frequency (hydrogen-bond strength) for an O–H  O system. In Ref. 72 this correlation
is illustrated with a figure in which T1 is presented as a function of the redshift for three
previously measured systems. Indeed, these results neatly fall on a straight line. This
figure is used by Laenen and Thaller to explain the observed long vibrational lifetimes
of solutions containing Cl  and I  . Curiously, however, the data measured for the salt
solutions are not at all included in this figure. If one would include these data one would
see that they are far above (larger T1 ) the line representing the correlation between T1 and
the redshift.
The work in chapter 3 and chapter 4 provides a rather straightforward explanation for
this observation. In short, the vibrational lifetime T1 is indeed correlated to the O–Hstretch redshift via the empirical relation T1 ! ( rP OH )  1  8 ;117 for all hydrogen-bonded
O–H groups, the vibrational lifetime will decrease with increasing redshift. However, the
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Figure 5.5. The data points connected by the straight line were used in Ref. 72, figure 5, to explain
the lifetimes of the measured data, which we added here to show that these data are not at all on this
line.

precise value of the lifetime will also depend on the nature of the hydrogen-bond acceptor,
i.e. O, Cl  , or I  . In previous Raman126 and infrared spectroscopic studies,10 it was found
that a substantial part of the O–H-stretch absorption spectrum of salt solutions containing
X  halogenic anions results from O–H  X  hydrogen-bonded groups. The observed
long vibrational lifetimes of solutions containing Cl  and I  can thus be well explained
if these lifetimes represent the relaxation of O–H  Cl  and O–H  I  systems, and not
of O–H  O systems. The longer O–H-stretch vibrational lifetimes of O–H  Cl  and
O–H  I  in comparison to O–H  O at the same redshift can be well explained from
the larger mass of the hydrogen-bond acceptor. This explanation also agrees with the
observation that the O–H-stretch vibrational lifetime of O–H  F  is comparable to that
of O–H  O, since the mass of F  is very similar to that of a water molecule.

5.4 Conclusions
In this chapter, we presented experimental data on the salt solutions studied in Ref. 72
using the same experimental parameters, but with a much better signal-to-noise ratio. It is
found that the vibrational lifetime strongly depends on the nature of the anion and only
weakly on the nature of the cation, in strong contrast to the claims of Laenen and Thaller,
and in agreement with the results of chapter 3 and chapter 4.

6

Hydrogen-bond dynamics of aqueous
solvation shells

In the previous chapters, it was demonstrated that the lifetime of the O–H stretch vibration differs
between those hydrogen bonded to an anion and those hydrogen bonded to another water molecule.
This difference in vibrational lifetime allows for a clear separation of the response of the anion’s
solvation shell from that of the bulk liquid as well as from the cation’s shell. In this chapter, we will
use this property to specifically study the hydrogen-bond dynamics of the anion solvation shells.
The hydrogen-bond dynamics is strongly related to the spectral dynamics, that can be studied by
tuning the pump and probe frequencies through the absorption band. The results are interpreted
using the Brownian-oscillator model. The spectral diffusion times thus obtained reveal that the
hydrogen-bond dynamics of solvating molecules is much slower than the hydrogen-bond dynamics
of bulk liquid water.

6.1

Introduction

The dynamics of chemical reactions in aqueous media are strongly dependent on the interactions between the reacting molecules and the solvating water molecules. In many cases,
a chemical reaction can take place only after a water molecule has been removed from the
solvation shell, opening the way for the molecules to approach each other and react.
The absorption band of the O–H stretch vibration is inhomogeneously broadened due
to the variation in hydrogen-bond length. The hydrogen-bond lengths are not static, but
vary in time. Averaged over a sufficiently long period of time, the absorption band of each
individual molecule equals the total absorption band. These spectral dynamics cannot be
measured with linear spectroscopy. With pump–probe saturation spectroscopy, however,
this is possible: one can excite a specific set of molecules, characterized by their hydrogenbond length, and follow the spectral evolution of this ensemble. Spectral diffusion has
been studied for liquid water;134  41  43  24 the correlation time of the absorption frequency of
one HDO molecule in a solution of HDO:D2 O was measured to be 500 fs or 700 fs.
To date, the experimental study of the hydrogen-bond dynamics in ionic solvation shells
has been hindered by the fact that it is quite difficult to distinguish the response of the
solvating water molecules from that of the other (bulk) water molecules.
The contribution of bulk water to the response of an aqueous solution can be eliminated by studying small clusters of an ion surrounded by a few water molecules in the gas
phase.4  6  5  7  16  20  110  128 Since the number of O–H groups is limited, the measured predissociation spectrum can be decomposed into separate absorption components, and a detailed
picture of the structure of such a cluster can be obtained. However, no hydrogen-bond dynamics has been studied with this technique, and even if such a study were performed, the
results cannot easily be applied to bulk solutions,22 where collective modes largely drive
the hydrogen-bond dynamics. Techniques like NMR, infrared absorption and Raman
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scattering cannot be used either, because the time scales involved in these techniques are
much longer than the time scale of the solvation dynamics. 96 Hence, the information on
the hydrogen-bond dynamics in aqueous salt solutions is mainly theoretical in nature and
originates from molecular-dynamics simulations.17  22  47  114  143 In these studies strongly different time constants for the exchange of water molecules between the solvation shell and
the bulk were reported, ranging from one picosecond up to hundreds of picoseconds. 47  114
Very recently an ab-initio molecular-dynamics study105  106 was performed on the solvation
of Br  . For the average residence time of water in the solvation shell of Br  a value of
19 j 5 ps was found.
In the previous chapters it has been shown that the lifetime of the anion-bonded
O–H groups is significantly longer than that of the other water molecules. This makes
femtosecond mid-infrared saturation spectroscopy an ideal technique to study the spectral
diffusion in solvation shells, since it allows for a distinction between the different O–H
groups: after a few picoseconds, the only O–H groups that are still excited are those in the
anionic solvation shells. In this chapter, we study the hydrogen-bond dynamics of water
molecules in anionic solvation shells, in solutions of different salts, concentrations and
temperatures.

6.2

Experiment

We performed femtosecond mid-infrared pump–probe experiments on the O–H stretch
vibration of HDO molecules in an aqueous solution consisting of a low concentration of
HDO (0.1 M) in D2 O and different concentrations (1 M, 2 M, 3 M, 6 M) of KF, NaCl,
NaBr, NaI, and MgCl2 . The pump and probe pulses have a typical energy of 20 and 2 N J,
respectively, and a duration of approximately 200 femtoseconds. The spectral bandwidths
of the pump and probe pulses are 80 and 60 cm  1 . The polarization of the probe pulse is

at the magic angle (54.7 ) with respect to the polarization of the pumping pulse in order
to avoid the measurements to be affected by reorientation of the HDO molecules. In
the experiments, both the pump and probe frequencies are tuned through the absorption
band of the O–H stretching mode of the HDO molecules.

6.3

Results

In figure 6.1, delay scans are presented measured at a pump frequency of 3400 cm  1 and
six different probe frequencies for a solution of 6 M NaI in HDO:D 2 O. At frequencies

3350 cm  1 , a bleaching (ln(T  T0 ) S 0, with T the transmission of the probe and T0 the
transmission of the probe in absence of the pump) of the v  0  1 transition is observed.
At frequencies 3300 cm  1 , an induced absorption (ln(T  T0 )  0) is observed, which
can be assigned to the induced v  1  2 transition. With increasing delay, the bleaching
and induced absorption decay due to the energy relaxation of the v  1 state of the O–H
stretch vibration of the excited HDO molecules.
In figures 6.2–6.4, transients measured for three different salts are presented. The
transients are shown on a vertical logarithmic scale to illustrate that at all frequencies
the decay is non-exponential and consists of a rapid decay followed by a much slower
decay. The curves are scaled with respect to each other for clarity. The amplitude of
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Figure 6.1. Pump–probe transients measured for an aqueous solution of 6 M NaI in HDO:D 2 O.
The transients are measured at six different probe frequencies and a pump frequency of 3400 cm t 1 .
The solid curves are calculated with the Brownian-oscillator model described in the text.

the signals depends on both the pump and probe frequencies. For a solution of NaCl,
the largest amplitude is observed for pump and probe frequencies of approximately 3450
cm  1 , whereas for solutions of NaBr and NaI, the largest amplitude is observed for pump
and probe frequencies of approximately 3500 cm  1 . All transients can be described as a
sum of two exponentials, one with a time constant of 800 femtoseconds and one with a
longer time constant that depends on salt and probe frequency. The amplitude of the slow
component depends linearly on the concentration of dissolved salt.
The time constant of the slow component shows a small but significant dependence
on the probe frequency. To illustrate this more clearly, figures 6.2–6.4 contain calculated
dashed curves that run parallel at large delay times ( S 3 ps). The time constant of the slow
component is observed to increase with increasing frequency difference between pump
and probe. If the pump is at 3575 cm  1 (figures 6.2 and 6.3), the fastest decay is observed
at 3600 cm  1 and the slowest decay at 3500 cm  1 . If the pump is at 3525 cm  1 (figure
6.4), the fastest decay is observed at 3500 cm  1 and the slowest decay at 3600 cm  1 .
These observations show that the decay time constant of the slow component is affected
by a slow spectral-diffusion process with a time constant of approximately 10 picoseconds.
Due to this spectral-diffusion process, excited molecules (spectrally) diffuse away from the
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Figure 6.2. Pump–probe transients measured for an aqueous solution of 6 M NaBr in HDO:D 2 O.
The transients are scaled with respect to each other and are plotted on a logarithmic scale to clarify
the presence of two absorption components and the difference in time constant The solid curves are
calculated with the Brownian-oscillator model of the slow component using a ¡ c of the modulation
of the O–H vxvxv Br t hydrogen bond of 25 picoseconds. The dashed curves are calculated with the
same model using ¡ c ¢=£ .

excitation frequency, which leads to a faster decay at probe frequencies close to the pump
frequency and a slower decay at probe frequencies that significantly differ from the pump
frequency.
In figure 6.5, transients are presented that are measured for a solution of 3 M NaCl
in HDO:D2 O at three different temperatures. At all three temperatures, the transient
measured at 3600 cm  1 is observed to decay faster than the transient at 3450 cm  1 , as
a result of the above mentioned spectral diffusion. An interesting observation is that the
difference in decay rate of the two transients decreases with temperature: at a temperature

of 85 C the two transients show a more similar decay than at room temperature. This
observation indicates that the spectral diffusion becomes slower when the temperature
increases.
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Figure 6.3. As figure 6.2, but for a solution of 1 M NaI in HDO:D2 O. The solid curves are
calculated using a ¡ c of the modulation of the O–H vxvwv I t hydrogen bond of 18 picoseconds. The
dashed curves are calculated with ¡ c ¢¤£ .

6.4 Spectral diffusion and the Brownian-oscillator
model
In an aqueous solution of a salt in HDO:D2 O, three different types of HDO molecules
can be distinguished: HDO molecules in the first solvation shell of the anion, HDO
molecules in the first solvation shell of the cation and HDO molecules that are only surrounded by D2 O molecules. In the following, these latter molecules will be denoted as
bulk HDO molecules. The three different types of HDO molecules give rise to the fast
and the slow component observed in the transient spectral data of figures 6.1–6.5.
The pump- and probe-frequency dependence of the dynamics of the slow component
(figures 6.1–6.5) shows that the response of this component is affected by a slow spectraldiffusion process with a time constant of approximately 10 picoseconds. This spectral
diffusion reflects the (stochastic) modulation of the hydrogen-bond length because the
transition frequency of the O–Hstretch vibration and the length of the hydrogen bond are
strongly correlated for directional hydrogen bonds.94  83  84
For a bulk solution of HDO in D2 O, the spectral diffusion of the O–H stretch ab-
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Figure 6.4. As figure 6.2, but for a solution of 6 M NaCl in HDO:D2 O. The solid curves are
calculated using a ¡ c of the modulation of the O–H vxvwv Cl t hydrogen bond of 12 picoseconds, The
dashed curves are calculated with ¡ c ¢¤£ .

sorption band was observed to be very fast, having a correlation time constant  c of approximately 500 femtoseconds 41  134 . As a result, the excited spectrum (spectral hole) of the
O–H stretch vibration of HDO dissolved in D2 O was observed to acquire the shape of
the linear absorption spectrum within a few picoseconds 41 . The much longer time scale of
the spectral diffusion of the slow absorption component observed for the aqueous salt solutions indicates that the stochastic modulation of the O–H  X  hydrogen-bond length
is significantly slower than the stochastic modulation of the O–H  O hydrogen-bond
length in bulk liquid water.

In order to determine the precise value of the correlation time constant  c of the
stochastic modulation of the O–H  X  hydrogen bond, we modeled the data of figures
6.1–6.5 with the Brownian-oscillator model.88 Recently, it was shown that this model
works well in describing the spectral dynamics of the O–H stretching mode of HDO
dissolved in D2 O induced by the interactions with the O–H  O hydrogen bond. 134 The
determination of  c of the O–H  X  hydrogen bond is greatly facilitated by the large
difference in vibrational lifetime between the O–H  O and the O–H  X  component
(X  = Cl  , Br  , I  ).
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Figure 6.5. Pump–probe transients measured for a solution of 3 M NaCl in HDO:D 2 O at three
different temperatures. The difference in final decay time of the slow component decreases with
increasing temperature which means that the value of ¡ c of the modulation of the O–H vxvxv Cl t
hydrogen bond increases. The solid curves are calculated using ¡ c =14 ps (25 u C), ¡ c =24 ps (65 u C)
and ¡ c =30 ps (85 u C).
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The Brownian-oscillator model assumes harmonic potential energy functions for the
low-frequency mode (hydrogen bond) that are displaced with respect to each other in the
ground and excited state of the O–H stretch oscillator (see figure 6.6). In case the hydrogen bond is a strongly overdamped mode, this results in a Gaussian absorption spectrum
for the O–H stretch vibration, in quite good agreement with the experimental observations. Within the Brownian-oscillator model, the spectral dynamics of the transition of the
O–H stretch vibrational transition is described with two parameters: the correlation time
constant  c , representing the time scale at which the hydrogen-bond length is stochasti2
2
cally modulated, and the width r of the Gaussian absorption line shape e ¦¥ " 2 s of the
O–H stretch vibration. This width increases with increasing displacement of the harmonic
potential energy functions. An explicit expression for the pump–probe signal l n(T  T0 ) as
a function of delay  and pump and probe frequency can be found in the literature: 88
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where P 1 , { 1 and P 2 , { 2 are the centre frequencies and the spectral widths of pump and
probe, respectively. The frequency P eg is the maximum of the linear absorption spectrum
and T1 is the vibrational lifetime. The parameter ± represents the Stokes shift (=2 ± ) that
results from the fact that the position of the minimum of the hydrogen-bond potential
of the excited state of the O–H stretch vibration differs from that of the ground state.
Hence, excitation of the O–H stretch vibration results in a shift of the hydrogen-bond
length to a new equilibrium position and an associated redshift of 2 ± of the stimulated
emission out of the v  1 potential to the v  0 potential. For harmonic potentials, the
Stokes shift is directly related to the width r of the absorption band. ± itself does not
depend on temperature, since it is only determined by the shape and displacement of the
harmonic potentials. Nevertheless, in expression (6.4) the temperature T enters, because
the width r of the absorption band depends on the thermal occupation of the groundstate potential. The two terms between the braces in equation (6.1) correspond to the
bleaching (depletion of the v  0) and to the stimulated emission v  1  0 contribution
to the transmission change l n(T  T0 ), respectively.
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Figure 6.6. Harmonic potential energy functions for the O–H stretch vibration (ground state and
the first two excited states), as a function of the O–H vxvwv O distance. ³ eg ´=µ is the ground state
absorption centre frequency, 2 µ the Stokes shift, ¶³ anh the anharmonic frequency shift; d is the
displacement of the potential minimum between · OH ¢ 0 and · OH ¢ 1; ad is the displacement of
the minima of · OH ¢ 1 and · OH ¢ 2.

For all transients, we find an excellent fit using two Brownian oscillators that represent
the O–H  O and O–H  X  components. The signals of each component can simply
be added, similar to equation 2.8. In table 6.1,
the central frequency P eg , the spectral
5
width rP (full width at half maximum: rPG
8 ln 2r ), the vibrational lifetime T1 and
the correlation time  c that result from these fits are presented for the different absorption
components.
For all solutions, we find the same set of parameters for the O–H  O component.
The parameters of this oscillator are quite similar to those of HDO dissolved in D 2 O.
Only the width of the absorption band appears to be slightly larger, which can be explained from the contribution of HDO molecules solvating the cations. The results of the
calculations are shown in figures 6.1–6.5 by the solid curves. The measurements are sensi-
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P 0

O–H  O
O–H  Cl 
O–H  Br 
O–H  I 

3420 j
3440 j
3470 j
3490 j

10 cm 
15 cm 
15 cm 
15 cm 

rP
1
1
1
1

280 j
160 j
130 j
105 j

20 cm 
15 cm 
15 cm 
15 cm 

1
1
1
1

0.8 j
2.6 j
3.0 j
3.7 j

T1
0.1 ps
0.2 ps
0.2 ps
0.3 ps

6.4
 c

0.5 j
12 j
25 j
18 j

0.2 ps
3 ps
5 ps
5 ps

Table 6.1. The central frequency ³ 0 , width ¸B³ , vibrational lifetime T1 and spectral-diffusion time
¡ c of the O-H stretch vibration of different hydrogen-bonded O-H groups, obtained by fitting
the data using a two-component Brownian-oscillator model, described in the text. The values are
obtained for 6 M solutions of NaCl, NaBr, and NaI. For all solutions, the same set of values for the
O–H vwvxv O component was used.

tive to the value of the correlation time constant  c . We find  c =12 j 3 for Cl  ,  c =25 j 5
for Br  , and  c =18 j 5 for I  . For comparison, in figures 6.2–6.4 also results obtained
with  c º¹ are shown (dashed curves). The calculated dashed curves run parallel at
large delays, because for  c E¹ the transients are no longer affected by spectral diffusion.
This behaviour is in in clear contrast to the experimental observations and the calculated
solid curves. The value of  c of 25 j 5 ps for Br  is in good agreement with recent Car–
Parrinello simulations,105  106 in which a value for the residence time of a water molecule in
the solvation shell of Br  of 19 j 5 ps was found.
The frequencies of the O–H  Cl  , O–H  Br  and O–H  I  absorption components are in quite good agreement with the results from a study in which a doubledifference spectroscopic technique was used to obtain the change in O–D stretch frequency due to salt addition.10 After multiplying by 1.36 to convert O–D into O–H stretch
frequencies,131 the central absorption frequencies they found are 3441 cm  1 (O–H  Cl  ),
3476 cm  1 (O–H  Br  ) and 3495 cm  1 (O–H  I  ).
The central frequency of the absorption band of the O–H  X  component increases
in the halogenic series Cl  , Br  , I  , whereas the width of the absorption band decreases
within this series. Both trends reflect the decrease of the strength of the hydrogen-bond
interaction between the solvating HDO molecule and the anion in the halogenic series. The relation between the O–H stretch vibrational frequency and the length of the
O–H  X  has been measured for many hydrogen-bond acceptors X including the halogenic anions.83  84 This relation can be used to determine the distribution of O–H  X 
hydrogen-bond lengths from the width of the O–H  X  absorption components. For
the O–H  Cl  , O–H  Br  , and O–H  I  hydrogen-bonds, we obtain widths of the
length distribution of 0.20 j 0.05 Å , 0.21 j 0.05 Å and 0.12 j 0.04 Å , respectively. These
widths are relatively small compared to the width of the O–H  O absorption band of
HDO:D2 O of 0.36 j 0.02 Å . It should be noted that, because of additional homogeneous
broadening, the widths of the obtained distributions form upper limits; the true widths
may be even narrower. Homogeneous broadening can be expected to be significant, since
for pure water it is between 60 and 120 cm  1 .121  120 The narrow width and long  c of the
O–H  X  absorption component imply that the water molecules that directly bind to
the X  halogenic anion form a relatively stable and well-defined structure. The solvation
shells of F  and of the cations likely show similar dynamics as the solvation shells of Cl  ,
Br  and I  , but unfortunately these dynamics could not be measured because the O–H
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stretch vibrational lifetime of the water molecules in these solvation shells is comparable
to that of bulk HDO:D2 O.
The value of  c is observed to be somewhat longer for the solvation shells of Br 
and I  than for the solvation shell of Cl  and  c is observed to increase with tempera


ture from 12 j 3 ps at 25 C, to 24 j 5 ps at 65 C, to 30 j 6 ps at 85 C (figure 6.5).
These observations can be well explained within the framework of the Brownian-oscillator
model, in which the time constant  c is related to the frequency P HB of the hydrogenbond stretch vibration via  c Q»LP 2HB ,109 with » the damping of the hydrogen-bond
stretch vibration. The dependence of  c on P HB can be understood from the fact that
tight bonds (high P HB ) show faster dynamics than weak bonds (low P HB ), leading to a
faster decay of g R HB (  )R HB (0) i1! e ¨ " ¨ c .12 The scaling of  c with the damping parameter
» reflects the fact that the motion in the hydrogen-bond coordinate R HB will slow down
when » increases. Exchanging Cl  for Br  or I  leads to a decrease of P HB ,6 because
the hydrogen bond becomes weaker and because the reduced mass of the hydrogen-bond
vibration increases. An increase in temperature also leads to a decrease of P HB , because the
hydrogen-bond interaction decreases with temperature. Hence, if the damping » of the
hydrogen-bond stretch vibration is similar for O–H  Cl  , O–H  Br  and O–H  I 
hydrogen bonds, and if » does not depend strongly on temperature, the observed increase
of  c with temperature and variation of the anion from Cl  to Br  or I  , can be well
explained from a decrease of the hydrogen-bond stretch frequency P HB .
The large difference between the values of  c of the O–H  O and the O–H  X 
oscillators cannot simply be explained from a difference in P HB , because the frequency
P HB of the O–H  X  hydrogen-bond stretch vibration is only 1–2 times lower than the
frequency of the O–H  O hydrogen-bond stretch vibration,6  140 which can account for
an increase of  c of almost a factor of 4. Hence, the difference in  c must be explained
from differences in microscopic structure.
For a solvation shell, the value of the hydrogen-bond coordinate R HB will be largely
determined by strongly damped deformational vibrations of this shell. The frequency of
these deformations will be much lower than P HB of the O–H  X  hydrogen-bond stretch
vibration between a single water molecule and the X  halogenic ion, because, in the liquid
phase, the deformation of a relatively large solvation structure requires a reorganization of
a large part of the local liquid structure. These deformational modes effectively take the
role of the Brownian oscillator in the above described model. Because the deformations
are slow, the autocorrelation function g R HB (t)R HB (0) i will decay slowly, i.e.  c is large.
Bulk liquid water possesses a disordered 3-dimensional structure and the fluctuations that
affect a local O–H  O hydrogen-bond length will involve a reorganization of only a small
part of the local liquid structure. As a result, the time scale of these fluctuations will be
much shorter, leading to a much faster decay of g R HB (t)R HB (0) i .
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6.5

Conclusions

In this chapter, we presented two-color femtosecond mid-infrared spectroscopic measurements of the dynamics of the aqueous solvation shells of the halogenic anions Cl  , Br 
and I  . A few picoseconds after excitation, only HDO molecules in the solvation shells of
the anions remain excited, which allows for a highly selective study of the spectral dynamics of these molecules.
The spectral dynamics was studied by measuring pump–probe transients at different
probe frequencies. From this study, we found that the stochastic modulation of the length
of the hydrogen bond between the water molecules and the halogenic anions has a characteristic time constant  c of 15–25 ps which is 30–50 times longer than the  c of the
O–H  O hydrogen bonds of bulk liquid water. In addition, the distribution of lengths
of the hydrogen bond between the water molecules and the halogenic anions was observed
to be relatively narrow. Both the long  c and the narrow distribution of hydrogen-bond
lengths indicate that the aqueous solvation shell forms a relatively long-living, well-defined
structure. The value of  c is larger for the aqueous solvation shells of Br  and I  than for
the solvation shell of Cl  and was observed to increase with temperature. These observations can be well explained from the dependence of  c on the frequency of the hydrogenbond vibrations between the HDO molecules and the solvated anions.
The large difference between the values of  c of aqueous solvation shells and bulk
liquid water likely results from a strong difference in the time scale of the fluctuations that
affect the length of the hydrogen bond. For an aqueous solvation shell, these fluctuations
can be identified with slow deformations of the solvation shell that involve a relatively
large reorganization of the local liquid structure. For bulk liquid water, the fluctuations
that affect the hydrogen-bond length likely are more local in nature which makes them
much faster.

7

Orientational dynamics of aqueous
solvation shells

In this chapter, we present a study of the orientational dynamics of aqueous solvation shells of
halogenic anions in bulk water solution with femtosecond two-color mid-infrared spectroscopy. The
reorientational motion was studied by simultaneously monitoring the pump–probe signals at parallel
and perpendicular pump and probe polarizations. The orientational dynamics has time constants
between 2.5 and 12 picoseconds, depending on the type of anion and the temperature. We find that
the solvation shell of I t shows faster orientational dynamics than the shells of the smaller ions Cl t
and Br t .

7.1 Introduction
In the previous chapter, it was found that water molecules around the anions Cl  , Br 
and I  form relatively rigid structures, compared to the more rapidly fluctuating structures that exist in pure liquid water. The relative stiffness of the anionic hydrogen bonds
in these shells was revealed by the slow spectral diffusion. The residence time of water
molecules in the solvation shell must at least equal the spectral-diffusion time. Therefore,
the residence time is at least 10 ps, but possibly much longer. In the present chapter, we
aim to study the motion of the entire solvation structure in the solvent. We can measure
the orientational-correlation time of an excited O–H group with polarization-resolved
pump–probe spectroscopy (see section 2.2.4).
Recently, the reorientational motion of water molecules in pure water (HDO:D 2 O)
has been studied with non-linear spectroscopy. In a first study, 137 two time constants
were found in the reorientation of water molecules, 0.7 and 13 ps. In a second study, 90 in
which also the frequency and temperature dependence was studied, a more comprehensive
treatment was provided. According to the latter work, a water molecule can reorient
only when one of its donated hydrogen-bonds is broken. The spectral-diffusion time was
thus found to be important for the orientational dynamics. The results were in general
agreement with NMR and dielectric relaxation studies.
The anionic solvation structure, that is assumed to consist of at least six water
molecules, can form many hydrogen bonds with the surrounding water, that hinder the
reorientational motion. Therefore, long rotational-correlation times should be expected
for the solvation shells. For salt solutions, the reorientational motion has been studied
with NMR. The results of a large number of studies are summarized in Ref. 96. For the
halide ions, the rotational-correlation times found with NMR are of the same order of
magnitude as for pure liquid water. One disadvantage of NMR is that the frequency of
the applied magnetic pulses is at most 100 MHz,96 which limits the time resolution to
nanoseconds. Within this time, the water molecules exchange numerous times between
73
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bulk and solvation shell.47  114  105 Therefore, the measured rotation is in fact an average over
all molecules in the liquid.

7.2

Experiment

The experiments are polarization-resolved two-color femtosecond mid-infrared pumpprobe experiments on a dilute (  1 M) solution of HDO dissolved in D 2 O that contains
a high concentration (1–3 M) of salt (NaCl, NaBr, or NaI). The generated mid-infrared
pulses have a pulse energy up to 30 N J, and a pulse duration of approximately 200 fs. The
pump and probe pulses were tuned to 3450 cm  1 and 3200 cm  1 , with bandwidths of 80
and 60 cm  1 , respectively.
To study the orientational relaxation of the excited HDO molecules, we rotated the
polarization of the probe pulse by 45 degrees with respect to the pump polarization using a zero-order ± 2 plate. The transmission changes of the probe parallel to the pump
(ln(T  T0 ) ¼ ) and perpendicular to the pump (ln(T  T0 ) K ) are measured as a function of
the delay  with respect to the pump. These signals are used to calculate the anisotropy
parameter R . Details about the setup and the experiment can be found in chapter 2.
To prevent Förster energy transfer between nearby O–H groups, which could influence the anisotropy decay,135 the HDO concentration was relatively low: only 0.5 % of
the solvent molecules were HDO molecules, the other 99.5 % of the solvent molecules
were D2 O. The ‘safe’ concentration was determined by measuring at different HDO concentrations. Below 0.5 %, there was no measurable dependence of the decay of R on the
HDO concentration.

7.3

Results

In figure 7.1, the anisotropy parameter R is presented as a function of delay for a solution
of 3 M NaCl in HDO:D2 O at different temperatures. Also shown are exponential fits
to the data in the delay-time window from 3 to 8 picoseconds in which the observed
transients only represent the orientational dynamics of the HDO molecules in the first

solvation shell of the Cl  ion (it will be shown. At 27 C, the orientational-relaxation
time constant  or of these HDO molecules is 9.6 j 0.6 ps, which is longer than the value
of  or of 2.6 ps of HDO molecules in a solution of HDO in D2 O.90 With increasing
temperature, the orientational relaxation becomes much faster:  or decreases to 4.2 j 0.4 ps

at 106 C.
If an anion-bonded water molecule leaves the solvation shell while it is still excited, it
will rapidly form a new hydrogen bond with another water molecule, and decay with a
time constant of 740 fs. The exchange of water molecules between shell and solvent will
therefore not have a great effect on the measurements of the anisotropy. In addition, it
was shown in chapter 6 that the residence time of a water molecule in the solvation shells
of the studied anions is at least on the order of 20 ps, much longer than  or .
The same series of measurements has been performed for solutions of NaBr and NaI.
The fitted orientational diffusion time constants  or are shown in figure 7.3 for all three

salts and for several temperatures in the range between room temperature and 106 C. At
all temperatures,  or (I  ) ½ or (Cl  ) D or (Br  ).
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Figure 7.1. Anisotropy parameter R as a function of delay ¡ for a solution of 3 M NaCl in
HDO:D2 O at five different temperatures. The pump frequency is 3450 cm t 1 and the probe frequency is 3200 cm t 1 . Also shown are exponential fits to the transients in the delay-time range from
3 to 8 picoseconds (solid curves).

7.4 Discussion
The question arises whether the observed reorientation of HDO molecules results from
reorientation within the solvation shell of the anion or from reorientation of the complete
shell. In the case of reorientation of individual molecules within the shell, the O–H
stretch frequency should be subject to a spectral-diffusion process that is at least as fast as
the reorientation, because such a reorientation inevitably affects the bond angle or bond
length of the O–H  X  hydrogen-bond, that are both strongly correlated to the O–H
stretch frequency.83  74 It was shown in chapter 6 that the dynamics of the spectral diffusion
can be measured by probing the induced isotropic bleaching of the 0  1 transition at
different probe frequencies. As the hydrogen-bond length of a molecule changes, the
molecule spectrally diffuses away from the frequency at which it was excited, resulting in a
faster decay if pump and probe have the same frequency and in a slower decay if the probe
frequency differs from that of the pump.
The time constant  c of this modulation can be obtained by fitting the measurements
to a Brownian-oscillator model.134  88 In chapter 6, we found that the time constant  c of the

modulation of the O–H  Cl  hydrogen-bond length increases from 14 j 2 ps at 25 C, to


24 j 5 ps at 65 C, to 30 j 6 ps at 85 C. This increase of  c could be well explained within
the framework of the Brownian oscillator model, in which the time constant  c is related

76

Orientational dynamics of aqueous solvation shells

7.4

to the frequency P HB of the hydrogen-bond stretch vibration via  c ¾»/P 2HB ,109 with »
the damping of the hydrogen-bond stretch vibration. An increase in temperature leads to
a decrease of P HB , and thus to an increase of  c , because the hydrogen-bond vibration is
anharmonic12 and because the hydrogen-bond interaction decreases with temperature. 37
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τc

correlation time [ps]

30
25
20
15

τor

10
5
20

40

60

80

100

120

o

temperature [ C]
Figure 7.2. Orientational and spectral-diffusion time constants ¡ or and ¡ c of the first solvation
shell of Cl t , as a function of temperature. The spectral-diffusion times were obtained in chapter 6.
The values of ¡ or are the same as in figure 7.3. Comparison of ¡ or and ¡ c leads to the conclusion
that ¡ or represents the reorientation of the entire solvation structure rather than an individual water
molecule.

The values of  or and  c for a 3 M solution of NaCl in water are displayed in figure
7.2. From the observation that  c is longer than  or , and from the reversed temperature
dependence, it follows that the orientational dynamics of the HDO molecules in the
first solvation shell of the Cl  ion must result from motions that do not contribute to
the spectral diffusion, i.e. that do not affect the O–H  Cl  hydrogen bond. Hence,
the observed reorientation represents the orientational diffusion of the complete solvation
structure. The long-living excitation of the anion-bound HDO molecule thus forms a
label that, like a flag on a sphere, enables one to follow the orientational motion of the
complete anionic solvation structure in the time domain. We would like to stress again
that the cation’s solvation shell is expected to be similar to the anion’s shell 28 and that it
likely shows similar dynamics; however, due to the shorter O–H stretch lifetime of the
former, we cannot distinghuish its reorientational motion from that of the bulk water.
In figure 7.3, the orientational diffusion time constants  or of the first solvation shell
of the halogenic anions Cl  , Br  and I  are presented as a function of temperature.
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Figure 7.3. Orientational diffusion time constants ¡ or of the solvation shells of Cl t , Br t and I t as
a function of temperature. The solid curves represent fits of the data using equation (7.4).

Surprising is the order of  or for the different anions:  or (I  ) ¿ or (Cl  ) ¿ or (Br  ) at
all temperatures. It seems to be in contradiction with the fact that the bare I  ion is larger
than Br  and Cl  . In the NMR measurements listed in Ref 96, the order was  or (I  ) 
 or (Br  ) E or (Cl  ). Thus, the NMR results are also in contradiction with the intuitive
notion that it should be more difficult to rotate the larger ion than to rotate the smaller.
Yet, similar anomalous behavior was observed for the ionic mobility, which is related to
translational diffusion 3  65 . We will come back to this at the end of the Discussion, after
modeling the data.
The orientational diffusion of the ensemble of aqueous solvation shells that are excited
by the pump pulse is described by the equation
À

n( 9¬ t)

À
t

À

DÁ
À
4 sin 9
sin 9 9

À

n( 9¬ t)
À

9
6



(7.1)

with 9 the angle with respect to the pump-pulse polarization, n( 9¬ t)d A the number of
particles in a solid angle d A (d AÂ d < d 9 sin 9 ), < the azimuth angle, and D Á the orientational diffusion constant. Equation (7.1) does not contain any dependence on the
azimuth angle < , because the excitation is symmetric around the pump-pulse polarization
axis. The solution of this equation can be written as a sum of exponentially decaying
Legendre polynomials P l :
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Cl 
Br 
I

rh  solv
2.13 Å
2.37 Å
2.05 Å

rHB
3.23 Å
3.40 Å
3.60 Å

rh
1.20 Å
1.18 Å
1.20 Å

7.4

rion
1.81 Å
1.96 Å
2.20 Å

Table 7.1. Values of rh  solv obtained from our fit and the hydrogen-bond length, and of rh from the
ionic mobility using the Stokes-Einstein relation for translational diffusion, the ionic radius.

n( 9¬ t) 

%

a l P l (cos 9 )e 

D Ä l(l 1)t



(7.2)

lÃ 0

with a l the coefficients that are determined by the distribution of n( 9Å t) at t=0. Because
the measured anisotropy R (  ) equals g P 2 (cos 9 ) i , the time constant  or of the decay of
R (  ) is related to D Á by  or  1  (6D Á ). The orientational diffusion constant D Á can be
related to the viscosity of the liquid using the Stokes-Einstein relation for orientational
diffusion of a sphere 30 :
DÁ 

kT

8 ;ÇÆ (T )rh  solv 3

(7.3)

with k Boltzmann’s constant, T the temperature in Kelvin, Æ (T ) the temperaturedependent viscosity, and rh  solv the hydrodynamic radius of the solvation structure. Combining this equation with  or  1  (6D Á ) gives:
 or (T ) 

4 ;ÇÆ (T )rh  solv 3 
3kT

(7.4)

In figure 7.3, fits of equation (7.4) to the data are shown (solid curves). The only fit
parameter is the radius rh  solv . The temperature-dependent viscosities were obtained from
temperature-dependent Jones-Dole A 112 and B 97 coefficients. The Jones-Dole calculation
of the viscosity is valid for low concentrations; however, we verified for NaCl 60 and for
NaBr53 that the difference between the calculated curve and experimental data was less
than 10 % over the whole temperature range, which gives a deviation of r h  solv of only
3 %.
The temperature dependence of the orientational diffusion is well described by
Æ (T )/T . For the hydrodynamic radii we find rh  solv (Cl  ) = 2.1 Å , rh  solv (Br  ) = 2.4 Å ,
and rh  solv (I  ) = 2.1 Å (precise values are in table 7.1, together with other radii that will
appear in the text). These radii can be compared to the hydrodynamic radii r h obtained
from the Stokes-Einstein relation for translational diffusion. From the ionic mobility 3 ,
related to translational diffusion, we find rh = 1.2 Å for all anions. rh is significantly
smaller than rh  solv for all anions. If rh  solv would have been equal to rh , the reorientation
would be about 8 times as fast,  or being on the order of 1 ps. This suggests that the
(translational) diffusion steps take place for a significant part without the solvation shell,
thus reducing its effective size.
It seems surprising that we find similar values for the hydrodynamic radii r h of the
different ions. From the orientational diffusion times, it follows that the hydrodynamic
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radius rh  solv of I  is even smaller than that of Br  and Cl  . These observations may
lead to the straightforward interpretation that the size of the diffusing structure, i.e. the
ion with its solvation shell, is smaller for I  than for Cl  and Br  . Since I  is a bigger
ion, the electrostatic field felt by the molecules in the solvation shell is weaker, and the
anionic hydrogen bonds are weaker. Possibly, the water molecules in the solvation shell
have more freedom to go in and out of the shell, creating moments in which the ion is able
to displace with a smaller number of molecules attached. Another possible explanation is
that the dielectric friction between the ion and its surroundings could be smaller for the
larger ions,65 or that the Cl  ion, more than I  , forms short-living clusters of two or more
ions,26 that hinder the diffusive motion.
Both radii obtained, rh from the ionic mobilities and rh  solv from the rotationalanisotropy data, are much smaller than expected. The values of r h should be at least as large
as the ionic radii: rion (Cl  ) = 1.8 Å, rion (Br  ) = 2.0 Å , and rion (I  ) = 2.2 Å.3 For rh  solv one
should expect values of at least the anion–water hydrogen-bond length: r HB (Cl  ) = 3.2 Å ,
rHB (Br  ) = 3.4 Å , and rHB (I  ) = 3.6 Å.83 This deviation is probably caused by the fact
that the Stokes–Einstein relation, in particular the viscosity, is defined for macroscopic
objects. In the present case, however, the moving objects are of the same length scale as
the molecules of the viscous liquid. In this regime, the concept of viscosity loses its meaning, and the orientational mobility becomes closely connected to the specific interactions
between the solvation shell and its surroundings, mainly electrostatic interactions with
other ions and hydrogen bonding.

7.5

Conclusions

In this chapter, direct time-resolved measurements of the orientational dynamics of HDO
molecules in the first solvation shell of Cl  , Br  , and I  in bulk aqueous solution are
presented. The selective study of anion-bound water molecules is enabled by their exceptionally long vibrational lifetime. We find that the orientational diffusion is about twice
as fast for I  as for Br  ; for Cl  it is in between. From the temperature dependence of the
reorientation rate and the comparison with spectral-diffusion data, we conclude that the
observed reorientation of the HDO molecules results from the orientational diffusion of
the complete solvation structure. The O–H group of the HDO molecule in the solvation
shell thus acts as a label that enables the direct measurement of the orientational diffusion
of the solvation structure in the time domain.

8

The influence of ions on the
hydrogen-bond structure of water

The effects of ions on bulk properties of liquid water, such as viscosity and ionic mobility, suggest
that ions alter the hydrogen-bond network of liquid water. In this chapter, measurements of the
orientational-correlation time of water molecules in solutions of NaClO4 , Mg(ClO4 )2 , and Na2 SO4
are presented. The measurements show that, even for high concentrations of ions that are believed
to strongly enhance the hydrogen-bond network, there is no influence on the rotational dynamics
of water molecules outside the first solvation shell. The results described in this chapter oppose the
prevailing notion of structure-making or structure-breaking ions, that has been held for decennia.

8.1 Introduction
After having studied several aspects of solvations shells, we turn our attention in this final
chapter to the behaviour of the bulk solvent. It is generally assumed that ions can enhance
or weaken the hydrogen-bond structure in water;29  35  39  40 as a result, ions are categorized
as either ‘structure makers’ or ‘structure breakers’. The concept of structure making and
breaking was probably introduced in the 1930’s.21 The central idea of this concept is that
the hydrogen-bond structure and dynamics of water in the direct environment, usually
over a distance of several molecules, are changed by the electrostatic field exerted by the
ion. To quote Engel in Ref. 35, ‘the word structure breaking is synonymous with the
characterization “causing faster motions of the water molecules”.’ Therefore, ions with
strong electric-field density, i.e. small or highly-charged ions, will be structure makers,
while larger ions will likely be structure breakers. For polyatomic ions, it is not always a
priori obvious whether they will belong to the one or the other group: SO 42  is a strong
structure maker, while ClO4 is a structure breaker. Structure breaking is sometimes called
‘negative hydration’.
The concept of structure making and breaking has gained recognition when more
anomalous phenomena could be explained by these ideas. First, there are the anomalous
mobilities of many ions in water. The usual models use Stokes’ law, that describes friction
due to viscosity, and/or dielectric friction, as described by Zwanzig. 144 These models provide a poor description of the mobility. In general, ions with low charge densities (e.g. large
univalent ions) move less hindered and therefore have a larger mobility than predicted by
the Stokes/Zwanzig models,40 while ions with high charge densities generally have smaller
mobilities. The large tetra-alkylammonium ions also have an unexpected low mobility.
The effect is much stronger if these ions are dissolved in water than if they are dissolved
in some aprotic solvent, which can be explained when the tetra-alkylammonium ions are
assumed to promote the degree of hydrogen bonding between the solvent molecules in the
case of water.
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A second argument that supports the concept of a changed hydrogen-bond structure
in water due to ions, is provided by the effect of the presence of ions on the viscosity of
water.45 The phenomenological Jones–Dole expression56 relates the viscosity of an aqueous
ionic solution to the ion concentration:
Æ
Æ 0 È

5

1  A c  Bc 

(8.1)

In this equation c is the ion concentration, Æ is the viscosity of the solution, Æ 0 is the
viscosity of pure water, and A and B are the ‘Jones–Dole constants’. Equation (8.1) is
valid for concentrations up to about 1 M, but this range can be extended by including
5
higher-order terms in the concentration.97 The second term on the right-hand side, A c,
results from electrostatic interactions between the ions. The constant A is due to the
electrostatic interaction between the ions and can be derived from theory. 36 The third
term, Bc is attributed to the influence on the hydrogen-bond structure by the ion: the
ions that are considered strong structure makers have positive B coefficients, while ions
with negative B coefficients are structure-breaking, since structured water, with stronger
hydrogen bonds, is expected to be more viscous than nonstructured water.
The vibrational spectra of electrolyte solutions have also been studied in order to get
insight in the influence of ions on the hydrogen-bond structure in liquid water. 40 Some
cations with high charge density (like Al 3 82 or Mg2 125 ) are considered to be strong
structure makers and cause a slight redshift of the spectrum, indicative of an enhanced
hydrogen-bonding (see figure 8.1). However, aqueous tetra-alkylammonium solutions do
not show this redshift,40 although the tetra-alkylammonium ions would be even stronger
structure makers than Mg2 .
The above described effects all constitute rather indirect probes of the effect of ions
on the hydrogen-bond structure of liquid water, relating macroscopic quantities to microscopic behaviour. A better way would be to probe the hydrogen-bonded network in ionic
solutions directly at a microscopic level, as was done for the solvating molecules in the
experiments presented in the previous chapters. The orientational-correlation time of the
water molecules can be viewed as a probe for the stiffness of the hydrogen-bond network,
because it is more difficult for water molecules to change their orientation if the hydrogenbond network is more rigid.90 Based on the hypothesis that ions influence the hydrogenbond network, one would expect the ‘bulk’ water molecules around a structure-making
ion to have a relatively long orientational-correlation time (compared to pure liquid water
with no ions present), and those surrounding a structure-breaking ion to have a relatively
short orientational correlation time. The orientational-correlation time of water molecules
in ionic solutions has been measured with NMR.96 However, as has been mentioned before, for ionic solutions NMR lacks specificity, since the pulses used in this method are
very long (microseconds) compared to the time scale on which water molecules exchange
between the solvation shell and the bulk solution. Hence, only the average reorientation
time of all water molecules is measured.
The properties of ionic solutions have also been studied with MD simulations, but
the results obtained are inconclusive as to the long-range effect of ions on the hydrogen
bonding of the water molecules. A number of MD results have been supportive of the
concept of structure making and structure breaking,18  95  123 but other MD studies do not
confirm this picture.19  143  130  75
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Until recently, it was not possible to study the very fast hydrogen-bond dynamics
of water molecules experimentally. Since a few years, however, this has become possible with femtosecond nonlinear spectroscopy.24  44  41  78  137  134 It was shown in the previous
chapters that with this technique, the behaviour of O–H groups of water molecules hydrogen bonded to an anion can be distinguished from the behaviour of O–H groups of
water molecules hydrogen bonded to a water molecule. Consequently, the solvation shells
of negative ions and the bulk water molecules can be studied separately from each other.

8.2

Experimental

The experiments are similar to the ones in the previous chapter. They are polarizationresolved two-color femtosecond mid-infrared pump-probe experiments on a dilute
(  1 M) solution of HDO dissolved in D2 O and several concentrations (0–6 M) of salt
(NaClO4 , Mg(ClO4 )2 or Na2 SO4 ). The generated mid-infrared pulses have a pulse energy
of 20 N J and a duration of approximately 200 fs.
To study the orientational relaxation of the excited HDO molecules, the polarization
of the probe pulse was rotated by 45 degrees with respect to the pump polarization using a zero-order ± 2 plate. The transmission changes of the probe parallel to the pump
(ln(T  T0 ) ¼ ) and perpendicular to the pump (ln(T  T0 ) K ) were measured as a function of
the delay  with respect to the pump. These signals are used to calculate the anisotropy
parameter R . Details about the setup and the experiment can be found in chapter 2.

8.3

Results

Separation of absorption bands The absorption spectra of the O–H stretch vibration
of solutions of 6 M NaClO4 and 3 M Mg(ClO4 )2 in HDO:D2 O solution is shown in
figure 8.1. For both solutions, two distinct peaks are seen. The peak in the NaClO 4
spectrum. which is centred at 3400 cm  1 , is attributed to O–H groups hydrogen-bonded
to D2 O molecules, whereas the peak at 3575 cm  1 is attributed to O–H groups bonded
to ClO4 .40 By fitting two Gaussian functions to the absorption spectrum of NaClO 4 ,
we determined the approximate centre and width (FWHM) of the O–H  ClO 4 band
to be 3575 cm  1 and 90 cm  1 , respectively, and of the O–H  O band 3400 cm  1 and
270 cm  1 .
We performed pump–probe measurements to study the dynamics of these two bands.
The decay of the isotropic signal is shown in figure 8.2. First, we pumped at 3575 cm  1
(0  1 transition of ClO4 bonded O–H groups) and probed at 3325 cm  1 (1  2 transition). The decay is clearly biexponential, where the fast component (0.8 ps) results from
O–H groups that are hydrogen-bonded to D2 O, and the slow component (1.7 ps) is due
to the decay of the excitation of O–H groups bonded to ClO4 . Then, we pumped at
3400 cm  1 (0  1 transition of water-bonded O–H groups) and probed at 3150 cm  1
(1  2 transition). At this frequency, practically no anion-bonded O–H groups are observed: the decay is fast and almost monoexponential with a time constant of about 0.8 ps
(the same as observed for O–H groups in the pure liquid.91 )
Since the water band at 3400 cm  1 is much broader (270 cm  1 compared to 90 cm  1 ),
these bulk-water molecules still can absorb at 3575 cm  1 . The reverse is not the case:
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Figure 8.1. Absorption band of the O–H stretching vibration in a 6 M NaClO 4 and in a 3 M
Mg(ClO4 )2 ( É 6 M ClO4t ) in HDO:D2 O solution. For both solutions there are two distinct peaks
meaning that the O–H vwvxv ClO4t band is well separated from the O–H vxvwv O band. Therefore, the
O–H vwvxv O band could be pumped and probed selectively.

pumping at 3400 cm  1 will not excite anion-bound water molecules. The difference
in vibrational relaxation times of the two absorption bands confirm what was already
concluded from the linear spectra, namely that the high-frequency absorption peak corresponds to the O–H  ClO4 groups, while the rest of the molecules, all forming O–H  O
hydrogen bonds to other water molecules, give rise to the broad absorption at 3400 cm  1 .
Orientational mobility In the previous chapter, we studied the anisotropy decay of
the anion-bound water molecules. The specificity was obtained by the difference in
vibrational lifetime. We could not look in detail to the dynamics of the other water
molecules, since all pump–probe responses were dominated by the response of the anionbound molecules. In the case of ClO4 , the absorption frequencies are well separated,
which enables the study of the other molecules, i.e. all molecules with the exception of
the anion-bound ones. These include pure bulk molecules and water molecules in the
cations’ solvation shells, that may show some redshift (stronger hydrogen bonds) in the
absorption spectrum (chapter 4). It is known that the stiffness of the hydrogen bonds
affects the orientational-correlation time.90 Since we are interested in the hydrogen-bond
network outside the anion’s solvation shell, we performed measurements of the anisotropy
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Figure 8.2. A logarithmic plot of the induced absorption measured as a function of time delay for
a 6 M NaClO4 solution for two different pump and probe frequencies. The decay has been fitted
biexponentially. When the pump frequency is 3575 cm t 1 and the probe frequency is 3325 cm t 1 ,
the decay is biexponential, whereas the decay is almost monoexponential when the pump frequency
is 3400 cm t 1 and the probe frequency is 3150 cm t 1 .

decay in several solutions known for their structure-making quality.
First, we performed two anisotropy measurements on a solution of NaClO 4 in
HDO:D2 O. In the first, we pumped the ‘water’ peak at 3400 cm  1 , in the second,
the ‘anion’ peak at 3575 cm  1 . In both experiments, the 1  2 induced absorption was
probed, by tuning the probe frequency 250 cm  1 redshifted with respect to the pump.
By pumping the different subbands, mostly O–H groups of one type are excited. However, since the water band is quite broad, it is inevitable that these O–H groups are also
excited when pumping at 3575 cm  1 . Fortunately, the latter O–H groups have a shorter
vibrational lifetime, and the ratio between excited O–H  ClO 4 and O–H  O groups
rapidly decreases. Thus, by analyzing the anisotropy at delays larger than 2.5 ps, only
O–H  ClO4 groups are probed. The results of the two experiments are shown in figure 8.3. The anisotropy clearly decays at different rates. For the O–H  O groups, a decay
of 3.2 j 0.3 ps is measured, similar to pure liquid water. For the O–H  ClO 4 groups, a
slower decay is observed, 7.6 j 0.3 ps. This is in qualitative agreement with the results
of chapter 7. In this case, separation between O–H  O and O–H  ClO 4 groups has
been achieved by ‘spectral selection’, rather than separation based on vibrational lifetime.
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Figure 8.3. A logarithmic plot of the anisotropy parameter R as a function of time delay for a
solution of 6 M NaClO4 in HDO:D2 O for two different pump and probe frequencies. When
the pump frequency is 3575 cm t 1 and the probe frequency is 3325 cm t 1 , the anisotropy decay is
much slower than if the pump frequency is 3400 cm t 1 and the probe frequency is 3150 cm t 1 . In
the former case, initially a rapid decay is seen, which can be attributed to O–H vxvwv O groups. After
a few picoseconds, these molecules have relaxed and the anisotropy is purely determined by the
solvation shell water molecules, forming O–H vxvwv ClO4t hydrogen bonds that have a much longer
orientational-correlation time. The 3575 cm t 1 pump data have been fitted monoexponentially
between 2.5 ps and 6 ps delay, the 3400 cm t 1 pump data have been fitted monoexponentially
between 0.5 ps and 3 ps delay.

In contrast to the solutions of chapter 7, we can now study the bulk O–H  O groups
separate from the anion-bound O–H groups.
To investigate the influence of ions on the hydrogen-bond network in bulk liquid water, we determined the orientational-correlation time of bulk water molecules in aqueous
solutions of NaClO4 , Mg(ClO4 )2 and Na2 SO4 . We performed measurements of the decay of the anisotropy parameter R at different concentrations of NaClO 4 in which the
O–H  O band was pumped at 3400 cm  1 and probed at 3150 cm  1 .
The measured anisotropy decay for 0 M, 0.5 M, 1 M, 3 M and 6 M NaClO 4 in
HDO:D2 O solutions is shown in figure 8.4, where R is plotted against the time delay between the pump and probe pulses. The anisotropy decay, at pump and probe frequencies
of 3400 cm  1 and 3150 cm  1 respectively, turns out to be independent of the NaClO4
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Figure 8.4. A logarithmic plot of the anisotropy parameter R measured as a function of delay for
different concentrations of NaClO4 . The pump frequency was tuned to 3400 cm t 1 , the probe to
3150 cm t 1 . The data have been fitted monoexponentially and shifted vertically with respect to each
other for clarity. As can be seen, the orientational correlation time is the same for each concentration.

concentration, which means that the orientational correlation time  or for the bulk water
molecules is independent of the salt concentration, its value is 3.4 j 0.1 ps.
Na is known as a very weak structure maker and ClO4 is known as a weak structure breaker,40  81 so maybe there is an effect of ions on the hydrogen-bond network of
bulk water but for NaClO4 the effect is just too small to have a measurable effect on the
orientational-correlation time. Therefore, we also performed measurements on solutions
that contained supposed strong structure makers, like Mg2 and SO24  . Thus, anisotropy
measurements were performed for bulk water molecules in Mg(ClO 4 )2 and Na2 SO4 solutions. The Jones–Dole B coefficients at room temperature of Mg(ClO 4 )2 and Na2 SO4
solutions are 0.3 and 0.4 respectively.81 With these values, the viscosity of 1 M Mg(ClO4 )2
is about 30 % higher than the viscosity of pure water and the viscosity of 1 M Na 2 SO4
is even about 40 % higher.1 Because the O–H  O and O–H  ClO4 bands are also well
separated in the Mg(ClO4 )2 solution (see figure 8.1), the O–H  O groups can be studied
selectively in a Mg(ClO4 )2 solution as well. In the case of Na2 SO4 , the anion-bonded
O–H groups absorb near 3400 cm  1 , like the bulk water molecules, but at low concentrations, the contribution of the water-bonded O–H groups will be much larger. Therefore,
even for a solution of Na2 SO4 , mainly the water-bonded O–H  O groups are probed as
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Figure 8.5. A logarithmic plot of the anisotropy parameter R as a function of time delay for different
concentrations of Mg(ClO4 )2 . Again, the data have been fitted monoexponentially and are shifted
vertically with respect to each other for clarity.

long as the salt concentration is sufficiently low. The results for Mg(ClO 4 )2 are shown in
figure 8.5, for Na2 SO4 in figure 8.6. Again, the decay of R turns out to be independent of
the salt concentration (at least for concentrations up to 1 M): the orientational-correlation
time is 3.2 j 0.2 ps for each solution. The difference with the NaClO 4 solutions of figure
8.4 is within the experimental error.
Now it is still possible that some of the water molecules can rotate freely in some
directions while being hindered in others. This would lead to relaxation of R to some
permanent or longer-living end level. Unfortunately, the anisotropy decay of the bulk
O–H  O oscillators can only be followed during a few picoseconds, because of the short
relaxation time of the O–H stretch vibration. To investigate the possible presence of such
a small slow component in the anisotropy, we also probed the O–D stretch vibration of
salt solutions using HDO:H2 O as solvent. The vibrational-relaxation time of the O–D
stretch vibration in HDO:H2 O is 1.7 j 0.3 ps,68 which is more than twice as long as the
vibrational-relaxation time of the O–H stretch vibration. Consequently, the anisotropy
decay can be followed twice as long (over 5 ps instead of 2.5 ps). We performed measurements on the anisotropy decay in solutions of different concentrations (1 M and 3 M)
of Mg(ClO4 )2 in HDO:H2 O. The O–D stretch vibration is pumped and probed at
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Figure 8.6. A logarithmic plot of the anisotropy parameter R as a function of time delay for pure
water, for 1 M Na2 SO4 and for 6 M NaClO4 . The data have been fitted monoexponentially and are
shifted vertically with respect to each other for clarity.

2500 cm  1 (0  1 transition).* The results are shown in figure 8.7. Again, no concentration dependence is found, which shows once more that the addition of Mg(ClO 4 )2 has
a negligible effect on the orientational dynamics of bulk water molecules. For each solution, the orientational-correlation time of the bulk water molecules is 2.5 j 0.1 ps. This
orientational-correlation time agrees well with the orientational-correlation time of 2.6 ps
found by Nienhuys et al.90 for pure HDO:D2 O, with NMR measurements,50  115 and with
terahertz spectroscopy.61  111 The difference between  or of 3.4 ps of figures 8.4, 8.5, and
8.6 and the  or of 2.5 ps of figure 8.7 can be understood in the following way. When
the 0  1 transition is probed as in figure 8.7, the signal is caused partly by a depletion of
the ground state (‘hole contribution’) and partly by a population of the first excited state
(‘particle contribution’). The hydrogen bond in the first excited state of the O–H (O–D)
stretch vibration is stronger than in the vibrational ground state. 134 Hence, when probing the 0  1 transition relatively weakly hydrogen-bonded O–H (O–D) groups in the
ground state as well as relatively strongly hydrogen-bonded O–H (O–D) groups in the
* To generate these pulses, the KTP crystal was exchanged for a LiNbO crystal in figure 2.3.5, and all other
3
crystals were adjusted to a slightly different frequency. Since LiNbO 3 starts to absorb below 2500 cm t 1 , we
could not make the laser pulses necessary to probe the 1 ) 2 transition without rather drastically changing the
pulse-generation setup.
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Figure 8.7. A logarithmic plot of the anisotropy parameter R as a function of time delay for different
concentrations of Mg(ClO4 )2 dissolved in H2 O with 4 % HDO. The data have been fitted with a
mono-exponential function and are shifted vertically with respect to each other for clarity.

excited state contribute to the observed (orientational) dynamics. However, if the 1  2
transition is probed as in figures 8.4, 8.5, and 8.6, the signal is caused by a population
of the first excited state only, and therefore only stronger hydrogen-bonded O–H (O–D)
groups contribute to the measured dynamics.

8.4 Discussion
The measurements of the orientational mobility of water molecules in salt solutions oppose the idea of enhanced or weakened hydrogen bonds around ions, outside their first
solvation shell: no structure-making or structure-breaking effect of ions on the hydrogenbond structure could be found, even for ions that are particularly known for their supposed
structure-making capacity. With respect to reorientation rate, i.e. average hydrogen-bond
strength, there are only two types of water molecules: anion-bonded or water-bonded.
This result indicates that an aqueous salt solution should not be viewed as a homogeneous
liquid with a modified hydrogen-bond structure, but rather as a colloidal suspension of
inert particles (hard spheres) in pure liquid water, that consist of the ion and its first hydration shell. The viscosity at low concentration can then be described by the Einstein
equation:51
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with < the volume fraction of the spheres.
It follows from this equation that a 30 % increase of the viscosity, as observed for a
1 M Mg(ClO4 )2 solution, can be obtained with a solution of 1 M suspended spheres that
have a radius of about 3.6 Å. This radius is surprisingly similar to the radius of an ion and
its first solvation shell of water molecules. Hence, the increase in viscosity upon adding
small spherical ions to liquid water can indeed be fully explained from the rigid nature of
the solvation structure formed by the ion and its first solvation shell.

8.5 Conclusions
The orientational-correlation time was measured for O–H groups of bulk water molecules
in various ionic solutions [NaClO4 , Mg(ClO4 )2 and Na2 SO4 in HDO:D2 O and
Mg(ClO4 )2 in HDO:H2 O] at different salt concentrations with femtosecond pump–
probe spectroscopy. It is found that the addition of ions has no influence on the rotational
dynamics of the bulk water molecules, even at very high concentrations (up to 6 M).
For all the ionic solutions the orientational-correlation time of the bulk water molecule
(measured at the 1  2 transition) is 3.4 j 0.2 ps. Only for the O–H groups in the first
solvation shell of the ClO4 ion, a different orientational-correlation time was found,
its value is 7.6 j 0.3 ps. Therefore, we conclude that ions do not enhance or break the
hydrogen-bond network outside their direct vicinity (probably only their first solvation
shell). As a result, there is no long-range structure-making effect or structure-breaking
effect. The origin of the strong influence on the viscosity of water is not the ability of
the ions to enhance the bulk hydrogen-bond network, but rather the rigidity of the first
solvation shell, that increases the effective radius of the dissolved ion.
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Summary
In this thesis, experimental studies are described on the dynamics of water molecules in
ionic solvation shells. Although knowledge of the properties of water and aqueous solutions are of great importance to chemistry and biology, and despite centuries of experimental and theoretical studies, by far not everything is yet known. Some information on the
structure of liquid water was obtained from X-ray diffraction and infrared spectroscopy, in
the beginning of the twentieth century. In spectroscopic studies, usually the O–H stretch
vibration is probed. The usefulness of this vibration in the study of the structure of water
is based on the influence on its frequency of the hydrogen-bond it forms with adjacent
(water) molecules; the relation between the O–H stretch frequency and hydrogen-bond
length is approximately linear. However, the time resolution of both spectroscopic and
diffraction techniques is by far not sufficient to discern any solvation dynamics. Only recently, the dynamics on sub-picosecond time scales has become accessible for experimental
study.
The experiments that are described in this thesis are two-colour mid-infrared femtosecond pump–probe spectroscopic studies. In this type of study, the O–H stretch vibration of
a number of water molecules, characterized by their absorption frequency, is vibrationally
excited. The pump pulse has a duration of approximately 200 fs, and is tuned to the
O–H stretch frequency. As a result of the excitation by the pump pulse, the transmission
of the sample changes, which is measured by the probe pulse. A detailed description of
the experiment is given in chapter 2. In this thesis, concentrated salt solutions have been
studied. The solutions consist of a low concentration of HDO (  1 M) in D 2 O and a high
concentration (0.5 to 10 M) of a particular salt: NaCl, NaBr, NaI.
In chapter 3, the isotropic transmission change was measured as a function of delay for
several salt solutions. For a solution containing KF, the decay is single-exponential with a
time constant of about 800 fs, identical to that of the neat liquid, i.e. HDO dissolved in
D2 O. For the solutions containing NaCl, NaBr or NaI, the relaxation becomes strongly
non-exponential and contains a fast component and a slow component of which the amplitude is observed to correlate with the concentration of the dissolved anion. The slow
component represents the vibrational lifetime T1 of the anion-bonded O–H groups. The
longer vibrational lifetime can be understood from the fact that the O–H stretch frequency
and its relaxation rate are strongly determined by the hydrogen-bond interaction. One of
the O–H groups of a water molecule in the solvation shell of an anion X  will form an
O–H  X  hydrogen bond, that is different from an O–H  O hydrogen bond in bulk
water and in a cationic solvation shell. The time constant of the slow component increases
with the anion’s mass, and decreases with temperature. The decrease with temperature is
expected on theoretical grounds and observed for most molecular vibrations, except for
bulk water. The opposite behaviour of bulk water and ionic solutions can be explained
from the much stronger temperature dependence of the hydrogen-bond interaction for
bulk water.
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At high concentrations (at concentrations of 6 M, there are about 5 water molecules
per ion), the anions and cations are quite close to each other and both will probably have
an influence on the vibrational relaxation of the anion-bonded O–H groups. In chapter 4,
we compared the vibrational relaxation of solutions of a series of salts consisting of the
cations Li , Na and Mg2 , and the anions Cl  , Br  and I  . The concentration was
varied between 0.5 M and 6 M (Cl  ), 9 M (Br  ) or 10 M (I  ). It was found that the
vibrational lifetime increases in the halogenic series Cl  , Br  , I  , and with increasing
concentration of dissolved salt. In addition, we found a small but significant dependence
of the lifetime on the nature of the cation: for the same type of anion and concentration,
it increases in the cationic series Mg2 , Li , Na .
Chapter 5 is a response to an article published by Laenen et al., who claimed that the
vibrational relaxation in salt solutions depends on the cation content, not on the anion’s,
opposing the results of chapter 4. The difference was attributed to differences in the
applied laser pulses. Additional experiments, using laser pulses modified to have Laenen’s
pulse characteristics, are presented, reaffirming our previous conclusions, and showing that
Laenen’s signal-to-noise ratio was not sufficient to draw sound conclusions.
From chapters 3, 4 and 5, it is concluded that the vibrational lifetime of anion-bonded
O–H groups is significantly longer than of the other O–H groups in the solution. This has
the great advantage that after a few picoseconds only HDO molecules remain excited that
are hydrogen bonded to an anion, which enables a very selective study of the dynamics of
the aqueous anionic solvation shell.
In chapter 6, we used different pump and probe frequencies to measure the rate at
which the frequency of an excited O–H group changes, resulting from variation of the
O–H  X  hydrogen-bond length. It was observed that the isotropic transmission change
decays at different rates for different probing frequencies. The difference in decay rates
results from a spectral diffusion process, that produces an ‘outflow’ of molecules that vibrate at a frequency near the pump frequency, and an ‘inflow’ at frequencies away from
the pump. The data have been modeled using two Brownian oscillators, one for the waterbound O–H groups (O–H  O) and one for the anion-bound (O–H  X  ). We obtained
values for the O–H stretch frequency (hydrogen-bond length) correlation time of several
anions, that are approximately 30 times as long as for the bulk water molecules. Thus, the
solvation shell is a stable, well-ordered structure compared to bulk liquid water.
In chapter 7, the reorientational motion of the anionic solvation shells is studied by
measuring the dynamics of the rotational anisotropy. The anisotropy decays slower than
for pure liquid water, but is faster than the hydrogen-bond motion. This means that the
orientational motion stems from a rotation of the complete solvation structure, not of the
individual solvent-shell molecules. The temperature dependence of the anisotropy decay
can be related to the temperature dependence of the viscosity using the Stokes-Einstein
equation for rotational diffusion of a sphere.
In the final chapter, an old hypothesis is tested, according to which some ions would be
able to change the hydrogen-bond structure of the solvating water molecules. If this structure would be enhanced (by the so-called ‘structure-making ions’), these water molecules
should be hindered in their reorientational motion. This was tested in chapter 8 for a series of ‘structure-making’ ions, ClO4 , Mg2 , and SO4 . Even for strong ‘structure makers’,
no change in reorientational motion could be measured. This implies that the long-held
belief in ‘structure making’ and ‘structure breaking’ should be abandoned, and a new ex-
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planation must be found to explain the phenomena that gave rise to these ideas.
The experiments in this thesis may add to the understanding of the important phenomenon of ion solvation, providing information on the structure and dynamics of solvation shells. The picture promoted by the results is the following: The ion is surrounded
by a shell of solvating water molecules. The whole structure is characterized by an average
diameter that in most cases corresponds to approximately one layer of solvent molecules.
The structure is rigid compared to the bulk solvent, being preserved during rotation and
changing shape relatively slowly. The influence of the ion does not extend beyond this
shell, at least not to the extent that it has a measurable influence on the hydrogen-bond
network.

Samenvatting
Zout water Dit proefschrift gaat over zout water. Zout water is natuurlijk van groot
belang in de wereld: ruim twee derde van het aardoppervlak is bedekt met oceanen, die
tezamen een zoutoplossing vormen van 1021 , ofwel duizendmaal een miljard maal een
miljard, liter. Gemiddeld over het hele aardoppervlak is dit een laag water met een diepte
van bijna 3 kilometer. Een ander voorbeeld is het menselijk lichaam, dat eveneens voor
een groot deel bestaat uit water met daarin allerlei opgeloste zouten en mineralen. Het is
van belang om precies te weten hoe de watermoleculen zich gedragen ten opzichte van de
opgeloste deeltjes omdat dit gedrag een grote invloed heeft op de chemische reacties die in
het lichaam plaatsvinden.
Een zoutmolecuul bestaat uit een kation en een anion: positief, respectievelijk negatief
geladen deeltjes. De ionen worden bijeengehouden door een sterke electrostatische
aantrekking: de ionische binding. Het oplossen van zout in water vereist het verbreken
van deze binding, zodat de ionen los van elkaar in de vloeistof verblijven. Dit proces
wordt gedreven door de interacties tussen ionen en watermoleculen en de toename van de
entropie.
Solvatatieschillen Al vanaf het begin van de twintigste eeuw werden zoutoplossingen
bestudeerd. De eerste theorieën hielden geen rekening met de moleculaire structuur van
het water, maar beschreven de oplossing simpelweg als puntladingen in een homogeen
medium met een karakteristieke dielectrische constante. Hierin kwam verandering in
de jaren twintig en dertig, toen nieuwe technieken werden gebruikt voor de studie van
water, zoals Röntgen diffractie en infrarood spectroscopie. Er kon worden aangetoond
dat vloeibaar water wel degelijk een structuur bezit, en dat die structuur verandert als er
deeltjes in worden opgelost. De watermoleculen bevinden zich bij voorkeur op specifieke
afstanden van het deeltje, zodat een of meer schillen van watermoleculen worden gevormd,
zogenaamde solvatatieschillen. De dynamica van deze schillen speelt een essentiële rol in
chemische reakties: op zijn minst zullen eerst de watermoleculen aan de kant moeten.
Daarnaast blijken de watermoleculen ook een actieve rol in de reaktie te kunnen spelen.
De waterstofbrug Tussen watermoleculen bestaat een specifieke binding, de waterstofbrug. Deze binding kan alleen bestaan tussen een waterstofatoom enerzijds en een sterk
electronegatief atoom, zoals O, N, F, Cl, Br of I anderzijds. De binding is zwakker dan een
covalente of ‘chemische’ binding, maar sterk genoeg om watermoleculen bijeen te houden,
zodat water bij kamertemperatuur niet verdampt. Vloeistoffen die geen waterstofbruggen
kunnen vormen vervliegen wel bij kamertemperatuur, bijvoorbeeld ether.
Een waterstofbrug is directief, of gericht: bij een brug tussen een O–H groep en een
zuurstofatoom liggen alle atomen bij voorkeur op een lijn: O–H  O. Dit feit maakt
dat ijs, waarbij alle watermoleculen vier waterstofbruggen vormen met andere moleculen,

een lagere dichtheid heeft dan water van 0 C. De watermoleculen in ijs zouden dichter
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Figuur 8.8. Gesimuleerde foto’s van een jodide ion, gesolvateerd door watermoleculen. De experimenten tonen aan dat de watermoleculen in de eerste solvatatieschil van het ion langzamer bewegen
dan de moleculen buiten deze schil. De translationele en rotationele dynamica van watermoleculen
in de schil vindt plaats met tijdsconstanten van respectievelijk 18 en 10 picoseconden. Buiten de
schil is dat 0.5 resp. 2.6 ps. De figuren zijn “artist’s impressions” van foto’s van de vloeistof, genomen
met sluitertijden van respectievelijk 1, 4, 10 en 30 ps.

op elkaar kunnen zitten, maar zouden daartoe een of meer waterstofbruggen moeten verbreken.
Wat bepaalt de solvatatiestructuur? De structuur van water rond een ion wordt
bepaald door een drietal interacties. Ten eerste, watermoleculen kunnen een waterstofbrug vormen met een anion. Ten tweede, watermoleculen zijn van zichzelf een klein
beetje polair: het zuurstofatoom is licht negatief, terwijl beide waterstofatomen een beetje
positief geladen zijn, en omdat het middelpunt van beide waterstofatomen niet samenvalt
met het zuurstofatoom heeft het molecuul een dipoolmoment, dat zich wil richten naar
het electrisch veld dat van het ion uitgaat. Ten slotte vormen watermoleculen ook nog
waterstofbruggen met elkaar. De tweede schil van watermoleculen rond een ion zal zich
richten naar de eerste schil, om zoveel mogelijk profijt te hebben van de waterstofbruginteracties. Van de andere kant zal de waterstofbrug-structuur die in de vloeistof bestaat
zich willen voortzetten tot bij het ion.
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Ultrasnelle spectroscopie De drie genoemde interacties moeten samen de structuur
van watermoleculen rond een ion bepalen. Lange tijd bestond er eigenlijk geen techniek
waarmee we de moleculen dichtbij een ion konden waarnemen los van de verder van het
ion verwijderde moleculen. En als dat wel kon, zoals met Röntgen diffractie, was de
meetmethode zo traag dat het vergeleken zou kunnen worden met een foto van een scrum
in een rugbywedstrijd, genomen met een sluitertijd van een uur. Als de camera gedurende
die tijd steeds op de bal gericht is geweest is deze nog wel te zien, maar de individuele
spelers zullen niet meer te onderscheiden zijn. Omdat ondertussen ook nog van speelhelft
is gewisseld, kan men uit de foto van de scrum vrijwel niets over de spelers te weten komen.
Als wij willen weten wie er aan de scrum deelnemen, hoe lang iedere speler is, of hij zich
langer of korter dan zijn medespelers in het strijdgewoel staande houdt, en of hij zich van
ontoelaatbare trucs bedient om de bal te bemachtigen, hebben we dus een fotocamera
nodig met een korte sluitertijd. Waar een gewone camera sluitertijden van ongeveer een
milliseconde haalt, ruim voldoende voor zelfs de snelste rugbyspeler, is voor het bestuderen
van watermoleculen een sluitertijd van minder dan een picoseconde (1 ps = 10  12 s ofwel
een miljoenste van een miljoenste seconde) vereist; een miljard maal korter dus dan van
een gewone camera.
Onze ‘fotocamera’ is een woud van laserapparatuur, spiegels, lenzen en speciale
kristallen, die samen een oppervlak van ongeveer 8 vierkante meter beslaan. Hiermee
maken we zeer korte laserpulsen, lichtflitsen van ongeveer 100 femtoseconde (1 fs =
10  15 s, ofwel een duizendste picoseconde), die met een frequentie van 1 kHz (dus
duizend per seconde) worden geproduceerd. De golflengte van dit licht is ongeveer 3 N m
; dit is infrarood licht dat wij met onze ogen niet kunnen zien. Licht met deze golflengte
wordt door water geabsorbeerd: ieder geabsorbeerd foton brengt een watermolecuul in
trilling. Het watermolecuul kan op verschillende manieren trillen; de specifieke trilling die
wij bestuderen is de vibratie van het waterstofatoom ten opzichte van het zuurstof atoom,
de O–H strek vibratie. Gedurende de tijd dat het molecuul trilt —de “levensduur” van de
vibratie— kan het geen licht van deze frequentie absorberen; door de absorptie te meten
weten we dus hoeveel moleculen er (nog) in trilling zijn.
Ik zal nu uitleggen hoe we deze trilling kunnen gebruiken om de eigenschappen van
watermoleculen rondom ionen te bestuderen. De frequentie van deze O–H strek vibratie
wordt bepaald door de sterkte van de waterstofbrug die deze O–H groep vormt met een
naburig watermolecuul, of met een anion (het kation kan geen waterstofbrug vormen).
Hoe korter en sterker de waterstofbrug, hoe lager de frequentie van de aangeslagen trilling.
De trilling leeft iets minder dan een picoseconde voor O–H groepen die aan water zijn
gebrugd, maar veel langer, enkele picoseconden, als het molecuul aan een anion is gebrugd.
Dit is zeer gunstig, omdat we nu de moleculen die de solvatatieschil van het anion vormen
kunnen onderscheiden van de andere watermoleculen. Als we met onze laserpulsen op het
zoute water schieten, brengen we in eerste instantie alle watermoleculen in trilling. Als
we vervolgens korte tijd wachten, zijn de gewone watermoleculen reeds uitgetrild, terwijl
die in de schil rond het anion nog trillen. Aangezien we specifiek willen kijken naar de
watermoleculen rond de anionen, gebruiken we in onze experimenten alleen de gegevens
die zijn verkregen na voldoende lang (ongeveer 3 ps) te hebben gewacht.
In de figuur worden vier “foto’s” getoond van watermoleculen rond een anion,
genomen met verschillende sluitertijden, variërend van 0.2 tot 10 ps (1 ps = 10  12 s).
De “foto’s” zijn niet werkelijk en kunnen de werkelijkheid ook niet exact weergeven,
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maar ze geven wel een impressie van de dynamica van watermoleculen rond een anion,
gebaseerd op de resultaten van onze experimenten. In de rest van deze samenvatting zal ik
verschillende aspecten van de bewegingen van de watermoleculen uitleggen, en hoe we ze
hebben kunnen meten.
Bewegingen van de solvatatieschil In vloeistof bewegen de moleculen op allerlei
manieren: alles beweegt door elkaar, draait om elkaar en om zijn eigen as, en wordt heen
en weer geduwd, net als de rugbyspelers in de scrum. Dit is zichtbaar gemaakt in de figuur,
met name in de foto met een sluitertijd van 4 ps. Met Röntgen diffractie was eerder al
waargenomen dat watermoleculen zich op specifieke afstanden rond ionen bevinden, maar
met deze techniek kon men niet zien hoe deze moleculen bewegen. In de vergelijking met
de scrum: de coach weet wel dat er bijvoorbeeld twee rijen van spelers om de bal staan
(daartoe heeft hij bovendien zelf opdracht gegeven), en of zijn team na de scrum de bal
meestal al dan niet in zijn bezit heeft. Nu wil hij echter met betrekking tot het vergroten
van de stootkracht van zijn team in dergelijke situaties bepalen welke spelers het langst
standhouden en zich het minst door de tegenpartij aan de kant laten duwen. Dat doet hij
door verschillende foto’s te maken, waarop de afzonderlijke spelers steeds duidelijk te zien
zijn. Door verschillende van deze foto’s achter elkaar te plaatsen verkrijgt hij een filmpje
van het verloop van de scrum, en de rol daarin van iedere speler. Terug naar water: we
maken “foto’s” van watermoleculen door gebruik te maken van het feit dat de trillingsfrequentie varieert als de afstand tussen het watermolecuul en het anion verandert. De karakteristieke tijd dat de frequentie gelijk blijft noemen we de correlatietijd, of, omdat het gaat
om een frequentieverandering ten gevolge van de diffusieve beweging van moleculen, de
spectrale diffusie tijd. Deze tijd blijkt ongeveer 10 tot 25 ps te zijn, afhankelijk van het
ion. Dit lijkt kort, maar eigenlijk waren we juist verbaasd dat het zo lang is; het is namelijk
veel langer dan de correlatietijd tussen twee watermoleculen in bulk water, die minder dan
1 ps bedraagt. In de figuur is te zien dat de afstand van de zuurstofatomen tot het anion
niet erg sterk verandert gedurende 10 ps.
Rotatie van solvatatiestructuren Als we water exciteren met gepolariseerd laserlicht,
zullen we vooral die moleculen in trilling brengen, waarvan de O–H groep parallel staat
aan de polarisatie van het licht. Eerder is al gezegd dat we het aantal nog in trilling
zijnde moleculen kunnen meten doordat de trillende moleculen geen licht meer kunnen
absorberen. Dit moet ik eigenlijk iets preciezer formuleren; de absorptieverandering ten
gevolge van de excitatie is namelijk alleen meetbaar met licht dat is gepolariseerd langs de
as waarin de moleculen trillen. We gebruiken dit effect om de rotatie van watermoleculen
in solvatatieschillen te meten. Weer wachten we tot de ‘gewone’ watermoleculen zijn
uitgetrild, en kijken dan naar de oriëntatie van de nog in trilling zijnde moleculen in de
solvatatieschillen van anionen. De tijd dat een watermolecuul in de schil van een anion
in dezelfde richting wijst wordt de oriëntationele correlatietijd genoemd; hoe korter de
correlatietijd, hoe groter de draaisnelheid. Volgens onze metingen is deze correlatietijd
ongeveer 10 ps voor de bestudeerde anionen (Cl  , Br  en I  ). Ter vergelijking: in puur
water roteren de moleculen met een tijdsconstante van ongeveer 2.7 ps. In de figuur,
vooral die met een sluitertijd van 4 ps, is te zien dat de watermoleculen veel sneller roteren
dan degene die aan het anion gebonden zijn. Op een tijdschaal van 10 ps echter roteert
ook de solvatatieschil.
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Interessant is verder dat de oriëntationele correlatietijd korter is dan de spectrale diffusietijd. Met andere woorden: een watermolecuul in de solvatatieschil van een anion
draait sneller dan dat het zich van het anion af beweegt. De rotatie die we meten betreft dus de rotatie van de gehele solvatatieschil, en niet van een enkel molecuul dat even
de schil verlaat en daardoor gemakkelijker roteert. Het vreemde is dat de schil van het
grootste ion, I  , het snelste draait. Hetzelfde zien we bij de mobiliteit van deze ionen, de
snelheid waarmee een ion zich door het oplosmiddel kan verplaatsen (dit hebben wij niet
gemeten maar in een tabel opgezocht). Vermoedelijk is de reden hiervoor dat I  zo groot
is, dat de watermoleculen niet meer zo sterk aan het ion binden, en er gemakkelijk even
van losraken. Hierdoor is de effectieve grootte van de schil tijdelijk afgenomen, en kan de
schil vrijer roteren.
Structuur van water buiten de eerste solvatatieschil Ik heb al laten zien dat de
structuur van water verandert door de aanwezigheid van ionen: een stabiele solvatatieschil
wordt gevormd. Het traditionele beeld van de solvatatie van ionen is echter dat sommige ionen de structuur van watermoleculen ook buiten deze solvatatieschil beı̈nvloedt,
en deze structuur sterker maakt dan de structuur in puur water, dus zonder ionen; andere ionen zouden de structuur verzwakken. Een van de redenen van het ontstaan van
dit idee is het vreemde gedrag van de viscositeit van zoutoplossingen: bij het oplossen van
bepaalde ionen, zoals Mg2 , neemt de viscositeit veel sterker toe dan voor bijvoorbeeld
Na . Dit microscopische beeld van een veranderde waterstofbrugstructuur blijkt echter
uiterst moeilijk te verifiëren.
Tot nu toe was het niet mogelijk om direct naar deze moleculen te kijken om te zien
of ze zich daadwerkelijk anders gedragen. Met onze techniek kunnen we echter meten hoe
snel deze moleculen roteren. In alle eerder besproken metingen konden we specifiek naar
de moleculen in de solvatatieschillen van anionen kijken, doordat deze moleculen langer
dan de andere trilden. Nu willen we juist naar die andere moleculen kijken, en kunnen we
dus niet meer dezelfde truc toepassen. Er is gelukkig een anion waarvoor de moleculen in
de solvatatieschil met een zodanig andere frequentie trillen, dat we door de golflengte van
het laserlicht goed te kiezen, deze laatste moleculen links kunnen laten liggen, en alleen
moleculen exciteren die zich ofwel vrij in de vloeistof, ofwel in de solvatatieschil van een
kation bevinden. We kiezen bij dit anion speciaal een kation dat er om bekend staat een
sterke ‘structure maker’ te zijn: Mg2 .
Wanneer we dit doen, en dus specifiek kijken naar de watermoleculen die de ‘structuremaking’ invloed van dit kation zouden moeten ondergaan, zien we . . . niets! Er is geen
enkele invloed waarneembaar op de structuur van water rond ionen, althans niet buiten
de eerste solvatatieschil. Dit betekent dat de ‘structure making’ en ‘structure breaking’
effecten die al minstens 70 jaar wordt verondersteld de waterstofbrugstructuur te bepalen
waarschijnlijk helemaal niet bestaan! We stellen een andere verklaring voor het effect van
het oplossen van zouten op de viscositeit voor. Wanneer we aannemen dat een ion met een
solvatatieschil kan worden beschouwd als een harde bol, kunnen we uit de diffusiviteit van
het ion de viscositeit van de oplossing berekenen met de Stokes–Einstein formule die al in
het begin van de twintigste eeuw is afgeleid. De aldus berekende viscositeit blijkt aardig
goed te kloppen met de waarnemingen. In dit beeld komt het verschil tussen ionen tot
uitdrukking in een verschillende diameter van de harde bol, dat wil zeggen de effectieve
grootte van het ion met zijn solvatatieschil.

Samenvatting

109

We weten nog lang niet alles over water en de interacties van water met verschillende
erin opgeloste stoffen, maar er begint toch een beeld te ontstaan van de dynamica van
solvatatieschillen. Wij hopen met het werk beschreven in dit proefschrift bij te dragen aan
de kennis over solvatatieschillen. Kort samengevat luiden de belangrijkste conclusies als
volgt: de structuur van een zoutoplossing in water is er een van ionen met een solvatatieschil, die met niet-lineaire spectroscopie bestudeerd kan worden als gevolg van de langere
vibrationele levensduur van de watermoleculen uit deze schillen. De schil verandert slechts
langzaam van vorm, en kan als geheel roteren. De invloed van het ion op de sterkte van de
waterstofbrugstructuur blijft beperkt tot een enkele solvatatieschil, en strekt zich niet uit,
zoals lang werd gedacht, over verschillende lagen van watermoleculen.
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