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Chapter 1. Introduction

1.1 Water and hydrogen bonds

The ubiquitous presence of water on earth and in everyday life may suggest that
the behavior of this liquid is fully understood. Whereas its macroscopic properties
like the high specific heat and the high boiling temperature, are attributed to the
ability of water to form hydrogen-bonds, its microscopic behavior, which underlies
the macroscopic properties, still forms an intriguing puzzle. It is beyond doubt that
water molecules play a crucial role in the stabilization of biomolecules, like proteins,
and in (bio)chemical reactions, either as reactant themselves, as in the photosynthesis
or the ATP/ADP cycle, or as solvent facilitating these reactions. In the latter case, it
not only determines the solvation dynamics, but also acts as an acceptant of excess
energy dissipated in the reaction. In this context, it is necessary to know the behavior
of water molecules in the liquid phase. This is one of the central themes in this thesis.

Water (H2O) molecules can form up to 4 hydrogen bonds and because hydrogen
bonds are cooperative in nature, they strongly affect the structure and dynamics of
water. Hydrogen-bonding also plays a dominant role in the structure of macro- and
biomolecules. The elementary building blocks for the secondary structure of proteins,
the α-helices and β-sheets, owe their actual structure to hydrogen bonding. Hydrogen-
bonding is much stronger than the intermolecular Van der Waals interactions, and is
therefore expected to dominate the dynamic properties of hydrogen bonding liquids
and solids. Breaking and making of hydrogen bonds on picosecond time scales, for
example, are ubiquitous in liquid water. Chemical reactions, like acid-base reactions
and excited state proton or hydrogen transfer, all involve the breaking of hydrogen
bonds. Therefore, understanding water means understanding hydrogen-bonds.

Hydrogen bonding is an attractive interaction between proton donor (A-H) and
proton acceptor (B) molecules. The atoms A and B are among the electro-negative
atoms oxygen (O), fluorine (F) or nitrogen (N). Hydrogen bonds are directional and
the energies associated with hydrogen bonding range from 4 to 40 kJ/mol [14]. In
this thesis we will study the O–H· · ·O system. In the case of liquid water, hydrogen
bonds have an energy of 23.3 kJ/mol [93], while the covalent O–H bond is 492 kJ/mol
[81]. Dynamical information on water, in particular on the reorientation time of water
molecules in the liquid has been measured in NMR and dielectric relaxation experi-
ments, and was shown to be 8 ps [3, 6, 42]. Infrared spectroscopy is one of the key
tools to decipher the structure of gases, liquids and solids. The infrared absorption
spectrum of a system is extremely sensitive for hydrogen bonding [28]. Position, width
and the intensity of the O–H stretch absorption band changes dramatically, as will be
shown in the next sections. This does not imply, however, that the ultrafast dynam-
ics of water and other hydrogen bonded systems can be unraveled using the above
mentioned methods, including linear absorption spectroscopy. As will be shown in
the coming sections, short infrared pulses form a powerful means to get dynamical
information on hydrogen bonding and the behavior of water molecules out of the
absorption bands.
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Molecular vibrations

r
0 r

v=3

v=2

v=1

v=0

Figure 1.1. Anharmonic (solid line) versus harmonic (dashed line) potential with the ener-
gies of their vibrational states. r0 is the equilibrium distance, D the dissociation energy.

1.2 Molecular vibrations

For the description of the A-H stretch vibration of the A-H· · ·B system, we will first fo-
cus on a vibration in a di-atomic molecule. Given a harmonic potential V = k(r−r0)2,
i.e. the potential energy depends on the displacement from the equilibrium position
(r− r0) squared, it can be shown that the energies of the oscillator are given by [35]:

Gv = h̄ω0(v + 1/2) (1.1)

with ω0 =
√

k/µ, where µ is the reduced mass of the oscillator, k the force constant
and v the quantum number. It follows from the above equation that all energy levels
of the oscillator are equidistant. The selection rules for the harmonic oscillator are:
∆v=±1. The harmonic oscillator is, however, far from realistic. When the distance
between the atoms gets too short, additional repulsive forces come into play, leading to
a steeper slope for small internuclear distances. For distances larger than r0 the slope
becomes less steep than harmonic and decreases to zero for very large distances, i.e.
the molecule is dissociated into two atoms. These effects can be taken into account
using an anharmonic potential, i.e. a potential which contains a term ∝ (r − r0)

3

and higher order terms. An example of such a potential is the Morse potential: V =
D(1− e−β(r−r0))2, which has a (r− r0)

3 term in the expansion of the exponential. D
is the equilibrium dissociation energy and β a constant. Figure 1.1 shows the Morse

13



Chapter 1. Introduction

symmetric stretch

n1 = 3657 cm
-1

antisymmetric stretch

n
3
= 3756 cm

-1

bend

n2 = 1595 cm
-1

Figure 1.2. Normal mode vibrations for gaseous water, the solid arrows indicate the dis-
placement of each of the atoms, the dashed arrows give the direction of the dipole moment.

potential together with the harmonic potential. The energy of vibrations in a Morse
potential are given by [35]:

Gv = h̄ωe(v + 1/2) − ωexe(v + 1/2)2 (1.2)

where ωexe is the anharmonicity constant. The anharmonicity between the 0→1 and
1→2 is given by ∆ = (G1 − G0) − (G2 − G1) = 2ωexe. For an anharmonic oscilla-
tor the selection rules read: ∆v = ±1,±2, . . .. The levels are occupied following the
Boltzmann distribution.

For polyatomic molecules, more vibrations come into play. These vibrations can
be identified as normal mode vibrations, i.e. normal coordinates can be constructed
along which the progress of a single vibration can be followed. If a vibration changes
the dipole moment of the molecule, it is infrared active. If the polarizability changes,
it is Raman active.

As a not completely arbitrarily chosen example, let’s inspect the normal modes of
water. It belongs to the point-group C2v and has three normal mode vibrations, shown
in Figure 1.2. All these modes are infrared active. There are two stretching modes, the
symmetric ν1, and the antisymmetric ν3, which absorb at 3657 and 3756 cm−1, re-
spectively. The bending mode (ν2) is the third normal mode, absorbing at 1595 cm−1.
The dipole moments of the symmetric and antisymmetric stretch vibration, indicated
by the dashed arrows in Figure 1.2, are orthogonal with respect to each other.

Strictly speaking, the normal mode analysis only holds for small amplitudes of the
oscillations, i.e. only the quadratic terms in the potential are taken into account. As
we have seen before, oscillations are anharmonic, and therefore, severe modifications
are needed on the concept of normal modes. It is no longer possible to resolve the
vibrational degrees of freedom in simple normal mode motions. In analogy with Eq.
1.2, the total vibrational energy for a tri-atomic molecule in cm−1 reads [35]:

14



Vibrations in liquids

Gv1,v2,v3
= ω1(v1 + 1/2) + ω2(v2 + 1/2) + ω3(v3 + 1/2) +

x11(v1 + 1/2)2 + x22(v2 + 1/2)2 + x33(v3 + 1/2)2 +

x12(v1 + 1/2)(v2 + 1/2) + x13(v1 + 1/2)(v3 + 1/2) +

x23(v2 + 1/2)(v3 + 1/2) + . . . (1.3)

where xii are the diagonal and xij the cross anharmonicities. For gas phase wa-
ter, the following anharmonicity constant were found [35]: ω1=3825.25 cm−1,
ω2=1654.91 cm−1, ω3=3935.59 cm−1, x11=-43.8 cm−1, x22=-19.5 cm−1, x33=-
46.3 cm−1, x12=-20.0 cm−1, x23=-19.8 cm−1, x13=-155.0 cm−1. Using Eq. 1.3 the
observed ir-frequencies can be calculated.

1.3 Vibrations in liquids

The validity of selection rules and the clear spectral positions of normal modes in the
gas phase water, completely disappear in the liquid phase due to hydrogen bonding.
Especially, the stretching vibrations in water, are extremely sensitive for hydrogen
bonding. The A–H stretch frequency for a system A–H· · ·B strongly depends on the
distance between atoms A and B. For weak hydrogen bonds, i.e. long distances, the
A–H stretch frequency resembles the gas phase frequency. For very strong hydrogen
bonds, the A–H stretch frequency is shifted to the red. For water, the red shift is
approximately 300 cm−1. There is a strong correlation between the OH-stretch fre-
quency and the O–O distance [58], as is generally the case for A–H· · ·B systems.
Recent calculations, however, have shown that for water not only the hydrogen bond
length but also the hydrogen bond angle determines to a minor extent the stretch
frequency [77]. The ν2 bending mode of water, undergoes a small blue shift upon
hydrogen bonding.

In addition to the red shift, a broadening of the spectral bands occurs for the
stretch frequencies. The broadening stems from the dephasing of an ensemble of ex-
cited oscillators. Different mechanisms are responsible for the broadening of absorp-
tion lines. In two limiting cases, they are either static or dynamic. Dynamic contri-
butions to the line-broadening are responsible for the homogeneous broadening and
described by the dephasing time T2. This dephasing time reflects the loss of coherence
of an ensemble of oscillators with the same center frequency. There are two causes for
this loss: population relaxation to the ground state with time constant T1 and pure
dephasing with a time constant T ∗

2 . The latter time constant describes all very fast,
small frequency jumps around the center frequency. A homogeneously broadened line
shape is described by a Lorentzian with a width Γhom, which can be related to the
time scales as follows:
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Chapter 1. Introduction

πΓhom =
1

T2
=

1

2T1
+

1

T ∗
2

(1.4)

Static contributions to the line broadening are caused by static differences in the
transition frequencies between different oscillators, i.e. different oscillators experience
a different static environment. This leads to a Gaussian absorption line shape with a
width that reflects the range of possible transition frequencies. The absorption band
is inhomogeneously broadened.

A more general description of line broadening processes considers an oscillator
with time-dependent transition frequency ω(t) = ω0 + dω(t). If the Gauss-Markov
assumption is applied for the second term, i.e. 〈dω(0)dω(t)〉 = D2e−t/τc , with D
the width of the Gaussian distribution of the excursions dω(t) and τc the typical
frequency modulation time, the line shape can be calculated analytically [61]. The
static and dynamic contributions to the line broadening are two limiting cases. The
fast modulation limit (Dτc � 1) describes homogeneous broadening, whereas the slow
modulation limit (Dτc � 1) describes inhomogeneous broadening.

For water, at least two line broadening mechanisms are present, a fast process
leading to homogeneous broadening and a slow one leading to inhomogeneous broad-
ening. In other words, the OH–stretch band consists of an inhomogeneous distribution
of homogeneously broadened bands. If the changes in the transition frequency are nei-
ther very fast nor very slow, but change during the experiment, the process is called
spectral diffusion. In this case, water molecules change orientations and positions, and
continuously form and break hydrogen bonds towards neighboring water molecules on
a picosecond time scale, which affects the OH–stretch frequency.

1.4 Non-linear spectroscopic techniques

All dynamical information, which can be extracted from the homogeneous line-width,
is hidden under the inhomogeneous band. The band represents the average of an
ensemble of oscillators. Therefore, other experimental techniques are necessary to
reveal the broadening mechanism and the underlying dynamics.

These techniques can be grouped together as nonlinear spectroscopies, which
means that the generated response scales with En, with E the total E-field and n > 1.
Among the techniques are two and three pulse photon echo spectroscopy [75, 89, 91],
coherent anti-Stokes Raman scattering (CARS) [61] and various types of pump-probe
spectroscopies, like hole-burning, saturation spectroscopy [20, 25, 34, 37, 38, 46, 54,
64, 106, 107] and 2D-IR spectroscopy [21, 31, 41, 111, 112], which all have been ap-
plied to vibrations in the condensed phase. The above mentioned techniques are all
third-order nonlinear techniques, which means that the response from the sample is
generated from three interactions with the total light field.

Photon echo spectroscopy is a fully time-domain technique and makes use of two
coherence periods. A short pulse excites an inhomogeneous distribution of oscillators,

16



Non-linear spectroscopic techniques

n

G
inh

G
hom

G
hom

n

Figure 1.3. Left: Inhomogeneous (top) and homogeneous (bottom) line broadening. right:
the effect on the absorption spectrum after pumping an inhomogeneous (top) and a homo-
geneous band.

which will all dephase differently due to the different transition frequencies in the
excited ensemble. The third interaction with the light field initiates a rephasing of
the dephased oscillators, leading to the production of an echo, which is well defined
in time. The temporal shape and the shift in time of the maximum of the echo,
enables the experimentalist, for example, to determine the spectral diffusion time
scale. Recently, this technique has been applied in the infrared for HDO dissolved in
D2O [91]. A T ∗

2 was found of 90 fs.

Another technique to extract dynamical information from broadened absorption
bands is CARS. In such an experiment, two incoming fields with frequencies ω1 and
ω2 interact with the molecule. The frequency difference between the incoming fields is
resonant with a transition to a state v in the molecule: ω1 −ω2 = ωv. Field ω1 excites
the molecules, whereas ω2 is the Stokes line back to the level v in the molecule. The
third interaction is again with light field ω1 and generates the anti-Stokes signal at
2ω1 − ω2 [61, 84].

In a hole-burning experiment two pulses are used [99]. The first narrow-band
pump selects a sub-ensemble of oscillators, with the same surroundings. Due to this
excitation, a hole is created in the absorption profile, see Figure 1.3. A second, tunable
laser, measures the transient absorption spectrum. From these measurements, the
hole-width, which is related to the homogeneous line-width and lifetime of the excited
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Chapter 1. Introduction

state [99] can be extracted. The broadening of the hole with time is a measure for the
spectral diffusion.

The technique we used in this thesis is femtosecond mid-infrared saturation spec-
troscopy. This technique is similar to that of hole-burning, however, the emphasis
lies more on time- than on frequency-resolution. It will be shown in Chapter 3, that
ultrashort pulses can be generated with enough spectral selectivity. Saturation spec-
troscopy gives information on the lifetimes T1, on anharmonicities and couplings of
vibrations. Recent mid-infrared saturation spectroscopic studies of hydrogen-bonded
systems were mainly focused on water monomers [23], dilute solutions of HDO in D2O
[20, 25, 64, 103, 104, 108] and alcohol clusters [27, 107, 48]. More recent work focuses
on aqueous solutions of ions [43, 68], OD−-ions dissolved in water [62] and proton
transfer in photo-acids [78].

1.5 Outline of the thesis

The central theme of this thesis is the study of the vibrational relaxation of water and
hydrogen-bonded systems. Before the presentation of pump-probe results, a formal
description of the nonlinear polarization, with which wave mixing as well as pump-
probe signals can be described, is given in Chapter 2. The third chapter deals with
the generation of mid-infrared pulses and their usage in pump-probe spectroscopy.

The systems studied in Chapters 4-9 are depicted in Figure 1.4 together with the
infrared absorption band of the OH–stretch region. As one can see from the large
spread in positions, line shapes and band widths, the character of the hydrogen bond
interaction is very different from sample to sample.

In Chapter 4, we study the temperature dependence of the lifetime of the OH–
stretch vibration for pure liquid water and give an explanation for the observed be-
havior in terms of energy relaxation pathways. Chapter 5 focuses on the energy equi-
libration aspect in water. A comparison is made with the behavior measured in pure
ethanol.

Dlott and coworkers [69] performed a coherent anti-Stokes Raman experiment with
longer (picosecond) pulses on pure water. In their study, they present an alternative
picture of the vibrational dynamics of liquid water. Chapter 6 forms the comment
on this paper. In Chapter 7 an elaborate theoretical model is presented which both
corroborates our findings and is able to explain their results.

The last two chapters are concerned with the study of OH–oscillators in dilute
solutions. In contrast to earlier studies [23] where only water monomers without hy-
drogen bonds were studied, we investigate water monomers with one or two hydrogen
bonds to acetone molecules. The results are presented in Chapter 8. The last Chap-
ter is devoted to the study of an alcohol with two neighboring OH-groups that are
hydrogen-bonded. Next to vibrational relaxation, we study the coupling between both
groups.
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Figure 1.4. Infrared absorption spectra of the molecules studied. From top to bottom: spec-
trum of pure water (H2O), pure ethanol (C2H5OH), pinacol (2,3-dimethyl-2,3-butanediol)
dissolved in CDCl3 and water-acetone complexes dissolved in CCl4. The OH–stretch bands
can be found around 3400 cm−1 and higher. The narrow bands around 3000 cm−1 are the
different CH-stretch modes.
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2

Nonlinear Spectroscopy
This chapter provides the reader with the basic concepts of the nonlinear spectro-
scopic techniques used in this thesis. First, we will show that intense light fields
are able to set up a nonlinear polarization in a material, that in turn can act as a
source for new radiation fields. To arrive at that point, we will first define the
nonlinear polarization and the nonlinear susceptibilities. Section 2 gives an exam-
ple of effects associated with linear polarization: absorption and refraction. In
the subsequent section, we will discuss the wave equation for the propagation of
intense electric fields. It follows from this wave equation that the generated non-
linear polarization is a source of new light fields. The next section shows that the
generated nonlinear polarization can be described using so-called response func-
tions. The measured pump-probe signal can be derived from the nonlinear polar-
ization. In the last section an expression for the pump-probe signal is presented
under specific experimental conditions.



Chapter 2. Nonlinear Spectroscopy

2.1 Nonlinear polarization

The description of nonlinear interactions starts with the expansion of the polarization
in powers of the electric field. If the incoming E-fields can be written as a sum of
monochromatic plane waves, the polarization takes the form:

P(k, ω) = P(1)(k, ω) + P(2)(k, ω) + P(3)(k, ω) + · · ·
= P(1)(k, ω) + P(NL)(k, ω), (2.1)

where the linear polarization is given by

P(1)(k, ω) = ε0χ
(1)(k, ω) · E(k, ω) (2.2)

and the second-order nonlinear polarization by

P(2)(k, ω) = ε0χ
(2)(k = ki + kj , ω = ωi + ωj) : E(ki, ωi)E(kj , ωj) (2.3)

For the higher-order contributions to the nonlinear polarization, similar expressions
hold. In the above equations χ(n) is the nth order susceptibility. The time and position
dependent polarization is given by:

P(r, t) =

∫ ∞

−∞

χ(1)(r − r′, t− t′) · E(r′, t)dr′dt

+

∫ ∞

−∞

χ(2)(r − r1, t− t1; r − r2, t− t2)

: E(r1, t1)E(r2, t2)dr1dt1dr2dt2

+ . . . (2.4)

The linear polarization is responsible for optical effects like light absorption and
refraction, while the nonlinear polarization forms the basis of effects like multiwave
mixing and many spectroscopic techniques like photon echoes, coherent anti-Stokes
Raman scattering and saturation spectroscopy.

All materials possess higher order susceptibilities, although their values are in
general so small that their effect is negligible using low-intensity light sources. The
development of lasers, however, provided intensities that are so high that the higher
order susceptibilities have become important. This has led to the discovery of many
new effects and has subsequently given the field of optics a new impulse.
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Linear absorption

2.2 Linear absorption

The wave equation which describes the propagation of optical waves in a medium,
can be extracted from the Maxwell equations:

∇×∇× E(r, t) +
1

c2
∂2

∂t2
E(r, t) = − 1

ε0c2
∂2

∂t2
P(r, t) (2.5)

If the nonlinear polarization can be neglected, the polarization is given by:

P = ε0χ
(1)E (2.6)

Now, assume that a solution of wave equation 2.5 is given by a traveling wave in the
z direction:

E(z, t) = Ẽ(k, ω) =
1

2π

∫

E(k, ω)eikz−iωtdω (2.7)

Substitution of this solution in the Maxwell equation with P given by Eq. 2.2, and
making use of ∇×∇×E = ∇(∇ ·E)−∇2E = −∇2E for insulating media, leads to:

k =
ω

c

√

ε(k, ω) =
ω

c

√

1 + χ(1)(k, ω) =
ω

c

√

1 + χ′ + iχ′′

=
ω

c
(n(ω) + iκ(ω)) (2.8)

where we have split up the susceptibility in its real and complex part: χ=χ′+iχ′′.
Furthermore, ε is the complex dielectric function, n is the index of refraction and κ the
extinction coefficient. As one can see, the index of refraction and the absorption index
are described by the real and imaginary parts of the linear susceptibility, respectively.
The E-field thus reads:

E(z, t) =
1

2π

∫

E(ω, k)e−iωteiωnz/c−αz/2dω (2.9)

with α≡2ωκ/c, the absorption coefficient.
Since the intensity is proportional to the square of the absolute value of the E-field,
we get for the transmittance of the sample:

T = I(z)/I0 = e−σ(ω)ρ0z (2.10)

with I0 the intensity of the light without sample. In the above formula ρ0 is the number
density of absorbers and σ(ω) = α/ρ0 the absorption cross section. The above formula
is known as the Lambert-Beer law.
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Chapter 2. Nonlinear Spectroscopy

2.3 Wave coupling

For the generation of mid-infrared laser pulses, we make use of different wave-mixing
techniques, as will be explained in Chapter 3. In a wave-mixing technique incoming
fields with a high intensity will generate a new outgoing field by means of the nonlinear
polarization P(NL). In order to calculate the newly generated fields, it is necessary to
know what wave equation the E-fields obey. We start with the Maxwell wave equation
(2.5) and using D = εE = ε0(1 + χ)E = ε0E + P(1), with D the displacement vector,
we get:

∂2

∂z2
E(r, t) − 1

ε0c2
∂2

∂t2
D(r, t) =

1

ε0c2
∂2

∂t2
P(NL)(r, t) (2.11)

Suppose the incoming E-field can be written as:

E(z, t) = E(z, t)eikz−iωt + c.c. (2.12)

then the first term of Eq. 2.11 gives:

∂2

∂z2
E(z, t) = (

∂2E
∂z2

+ 2ik
∂E
∂z

− k2E)eikz−iωt (2.13)

If we write the E-field as a Fourier integral: E(z, t) =
∫

E(ω+ η)eikz−i(ω+η)tdη+ c.c.,
the displacement is given by:

D(z, t) =

∫

ε(ω + η)E(ω + η)eikz−i(ω+η)tdη + c.c. (2.14)

The second second term of Eq. 2.11 is:

∂2

∂t2
D(z, t) = −

∫

(ω + η)2ε(ω + η)E(ω + η)eikz−i(ω+η)tdη + c.c.

= −
∫

(ω2ε(ω) + 2ωηε(ω) + ω2η
∂ε

∂ω
)E(ω + η)eikz−i(ω+η)tdη + c.c.

= −[ω2ε(ω)Eeikz−iωt + (2ωε(ω) + ω2 ∂ε

∂ω
)]

×
∫

ηE(ω + η)eikz−i(ω+η)tdη + c.c. (2.15)

In the above equations we have assumed that the dielectric constant weakly depends
on the frequency ω and can therefore be written as ε(ω + η) = ε(ω) + η ∂ε

∂ω . The term

in between the parentheses equals ∂ω2ε(ω)/∂ω=2kc2 ∂k
∂ω = 2kc2

vg
, with vg the group

velocity. Terms of second or higher order in η can be neglected.
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Nonlinear response theory

Wave coupling in a nonlinear medium leads to energy transfer among waves. Wave
amplitudes are expected to change in propagation. This transfer of energy will only be
significant after the waves travel over a distance much longer than their wavelengths.
Therefore,

| ∂
2E(z, t)

∂z2
|�| k∂E

∂z
| (2.16)

This approximation is known as the slowly varying amplitude approximation [84].
Because the following holds:

∫

ηE(ω + η)eikz−i(ω+η)tdη = ieikz−iωt ∂E(z, t)

∂t
, (2.17)

the wave equation (2.11) in the slowly varying amplitude approximation reads:

(
∂

∂z
+

1

vg

∂

∂t
)E(z, t)eikz−iωt =

1

2iε0kc2
∂2P (NL)(z, t)

∂t2
(2.18)

The nonlinear polarization generated by the incident fields acts as a source for new
frequencies. These newly generated E-fields obey the above equation.

Different combinations of incoming fields lead to a variety of new frequencies and
wave-vectors:

ks = ±k1 ± k2 . . .± kn (2.19)

ωs = ±ω1 ± ω2 . . .± ωn (2.20)

The wave-vectors of the nonlinear polarization and the generated E-fields are close
to each other, but due to frequency dispersion and the geometry of the experiment
not exactly the same. The wave-vector mismatch ∆k = ks − ∑

i ki determines the
efficiency of the energy conversion process [7, 61, 84]. When the wave-vector mismatch
∆k = 0, the phase-matching condition is fulfilled and energy is efficiently transferred
among waves, see also Section 3.1.

2.4 Nonlinear response theory

The experiments described in this thesis are all performed with the pump-probe tech-
nique. An intense pump pulse is used to excite part of the molecules to an excited
state. Because this excited population does not form an equilibrium situation, it will
decay to the ground state. The second pulse, the probe pulse, monitors the absorp-
tion changes caused by the excitation with the pump pulse. In this section, we will
show how the pump-probe signal can be described in terms of the generated nonlinear
polarization. Because the liquids and solutions we studied form an isotropic medium
with inversion symmetry, the second order polarization P (2) vanishes. Therefore, the
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Chapter 2. Nonlinear Spectroscopy

lowest order nonlinear contribution to the polarization arises from the third-order
polarization P (3). This third-order polarization is measured in the same direction as
the probe, i.e. the nonlinear polarization induces absorption changes measured by the
probe pulse. The phase-matching condition therefore requires that the pump pulse in-
teracts twice with the sample and the probe pulse once. The layout of the pump-probe
setup is shown in Figure 2.1.

pump
beam

probe
beam

sample

detector

k1

k2

k2

P (k )
(3)

2

Figure 2.1. Beam configuration for pump-probe spectroscopy.

2.4.1 The coupled Maxwell-Liouville equations

This section gives a microscopic treatment of the interaction of matter with electro-
magnetic waves, leading to the generation of a third-order polarization, which contains
all the system-specific information and acts as a source for the radiation field.

We will study the relaxation dynamics of a molecule in a bath. This bath can
be formed by the solvent molecules surrounding a solute or by neighboring, identical
molecules. Because the external interaction is resonant with one vibrational mode in
particular, we will denote that mode as the system.

The Hamiltonian for this kind of systems is given by:

H = H0 +Hbath +Hint (2.21)

In the above equation the first term represents the molecular Hamiltonian of the
single oscillator under study, the second term accounts for the random perturbations
of the system by the thermal reservoir around the system (bath modes). The last term
represents the interaction between the external field and the system-bath complex.
The coupling between the radiation field and the material is given by

Hint = −
∫

dr P(r) · E(r, t) (2.22)

For particles smaller than the optical wavelength, the dipole approximation can be
applied. For a single particle located at r, we get:
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Nonlinear response theory

Hint = −E(r, t) · V (2.23)

V =
∑

α

qα(r − rα) (2.24)

where V is the dipole operator and α runs over all electrons and nuclei with charges
qα and positions rα.

Because we are dealing with an ensemble of oscillators which all have a slightly dif-
ferent frequency, we have to take into account the statistical averages. Therefore we
make use of density operators: ρ(t) ≡ ∑

k Pk|ψk(t)〉〈ψk(t)|, where the summation is
over the eigenstates |ψk(t)〉 and Pk is the probability of the system to be in state
|ψk(t)〉

Using a density matrix formulation, the dynamics is governed by the so-called
Liouville-von Neumann equation:

∂ρ

∂t
= −i/h̄[H0 +Hint, ρ] + (

∂ρ

∂t
)relax (2.25)

with

(
∂ρ

∂t
)relax ≡ −i/h̄[Hbath, ρ] (2.26)

For simplicity, we just take a phenomenological relaxation rate:

(
∂ρ

∂t
)relax,vv′ = −Γvv′ρvv′ (2.27)

with the dephasing rate:

Γvv′ =
1

2
(γv + γv′) + Γ̂vv′ (2.28)

γv is the inverse lifetime for population relaxation of level v, and Γ̂vv′ is the pure
dephasing rate of the vv′ transition. For v = v′: Γ̂vv = 0. Equation 2.28 can be
rewritten to the well known form 1/T2 = 1/2T1 + 1/T ∗

2 .

Finally, the polarization is given by the expectation value of the dipole operator
V :

P (r, t) = Tr[V ρ(t)] (2.29)

The last equation together with the wave equation (2.5) and the Liouville-von
Neuman equation (2.25) form the semi-classical coupled Maxwell Liouville equations.
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Chapter 2. Nonlinear Spectroscopy

2.4.2 Pump-probe response and Feynman diagrams

For the calculation of the higher order polarizations, it is assumed that the radiation
fields are weak in comparison with the fields of the atoms. This enables us to treat
the effect perturbatively. The nonlinear response theory provides an expression for the
nth order polarization and can be found in textbooks on nonlinear optics [61, 84]. To
describe pump-probe signals, it is sufficient to evaluate the third order polarization
P (3). It is given by:

P (3)(t) =

∫ ∞

0

dt3

∫ ∞

0

dt2

∫ ∞

0

dt1S
(3)(t3, t2, t1)

×E(t− t1)E(t− t1 − t2)

×E(t− t1 − t2 − t3) (2.30)

with the response function:

S(3)(t3, t2, t1) = 〈[[[V (t1 + t2 + t3), V (t2 + t3)], V (t3)], V (0)]ρ(−∞)〉

×(
i

h̄
)3θ(t1)θ(t2)θ(t3) (2.31)

with ρ(−∞) the canonical density operator in thermal equilibrium and θ(t) the Heav-
iside step function. The polarization at a given time can only depend on the electric
fields at earlier times. Therefore, if one of the tj becomes negative, the response func-
tion is zero.

The embedded commutators give rise to the eight so called Liouville-space path-
ways that contribute to the third-order nonlinear polarization. These pathways can
be described by double-sided Feynman diagrams, which we will discuss in detail
for pump-probe spectroscopy. The nonlinear response functions can also be writ-
ten in frequency-domain by Fourier transforms. This leads to Lorentzian lineforms
[61, 84] when dealing with homogeneously broadened absorption bands showing mono-
exponential relaxation behavior.

As an example, we will now show the third-order nonlinear response function of a
three level system. This system consist of a ground state (v=0), the first excited state
(v=1) and the overtone (v=2). The anharmonicity ∆ is defined by ∆ = ε01 − ε12, see
Figure 2.2.

As stated before, the pump-probe signal depends on the third-order polarization
P (3). The required polarization can be set up by different time orderings of the incom-
ing fields, which are either pump or probe fields. The pump-probe signal is acquired
in the probe direction, k2, which means that, in order to fulfill the phase matching
condition, either the pump pulse has two interactions with the sample and the probe
only one (k2=k1-k1+k2) or the probe pulse has three interactions and the pump zero
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Nonlinear response theory

v=1

v=2

v=0

excitation

induced
absorption

stimulated
emission

ground state
absorption

e e D12 01= -

e01

Figure 2.2. Energy levels relevant for pump-probe spectroscopy.

(k2=k2-k2+k2). The latter option can be neglected because the probe pulse is much
weaker than the pump pulse. The first option gives 6 different time orderings of the in-
coming fields. These field combinations together with the eight double-sided Feynman
diagrams that form the third order response function are shown in Fig. 2.3.

The following rules are connected with the use of the double-sided Feynman dia-
grams. The density operator is indicated by the two vertical lines, the line on the left
represents the ket, the one on the right the bra. Time runs vertically from bottom to
top. The arrows represent an interaction with the radiation field. Added to the ar-
row is the corresponding frequency ωj . If the arrow points to the right it contributes
Ejexp(−iωjt + ik · r) to the polarization. An arrow pointing to the left contributes
E∗

j exp(iωjt− ik · r). Each diagram has an overall sign (−1)n, where n is the number
of interactions from the right. The overall frequency of the term is the sum of the
three frequencies with their appropriate signs. The last interaction stems from Tr(ρV )
and is therefore represented by a dashed line. An ingoing arrow represents a photon
absorption, an outgoing arrow photon emission.

Diagram R1 represents stimulated emission. Two combinations of incoming fields
are responsible for the R1 contribution to P (3): 1*12 (pump-pump-probe) in which
the pump pulse interacts twice with the sample, before the probe pulse arrives, and
1*21 (pump-probe-pump), which will only give a contribution when the pump and
probe pulses overlap in time. The diagram shows the creation of population in the
excited state. If different levels are excited, say |1〉 and 〈1′| when there are two or
more oscillators present, the diagrams implies the creation of a coherence, as will
be shown in Chapter 9. Diagram R4 also represents stimulated emission, generated
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Figure 2.3. Feynman diagrams for pump-probe spectroscopy.
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by a different time ordering. Diagrams R2 and R5 describe ground state bleaching,
while R3 and R6 describe excited state absorption. The 1*21 and 21*1 interactions
with diagrams R1-R6 describe the generation of a population grating by the pump
and probe pulse. The second interaction with the pump leads to diffraction in the
direction of the probe, leading to a contribution to the coherent artifact. Clearly, this
contribution is only non-zero, when pump and probe pulse overlap in time (provided
that the absorption bands are broader than the pulse spectrum) [31]. Time orderings
121* and 211* with diagrams R7 and R8 describe a third order polarization generated
via a coherence of the v = 0 and v = 2 state. This signal is only present when pump
and probe overlap in time and also contributes to the coherent artifact.

Following the rules for the use of these Feynman diagrams we get the following
response functions:

R1(t3, t2, t1) = |µ01|4eiε(t3−t1)e−(t1+t3)/T2−t2/T1 (2.32)

R2(t3, t2, t1) = |µ01|4eiε(t3−t1)e−(t1+t3)/T2−t2/T1 (2.33)

R3(t3, t2, t1) = −|µ01|2|µ12|2eiε(t3−t1)ei∆t1e−(t1+t3)/T2−t2/T1 (2.34)

R4(t3, t2, t1) = |µ01|4e−iε(t1+t3)e−(t1+t3)/T2−t2/T1 (2.35)

R5(t3, t2, t1) = |µ01|4e−iε(t1+t3)e−(t1+t3)/T2−t2/T1 (2.36)

R6(t3, t2, t1) = −|µ01|2|µ12|2e−iε(t1+t3)ei∆t1e−(t1+t3)/T2−t2/T1 (2.37)

R7(t3, t2, t1) = |µ01|2|µ12|2e−iε(t3+2t2+t1)ei∆t2e−(t3+t1)/T2−t2/T2,02 (2.38)

R8(t3, t2, t1) = −|µ01|2|µ12|2e−iε(t3+2t2+t1)ei∆(t2+t3)e−(t3+t1)/T2−t2/T2,02 (2.39)

where ∆ is the anharmonicity, µij the transition dipole moment between state i and
j, T2 = T2,01 = T2,12 the dephasing time of the 0→1 and 1→2 transition, T2,02 is the
dephasing time of the 0→2 coherence, T1 is the vibrational lifetime of the population.
Furthermore, ε = ε01, ε12 = ε01−∆ = ε−∆. In the above equations we have assumed
that the dephasing time of the 1→2 transition is the same as for the 0→1 transition.
These response functions can be grouped together:

3
∑

l=1

Rl = |µ01|2eiε(t3−t1)[2|µ01|2 − |µ12|2ei∆t1 ]e−(t1+t3)/T2−t2/T1 (2.40)

6
∑

l=4

Rl = |µ01|2e−iε(t1+t3)[2|µ01|2 − |µ12|2ei∆t1 ]e−(t1+t3)/T2−t2/T1 (2.41)

8
∑

l=7

Rl = |µ01|2|µ12|2e−iε(t3+2t2+t1)ei∆t2 [ei∆t3 − 1]e−(t1+t2+t3)/T2,02 (2.42)
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Chapter 2. Nonlinear Spectroscopy

From the above expression it is clear that in case of an harmonic oscillator, i.e. ∆=0
and |µ12|2=2|µ01|2, all nonlinear response functions vanish.

The third-order polarization in the direction of the probe is given by the convolu-
tion of the response functions with the E-fields:

P (3)(k2, t) ∝
∫ ∞

0

dt1

∫ ∞

0

dt2

∫ ∞

0

dt3

[E2(t− t1)e
−iω2(t−t1)E1(t− t1 − t2)E∗

1 (t− t1 − t2 − t3)

×e−iω1t3

+E1(t− t1)E2(t− t1 − t2)e
−iω2(t−t1−t2)E∗

1 (t− t1 − t2 − t3)

×e−iω1(t2+t3)]

×
3

∑

1

Ri(t, t1, t2, t3) +

[E2(t− t1)e
−iω2(t−t1)E∗

1 (t− t1 − t2)E1(t− t1 − t2 − t3)e
iω1t3

+E1(t− t1)E∗
1 (t− t1 − t2)e

−iω1t2E2(t− t1 − t2 − t3)

×e−iω2(t−t1−t2−t3)]

×
6

∑

4

Ri(t, t1, t2, t3) +

[E∗
1 (t− t1)E2(t− t1 − t2)e

−iω2(t−t1−t2)

×E1(t− t1 − t2 − t3)e
iω1(t2+t3)

+E∗
1 (t− t1)E1(t− t1 − t2)e

iω1t2

×E2(t− t1 − t2 − t3)e
−iω2(t−t1−t2−t3)]

×
8

∑

7

Ri(t, t1, t2, t3) + c.c. (2.43)

The transmission change ∆T can be calculated as the ratio between the intensity
of the probe pulse with and without interaction of the pump pulse [92]:

T

T0
∝

∫ |E2(t) + iP (3)(t)|2
|E2(t)|2

dt ≈ 1 − 2Im
∫

dtP (3)E2

|E2|2
∝ Im

∫

dtP (3)E2 (2.44)

In the above formula, we have added the out of phase component of the nonlinear
polarization to the E-field. Pump-probe spectroscopy is usually performed with res-
onant frequencies. Therefore the real part of the susceptibility is zero, and only the
out-of-phase component of the nonlinear polarization has to be taken into account.
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Pump-probe spectroscopy

This equation together with the nonlinear polarizations describes the measured pump-
probe signal.

In practice, many of the total of 16 pathways can be neglected. Time orderings in
which the probe pulse precedes the pump pulse, will only give a signal for negative
delay times, while other interaction orderings only contribute when the pump and
probe pulses overlap. The ordinary pump-probe signal is described by diagrams R1-
R6 with time orderings 1*12 and 11*2.

The anharmonicity combined with the spectral width of the pulses applied in a
one-color experiment (ω1 = ω2) determine whether the 1→2 transition can be reached
by the same pulses that excite the 0→1 transition. If not, the excited state absorption
diagrams can be disregarded, in this case. They should be taken into account, however,
in a two-color pump-probe experiment where ω1 6= ω2.

In Chapter 9, we will address a system in which pump pulses have such a large
spectral width that they excite two different oscillators, which have their resonance
frequency within the pulse. In this case, the response function will show oscillatory
terms stemming from quantum beats.

2.5 Pump-probe spectroscopy

The description of the pump-probe signal can be simplified for some experiments
described in this thesis. We assume that pump and probe pulse are only resonant
with one transition in the molecule. Furthermore, the time scale of the relaxation is
comparable or longer than the pulse duration.

In this case the transmission of a probe pulse at time t after excitation is given by
the following convolution [2]:

T (t) =

∫

dt′Iprobe(t− t′)e−α(t′) (2.45)

where Iprobe is the input probe energy and α(t) the transient absorption. The absorp-
tion can be written as:

α(t) = α0[1 − 2fe

∫ ∞

0

dt′′Ipump(t− t′′)e−t′′/T1 ] (2.46)

where α0=nσ01L is the equilibrium absorbance with n the density of oscillators, σ01

the absorption cross section of the ν=0 → ν=1 transition and L the optical path
length. The part of the molecules that is excited by the pump pulse is indicated by
fe. The relaxation process is assumed to be single exponential with characteristic time
T1. The factor 2 in the above formula stems from the fact that the absorption change
depends on the population difference between the ground and excited state. Or, in
other words, the bleaching signal depends both on absorption from the ground state
and on stimulated emission from the excited state to the ground state, as indicated
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in Figure 2.2. In a pump-probe measurement the transmission of a probe pulse is
measured with and without excitation pulse. In the latter case the probe pulse trans-
mission reads T0(t) =

∫

dt′Iprobe(t − t′)e−α0 . Assuming that the induced absorption
changes are small, it follows that:

T (t)

T0
=

∫

dt′Iprobe(t− t′)e−α0 [1 + 2feα0

∫ ∞

0
dt′′Ipump(t− t′′)e−t′′/T1 ]

∫

dt′Iprobe(t− t′)e−α0
(2.47)

This expression can be rearranged to:

ln
T (t)

T0
= ln(1 +

∫

dt′
∫ ∞

0
dt′′Iprobe(t− t′)Ipump(t− t′′)e−α02feα0e

−t′′/T1

∫

dt′Iprobe(t− t′)e−α0
(2.48)

It now follows that:

ln
T (t)

T0
∝

∫

dt′
∫ ∞

0

dt′′Iprobe(t− t′)Ipump(t− t′′)e−α02feα0e
−t′′/T1 (2.49)

The measured signals can thus be described by the convolution of both the pump and
probe pulse with the supposed relaxation behavior. In other words, the relaxation
behavior is convolved with the cross correlation of the pump and the probe pulse.
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3 Experimental
Wave coupling in a nonlinear medium, described in the previous chapter,
can not only be used for nonlinear spectroscopy studies, but also for the
generation of light pulses in the infrared. Here, we show how the inci-
dent and generated E-fields are intertwined and under what conditions
energy transfer among waves is efficient. The second part of this chapter
gives a description of the experimental setup used for the pump-probe
experiments.



Chapter 3. Experimental

3.1 Nonlinear optical interactions in crystals

There are no laser sources that directly emit intense and ultrashort (fs) laser pulses
at wavelengths in the mid-infrared region. The experimentalist is, therefore, forced
to search for other methods to generate light with wavelengths around 3 µm. The
general way is to make use of the nonlinear polarization that is generated in certain
materials under the influence of intense light, as shown in the previous chapter. In
particular, three wave mixing processes, in which two incoming fields generate a non-
linear polarization P (2), that acts as a source for a new, third E-field, are used to
generate infrared pulses. The second order nonlinear polarization generated by the
fields Ei and Ej is given by:

P (2)(k, ω) = ε0χ
(2)(ω = ωi + ωj , k = ki + kj) : E(ki, ωi)E(kj , ωj) (3.1)

where χ(2) is the frequency and wavevector dependent second-order susceptibility. We
describe the E-fields by:

Ei(z, t) = Ei(z, t)e
ikiz−iωit (3.2)

for i = 1, 2, 3. Ei represents the pulse envelope function. As shown in the previous
chapter, the newly generated E-field obeys the wave equation (2.18):

(
∂

∂z
+

1

vg

∂

∂t
)E(z, t)eikz−iωt =

1

2iε0kc2
∂2P (2)

∂t2
(3.3)

If we make use of the slowly varying amplitude approximation (see section 2.3) for the
term on the right-hand side, and fill in Eq. 3.1 and 3.2, we get the following coupled
wave equations:

(
∂

∂z
+

1

vg

∂

∂t
)E1e

ikz−iωt =
χ(2)(ω1 = ω3 − ω2)

2n1c
ei∆kz(iω1E∗

2E3 − 2
∂

∂t
(E∗

2E3)) (3.4)

(
∂

∂z
+

1

vg

∂

∂t
)E2e

ikz−iωt =
χ(2)(ω2 = ω3 − ω1)

2n1c
ei∆kz(iω3E∗

1E3 − 2
∂

∂t
(E∗

1E3)) (3.5)

(
∂

∂z
+

1

vg

∂

∂t
)E3e

ikz−iωt =
χ(2)(ω3 = ω1 + ω2)

2n1c
e−i∆kz(iω3E1E2 − 2

∂

∂t
(E1E2)) (3.6)

∆k = k3 − k2 − k1, the wave vector mismatch. In these equations, two fields generate
a nonlinear polarization that is a source for the third field.
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w1

w2

w3

w1

w2

w3

c(2)

w3w2

w1
c(2)

w1w2

w3

Figure 3.1. Energy level description of sum (left) and difference frequency generation and
outline of the beams in the crystals.

The processes involved in a three wave mixing process are depicted in Figure 3.1.
If the incoming fields are identical, i.e. ω1 = ω2, the generated ω3 = 2ω1 wave is the
second harmonic of the input beam. More general is the sum frequency generation
(SFG) process where two different photons add up to a new field at ω3 = ω1 + ω2.
Alternatively, two incoming fields ω3 and ω2 can generate a field at ω1 (difference
frequency generation, DFG) following the energy conservation condition ω3 = ω1+ω2.
Because the DFG process leads to an increase in the number of photons with frequency
ω1, it is also known under the name optical parametrical amplification (OPA).

The two-photon emission may even occur when the ω1 and ω2 fields are not initially
present. In this case, the zero-point fluctuations of the electric field, which arise in
the quantum description of light, are responsible for the spontaneous birth of an ω1,
ω2 couple of photons. The lower of the two frequencies is called the idler, the higher
of the two the signal pulse. As soon as some of the photons are generated at the right
frequencies, they are amplified by means of OPA. This process is known as parametric
superfluorescence [33, 53] and forms the basis of the OPG/OPA stages discussed in
the next section.

The generation of electric fields at new frequencies does not only depend on the
energy conservation law, but, in order to be efficient, also on the phase matching
condition. Only when ∆k = 0, constructive interference of the three waves over a
longer propagation length will occur. For perfect phase-matching of collinear beams,
the phase-matching condition reads:
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n1ω1 + n2ω2 = n3ω3 (3.7)

It is clear that this condition together with energy conservation (ω3=ω1+ω2) can never
be fulfilled in ordinary dispersive materials, for which the refractive index increases
with ω. Birefringent crystals, i.e. crystals for which the refractive index differs for
different polarizations of the incoming light can solve this problem. Most crystals
used for nonlinear optics are uniaxial crystals having two indices of refraction, no,
the ordinary refractive index, for polarizations orthogonal to the plane containing
the wavevector k and the optical axis of the crystal, and ne(θ), the extraordinary
refractive index, for polarizations parallel to this plane. If the highest frequency wave
ω3 is polarized in the direction that gives the lower of the two refractive indices, the
ordinary dispersion can be compensated and phase-matching is possible.

Uniaxial crystals are divided in positive (ne>no) and negative (ne<no) uniaxial
crystals. Furthermore, difference is made between type I, type II and type III phase
matching. Type I phase matching stands for the situation where the two lower fre-
quency waves (ω1 and ω2) have the same polarization, perpendicular to the pump; in
type II phase matching the signal polarization is perpendicular to pump and idler and
in type III phase matching the idler polarization is perpendicular to pump and signal.
The phase-matching condition is fulfilled by changing the orientation of the crys-
tal with respect to the propagation direction of the incident light. It can be shown
that light polarized in the plane containing k and the crystal axis, experiences an
extraordinary refractive index [113]:

1

ne(θ)2
=
sin2θ

n̄2
e

+
cos2θ

n̄2
o

(3.8)

with n̄e the principal value of the extraordinary refractive index. By changing the
angle θ, a value of ne(θ) can be chosen such that the phase-matching condition is
fulfilled.

3.2 Setup for femtosecond mid-infrared pump-probe spec-
troscopy

This section describes the generation of mid-infrared pulses that are resonant with
the OH–stretch vibrational modes of hydrogen-bonded liquids and short enough to
follow their dynamics [15]. Furthermore, a description of the pump-probe setup and
the preparation of the samples is given .

3.2.1 Generation of mid-infrared laser pulses

The basis of our setup is formed by a commercial regenerative amplifier system
(Quantronix Titan). The RGA is seeded by 800 nm light from a Ti:Sapphire oscilla-
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Ti:Sapphire
oscillator

YLF

Regenerative
amplifier

fs-auto
correlator

800nm

1260nm

BBO2200nm

1100nm

800nm

2940nm

KTP pump

OPG/OPA based
on BBO

1260nm

BBO2200nm

1100nm

800nm

2940nm

KTP probe

OPG/OPA based
on BBO

BS70

BS70

BS50

BD

DM

LWP

LWP

BD
DM

DM

BD

BD

DM

DM
DM

BD

BD

R1064

R1064

Figure 3.2. The experimental setup used for the generation of femtosecond mid-infrared
pulses. For a description of the setup see text. BS70: beam splitter reflection 70%; DM:
dichroic mirror; BD: beam dump; R1064: Nd:YAG mirror; LWP: long wave pass filter; BBO
and KTP: crystals; black bars without name: dielectric 800 nm mirrors

tor (Spectra Physics Tsunami) pumped by a Millennia (Spectra Physics). The seed
pulses are centered around 800 nm and have a spectral width of 14 nm (FWHM). In
the Titan system, they are first stretched in time and then amplified in a Ti:Sapphire
crystal by means of 527 nm light from a Nd:YLF-laser. As a last step before the com-
pression of the pulses, they pass a Multipass Amplifier (MPA), based on Ti:Sapphire
and also pumped by part of the Nd:YLF light. The generated 800 nm pulses have a
duration of 130 fs, a repetition rate of 1 kHz and a pulse energy of 3 mJ. A beam
sampler sends a small part of the outcoming light to a femtosecond autocorrelator to
measure the pulse duration.

The 800 nm pulses are split into a probe and a pump part by means of a beam-
splitter directly after the regenerative amplifier. To generate the mid-infrared pump
pulses, a commercial 5-pass OPG/OPA stage (TOPAS) is used. This stage is based
on a BBO crystal and generates signal and idler pulses that are tunable between 1
and 2.6 µm. This is a type II phase-matching process, implying that the polarization
of the signal is perpendicular to that of the idler and the pump. The total energy of
the generated pulses is approximately 250 µJ. An 800 nm filter inside the TOPAS
blocks the remaining pump light. Typical wavelengths for signal and idler pulses, are
1260 and 2200 nm, respectively.

The idler pulses are separated from the signal pulses by a dichroic mirror and
subsequently frequency-doubled in a second BBO-crystal. The resulting 1100 nm light
is mixed with a fresh part of the 800 nm beam in a difference frequency generation
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process in a KTiOPO4 (KTP) crystal, giving pulses with a central wavelength near
3 µm. The unwanted wavelengths are subsequently filtered out by different filters: an
800 nm mirror reflects the remaining pump light, a Nd:YAG-mirror (1064 nm) reflects
the 1100 nm light, and finally a long wave pass filter filters out residual light at all
wavelengths shorter than 2500 nm.

Figure 3.3. Cross correlation trace of pump and probe measured with a LiIO3-crystal (a),
and a typical power spectrum of an infrared pulse (b). The fitted curves are Gaussians with
a FWHM of 330 fs and 80 nm, respectively.

The probe pulses are generated in the same way, but with less pump energy. The
TOPAS is a three-pass OPG/OPA-stage, giving about 140 µJ of energy for signal plus
idler. Due to the use of two different OPG/OPA-stages the wavelengths of the pump
and probe pulses can be tuned independently. The pulses can be tuned between 2700-
3300 nm (3000-3700 cm−1). Figure 3.3 shows typical pulse characteristics. In the left
part, pump and probe pulses were crossed under a small angle in a LiIO3 to generate
the sum-frequency. The intensity of the SFG signal is measured as a function of delay
time between pump and probe pulse. Assuming Gaussian time profiles, the duration
of the generated infrared pulses is 330/

√
2=230 fs. The spectral width of the pulses

is 80 nm (FWHM), which is sufficiently small in comparison with the absorption
bandwidth of the OH–stretch vibration in pure water (400 nm) to enable the probing
of different spectral regions. Typical energies are 20 µJ for the pump and ≤ 1 µJ for
the probe.

3.2.2 Two color pump-probe setup

Figure 3.4 shows the pump-probe setup. The pump pulse is focussed by a CaF2 lens
on the sample to excite part of the molecules and is blocked afterwards by a beam
block. The probe pulses pass a delay-line and are focussed and overlapped with the
pump focus in the sample. To assure that the probe pulses monitor a homogeneously
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excited part of the sample, lenses with different focal lengths are used to focus pump
and probe. In this way a larger focus for the pump pulse was achieved. The typical
sizes of the foci of pump and probe pulses are 200 and 75 µm, respectively. To avoid
thermal lensing effects, we collimate and focus the probe beam on a PbSe-detector.

Figure 3.4. Pump-probe setup, for description see text.

The intensity of the probe beam I is measured with a PbSe-detector as a function
of delay between pump and probe pulses. In order to compensate for the pulse to
pulse intensity fluctuations in the probe beam, we use a single detector to measure
the reference intensity Iref . Using a chopper, both the transmission of the probe beam
in the presence of the pump beam (T ) and in the absence of the pump beam (T0)
are measured. The transmission change ln(T/T0) is calculated as a function of delay
between pump and probe pulse, where T=I/Iref and T0=(I0/Iref).

To cancel the effect of orientational relaxation on the observed dynamics and to
probe only the vibrational relaxation, the polarization of the probe pulse is set at the
magic angle (54.7◦) with respect to the polarization of the pump pulse [24] by means
of a zero-order λ/2 plate. If the orientational dynamics is measured, the probe polar-
ization is set at an angle of 45◦ with respect to the pump polarization. In this case,
a polarizer is placed after the sample, which enables the measurement of the trans-
mission changes for the probe polarization parallel to the pump polarization (T/T0)‖
and perpendicular to the pump polarization (T/T0)⊥. The rotational anisotropy is
calculated [24] as follows:

R(t) =
ln(T/T0)‖ − ln(T/T0)⊥

ln(T/T0)‖ + 2ln(T/T0)⊥
(3.9)

The denominator represents the rotation free signal and is the same as the signal
measured with magic angle polarization.

To avoid the accumulation of heat from pump pulses during the experiment, the
sample was rotated. In this way, every pump pulse sees a fresh part of the sample.
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We use a nitrogen flow box when pump and probe pulses have frequencies between
3600–3900 cm−1. In this spectral region, rovibrational transitions of gas-phase water
molecules present in air lead to the absorption of the ir-light. Without nitrogen flow
box, the intensity of the ir-pulses decreases and their power spectrum show dips
corresponding to the rovibrational transitions. The nitrogen box provides a water-
poor environment.

3.3 Sample preparation

The linear absorption spectra were measured using a Perkin-Elmer spectrometer. The
transmittance of the sample was calculated by dividing the intensity of the light with
(I(z)) and without (I0) sample. As shown in the previous chapter, the Lambert-Beer
law applies for this situation:

T = I(z)/I0 = e−σ01(ω)ρ0z, (3.10)

where ρ0 is the density of the absorbers and σ01 the absorption cross section. The
samples used in this thesis consist of a thin layer of liquid in between two sapphire or
CaF2 windows. Depending on the density of OH–groups different, spacers are used.
For a dilution of pinacol molecules, for example, a spacer of 500 µm was used, whereas
for liquid water the number of OH–groups was too high to use the thinnest spacer
available (15µm). In that case, we pressed the two windows to a separation of a few
µm in order to get a transmission of approximately 10% at the OH–stretch absorption
peak, which is a typical value for most samples used.
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Temperature Dependence of
Vibrational Relaxation in Liquid H20
We have determined the lifetime of the OH-stretch vibration in pure liquid water
as a function of temperature using femtosecond mid-infrared pump-probe spec-
troscopy. The lifetime T1 increases from 260 ± 18 fs at T = 298 K to 320 ±  18 fs at
T = 358 K. The increase in lifetime with temperature can be quantitatively
explained from the decrease in overlap between the OH-stretch vibration and the
overtone of the H-O-H bending mode.
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Figure 4.1. The linear absorption spectrum of liquid water in the mid-infrared region
showing three peaks: the symmetric and antisymmetric stretch bands around 3400 cm−1

(νOH), the bending mode (δOH) at about 1640 cm−1, and a small combination band of the
bending mode with the librational mode (δOH+νL) at 2150 cm−1.

4.1 Introduction

Infrared spectroscopy is a key tool in understanding the structure and composition of
gas phase molecules, liquids, biomolecules and peptides. An additional tool is the use
of isotopic substitution, which allows for a separation of groups that are otherwise
very similar. For the study of the vibrations in liquid water, for example, an often
used isotopic variation is HDO molecules dissolved in D2O(HDO:D2O) [17, 18, 100].
At low HDO concentrations, this system makes it possible to observe the behavior
of an isolated OH-group, because the normal mode vibrations of the surroundings do
not have spectral overlap with that of the OH-group.

As shown in Chapter 1, the H2O molecule has three normal mode vibrations
[35]: for an isolated molecule in the gas phase the asymmetric stretch vibration ν3

has a frequency of 3756 cm−1, the symmetric stretch vibration ν1 has a frequency of
3657 cm−1 and the bending mode ν2 has a frequency of 1595 cm−1. The positions and
shapes of the vibrational bands change when going from the gas to the liquid phase,
mainly due to hydrogen bonding. The mid-infrared absorption spectrum of liquid
H2O is depicted in Figure 4.1. The spectral position of these bands changes due to
hydrogen bonding: the two stretch modes undergo a red shift and overlap to form a
band centered around 3400 cm−1 with a FWHM of about 400 cm−1. The bending
mode undergoes a blue shift towards 1643.5 cm−1. Due to the broad distribution of
hydrogen bond lengths in liquid water, the lines become bands. In Figure 4.1, there
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is a third band centered around 2150 cm−1 that has been assigned to a combination
tone of the bend mode and the librational band (500 cm−1) [55, 56]. For HDO:D2O
the situation is completely different: there is no symmetric and antisymmetric normal
mode, but an OH-stretch and an OD-stretch mode. The OH-stretch band lies at
3400 cm−1, the OD-stretch band at 2500 cm−1, and the HOD bending mode at
1450 cm−1.

Information on the mechanism of vibrational relaxation can be obtained by study-
ing its temperature dependence. The general trend for the temperature dependence
of the vibrational relaxation rate is that the rate increases with temperature, i.e.
the lifetime gets shorter as the temperature gets higher. This has been theoretically
described for the so-called vibron-phonon system, for which a distinction is made be-
tween the excited high frequency vibrational mode and the accepting low-frequency
phonon modes [50]. Raising the temperature leads to an increase of the occupation
in the low-frequency accepting modes, causing a stronger anharmonic interaction be-
tween the donor and acceptor modes, which results in a shorter lifetime. The predicted
decrease of the lifetime has experimentally be confirmed for various systems. The OH-
groups in fused silica [34] show a decrease in relaxation time from 110 ps at 100 K
to about 15 ps for 1450 K. For liquid hydrogen chloride [8] the lifetimes are 2.1 and
1.0 ns at T = 173 and 248 K, respectively. The lifetime of the SH-stretch mode in an
As2S3 glass [32] decreases from 2.0 to about 0.58 ps when going from 5 to 300 K.

In view of the above, it is surprising that the OH–stretch vibration of HDO:D2O
shows a different behavior [108]. Below the solid-liquid phase transition, there is no
significant temperature dependence of the lifetime. At the transition, the lifetime
T1 jumps from 384 ± 16 to 745 ± 47 fs. Increasing the temperature in the liquid
phase leads to a further increase of the lifetime to 900 fs. The explanation for this
anomalous behavior is that the average hydrogen bond strength decreases with tem-
perature. Staib and Hynes made a theoretical study on the vibrational relaxation
of the OH–stretch vibration of an O–H· · ·O group [88]. They calculated the anhar-
monic interaction between the OH–stretch mode and the hydrogen bond stretch mode
(200 cm−1), as a result of which the energy is transferred to the hydrogen bond mode.
With increasing temperature, the hydrogen bonds become weaker, which leads to a
decrease of the anharmonic interaction and thus to an increase of the vibrational
lifetime.

Another method to unravel the relaxation scheme is the detection of the intermedi-
ate level directly, as has been done by Deàk et al.[12] Using time-resolved anti-Stokes
Raman scattering on the OH–stretch vibration of HDO:D2O and of pure H2O, a
strong response of the bending mode for pure H2O was observed and a weaker re-
sponse of the same mode for HDO:D2O. These observations do not exclude, however,
that the hydrogen bond stretch mode still plays a role in the relaxation. It is there-
fore interesting to measure the lifetime of the OH–stretch vibration in liquid H2O as
a function of temperature, in addition to the study performed by Deàk et al. [12], in
which all experiments were performed at room temperature and the time resolution
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was insufficient to extract the time scale of the relaxation.

4.2 Experimental

In the experiment, the OH–stretch vibration of a subset of water molecules is excited
to the νOH = 1 state with an intense femtosecond mid-infrared pulse. This excitation
leads to a bleaching of the 0 → 1 transition and to an induced absorption of the
1 → 2 transition, which is red-shifted by about 300 cm−1 with respect to the 0 → 1
transition [25]. The dynamics of the excitation are measured with time-delayed probe
pulses by measuring the transmission change as a function of time.

The experimental setup is described in Chapter 3, here we just focus on the as-
pects that are important for the results obtained. The probe polarization was set at
the magic angle with respect to the polarization of the pump pulse by means of a
zero-order λ/2 plate, to rule out the effects of orientational relaxation [24]. To avoid
thermal lensing effects, we collimate and focus the probe beam on the PbSe-detector.
The sample used was a thin layer of pure liquid water (Aldrich, HPLC grade) in
between two sapphire windows. The transmission at the center of the OH–stretch ab-
sorption band was a few percent typically. The transmission through a pinhole with a
100 µm diameter was 80% for the probe and 50% for the pump. The excitation by the
pump eventually leads to a local increase in temperature. From the linear absorption
spectrum and from the measured relative change in transmission, ln(T/T0) = 0.1 typ-
ically, we deduce a value for the single-pulse temperature increase of approximately
30 K. In order to avoid the accumulation of heat, the sample is rotated.

4.3 Results

Pump-probe scans for a pump frequency of 3250 cm−1 and eight different probe
frequencies are displayed in Figure 4.2. In these scans, the final level of transmission
is observed to be increased or decreased, depending on the probe frequency. This
observation can be explained from the increase in temperature that results after the
thermalization of the excitation. The behavior at short delay times also depends on
the probe frequency. When probing at the red side of the absorption band (upper
two curves in the left panel of Figure 4.2), an induced νOH = 1 → 2 absorption is
observed. When probing at the blue side of the absorption band (upper two curves in
the right panel), a clear bleaching peak around t = 0 is observed. Near the center
of the absorption band (lower two curves in the left panel), this peak is hidden under
the thermalization effect. Next to these two effects, i.e. the long-time transmission
increase or decrease and the bleaching or induced absorption peak around t = 0,
there is a coherent interaction. This effect is most clearly observed at the two most
blue probing wavelengths. Around t = 0 the transmission change shows a wiggle,
which is negative for t < 0 and positive for t > 0. At a wavelength of 3200 cm−1 the
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Figure 4.2. Pump-probe scans for different probe frequencies at T = 298 K. The pump
frequency was 3250 cm−1.

situation is reversed: positive for t < 0 and negative for t > 0. This coherent effect
results from induced phase modulation [13]. The pump pulse changes the phase of
the probe pulse, and can thus affect its frequency spectrum. As a result, this pulse
comes into better or worse resonance with the OH–stretch vibration, which causes an
additional change in transmission.

The data show that there are two time scales present in the relaxation. The first
relaxation step is from the νOH = 1 state to an intermediate state with a time constant
T1, the lifetime of the OH–stretch vibration. This first time scale is seen as the decay of
the bleaching in Figure 4.2 (right panel), and as the decay of the induced absorption
(left panel, upper two scans). The relaxation of this intermediate level leads to a
complete equilibration and is characterized by a time constant τeq. The equilibrated
state represents a situation in which the excitation energy is thermally distributed
over all degrees of freedom in the focus. This dumping of energy leads to a temperature
increase in the sample, which will affect the linear absorption spectrum of the OH–
stretch band. An increase in temperature leads to a decrease of the absorption cross
section and a shift of the absorption maximum to the blue, as is illustrated in Figure
4.3. A blue shift of the OH–stretch band indicates that the hydrogen bonds have
become weaker and longer [67, 28]. In this case, the excess energy is delivered on a
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Figure 4.3. The OH–stretch absorption band at different temperatures. With increasing
temperature, the absorption cross section decreases and the maximum of the absorption
band shifts to the blue.

femtosecond time scale, so that there is no time for volume expansion. This means
that the average oxygen-oxygen distance between the water molecules cannot increase.
Hence, the blue shift cannot result from a lengthening of the average hydrogen bond
length, but is likely caused by a change of the angle between the OH-bond and the
hydrogen bond. An increased bending of the O–H· · ·O system results in a weakening
of the hydrogen bond interaction. The blue shift of the OH–stretch band means that
a probe pulse in the red or center part of the band will see fewer molecules absorbing
at that specific wavelength, which explains the higher final level of transmission. For
probe pulses in the blue, the situation is reversed. Here, the pulse will see extra
molecules at longer delay times, which gives rise to a lower final level of transmission,
as can be seen in Figure 4.2 (right panel, lower two scans).

The temperature dependence of the thermalization process can best be determined
in the red wing of the absorption band, i.e. near 3300 cm−1, because at this frequency
the thermalization effect completely dominates the observed dynamics. Transients of
this frequency are shown in Figure 4.4, for three different temperatures. For compar-
ison, the measured scans are scaled in such a way that at all temperatures, the final
transmission change is the same. It is clear from Figure 4.4 that the equilibration time
has no significant temperature dependence. For the lifetime of the OH-stretch vibra-
tion, however, we do find a temperature dependence, as is shown in Figure 4.5. Here,
scans are shown at two temperatures: 298 and 358 K measured at a probe wavelength
of 3000 cm−1, which is resonant with the νOH = 1 → 2 absorption.
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Figure 4.4. Delay time scans at different temperatures measured with pump and probe
frequencies of 3400 and 3300 cm−1, respectively.

Figure 4.5. Transmission change ln(T/T0) as a function of delay between pump and probe
pulse at two different temperatures. The pump frequency was 3400 cm−1, the probe frequency
3000 cm−1.
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Figure 4.6. Energy level scheme used for fitting the data.

4.4 Kinetic modeling

To fit the data we use a model depicted in Figure 4.6 and fully described in Ref. [64].
It consists of the vibrational ground state (0), the first excited state (1), populated by
the pump pulse, the second excited state (2) and the intermediate level 0* to which
the population of state 1 relaxes with a time constant T1. In this model, the decay of
the intermediate 0*-state leads to a full thermalization of the system. The associated
time scale τeq represents the equilibration or thermalization time. The absorption cross
sections for the 0 → 1 and 0* → 1* transitions are σ01(ω) and σ∗

01(ω), respectively.
The absorption of a probe beam by the sample can be denoted as follows

α(ω) ∝ σ01(ω)(n0 − n1) + σ∗
01(ω)(n∗

0 − n∗
1) (4.1)

where ni denotes the population of state i. We can set n∗
1(t) = 0 because there is no

thermal population of 0* and excitation by the probe beam will be negligible. When
we substitute n0 = N − n1 − n∗

0, with N the total number of molecules and subtract
the absorption of the probe without excitation by the pump pulse (α ∝ σN), we get
for the absorption change

−∆α01(ω, t) ∝ σ01(ω)[2n1(t) + (1 − σ∗
01(ω)

σ01(ω)
)n∗0(t)] +Nδσ01(ω, t) (4.2)

The δσ01(ω) in the last term of Equation (2) represents the change in cross section
due to the temperature increase that results after the thermalization. Depending on
the probe frequency this change will be positive (at the blue side of the absorption
band) or negative (at the red side of the absorption band). Because the cross section
change is proportional to the number of molecules relaxed from 0*, the last term can
be written as:

Nδσ01(ω, t) ∝
t

∫

−∞

n∗0(t
′)

τeq
dt′ (4.3)
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If the probe pulse only probes the 1→2 transition, the absorption change reads as
follows:

∆α12(ω, t) ∝ σ12(ω)n1(t) +Nδσ01(ω, t) (4.4)

We have neglected n2(t) in the above equation, which is a good approximation since
the excitation fraction of νOH = 1 is only about 1 %. The last term again represents
the effect of the change of the absorption band due to thermalization. The population
numbers for the different states satisfy the following rate equations:

dn1

dt
= −n1

T1
(4.5)

dn∗
0

dt
=
n1

τ1
− n∗0
τeq

, (4.6)

dn0

dt
=
n∗0
τeq

(4.7)

N = n0 + n1 + n∗
0 (4.8)

The rate equations can be solved leading to

n1(t) = n1(0)e
−t/T1 (4.9)

n∗0(t) =
1

T1

τeq
− 1

(e−t/T1 − e−t/τeq)n1(0) (4.10)

n0(t) = N − n1(t) − n∗
t (4.11)

These functions are convolved with the measured cross correlation function of the
pump and probe beam to account for the nonzero pulse widths. This gives us the full
expressions for -∆α01(ω, t) and ∆α12(ω, t) which can be compared to the measured
ln(T/T0). Fitting these functions to the actual data gives us the time constants T1

and τeq, as well as the ratio σ∗
01/σ01 at the probe frequency.

At some specific pump/probe combinations, an extra wiggle around t = 0 is
observed, the induced phase modulation artifact [13] (see Section 4.3). We account
for this effect by adding the derivative of the cross correlation function to the fit
function, as an approximation.

A difficulty in fitting T1 is the overwhelming contribution of the thermalization
effect to the measured transmission change. This makes it impossible to get a reason-
able T1 value from the fits for probe frequencies larger than 3200 cm−1. The best way
to get an accurate value for T1 is by fitting the scans which probe the 1→2 transition
(Figure 4.2, upper scans of left panel). We take the value for the equilibration time
τeq from the measurements at 3300 cm−1 where the temperature effect is so large that
a precise determination of this value is possible. Using this value as a constant in the
fit for the 1→2 transition, we obtain the value for T1.
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Figure 4.7. The lifetime of the OH–stretch vibration of H2O as a function of temperature.
The drawn curve represents the calculated behavior according to the Fermi’s Golden rule
expression of Equation 4.12 (see text).

As will be shown in the next chapter, for liquid water τeq =0.55 ± 0.05 ps, in-
dependent of probe wavelength and of the amount of energy to be equilibrated [52].
All data of Fig. 4.2 can be well fitted with a τeq of 0.55 ± 0.05 ps and a lifetime T1

of 260 ± 18 fs. The results displayed in Figure 4.4 can all be well described with a
τeq of 0.55 ± 0.05 ps for all temperatures. The measured lifetimes T1 are depicted
in Figure 4.7 as a function of temperature. The increase of 20% is comparable with
the increase measured in HDO:D2O dilutions [108]. The relaxation in liquid water is
three times faster than that of HDO:D2O, where a lifetime of 740 fs was measured at
room temperature [108].

4.5 Relaxation mechanism for the OH-stretch vibration

Deàk et al. found that the relaxation of the OH–stretch vibration of H2O results in a
significant response of the H–O–H bending mode (δ) [12]. If the bending mode would
be the main accepting mode, normally a decrease of the lifetime T1 is expected as a
function of temperature, because this mode has nearly harmonic character [36, 65].
This expectation is based on a theory that assumes that the excited mode is resonant
with a large number of excitations in low-frequency accepting modes. However, the
bending mode has a high frequency of about 1650 cm−1, so that this mode can accept
only one or two quanta. Hence, if the bending mode is one of the accepting modes,
the relaxation rate will also strongly depend on the energy mismatch between donor
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and acceptor modes.
The energy mismatch can be accounted for by calculating the following overlap

integral, which results from Fermi’s Golden Rule, and which gives an expression for
the relaxation rate(∝ 1/T1):

1/T1 ∝ 2π/h̄

∫

e
Eν
kT − 1

∏

[e
Eδ
kT − 1]

|〈1ν0δ|RνR
2
δ |0ν2δ〉|2δ(Eν−E2δ)ρ(Eν = E2δ)dE (4.12)

where Rν is the OH–stretch coordinate, Rδ the bending coordinate, |0ν〉 and 〈1ν | the
wave functions of the ground and excited state of the OH–stretch vibration, and |2δ〉
and 〈0δ| the wave functions of the ground and second excited state of the bending
mode. ρ(Eν = E2δ) is the density of states. The term preceding the anharmonic cou-
pling matrix element represents the effect of the thermal population of the accepting
mode on the relaxation [66]. This term assumes the transfer of one OH–stretch quan-
tum to two quanta of the bending mode. Raising the temperature from 298 to 358 K,
this term increases by 0.1%, which means that this term has a negligible effect on the
relaxation rate.

The anharmonic coupling matrix element |〈1ν0δ|RνR
2
δ |0ν2δ〉|2 can be written as

|〈1ν |Rν |0ν〉|2 |〈0δ|Rδ|2δ〉|2. The spectral dependence of |〈1ν |Rν |0ν〉|2 can be approxi-
mated by the linear absorption spectrum of the OH–stretch, provided that the spec-
tral diffusion within this band is very rapid. Similarly, the spectral dependence of
|〈0δ|Rδ|2δ〉|2 can be approximated by the absorption or Raman spectrum of the over-
tone of the bending mode. The presence of the function δ(Eν −E2δ) implies that the
integral in Eq. 4.12 will only be nonzero if the absorption bands of the OH–stretch
and the overtone of the bending mode overlap. The temperature dependence of Eq.
4.12 can thus be approximated by calculating the overlap as a function of temperature
[1].

For the calculation of the overlap of the spectra we have used the measured tem-
perature dependent absorption spectra as displayed in Figure 4.3, where a decrease
of the absorption cross section and a slight blue shift is observed. The reason for this
change of the linear absorption spectra is that the hydrogen bonds get weaker [67].
With increasing temperature, the position of the bending mode slightly shifts to the
red (from 1644.5 at T = 298 K to 1642.3 cm−1 at T = 348 K) [16] and the band gets
somewhat narrower (83 cm−1 FWHM at T = 348 K instead of 88 cm−1 FWHM at
T = 298 K) [16]. The intensity of this band does not depend on temperature [55, 5, 4].
The spectrum of the bending mode can be well fitted with a Lorentzian line shape.
We calculate the convolution of this spectrum with itself to estimate the absorption
profile for the overtone.

The result of the calculation of the overlap of the spectrum of the OH–stretch and
the overtone of the bending mode is displayed in Figure 4.7. The only free parameter
in the comparison between experiment and theory is the absolute value of T1. Clearly,
the calculation gives a good description of the observed temperature dependence of
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T1. The increase in T1 with temperature can thus be explained from the blue shift
of the OH–stretch band, the red shift of the overtone of the H–O–H bend mode,
and the decrease in cross section of the OH–stretch mode. These changes in the
spectra all follow from the weakening of the hydrogen bonds with temperature. This
means that, although practically all of the energy of the excited OH–stretch of the
H2O molecule is transferred to the bending mode, the hydrogen-bond interaction still
plays an important role in determining the rate of energy transfer, since it influences
the energy mismatch and the magnitude of the anharmonic coupling.

In the next chapter [52], we will show that the energy relaxation of the intermediate
state likely forms the rate limiting step of the equilibration. The combination of that
result with the present findings on the nature of the intermediate state, suggests that
the vibrational lifetime of the bending mode is 550 fs. This value agrees quite well
with the interval of 0.6 < Tδ < 1.2 ps (with Tδ the lifetime of the bending vibration)
found by Deàk et al. [12].

Based on the present findings for the relaxation mechanism of pure H2O, one
could ask the question whether the bending mode forms also the accepting mode in
HDO:D2O. Pure liquid water has the special feature that the overtone of the bending
mode (2δ) is in resonance with the OH–stretch vibration (ν). For HDO:D2O, however,
the resonance frequency of the bending mode is 1450 cm−1, which gives rise to a
frequency mismatch of more than 500 cm−1 between the OH–stretch and the overtone
of the bending mode. Therefore extra excitation in other modes is needed to overcome
this energy mismatch, a reasonable candidate is the hydrogen bond stretch mode
(200 cm−1). Hence, we must conclude that for HDO:D2O the relaxation mechanism
is still not completely clear. It is not possible yet to decide whether the accepting
mode is a combination of the bending mode and the hydrogen bond stretch mode,
or both this combination tone and a relaxation channel in which all the energy is
transferred to the hydrogen bond mode.

4.6 Conclusions

We performed mid-infrared pump-probe spectroscopy to study the temperature de-
pendence of the lifetime of the OH–stretch vibration in pure liquid water (H2O). We
observed two time scales in the relaxation process, the lifetime of the OH–stretch
vibration T1 and the equilibration time τeq. For the equilibration time constant no
temperature dependence of the equilibration time was observed. For the lifetime of the
OH–stretch vibration, an increase is observed from 260 ± 18 (at 298 K) to 320 ± 18 fs
(at 358 K). This means that the relaxation in pure H2O is three times faster than in
HDO:D2O; the increase with temperature, however, is comparable, 20% in both cases.
We were able to give an accurate description of the observed lifetime increase for pure
H2O by calculating the overlap integral between the overtone of the bending mode
and the stretch mode as a function of temperature. The spectral positions and shapes

54



Conclusions

of both absorption bands alter as a function of temperature due to changes in the
hydrogen bond interactions. This means that for H2O the OH–stretch vibrations relax
by energy transfer to the overtone of the bending mode, but the rate at which this
transfer takes place strongly depends on the hydrogen-bond interaction, since this
interaction determines the energy mismatch and the magnitude of the anharmonic
coupling.
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Ultrafast Energy Equilibration in
Hydrogen-Bonded Liquids

We have studied the equilibration dynamics of
several alcohols following a local deposition of
energy using time-resolved femtosecond mid-
infrared pump-probe spectroscopy. The equili-
bration dynamics is monitored via the spectral
response of the O-H stretch vibration.  It is
found that the equilibration leads to complicat-
ed changes of the absorption band of the O-H
stretch vibration including a shift of the absorp-
tion band and a decrease of the absorption
cross section. Interestingly, these spectral
changes do not occur simultaneously, which
indicates that they are associated with the equi-
libration dynamics of different low-frequency
modes. We compare the equilibration dynamics
of the alcohols with that of water and observe
that the equilibration time strongly increases
going from water to alcohols like methanol,
ethanol and propanol. This means that water
molecules can adapt much faster to a local dep-
osition of energy than other hydrogen-bonding
liquids.
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Chapter 5. Ultrafast energy equilibration

5.1 Introduction: water as solvent for (bio)chemical reactions

By a rearrangement of the water molecules in the surroundings of the reactive inter-
mediates of chemical reactions, water is able to stabilize these intermediates and to
lower the energy barrier for the reaction. The dynamics of chemical reactions in aque-
ous solution will be governed both by the dynamics of the solvation interactions and
the rate at which water molecules can accept the energy dissipated in the reaction.
The solvation dynamics of water has been investigated by probing the response of
solvating water molecules to an electronic rearrangement in a dissolved dye molecule
[39, 70]. The solvation dynamics were observed to consist of a fast inertial component
with a time response of ≈50 femtoseconds and two slower, diffusive components with
subpicosecond response times.

Several theoretical studies have been performed on the role of liquid water as a
solvent for different solutes, ranging from peptides and biomolecules [9, 74] to or-
ganic molecules [102] and HDO [76]. In Ref. [9] a combined quantum mechanical and
classical mechanical (QM/MM) method is used. The active part of the system, for ex-
ample an excited state, is treated quantum-mechanically, while the environment can
be treated with molecular dynamics simulations. With this technique normal modes,
potential energy surfaces and solvent-induced spectral shifts can be obtained. The
importance of water as a solvent is also illustrated in Ref. [102] where the relaxation
of vibrationally excited CH3Cl molecules in water is studied. It was shown that a
large number of water molecules participate in the redistribution of the vibrational
energy. In Ref. [76] molecular dynamics simulations were used to investigate the rate
and mechanism of the vibrational relaxation of HDO molecules dissolved in D2O. In
this study the OH–stretch was found to relax to the first overtone of the bending
mode with a time constant of 7.5 ps. The excess energy of the bending mode will be
accepted by the so-called bath modes, which are the low frequency modes, like rota-
tions and translations of all molecules, but no time scale was given for this process of
equilibration.

The outcome of molecular dynamics simulations on liquid water strongly depends
on the modeling of the interactions between the water molecules [60]. Hence, there
is a strong need for experimental information. In particular one would like to know
the time scale on which low-frequency water modes, like librations and hydrogen-
bond translations, respond to a local deposition of energy induced by a (bio)chemical
reaction. In this respect, linear spectroscopic studies are not very informative due
to the large inhomogeneity of aqueous systems. Therefore, nonlinear spectroscopic
techniques using intense ultrashort pulses should be employed. Unfortunately, it is
difficult to probe the response of low-frequency water modes directly on an ultrashort
time scale. A solution to this problem is to follow a higher-frequency mode that
is strongly coupled to these modes. For the case of the hydrogen bond, the OH–
stretch vibration (νOH) forms a suitable probe, because the frequency of the OH–
stretch vibration depends linearly on the hydrogen-bond length [28, 67]. Hence, this
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vibration can be used as a probe for low-frequency hydrogen-bond dynamics that in
turn represent changes in orientation and position of the water molecules.

Until now not much is known about the time scale on which water molecules react
to an ultrafast dissipation of energy. Vodopyanov performed saturation studies in
which water and ethanol layers were excited with intense picosecond laser radiation
[95, 96, 97, 98]. In these studies a blue shift of the OH–stretch absorption band was
observed due to a rise in temperature after irradiation. From the intensity dependence
of the saturation, the vibrational lifetime T1 of the OH–stretch vibration of HDO
dissolved in D2O was estimated to be between 0.3 and 0.6 ps and the lifetime of
the OH–stretch vibrations of pure H2O was estimated to be <3 ps [98]. A major
problem in these studies was that it was not possible to separate the time scale of the
relaxation of the OH–stretch excitation from that of the full equilibration of the energy
in the liquid. If the OH–stretch vibration relaxes to some non-thermal intermediate
state, these time scales will be different. Recently, the vibrational lifetime T1 of the
OH–stretch vibration of HDO dissolved in D2O was measured using femtosecond
mid-infrared pulses and was found to have a value of 740 ± 20 femtoseconds at
room temperature [108]. Since the system studied was a dilute solution of HDO, the
temperature increase of the sample due to the relaxation was negligibly small and no
information on the equilibration dynamics of the water was obtained.

Here we present a study on the equilibration dynamics of water and alcohols at
room temperature following a local dissipation of energy. The equilibration dynamics
are monitored by probing the spectral changes of the OH–stretch absorption band with
femtosecond mid-infrared laser pulses. It is found that the equilibration dynamics in
water is exceptionally fast in comparison to the alcohols.

5.2 Experimental

The setup used for the results presented in this chapter, is depicted in Figure 5.1.
We use a Ti:Sapphire based laser system that delivers 800 nm, 1 mJ pulses at a
repetition rate of 1 kHz and a duration of about 110 fs. All of the 800 nm light is sent
into one optical parametrical amplification and generation (OPA/OPG) stage based
on β-BaB2O4. Part of the pump light is converted into signal and idler pulses with a
central wavelength for the signal of 1.1 µm. A beam splitter divides the signal pulses
into two parts. The strongest part of the signal is used, together with the remaining
800 nm pump light, in a second parametric amplification process in a KTiOPO4-
crystal to generate pulses near 3 µm [15]. The pulses have typical energies of 15 µJ,
a FWHM duration of 220 fs and a spectral width of 80 cm−1. The infrared pulses
generated as described above (pump pulses) are focused into the sample and are used
to excite a fraction of the molecules from the vibrational ground state to the νOH = 1
state. Thereby energy is put into a specific degree of freedom.

By the same generation mechanism the second weaker part of the signal is con-
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Figure 5.1. Generation of mid-infrared laser pulses. See text for the description of the
generation. BD: beam dump; LWP: long wave pass filter; BBO and KTP: crystals

verted to pulses around 3 µm. These pulses have the same duration and spectral width
as the pump pulses and an energy per pulse of approximately 1 µJ. They are also
focused on the sample and are used to monitor the thermalization of the excitation of
the pump pulse. The transmission of the probe and pump pulses through a 200 µm
pinhole was typically 50%. The probe polarization was set at the magic angle with
respect to the polarization of the pump pulse by means of a zero-order λ/2 plate.

We investigated the equilibration dynamics of pure water, methanol, ethanol and
1-propanol. The samples consisted of a thin layer of liquid (≈ 1 µm for water, 15 µm
for the alcohols) between two sapphire windows. In order to avoid heating in the
sample due to former excitation pulses, the sample was rotated. The temperature rise
due to a single pump pulse is calculated to be approximately 30 K for water.

5.3 Results

The conventional infrared absorption spectrum of the OH–stretch band of water is
depicted in the previous chapter, Figure 4.3. The absorption band has its maximum
at 3410 cm−1 and has a width of 420 cm−1 at room temperature. It consists of
two sub-bands stemming from the symmetric and antisymmetric stretching normal
modes. In Figure 4.2, the transmission change ln(T/T0) as a function of delay time
is shown for pure water. The molecules are excited with a pump pulse with a central
frequency of ν = 3250 cm−1 and are probed at eight different frequencies. Let’s resume
the observations from that figure. All displayed curves show a higher or lower final
level of transmission for long delay times. This level remains constant on a very long
time scale, which indicates that this level of transmission results from the complete
thermalization of the system. Probing at the red side of the absorption band (upper
two curves, left panel) shows an induced 1→2 absorption around t = 0. At the blue
side (upper two curves right panel) a bleaching peak is observed around t = 0. For
probe frequencies in the center of the absorption band (3200 and 3400 cm−1), the
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Figure 5.2. Absorption spectrum of the OH–stretch vibration of pure ethanol. The max-
imum of the band is at 3330 cm−1. The pump and probe frequencies are indicated with
arrows.

bleaching peak is overwhelmed by the thermalization effect.

Here, we compare the measured signals for water with results obtained for
methanol, ethanol and 1-propanol for which the hydrogen-bond strength is similar
to that of water. In Figure 5.2, the OH–stretch absorption spectrum of pure ethanol
(C2H5OH) is presented. The absorption spectra of methanol (CH3OH) and 1-propanol
(C3H7OH) are very similar to that of ethanol. Again we pump at the center frequency
of the band, which is at 3330 cm−1 for these three alcohols. The frequencies of the
probe pulses (3150, 3265, 3310 and 3450 cm−1) are indicated by arrows in Figure 5.2.

Figure 5.3 shows delay time scans for pure ethanol. The observed relaxation be-
havior is very similar to that of water. For Figure 5.3b and 5.3c, we again observe after
a bleaching at t = 0 and a decay at short delay times, a rise towards a permanent
bleaching signal. Clearly, the same process of equilibration is observed as in water,
but the time scale is dramatically different. In Figure 5.3d, the probe wavelength is in
the red wing of the absorption band. We observe an induced νOH = 1 → 2 absorption,
followed by a rise to an increased level of transmission, as was observed for water in
Figure 4.2 (upper curves, left panel). In Figure 5.3a, where the probe wavelength is
in the blue wing of the OH–stretch absorption band, the observed signal decreases to
a negative final value.
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Figure 5.3. Delay time scans for pure ethanol after excitation with a 3330 cm−1 pump
pulse. Transmission changes were recorded with probe pulses at the blue (a) 3450 cm−1,
center (b) 3310 cm−1 and (c) 3265 cm−1 and at the red (d) 3150 cm−1 of the absorption
band.
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5.4 Kinetic modeling

The results are interpreted in the same way as in the previous chapter. The pump
pulse excites molecules from the νOH = 0 to the νOH = 1 state. This excited population
relaxes with a time constant T1 to an intermediate level, which is the vibrational (OH–
stretch) ground state combined with (an)other vibrational mode(s). The exact nature
of the intermediate level is not crucial here. It is only essential that the intermediate
level does not yet represent thermal equilibrium, implying that only very specific
combination tones get directly excited by the relaxation of the OH–stretch vibration.

The relaxation of the intermediate level leads to a full thermalization, i.e. a redis-
tribution of the energy over all degrees of freedom. This thermalization occurs with
a time constant τeq. After equilibration, the temperature of the sample is increased,
which leads to weaker hydrogen bonds and therefore to a blue shift of the OH-stretch
resonance frequency [28, 67]. As a result, the transmission at the center frequency and
at the red side is strongly increased at longer delay times, while at the blue side of the
OH–absorption band an induced absorption is observed (Figure 5.3a). By changing
the pump intensity we found that the thermalization (equilibration) time does not
depend on the amount of energy to be equilibrated.

Table 5.1. Fit results for different hydrogen-bonding liquids

T1(fs) τeq(ps) τeq(ps) τeq(ps) τeq(ps)
1→2 red center blue

H2O 260±20 0.55±0.05 0.55±0.05 0.55±0.05 0.55±0.05
CH3OH 250±100 1.5±0.5 - 7.0±0.5 -
C2H5OH 450±100 2.1±0.5 7±1 13±2 3.2±0.5
C3H7OH 500±100 3.0±0.5 - 15±2 -

We have fitted the data on the alcohols with the model presented in the previous
chapter (see Section 4.4). We followed the same procedure to extract the parameters
T1 and τeq. Because the measurement showing induced absorption, Figure 5.3d, is
most sensitive to T1, we fitted Eq. 4.4 to this measurement to extract both T1 and
τeq. Due to the large contributions of the thermalization signals, the fitted T1 was
taken constant in fitting Figure 5.3a-c with Eq. 4.2. The results of the fits are shown
in Table 5.1. The results for water are obtained in Chapter 4. In this table, 1→2, red,
center and blue mean probing at 3150, 3265, 3310, and 3450 cm−1, for ethanol. For
methanol and 1-propanol 1→2 and center stand for 3150 and 3310 cm−1, respectively.
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5.5 Discussion

In our experiment the response of the OH–stretch vibration is used to monitor the
equilibration process. This OH–stretch vibration is very sensitive to changes in the
relative positions of the water and alcohol molecules. The observed blue shift of the
OH–stretch absorption band and the decrease of the cross-section thus directly reflect
the repositioning of the molecules that follows from the dissipation of energy.

5.5.1 Energy redistribution and repositioning

It should be noted that the equilibration involves two subsequent processes. The first
process is formed by the energy redistribution in which the energy of the non-thermal
intermediate level becomes thermally distributed over all degrees of freedom. After
this redistribution the equilibration is not yet complete because putting energy in a
particular degree of freedom does not imply that the coordinate corresponding to this
degree of freedom instantaneously finds its new equilibrium position. For instance,
if a molecule is excited with a short pulse to a dissociative potential, it still takes
some time, determined by the time scale of the nuclear motion, before the molecule
is really dissociated. In a similar fashion it takes some time after the energy has been
redistributed before the low-frequency translational and rotational degrees of freedom
have acquired their new equilibrium positions. Hence, after the first process of energy
redistribution, the equilibration involves a second process in which the molecules
reposition at their new equilibrium positions. This repositioning of the molecules is
directly observed in our experiment, since this process affects the cross section and
spectral position of the OH–stretch absorption band.

The question arises whether the energy redistribution or the repositioning forms
the rate-limiting step of the overall equilibration. It is to be expected that the three-
dimensional hydrogen-bonded network of water allows for a much faster redistribution
of energy than the one-dimensional hydrogen bonded chains [40, 45, 82] of methanol,
ethanol and propanol. Hence, if the energy redistribution would form the rate-limiting
step of the equilibration, water is expected to show a faster equilibration than the
three alcohols, as indeed is observed. However, in that case the three alcohols are
expected to have very similar equilibration times, which is certainly not the case. If
on the other hand, the repositioning of the molecules forms the rate-limiting step of
the equilibration, the equilibration rate is expected to scale inversely with the mass
of the molecules. This agrees quite well with the observation that the equilibration
time constant increases going from water to methanol, ethanol and propanol. If the
overall equilibration time is indeed determined by the rate of the repositioning of
the molecules, the time scales of the equilibration of water, methanol, ethanol and
propanol should correlate with those observed in dielectric relaxation and rotational
correlation experiments.

Dielectric relaxation measurements [3, 42] on the pure liquids show Debye relax-
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ation times of about 8 ps for water, 50 ps for methanol, about 160 ps for pure ethanol
and about 320 ps for 1-propanol. Debye relaxation times calculated from NMR spec-
troscopy yield about 10 ps for water [3, 6], 41 ps for methanol [19], 190 ps for ethanol
[19] and 560 ps for 2-propanol [19]. Hence, dielectric relaxation measurements show
a very similar increase in time constant going from water to methanol to ethanol to
1-propanol as we observe for the equilibration. This strongly suggests that at least for
the alcohols the repositioning of the molecules forms the rate-limiting step in the equi-
libration. However, for the fastest liquid, being liquid water, the rate of equilibration
could still be limited by the rate of energy redistribution.

It should be noted that, although the trend matches, the absolute values of the De-
bye relaxation time and the equilibration time do not match. Here it should be realized
that reorientation, as it is measured in Debye relaxation and rotational correlation
experiments, and thermalization are not defined in the same way. The repositioning
of the molecules in a thermalization process mainly involves a small change (a few
degrees) in the angle the hydrogen-bond makes between donor and acceptor groups
to make an appreciable difference in absorption cross section. In NMR and dielectric
relaxation measurements, reorientation times are defined on the basis of a rotation
of the whole molecule; rotation angles are in this case more in the order of 90 de-
grees. Hence, it is not surprising that the time scales measured for the equilibration
process are much shorter than the Debye relaxation and orientational relaxation time
constants.

5.5.2 Low frequency hydrogen-bond modes

A striking difference between the equilibration of the alcohols and liquid water is the
frequency dependence of the equilibration time. For the alcohols the equilibration
time constant strongly depends on the probe frequency, in the wings of the OH–
stretch absorption band the equilibration time constant is much shorter than in the
center of the absorption band. In contrast, for water the equilibration time constant
is the same at all frequencies. A closer look at the fits to the alcohol data also shows
that the equilibration process is not truly singly exponential, in the early stages of the
equilibration the equilibration is somewhat faster than the fitted exponential function
and at longer times the equilibration is somewhat slower than the fitted function.

The frequency dependence of the fitted equilibration time constant and the non-
exponential character of the equilibration of the alcohols indicates that at least two
time scales are involved in the equilibration process of the alcohols, i.e. in the reposi-
tioning of the molecules. It should be realized that shifts of the absorption spectrum
will much more affect the transmission measured in the wings of the absorption than
in the center, whereas a decrease in the absorption cross-section will have a similar
effect on all probe frequencies. The fact that the fitted equilibration time constant is
much shorter in the wings (Figures 5.2a,d) than in the center (Figures 5.2b,c) thus
indicates that the blue shift of the absorption band occurs on a shorter time scale
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than the decrease of the absorption cross-section.

The total picture is now as follows. After the energy has been redistributed over all
degrees of freedom, the coordinates of the low-frequency modes should find their new
equilibrium positions. The most obvious candidate low-frequency mode that could
influence the position of the OH–stretch band would be the hydrogen-bond stretching
vibration. However, the blue shift of the OH–stretch band due to lengthening of the
hydrogen-bond, can only be due to thermal expansion, which is a process that takes
place on nano- or microsecond time-scales. Hence, the a stretching of the hydrogen
bond is not responsible for the fast blue shift of the stretch band.

The only coordinates that can be responsible for both the decrease in cross section
as well as the blue shift of the OH–stretch band are the hydrogen-bond bending
and librational coordinates. Both affect the angle between the OH-group and the O-
H· · ·O hydrogen-bond. Apparently, the first small change of this angle, which affects
the charge density on the hydrogen atom and hydrogen bond acceptor oxygen atom,
leads to the blue shift. A further change in the hydrogen-bond bending coordinate
decreases the amount in which the OH–groups on different alcohol molecules are in
line. Thereby the conjugation of the OH–stretch vibrations is reduced which leads to
a decrease of the absorption cross-section.

For water the equilibration time hardly depends on the probe frequency which
strongly suggests that for water the rate of equilibration is not limited by the rate at
which the water molecules attain their new positions in the liquid but rather by the
rate of energy redistribution. Hence for water the observed equilibration time constant
is mainly determined by the relaxation rate of the non-thermal intermediate state.
This means that the observed time scale of ≈ 0.55 ps presents an upper limit for the
time scale on which the molecules in liquid water reposition following a dissipation of
energy.

5.6 Conclusions

Using two-color femtosecond mid-infrared pump-probe spectroscopy, we investigated
the equilibration dynamics of water, methanol, ethanol and 1-propanol, following a
local deposition of energy. In the experiments, the OH–stretch vibration is excited that
relaxes to a non-thermal intermediate state, which is formed by specific combination
tone(s) of excited intra- and intermolecular vibrations. The relaxation of this non-
thermal intermediate state leads to a complete (thermal) equilibration of the energy.
The dynamics of the latter equilibration process is monitored via the spectral response
of the OH–stretch vibration. We observe that the equilibration leads to a blue shift
of the OH–stretch absorption band and a decrease of the absorption cross section.
Using a kinetic modeling of the experimental data we find that the time constants
of equilibration of water, methanol, ethanol and 1-propanol are 0.55, 1.5-7, 2.1-13
and 3.0-15 ps, respectively. The equilibration time scale increases with increasing
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molecular mass, which indicates that for the alcohols the rate of equilibration is
determined by the rate at which the molecules can change their relative orientations
and positions in the liquid.

For the alcohols the frequency dependence of the equilibration time constant sug-
gests that the blue shift of the absorption band is much faster than the decrease in
absorption cross-section. The hydrogen-bond bending coordinate is responsible for
both processes.

For water, we observe a very short equilibration time constant of 0.55 ps, which, in
contrast to the alcohols, hardly depends on frequency. This suggests that for water the
equilibration rate is not determined by the repositioning of the molecules (as for the
alcohols) but rather by the rate of energy relaxation from a non-thermal intermediate
state. Hence, the reposition of the molecules in liquid water probably occurs on a time
scale that is shorter than 0.55 ps. This means that water can adapt extremely fast,
much faster than alcohols, to a deposition of energy.
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6 Comment on: Vibrational relaxation
and spectral evolution following
ultrafast OH stretch excitation of
water by A. Pakoulev, Z. Wang, D.D.
Dlott 

In a recent Letter by Pakoulev et al.
(Chem. Phys. Lett. 371 (2003) 594), time-
resolved anti-Stokes Raman measure-
ments of the spectral evolutionand relax-
ation of the OH stretch vibrations of pure
H20 were presented. These measure-
ments led the authors to reinterpret the
results presented in Chapter 4. Here we
show that this reinterpretation is incor-
rect.



Chapter 6. Comment

6.1 Introduction

In a recently published Letter [69], time-resolved anti-Stokes Raman measurements
of the spectral evolution and vibrational relaxation of pure H2O were presented. It
was observed that the spectrum of the OH–stretch excitation undergoes a rapid blue
shift with a time constant of ∼0.4 picoseconds (ps), and that the vibrational lifetime
is ∼0.7 ps. These results are quite surprising, since they appear to be contradictory to
the results we obtained in Chapter 4 in which the vibrational dynamics of H2O were
probed with femtosecond mid-infrared pump-probe spectroscopy [51]. In the latter
study, the vibrational lifetime of H2O was found to be only 0.26±0.02 ps, and it
was observed that the vibrational relaxation was followed by a slower thermalization
process with a time constant τeq of 0.55±0.05 ps.

The authors of Ref. [69] reinterpret the 0.26 ps time constant of Chapter 4 as
spectral diffusion, and the 0.55 ps time constant as the true vibrational lifetime of
the O–H stretch vibration of water. However, in this reinterpretation they overlooked
several essential elements of the mid-infrared pump-probe results that disprove this
reinterpretation.

In our femtosecond mid-infrared pump-probe experiments on water, the O–H
stretch vibrations (3000-3600 cm−1) of water were excited with an intense infrared
pump pulse (pump). This excitation results in a bleaching of the fundamental
v = 0 → 1 transition and in an induced absorption of the v = 1 → 2 transition.
The v = 1 → 2 transition is red-shifted by ∼250 cm−1 with respect to the v = 0 → 1
transition. The transmission changes were probed with a second, independently tun-
able femtosecond mid-infrared pulse (probe). The change in absorbance induced by
the pump is given by ln[T (τ)/T0], with T (τ) the transmission of the sample in presence
of the pump, and T0 the transmission of the sample in absence of the pump.

In Fig. 6.1 femtosecond pump-probe data are shown obtained for a sample of pure
H2O using a pump pulse with a central frequency of 3550 cm−1 and four different
probe frequencies. The pump pulse had a pulse duration of 220 fs and an energy of ∼10
µJ. The probe had a pulse duration of 220 fs and an energy <1 µJ. The results shown
in Fig. 6.1 show the presence of two relaxation processes: a first fast process with a
time constant of 0.30±0.05 ps, and a second, slower process with a time constant of
0.55±0.05 ps. These results are very similar to the results reported in Chapter 4.

6.2 Spectral diffusion or vibrational relaxation

Pakoulev et al. [69] suggested that the fast decays of the absorption at frequencies
<3100 cm−1 and of the bleaching at frequencies >3500 cm−1 we observed, could result
from spectral diffusion within the v = 1 → 2 band.

For our results, spectral diffusion will lead to a shift to higher frequencies, because
in this study the pump pulse had a central frequency of 3250 cm−1 (see Fig. 4.2),
which is at the red side of the O–H stretch absorption band. A frequency of 3100
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Figure 6.1. Femtosecond mid-infrared pump-probe scans of liquid water at 298 K. The
central frequency of the pump is 3550 cm−1

cm−1 corresponds to the high-frequency side of the v = 1 → 2 transition. Hence, a
shift of the v = 1 → 2 response to higher frequencies is expected to lead to a rise
of absorption with a time constant of ∼0.3 ps, and not, as is observed, to a decay
with ∼0.3 ps. In addition, at 3500 cm−1 the response of the 1 → 2 transition will
be much weaker than the response of the fundamental v = 0 → 1 transition. Hence,
spectral diffusion to higher frequencies with a time constant of ∼0.3 ps should result
in a rise of a bleaching signal at 3500 cm−1, and not, as is observed, in a decay
with this time constant. Finally, pumping at 3550 cm−1 (Fig. 6.1) is observed to
lead to the same results as pumping at 3250 cm−1 [51], which indicates that for H2O
spectral diffusion within the O–H stretch absorption band is extremely fast with a
time constant <100 fs. This notion agrees with the results of a previous study of
the depolarization of vibrational excitations in water [104]. In view of the above, the
relaxation process with a time constant of ∼0.3 ps cannot be explained from spectral
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diffusion. Instead, the decay of the absorption observed at 3100 cm−1 and of the
bleaching at frequencies >3500 cm−1 with time constant 0.30±0.05 ps must represent
the population relaxation of the v = 1 state.

In the discussion of Ref. [69] it is stated that we would claim the region between
3200 and 3400 cm−1 to be insensitive to the T1 process. This is an incorrect citation:
in Chapters 4 and 5 it was stated that in this frequency region the effect of the ther-
malization is so large that the measured signals are dominated by the thermalization
process. In fact, the region between 3200 and 3400 cm−1 is about as sensitive to the
T1 process as the regions <3100 cm−1 and >3400 cm−1. At 3300 cm−1 the signal due
to the direct bleaching of the v = 0 → 1 transition is observed as a weak shoulder
on the very strong thermalization signal (see Fig. 6.1b, note also the differences in
magnitude of the overall signals in Fig. 6.1). The signal level of this shoulder is about
the same as that of the bleaching at 3500 cm−1 and that of the induced absorption
at 3100 cm−1.

6.3 Population relaxation or equilibration

In Ref. [69] the second, slower process with a time constant of 0.55 ps is interpreted as
the population relaxation of the O–H stretch vibrations. This interpretation is mainly
based on the magnitude of the time constant of the slower process, that is quite
similar to the decay time constant of ∼0.7 ps of the anti-Stokes Raman scattering
signal. However, if the 0.55 ps process would indeed be the vibrational relaxation,
a decay of a bleaching with this time constant should be observed in the frequency
region 3200-3400 cm−1. Instead, a rise of a bleaching signal with 0.55 ps is observed
in this frequency region. Hence, the 0.55 ps process does not represent the vibrational
relaxation, but rather the relaxation of an intermediate state (likely the overtone of the
bending vibration of H2O) that gets populated by the relaxation of the O–H stretch
vibration. As a result of this second relaxation process with τeq = 0.55±0.05 ps, the
H2O sample gets heated by ∼30 K, which results in a decrease and a blue shift of the
O–H stretch vibrational absorption band. Hence, the 0.55 ps process induces a rise
of a bleaching at frequencies <3500 cm−1, and an induced absorption at frequencies
>3500 cm−1, as is observed in Fig. 6.1 and in Chapters 4 and 5.

Pakoulev et al. claim that their anti-Stokes Raman measurements would be totally
insensitive to the thermalization process. In our opinion this claim is not correct.
Liquid H2O possesses an extremely high density of O–H oscillators, which implies
that the relaxation of an O–H oscillator will immediately affect the response of nearby
O–H oscillators. In the experiments of Ref. [69], there will indeed be a strong effect
of relaxing O–H vibrations on the dynamics of other excited O–H vibrations, because
the infrared pulses used in these experiments are long (1.4 ps) compared to the time
scales of vibrational relaxation and thermalization. Hence, a large part of the signal
observed in Ref. [69] will be formed by water molecules for which the O–H spectrum
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has been shifted to the blue as a result of the relaxation of molecules that were
excited by the front part of the pulse. This also means that the rapid spectral blue
shift observed by Pakoulev et al. likely does not represent a single spectral diffusion
process, but forms the result of the consecutive action of the vibrational relaxation
of room temperature water and the thermalization. Here it should also be noted that
the cross-correlation of 1.8 ps of the pulses used in the experiments of Pakoulev et al.
is too long to distinguish the two relaxation processes.

Following this interpretation, the rate limiting step of the blue shift is formed by
the thermalization process. Indeed, the value of τeq of 0.55±0.05 ps of this process
is quite similar to the time constant of the blue shift of ∼0.4 ps reported in Ref.
[69]. The blueshift probably also affects the rate of vibrational relaxation of the O–H
stretch vibration, which could explain why the anti-Stokes Raman signals measured
in Ref. [69] show a relatively slow decay, especially at the blue side of the spectrum.

6.4 Conclusion

In conclusion, we demonstrated that the reinterpretation given in Ref. [69] of the
results of previous femtosecond mid-infrared pump-probe studies is incorrect. In ad-
dition, we argued that, in view of the pulse durations used, the fast spectral blue
shift with ∼0.4 ps observed in Ref. [69] likely results from the subsequent action
of the vibrational relaxation of room temperature water (T1 = 0.3±0.05 ps) and a
thermalization process (τeq = 0.55±0.05 ps).
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7 Strong Feedback Effect in the
Vibrational Relaxation of Liquid
Water
We show the presence of a strong negative feedback effect in the vibra-
tional relaxation of the O-H stretch vibrations of liquid H2O. The vibra-
tional relaxation gets strongly decelerated as a result of the thermaliza-
tion process that follows the relaxation. We present a model for the vibra-
tional relaxation of water that includes this feedback effect. With this
model we obtain a consistent interpretation of the experimental results of
the femtosecond mid-infrared pump-probe experiments, presented in
Chapter 4, and mid-infrared pump anti-Stokes Raman probe experiments.



Chapter 7. Strong feedback effect

7.1 Introduction

Many of the anomalous properties of liquid water (H2O) results from its extremely
high density of O–H groups and strong directional hydrogen-bonds. These high densi-
ties lead for instance to exceptionally rapid energy transfer and relaxation dynamics.
As a result of the rapid resonant intermolecular (Förster) energy transfer, an excita-
tion of the O–H stretch vibration gets rapidly delocalized over many water molecules
[104].

The energy relaxation of the O–H stretch vibrations of liquid water is also very
fast, as has been shown with femtosecond mid-infrared pump-probe spectroscopy
[51, 52] in Chapters 4 and 5 and with mid-infrared pump anti-Stokes Raman probe
experiments in Refs. [12, 69, 101]. In Chapters 4 and 5, the relaxation was observed
to take place in two subsequent processes. In a first process with a time constant
of ∼300 femtoseconds, the O–H stretch vibration transfers its energy to a particular
combination of accepting modes. This combination of accepting modes also relaxes,
leading to an equilibration of the energy over all degrees of freedom. This equilibration
takes place with a time constant of ∼550 fs, which is very fast in comparison to other
hydrogen-bonded liquids. The same process takes about 3 picoseconds for methanol
and 8 picoseconds for ethanol, see Chapter 5. In the mid-infrared pump anti-Stokes
Raman probe studies by the group of Dlott [69, 101] a different relaxation behavior is
reported. In these studies, the exciation of the O–H stretch mode is observed to lead to
a blue shift of the anti-Stokes Raman spectrum with a time constant of ∼400 fs, and
a vibrational relaxation with a time constant of ∼700 fs, that depends on frequency
[69, 101]. The observations of the mid-infrared pump anti-Stokes Raman probe studies
clearly differ from what is observed in the femtosecond mid-infrared pump-probe
experiments. So far these differences are not understood.

An important consequence of the delocalized character of the O–H stretch vibra-
tions in water is that the relaxation of an excited O–H stretch vibration will affect
the relaxation of other still excited O–H stretch vibrations. For pure liquid bromo-
form (CHBr3), a positive feedback effect was observed for the relaxation of the C–H
stretch vibration, i.e. the relaxation was observed to get accelerated with an increas-
ing occupation of the accepting modes [22]. For water a similar feedback effect is to
be expected: the vibrational relaxation and thermalization processes will lead to the
excitation of modes that affect the rates of these processes. This means that the re-
laxation dynamics of water will be essentially different from those of an electronically
excited dye molecule in dilute solution, or even of the excited O–H stretch vibration
of an HDO molecule in dilute solution in D2O.

In this Chapter, we present a model that provides a complete picture of the vibra-
tional dynamics of the O–H stretch modes of liquid water including the feedback effect
on the vibrational relaxation. We will show that this model allows for a consistent
description of all the experimental observations of recent femtosecond mid-infrared
pump-probe studies and mid-infrared pump anti-Stokes Raman probe studies of the
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vibrational dynamics of liquid water.

7.2 Model for the vibrational relaxation of liquid H2O

Following the results of Chapters 4 and 5, the vibrational relaxation of pure liquid
H2O occurs in two subsequent relaxation processes. In the first process the population
n1 of the excited v = 1 state of the O–H stretch vibration is transferred with time
constant T1 to an intermediate state. In the second proces, the population n∗

0 of
this state relaxes with time constant τeq, leading to an increase in temperature that
can change the vibrational lifetime T1 of the first process. In view of the above, the
vibrational excitation and relaxation of water can be described with the following four
coupled equations:

dn0

dt
= −Ip(t)σ0→1(ω, T )n0 +

n∗0
τeq

, (7.1)

dn1

dt
= Ip(t)σ0→1(ω, T )n0 −

n1

T1(T )
, (7.2)

dn∗
0

dt
=

n1

T1(T )
− n∗0
τeq

, (7.3)

dT

dt
=

bn∗0
τeq

, (7.4)

with n0 the population of the v = 0 (ground) state, Ip(t) the intensity profile of the
pump pulse, T the temperature, σ0→1(ω, T ) the infrared cross-section depending on
frequency ω and temperature T , and b a parameter relating the relaxed population
n∗0 to a temperature increase. The cross-section σ0→1(ω, T ) is obtained from an inter-
polation of the infrared absorption spectra at 25oC and 85oC that are shown in Fig.
7.1a.

The O–H stretch vibrations of liquid H2O show an extremely rapid spectral dif-
fusion. This diffusion is even faster than that of a dilute solution of HDO in D2O,
because for H2O the spectral diffusion results from both the hydrogen-bond dynam-
ics and the rapid intermolecular (Förster) energy transfer. This latter transfer takes
place with a time constant <100 fs [104]. As a result of the rapid spectral diffusion,
excitation of the O–H stretch absorption band with a narrow-band pump pulse does
not lead to the formation of a spectral hole [101]. In fact, already at short delays after
the excitation, the observed spectral response is very similar to the linear spectrum,
and shows very little dependence on the pump frequency [12, 69, 101]. The vibrational
dynamics also shows little dependence on the pump frequency: very similar time con-
stants for T1 and τeq are observed when the O–H stretch vibration is excited at 3250
cm−1 (Chapter 4) and when it is excited at 3550 cm−1 (Chapter 6).
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Figure 7.1. Infrared absorption spectra of liquid water at 25 and 85 oC (a), and Raman
(Stokes) spectra of liquid water at 30 and 90 oC (b).
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Because of the rapid spectral equilibration of liquid H2O, the experimentally ob-
served T1 represents an average over the spectral distribution of O–H oscillators. The
experimentally observed relaxation rate T−1

1 (T ) can thus be approximated by inte-
grating over the spectral distribution S(ω, T ) of O–H oscillators multiplied by the
frequency-dependent relaxation rate T−1

1 (ω) that would be observed if there were no
spectral diffusion:

1/T1(T ) =

∫

dωS(ω, T )T−1
1 (ω)/

∫

dωS(ω, T ), (7.5)

The experimentally observed value of T1 will depend on temperature T because the
spectral distribution S(ω, T ) depends on temperature. In the calculations we approx-
imate the temperature-dependent spectral distribution with the cw Raman spectrum
R(ω, T ). A similar temperature dependence of T1 is obtained when the calculations
are performed when the temperature-dependent infrared absorption spectrum σ(ω, T )
is used to describe the spectral distribution.

The use of Equation 7.5 to approximate the experimentally observed T1 does not
critically depend on the spectral diffusion time constant. The equation can be used
provided that the spectral diffusion time is shorter than the durations of the pulses
used in the experiment. There is no lower limit to the spectral diffusion time constant:
Equation 7.5 can be used even if the spectral diffusion is so fast that the spectrum
would be significantly homogeneously broadened.

From measurements on many hydrogen bonded O–H groups the following empir-
ical relation was derived [59]:

T1(ω) = a(ω − ωOH,g)
−1.8, (7.6)

with a a constant, ω the O–H stretch vibrational frequency of the hydrogen-bonded
O–H group, and ωOH,g the vibrational frequency of the same group in the gas phase.
Equation 7.6 is also valid for aqueous systems. For a solution of HDO in D2O the
value of T1 of the O–H stretch vibration was observed to increase from 750 fs at 273
K to 950 fs at 373 K, and to decrease to 380 fs when the HDO:D2O liquid solution
was frozen to ice [108]. For pure liquid H2O, T1 was observed to increase from 260 fs
at 293 K to 320 fs at 353 K [51], see Chapter 4. These changes in T1 are all accurately
described by the combination of Equations 7.5 and 7.6.

The coupled Equations 7.1-6 cannot be solved analytically because T1 depends on
temperature, and thus on time. Hence, we solve these equations numerically using a
fourth-order Runge-Kutta scheme. In addition, because the absorption spectrum, the
Raman spectrum, and T1 all depend on temperature, the shape of the focus of the
infrared pump pulse should be accounted for. Therefore, Equations 7.1-6 are solved
for a Gaussian distribution of pump pulse intensities Ip(t). The final calculated result
is the sum of all responses within this distribution. The results of the model are
fitted to the experimental results of Chapter 4 and Ref. [69]. Most of the parameters
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entering the model are obtained from independent experimental results. In calculating
T1 at different temperatures, we use for ωOH,g the average frequency of the symmetric
and the antisymmetric O–H stretch vibration of water in the gas phase: ωOH,g =
3706 cm−1. The Raman spectra R(ω, T ) at different temperatures are obtained from
an interpolation of cw (Stokes) Raman spectra reported in the literature. In this
interpolation, we used the Raman spectra measured at 30oC and 90oC of Ref. [83].
These spectra are shown in Fig. 7.1b. The parameter a that enters Equation 7.6 is
chosen such that T1 = 0.3 ps at 298 K, and the equilibration time τeq is set to a
temperature independent value of 0.55 ps.

7.3 Results and comparison with experiments

In the studies on the vibrational relaxation of liquid water, the O–H stretch vibrations
(3000-3600 cm−1) were resonantly excited with an intense mid-infrared pulse. This
pulse had different parameters in the different studies reported. In Chapters 4 and
5, the pulse had a duration of ∼200 fs and an enery of ∼10 µJ [51, 52]. In the mid-
infrared pump anti-Stokes Raman probe studies the pulse had a duration of ∼1.4 ps
and an energy of 40-50 µJ [12, 69], or a duration of ∼0.7 ps and an energy of ∼25
µJ [101]. The excitation by the intense infrared pulse results in a bleaching of the
fundamental v = 0 → 1 transition and in an induced absorption of the v = 1 → 2
transition. This v = 1 → 2 transition is redshifted by ∼250 cm−1 with respect to
the v = 0 → 1 transition [104]. The reported experiments differed in their method of
probing. In the Chpaters 4 and 5, the infrared transmission changes were probed with
a weak, time-delayed probing pulse with a duration of ∼200 fs. In the mid-infrared
pump anti-Stokes probe experiments of Refs. [12, 69, 101] the residual population of
the v = 1 state of the O–H stretch vibration was probed by measuring the anti-Stokes
Raman spectrum with an intense delayed visible pulse with a duration of ∼1.4 ps
[12, 69] or ∼0.7 ps [101].

To enable a comparison between the model and the results of the mid-infrared
pump-probe experiments, the calculated populations n0 and n1 should be transferred
into transient changes in the infrared absorption ∆α(ω, t):

∆α(ω, t) = n1(t){σ1→2(ω, T (t)) − σ0→1(ω, T (t))} +

n0(t)σ0→1(ω, T (t)) − n0(−∞)σ0→1(ω, T = 298K). (7.7)

The terms at the right hand side represent the induced excited state v = 1 → 2
absorption, the v = 1 → 0 stimulated emission, the modified ground state v = 0 → 1
absorption, and the reference ground state absorption, respectively.

In Fig. 7.2 femtosecond pump-probe data are shown obtained for a sample of pure
H2O at four different probe frequencies. The pump pulses had a central frequency of
3250 cm−1. The solid curves are calculated with the model of the previous section.
At a probe frequency of 3100 cm−1, the signal is initially dominated by the induced
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Figure 7.4. Calculated anti-Stokes Raman scattering spectra at different delays. The spec-
tra are calculated using the model described in the text and the pulse parameters of the
experiments of Ref. [69].

v = 1 → 2 absorption that decays to zero with T1. At longer delays, the signal further
decays to a decreased absorption due to the temperature increase that results from the
thermalization process. At 3400 cm−1, the signal is dominated by the thermalization
process that at this frequency leads to a large decrease in absorption. The initial
bleaching of the v = 0 → 1 transition is only observed as a small shoulder. The
signal at 3500 cm−1 most clearly shows that the relaxation involves two subsequent
processes. First there the bleaching of the v = 0 → 1 decays with T1, then there is
again a decrease in absorption due to the thermalization with τeq. At 3620 cm−1 the
signal is dominated by the thermalization effect that at this frequency leads to a final
induced absorption. It is clear that the model provides a quantitative description of all
thermally induced transmission changes. In Fig. 7.3 the time-dependent populations
n1 and n∗

0 are shown together with the time-dependent change in temperature at the
maximum intensity of the pump focus.

In Fig. 7.4 calculated anti-Stokes Raman scattering spectra IA(ω, t) at different
delays are presented. These spectra are calculated using IA(ω, t) ∼ n1(t)R(ω, T ). The
anti-Stokes Raman spectrum is constructed from an interpolation of the continuous
wave Raman spectra shown in Fig. 7.1b. In this calculation we used the pulse param-
eters used in the experiments described in Ref. [69]. To get an accurate description of
the shape of the spectra measured by Pakoulev et al. [69], we had to shift the Raman
spectrum at 90oC by 70 cm−1 to higher frequencies (see next section). As in Ref. [69],
all spectra were normalized to constant area. The calculated spectral dynamics show
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great similarity with the transient spectra shown in Fig. 5b of Ref. [69]. The spectra
clearly shift to the blue with increasing delay. In Refs. [69] and [101] this blue shift
was interpreted as a single spectral diffusion process with a time constant of ∼0.4 ps.
However, here we find that this blue shift is in fact not a single process but the result
of the consecutive action of the vibrational relaxation of room temperature water and
the thermalization. It should be realized that the cross-correlations of 1.8 ps [69] and
1.1 ps [101] of the infrared pump pulse and the visible probing used in Refs. [69, 101]
are too long to resolve these two processes. Therefore, the vibrational relaxation and
thermalization are observed as a single process giving rise to a blue shift. This also
means that the blue shift is not the result of a vibrational Stokes shift within the
excited v = 1 state [69, 101], but rather a shift of the complete spectrum to higher
frequencies. This mechanism for the blue shift also explains the observation reported
in Ref. [101] that the magnitude of the blue shift depends on the excitation intensity,
i.e. on the amount of energy dissipated. In the case of a vibrational Stokes shift, the
magnitude of the shift should not depend on the excitation intensity, whereas in the
case of a thermal shift such a dependence is obvious.

The rate limiting step of the blue shift is the thermalization process. Indeed, the
value of τeq of 0.55±0.05 ps of this process is similar to the time constant of the blue
shift of ∼0.4 ps reported in Ref. [69]. It is even strikingly similar to the time constant
of 0.55 ps reported for the rise of a blue-shifted absorption component in Ref. [101].
In Ref. [101] this blue-shifted component is interpreted as being a sub-band of the
absorption spectrum of water. From our calculations we find that the apparent rise
of a blue-shifted component with τ ∼ 0.55 ps can be very well explained from a
thermally induced blue shift of the complete O–H spectrum. Moreover, if there really
would exist a blue-shifted sub-band, then pumping of this band should inevitably lead
to population transfer to red-shifted sub-bands, which is not observed in Ref. [101].

In Fig. 7.5, the calculated delay dependence of the anti-Stokes Raman scatter-
ing signal IA(ω, t) at particular frequencies ω is shown. These delay curves are also
calculated with the pulse parameters of the experiments reported in Ref. [69]. The
decays represent the combined action of vibrational relaxation of the v = 1 state of
the O–H stretch vibration and of the thermally induced spectral shift to the blue.
The calculated curves are in excellent agreement with the experimental results of Fig.
3b of Ref. [69]. In Fig. 7.6 the time-dependent populations n1 and n∗

0 are shown to-
gether with the time-dependent change in temperature at the maximum intensity of
the pump focus. The final calculated increase in temperature amounts to 78 K which
is in excellent agreement with the estimated experimental temperature increase of the
experiments of Ref. [69].

The solid lines in Fig. 7.5 represent exponential fits to the points that are calculated
with the model of the previous section. At 3200 cm−1 the decay obtained with the
model can be quite well fitted with an exponential decay with a time constant of 0.7
picoseconds. At 3520 cm−1, the best fit is obtained with an exponential with a time
constant of 1.1 picoseconds. These values are surprisingly long in comparison to the
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value of T1 of 0.3 ps at 298 K. This slowing down is largely due to the increase of T1

that results from the strong increase in temperature. This increase of T1 also explains
the observation in Ref. [101] that a doubling of the pump pulse energy led to an
increase of the observed vibrational lifetimes with 15%. This directly shows that the
claim in Ref. [69] that the dynamics observed in the anti-Stokes Raman experiments
would be insensitive to the thermalization process, is not correct. In fact, the dynamics
observed are very sensitive to the thermalization and the negative feedback effect: the
negative feedback can lead to an increase of T1 by a factor of four.

The effect of the thermalization on T1 will be much smaller in the femtosecond
mid-infrared pump-probe experiments shown in Chapters 4 and 5, because the pulses
were significantly shorter than the thermalization time. In Fig. 7.3 it is seen that
there is indeed very little population n1 left at the delay at which the temperature
rise becomes significant and starts to affect the spectrum and T1 time constant. In
contrast, in the anti-Stokes Raman scattering experiments of Refs. [69] and [101] the
used infrared pump pulses are longer (1.4 and 0.7 ps) than the thermalization time
(0.55 ps), so that many O–H stretch vibrations are excited for which the rate of
vibrational relaxation has been changed due to the relaxation of excitations by the
front wing of the pump pulse. In Fig. 7.6 it is indeed clearly seen that the population
n1 is still significant at delay times at which there already is a substantial increase in
temperature.

At the blue side (3520 cm−1), the decay of the anti-Stokes Raman signal is slower
(1.1 ps) than at the centre and at the red side of the spectrum. This frequency de-
pendence seems to be in conflict with the concept of a rapid spectral equilibration of
the O–H stretch excitation and a frequency-independent effective T1. However, the
frequency dependence of the decay time of the calculated results of Fig. 7.5 and the
experimental results of Refs. [69, 101] does not result from the inhomogeneous char-
acter of the O-H absorption spectrum, but from another type of inhomogeneity. The
excitation by the infrared pump pulse leads to a spatial distribution of dissipated
energies and thus of temperature increases in the focus. At the highest intensities,
the temperature increase, the spectral blue shift, and the time constant T1, all have
the largest values. Hence, the signal at 3520 cm−1 is dominated by the part of the
focus where the infrared pump pulse is most intense, whereas the signal at 3200 cm−1

represents the regions of the focus where the pump is less intense. In the experiments
of Refs. [69] and [101] the probe focus (400 µm) was of about the same size as the
pump focus (370 µm) so that the measured signal indeed contains contributions from
regions with strongly different pump intensities. An additional minor effect that con-
tributes to the frequency dependence of the decay is the dynamics of the spectral blue
shift. In the experiments reported in Refs. [69] and [101] the vibrational relaxation
is significantly slowed down due to the increase in temperature. Hence, the spectral
blue shift takes place on the same time scale as the vibrational relaxation and thus
leads to an apparent faster decay at the red side and a slower decay at the blue side
of the spectrum. In the femtosecond mid-infrared pump-probe experiments the effect
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of the blue shift on the observed decay times is much smaller, because in those exper-
iments the vibrational relaxation is almost finished before the blue shift due to the
thermalization occurs (Fig. 7.3).

7.4 Discussion

The negative feedback effect is not a minor effect and can lead to an increase of T1

from ∼300 fs to ∼1.1 ps. The effect is so strong because of the large blue shift of
the spectrum that results from the thermalization of the excitation energy. It should
be noted that the experimentally observed blue shift [69, 101] is in fact larger than
one would expect from the temperature dependence of the cw Raman spectrum of
water [83]. For an increase in temperature of ∼80 K, the anti-Stokes Raman spectra
measured by Pakoulev et al. shifts ∼70 cm−1 more to the blue than the ordinary
cw Raman spectra. The authors of Ref. [69] suggest that the large blue shift could
result from the excitation of specific other modes like bending and torsion vibrations.
However, in general the excitation of anharmonically coupled modes leads to a red shift
of the O–H stretch vibrational frequency and not to a blue shift (the hydrogen bond
is an exception). In addition, the subsequent relaxation of these modes is expected to
lead to spectral redshifts on a picosecond time scale, which are not observed. A more
likely origin of the large thermal blue shift is that the water has not yet completely
equilibrated after the dissipation of the infrared pump energy. The frequency of the
O–H stretch vibration is determined by the length and angle of the O–H· · ·O hydrogen
bond, and increases with increasing O· · ·O distance and angle between the O–H and
O· · ·O coordinates [58, 67, 77]. In the case of heat dissipation on a picosecond time
scale, the volume, and thus the average oxygen-oxygen distance cannot change. Hence,
dissipation of heat in a constant volume likely will lead to a very strong bending of the
hydrogen bonds. At longer time scales, the oxygen-oxygen distance can expand, and
the O–H and O· · ·O coordinates will get better aligned again. Hence, the strongly bent
hydrogen bonds that are generated in the first picoseconds after heat dissipation, are
likely weaker than the lengthened, but only slightly bent hydrogen bonds that result
after volume expansion. In a recent molecular dynamics study it was shown that the
strength of the hydrogen-bond interaction is indeed strongly dependent on the angle
of the hydrogen bond [77]. The strong relation between hydrogen-bond angle and the
strength of the hydrogen bonds can also be illustrated by comparing water to ice.
Going from ice to water, the volume gets less, which implies that the average O· · ·O
distance decreases, but in addition the almost perfect alignment of the O–H bond and
the O· · ·O coordinate of ice is lost. The overall effect is a weakening of the hydrogen-
interaction, which results in a blue shift of the O–H frequency of ∼150 cm−1. Hence,
the anomalously large blue shift of the anti-Stokes Raman spectra observed in Ref.
[69] is likely caused by the strong bending of the hydrogen bonds that in turn results
from the dissipation of a large amount of energy in a constant volume.

86



Conclusions

7.5 Conclusions

The O–H stretch vibrations of liquid water are delocalized as a result of the strong
intermolecular coupling and high density of the water molecules. An important con-
sequence of this delocalization and high density is that there is a strong negative
feedback effect on the relaxation of the O–H stretch vibrations. The heat dissipated
in the vibrational relaxation and subsequent thermalization leads to a deceleration
of the relaxation and a blue shift of other, still excited O–H stretch vibrations. This
effect can lead to an increase of T1 by a factor of four. We present a model for the
vibrational relaxation of liquid water that includes this negative feedback effect.

In recently reported mid-infrared pump anti-Stokes Raman probe experiments [69,
101], the pulses used were longer than the time constants of the vibrational relaxation
(T1 = 0.3±0.05 ps at 298 K) and the thermalization (τeq = 0.55±0.05 ps), leading to
a strong negative feedback effect on the relaxation rate. We also find that the fast and
large spectral blue shift of the anti-Stokes Raman spectrum reported in Refs. [69, 101]
can be well explained from the subsequent action of the vibrational relaxation and the
thermalization process. This explanation is confirmed by the observations that both
the blue shift and T1 increase with increasing energy of the excitation pulse [101]. The
dependence of the blue shift and relaxation rate on the excitation energy also leads to
a frequency dependence of the vibrational relaxation, because of the inhomogeneity
of the dissipated energy in the focus of the pump pulse.
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8 Hydrogen Bond Mediated Energy
Transfer in Embedded Water
Molecules

In this Chapter, we present results on embedded water molecules dissolved
in a mixture of acetone and carbon tetrachloride. From both vibrational
relaxation and anisotropy decay measurements, we conclude that two
processes occur: the transfer of excitation energy from one OH-group to the
other and the formation and breakage of hydrogen-bonds. It it shown that
an intermediate state exists in which the water molecule has two hydrogen
bonds, and in which the excitation energy is delocalized over the OH-
groups.



Chapter 8. The embedded water molecule

8.1 Introduction

As stated in the Introduction, understanding water means understanding hydrogen-
bonding in liquids. The study of the OH–stretch vibration of water is complicated
due to the ultrafast energy equilibration with a time constant of 550 fs, as shown in
Chapters 4 and 5, which stems from the large density of OH-oscillators and the strong
inter- and intramolecular coupling present in liquid H2O. Therefore, previous studies
were mainly focused on dilute solutions of HDO in D2O [20, 63, 64, 103, 104, 106, 108].
In this case, a single OH-oscillator is surrounded by OD-groups which makes it pos-
sible to study only the influence of the hydrogen bonding network on the OH-stretch
oscillator, because there is no intra- and intermolecular OH–OH coupling. Recently,
the rotational anisotropy decay was measured on pure water in a femtosecond mid-
infrared pump-probe study [104]. The anisotropy is a measure for the degree of po-
larization induced by excitation of OH-stretch oscillators by the pump pulse. Because
the transition dipole moments of the symmetric and antisymmetric OH-stretch vibra-
tion are orthogonal (see Figure 1.2), the anisotropy decay forms a measure for the
population redistribution between these two modes. The anisotropy decay was ob-
served to be instantaneous (<100 fs). This means that in pure water the vibrational
energy is delocalized within the pulse duration. However, due to the large density of
OH-groups and the ultrafast time scale, the intramolecular redistribution could not
be distinguished from the intermolecular energy transfer.

In contrast to these measurements, the intramolecular coupling can still be stud-
ied in water monomers in apolar solutions [23, 26], because there is no influence of
the hydrogen-bonding network on the OH–stretches. In a picosecond pump-probe
study [26] it was shown that excitation of the antisymmetric stretch mode in a water
monomer dissolved in an apolar solvent led to a fast (few ps) population redistribution
with the symmetric stretch mode. It should be emphasized, that the pulse duration
in this experiment was 14 ps.

Here we present a study on water-acetone complexes in apolar solution. This
system enables us to study an isolated H2O molecule with hydrogen bonds to acetone
molecules. It allows for a study of both the intramolecular redistribution and the
influence of hydrogen-bonding on the OH–stretch dynamics.

8.2 Experimental

The experimental setup used for the experiments described in this thesis has two
major changes with respect to the setup described in Chapter 3.

First, the detection of the signal has been changed. The last mirror in the probe
path (see Fig. 3.4) is replaced by a wedged CaF2 window. The reflection from the
back side forms the reference beam, which is now also focussed into the sample, but
does not overlap with the pump beam. In order to measure the rotational anisotropy
(see Section 3.2), the polarization of the probe beam was set at 45 degrees with
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respect to the pump beam. After the sample, an infrared beam splitter splits the
probe beam into two parts. Due to polarizers in both pathways, two beams with
polarization components perpendicular and parallel to the pump polarization are
generated. These two beams, together with the reference beam, are focussed by a
100 mm CaF2 lens on the entrance split of an imaging spectrograph. At the image
plane three MCT detector arrays consisting of 32 pixels are placed above each other.
In the experiments the arrays cover a spectral width of approximately 400 nm.

The measured intensities I(ω) are amplified and sent to a computer via an A/D-
converter. In order to compensate for the pulse-to-pulse intensity fluctuations in the
probe beam, the reference intensity Iref(ω) is measured. Using a chopper, both the
transmission of the probe beam in the presence of the pump beam (T (ω)), and
in the absence of the pump beam (T0(ω)) are measured. The transmission change
ln(T/T0) is calculated as a function of delay between pump and probe pulse, where
T (ω)=I(ω)/Iref(ω) and T0(ω)=I0(ω)/Iref(ω).

3000nm

AgGaS2

OPG/OPA based
on BBO

probe

2180nm

1265nm

LWP

RG1000

LL

WLS

Figure 8.1. Generation of the probe pulse. DM=dichroic mirror, RG1000=longwave pass
1000nm, L=lens, LWP=longwave pass 2500nm, AgGaS2=nonlinear crystal, black bars rep-
resent gold mirrors.

Secondly, the probe pulse is generated in a different way, as is depicted in Figure
8.1. An OPG/OPA-stage generates signal (1265 nm) and idler pulses (2180 nm).
Difference frequency generation (DFG) in an AgGaS2-crystal leads to pulses tunable
up to 10 µm. A major advantage of using AgGaS2 is that the generated pulses have a
much larger bandwidth than pulses generated via parametric amplification in KTP.
With these pulses, we can fully make use of the advantages of spectrally resolving
the probe. The spectral width of the probe pulses used is approximately 300 cm−1

(FWHM) and the duration is 100 fs.

The sample was prepared from a 4.0 mol/l solution of acetone (CH3COCH3, Bio-
solve, 99.8%) in carbon tetrachloride (CCl4, Fluka, 99.5%). Water (Lichrosolv, Merck)
was added to a concentration of 0.4 mol/l. For the HDO samples, liquid H2O was
mixed in a 1:10 ratio with D2O. The measurements were performed on a 500 µm
thick sample kept in between two CaF2 windows. The transmission of the sample is
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typically 10% at 3520 cm−1. In order to avoid the accumulation of heat produced by
the pump pulses, the sample is rotated.

8.3 Linear absorption spectrum

The linear absorption spectra for the water-acetone complexes in carbon tetrachloride
are depicted in Figure 8.2 for HDO and in Figure 8.3 for H2O molecules. In case of
HDO molecules, the OH-group is hydrogen-bonded to an acetone molecule, or it is
not. In the latter case, the OH–stretch vibration is expected to behave similar as
in the gas phase, i.e. it has a narrow absorption band at a high frequency. These
free OH-groups are responsible for the peak at 3680 cm−1. We attribute the broad
absorption band at 3530 cm−1 to hydrogen-bonded OH-groups. The absorption band
for hydrogen-bonded molecules is expected to undergo a red-shift and a broadening,
as is indeed observed.

For H2O molecules, the absorption spectrum has a richer structure. We again ob-
serve peaks at about 3520 and 3690 cm−1. In analogy with the HDO molecule, we
attribute these peaks to water molecules that only have one hydrogen-bond (see Fig
8.3, type A). If both OH-groups are hydrogen-bonded, the possible vibrations are the
antisymmetric (νas) and the symmetric stretch mode (νs). We attribute the shoulder
in the absorption spectrum at 3610 cm−1 to the antisymmetric stretch mode. The
symmetric stretch mode is hidden underneath the broad band at 3520 cm−1, which
is in close analogy with the gas phase, where the symmetric stretch mode is shifted
100 cm−1 to the red with respect to the antisymmetric band[35]. Furthermore, the
symmetric stretch mode is expected to have a smaller cross-section than the anti-
symmetric stretch mode. Hence, both the symmetric stretch of the doubly hydrogen-
bonded and the hydrogen-bonded OH-stretch of the singly hydrogen-bonded water
molecule absorb at 3520 cm−1, but the major contribution at this frequency stems
from the singly hydrogen-bonded OH–groups.

8.4 Vibrational and orientational relaxation

8.4.1 Transient spectra

In order to gain insight in the vibrational relaxation behavior of the H2O molecule,
we first present the results for the HDO molecule. Figure 8.4a shows the transient
spectra for HDO after pumping at 3530 cm−1, the frequency of the hydrogen-bonded
OH-group. We observe a broad bleaching band around the pump-frequency and an
asymmetricly shaped induced 1→2 absorption at 3350 cm−1. This implies that the
anharmonicity for this system is 180 cm−1.

Figure 8.4b shows the transient spectra after pumping of the free OH-stretch
mode of the HDO sample. Immediately after excitation, bleaching is observed at
the pumping frequency (3680 cm−1), which decays as a function of time. At the

92



Vibrational and orientational relaxation

nb = 3520 cm
-1

= 3690 cmnf

-1(A)

3300 3400 3500 3600 3700 3800

a
b

s
o

rb
a

n
c
e

 (
a

.u
.)

wavelength cm -1

2nC=O

nb

nf

Figure 8.2. For HDO molecules, there is only one OH–stretch vibration that is either
hydrogen-bonded (νb) or free (νf ). Depicted is the absorption spectrum for the dilute solution
of acetone-water complexes in CCl4. The narrow peak at 3420 cm−1 stems from the first
overtone of the C=O stretch vibration of acetone.

frequency of the hydrogen-bonded OH-groups (3530 cm−1), however, an ingrowth
of the bleaching is observed, which then decays for larger delay times. The induced
absorption is found at 3350 cm−1. Note that, for large delay times, the transient
spectrum is similar to that of Fig 8.4a; the absolute signal, however, is much smaller.

The transient spectra for the H2O molecules are displayed in Figure 8.5. The
upper panel shows the results after pumping both the symmetric and hydrogen-
bonded stretch mode at 3520 cm−1. We observe a bleaching for frequencies higher
than 3450 cm−1 and induced absorption for frequencies lower than this value. The
bleaching shows the fingerprints of the linear absorption spectrum (Fig. 8.3): bleaching
features appear at 3520, 3610 and 3690 cm−1. The induced absorption band is found
at 3350 cm−1, similar as in HDO. At the red side of this band at about 3180 cm−1 a
smaller induced absorption feature is visible.
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Figure 8.3. There exist two types of H2O molecules in solution. Part of the H2O molecules
only has one hydrogen bond (type A), which gives rise to a hydrogen-bonded (νb) and a
free (νf ) OH–stretch mode. When both OH–groups are hydrogen bonded (type B), sym-
metric (νs) and antisymmetric (νa) OH–stretch modes exist. The latter absorb at 3520 and
3610 cm−1, respectively. The peaks in the absorption spectrum are attributed to the four
water vibrations, the narrow peak at 3420 cm−1 belongs to acetone.

In Figure 8.5b the transient spectra are shown for pumping the antisymmetric
stretch mode (3610 cm−1). At a delay of 0.4 ps, a large bleaching signal is observed
at the pumping frequency, while the bleaching at 3520 cm−1 is negligible. For larger
delay times, however, this band increases and then decays back to zero. The induced
absorption is found to be centered around 3350 cm−1. Furthermore, a small red-shifted
induced absorption band is observed at the same frequency as in Fig. 8.5a.

Figure 8.5c displays the transient spectra after pumping the free OH-group at
3690 cm−1. Here, instantaneous bleaching is observed at the pumping frequency. At
3520 cm−1, bleaching is already present at short delay times. It shows an ingrowth
and subsequently a decay. The response at 3610 cm−1 is zero for short delay times
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Figure 8.4. Transmission change for the HDO molecule as a function of probe frequency
for different delay times after pumping at (a) 3530 cm−1 and (b) 3680 cm−1 .

and grows in for longer delay times. The induced absorption peaks at 3350 cm−1 and
also shows an ingrowth with time. The side band at 3180 cm−1 is again observed.

8.4.2 Delay time scans

Figure 8.6 shows delay time scans for pumping the HDO sample at the νb frequency
of 3530 cm−1 and probing in the center of the 0→1 and 1→2 band (upper two curves)
and a delay time scan for pumping at 3680 and probing at 3530 cm−1 (lower curve).
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Figure 8.5. Transient spectra for H2O at different delay times obtained after pumping (a)
the symmetric and the hydrogen-bonded stretch mode at 3520 cm−1, (b) the antisymmetric
stretch band at 3610 cm−1 and (c) the free OH–stretch band at 3690 cm−1.
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The upper two scans show bi-exponential decay dynamics with time constants of
1.3 ± 0.4 and 6.3 ± 0.5 ps. In the lower curve, a slow rise with a time constant of
1.3 ps is first observed followed by a decay which is similar to the long time behavior
found in the upper two scans.
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Figure 8.6. Delay time scans for HDO. Upper curve: pumping and probing the 0→1 band
of the hydrogen bonded OH-group at 3530 cm−1, middle curve idem now probing the 1→2
band (sign of curve inverted for clarity). The lower curve shows the response at 3530 cm−1

after excitation of the free OH-stretch mode at 3680 cm−1. The scans are vertically scaled
for clarity.

In Figures 8.7-9 delay time scans are shown for the embedded H2O molecule. In
Figure 8.7, the pump frequency is resonant with the free OH-group (3690 cm−1), the
probe frequencies are 3520 (νs and νb), 3610 (νas) and 3690 cm−1(νf ), respectively.
We observe for H2O an ingrowth of the bleaching at 3520 and 3610 cm−1 with a time
constant of 1.3 ps followed by a slower decay with a time constant of 6.3 ps. The same
decay behavior is observed for probing at 3690 cm−1. Added to this slow relaxation
behavior, is a fast decaying component for short delay times, which is similar to the
rising time at the other two probe frequencies.

Figure 8.8 shows the delay times scans for pumping the antisymmetric stretch
band at 3610 cm−1. The upper scan shows the relaxation behavior at 3610 cm−1,
where a fast decay of ∼ 200 fs is observed, followed by a slower decay of the bleaching
with 6.3 ps. Tuning the probe to 3520 cm−1 leads to an ingrowth of the bleaching
for short and a slow decay for long delay times. The ingrowth happens on the same
∼ 200 fs observed at 3610 cm−1. The induced absorption signal is displayed in the
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Figure 8.7. Delay time scans for H2O. Upper curve: pumping and probing the 0→1 band
of the free OH-group at 3690 cm−1, middle and lower curve idem probing at 3520 and 3610
cm−1, respectively. The scans are vertically scaled for clarity.

third curve of Figure 8.8. Two time scales govern the dynamics: a fast relaxation
together with the slow time scale, observed for all frequencies. Figure 8.9, finally,
shows the delay time scans for pumping at 3520 cm−1. Probing at 3520 cm−1 gives
a fast decay for short delay times (1.3 ± 0.4 ps) together with the slower relaxation
time of 6.3 ± 0.5 ps. Probing at 3610 cm−1 shows a similar behavior, as does the 1→2
transition at 3350 cm−1. Probing at 3680 cm−1 shows a mono-exponential behavior
with a time constant of 6.3 ps.

8.4.3 Orientational dynamics

As shown in Section 3.2, the rotational anisotropy can be calculated by measuring
the signal with polarization parallel, ln(T/T0)‖, and perpendicular, ln(T/T0)⊥, to the
pump pulse. The rotation free signal, i.e. the same signal as is observed in a magic
angle measurement (see sections 8.4.1 and 8.4.2), is given by ln(T/T0)‖+2ln(T/T0)⊥.
Typical examples of ln(T/T0)‖ and ln(T/T0)⊥ are displayed in Figure 8.10.

Figure 8.11 shows the anisotropy decay curves. The probe frequencies lie for all
decays in the 1→2 band at 3314 cm−1, i.e. the singly hydrogen-bonded OH-group is
mainly probed. In Figure 8.11a, the anisotropy decay for HDO is displayed. A mono-
exponential decay is observed starting from 0.4. Figure 8.9b,c show the decay for
H2O, pumped at 3520 and 3610 cm−1 , respectively. In Figure 8.11b, the anisotropy
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Figure 8.8. Delay time scans for H2O: pumping the antisymmetric stretch mode at
3610 cm−1, probe frequencies are from top to bottom: 3610, 3520, 3350 and 3690 cm−1,
respectively. Again, the scans are scaled vertically for clarity

decays from 0.4 to 0 in a bi-exponential manner. The observed decay for pumping the
antisymmetric stretch mode (Fig. 8.11c), shows an instantaneous decay from 0.4 to
0.1 followed by a slower mono-exponential decay.

8.5 Hydrogen bond mediated energy transfer

8.5.1 The HDO molecule

The interpretation of the transient spectra of the water-acetone complex would not
be possible without by the HDO-spectra. It is for this molecule that only two kinds of
OH-groups are present: hydrogen-bonded and non-hydrogen-bonded. Let’s therefore
first have a look at the results obtained for HDO.

We attribute the fast component observed for short delay times in Figure 8.6 to
the breaking and formation of a hydrogen-bond. Therefore, a fast decay is observed
when pumping and probing the hydrogen-bonded OH-groups: bond breaking forms an
extra relaxation channel. Pumping the free groups and probing the hydrogen-bonded
groups leads to an increase of the bleaching, i.e. the amount of excited hydrogen-
bonded OH-groups increases (see Figures 8.4b and 8.6). A bi-exponential fit of these
data leads to a lifetime of the OH-stretch vibration T1 of 6.3 ±0.5 ps for both the free
as the hydrogen-bonded OH-groups, the hydrogen bond breaking and making time,
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Figure 8.9. Delay time scans for H2O: pumping the symmetric and hydrogen bond stretch
mode at 3520 cm−1, probe frequencies are from top to bottom: 3520, 3610, 3690 and 3350
cm−1, respectively. The scans are vertically scaled for clarity.

τhb is found to be 1.3 ±0.4 ps, as shown in the previous section.

The anisotropy decay for the HDO molecule (Figure 8.11a) can be well fitted with a
single exponential. This gives a reorientation time of 6.0 ± 1.0 ps. The excitation of the
hydrogen-bonded OH–stretch oscillators gives rise to an anisotropy in the sample. We
attribute this time to the reorientation of the molecule in the liquid. It should be noted
that hydrogen-bond breaking dynamics, as observed in the vibrational relaxation
experiments, lead to a shift of the absorption frequency from νb to νf . Hence, it will
not lead to a decay of the induced anisotropy, because the breakage of the bond does
not induce a change in the polarization in the probe window.

The orientational relaxation time of water monomers was found [26] to range
from 1.7 ps in solvents like carbon tetrachloride up to 6 ps in solvents with a large
dipole moment, like acetonitrile. In view of this, it is not surprising that we find
a reorientation time of 6 ps, as the dipole moments of acetonitrile and acetone are
comparable.

8.5.2 H2O: the intermediate state

The results for H2O can be explained using the model depicted in Figure 8.12. In this
model two processes are described: the formation and breakage of hydrogen bonds
and the transfer of excitation energy between the two OH-groups in water. This gives
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Figure 8.10. Pump-probe scans for HDO sample. The signal measured with polarizations
parallel and perpendicular to the pump polarization are indicated by closed and open circles,
respectively. From these two contributions, the anisotropy is calculated.

four different initial states in which an excited OH-group can be. These states are
denoted with Roman numbers I, II, III and IV.

The direct transfer of excitation between the OH-stretches is very unfavorable due
to the almost perpendicular dipole moments of both vibrations. Therefore, an inter-
mediate or transient state is needed in which the energy is delocalized. Secondly, most
water molecules prefer to have one hydrogen-bond. Breakage of this bond is very unfa-
vorable unless the molecule gets in an (intermediate) state with two hydrogen-bonds.
In this case, it would be preferable to break one hydrogen bond. Both conditions are
fulfilled in the situation where the water molecule has two hydrogen-bonds. Therefore,
we identify the situation in which a symmetric and antisymmetric mode exist as an
intermediate state, which is necessary for the hydrogen-bond dynamics. This state is
denoted by T in Figure 8.12.

Starting from situation I in Figure 8.12, a hydrogen-bond is present between the
excited OH-stretch oscillator and the acetone molecule. We can end up in four differ-
ent situations. In situation I and II, the excitation stays on the OH-group which was
initially excited, whereas in situation III and IV the excitation is transferred to the
other OH-group. Furthermore, in situation I and III the hydrogen bond is not bro-
ken, whereas in situation II and IV the hydrogen-bond is broken and formed at the
other OH-group. Transitions between these states all involve the intermediate state
T . Both the vibrational and the orientational dynamics measurements for H2O can
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Figure 8.11. The measured anisotropy R as a function of delay for (a) HDO pumped at
3530 cm−1, (b) H2O pumped at 3610 cm−1 and (c) H2O pumped at 3520 cm−1. The probe
frequency lies in the 1→2 band.
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Figure 8.12. The state in which the excitation energy is delocalized forms the intermediate
state for the two processes observed in the measurements: the transfer of excitation energy
from one OH-group to the other and the changes in excitation frequency due to hydrogen-
bond dynamics.

be explained by the model presented in Figure 8.12. In the process I→II, for example,
the excitation stays on the initially excited OH-groups, but a hydrogen bond is broken
and formed at the other group. This process contributes to the rotation free signal,
but not to the anisotropy decay.

8.5.3 H2O: interpretation of the measurements

In analogy with HDO, we attribute the ingrowth observed for H2O when pumping
at 3690 cm−1 and probing at 3520 and 3610 cm−1 to the formation of a hydrogen-

103



Chapter 8. The embedded water molecule

bond, as shown in Figure 8.7 (process II/III→T→I/IV. When the pump and probe
frequencies are equal, hydrogen-bond breaking and making forms an extra and faster
relaxation channel and will therefore appear as a peak on the bleaching signal (see
Fig 8.7 upper curve and 8.9 second curve). The observed signals for pump and probe
frequencies at 3610 cm−1 need special attention. It should be noted that the anti-
symmetric stretch forms the transient T state. Therefore, the ingrowth observed at
3520 cm−1 (middle curve of Fig. 8.8) is the result of breaking of one hydrogen bond
and strengthening of the other. As stated before, the fast time scales observed for
Figure 8.8 upper two curves, are similar; they are, however, much faster than the hy-
drogen bond breaking and making time which is in the order of 1 ps. This fast decay
and fast ingrowth occurs on a ∼200 fs time scale. This fast time scale can be well
understood using the model from Figure 8.12. The transition state is an energetically
unfavorable state, therefore breakage of one of the hydrogen bonds out of this state
occurs faster than in case the initial state was one of the four stable states.

The small absorption band at 3180 cm−1 observed for H2O is due to a combination
band from the transition νb=0, νf=1 → νb=2, νf=0. The calculated energy for this
transition is (3520 + 3350) - 3690 = 3180 cm−1, which matches with the observed
absorption feature. The dynamics of the band is similar to that of the 1→2 transition,
which corroborates our assignment. Because we observe this band at all three pump
frequencies, this implies that at all three pump frequencies excited free OH–stretches
are present, either due to energy transfer (Figure 8.5a) or due to direct excitation
with (the wings of) the pump pulse (Figure 8.5b,c).

For the H2O molecule, the observed anisotropy decay is more complicated. By
pumping at 3520 cm−1 in the H2O sample, mainly singly hydrogen-bonded OH-
stretches are excited. In contrast to the HDO molecule, breakage of a hydrogen-bond
now affects the anisotropy. Passing the transient state T , the excitation can end up
in four different states. Because there is no preferred state, the excitation energy will
be equally distributed over both OH-groups. Therefore, breakage of the hydrogen-
bond leads to a decay of the anisotropy with τhb. The data can be fitted with a
bi-exponential function with time scales of 1.0 ±0.4 ps and 6.0 ± 1.0 ps. We at-
tribute the faster component to hydrogen-bond breaking dynamics, the slower decay
component is the reorientation time of the molecule as observed for HDO.

Direct excitation of the transient state leads to an instantaneous decay of the
anisotropy from 0.4 to approximately 0.1. This means that the energy redistribution
among both OH-groups, and thus the delocalization of the excitation, occurs on an
ultrafast time scale. It can be shown that the rotational anisotropy decays from 2

5 to
2
5 ∗ P2(cosδ), with P2 the second-order Legendre polynomial, if the total excitation
polarization is transferred from a donor molecule to an acceptor molecule that has its
transition dipole under an angle δ with respect to the donor dipole [26, 94]. Because
the angle between both OH-groups is 104 degrees, delocalization of the excitation
leads to a decrease of the anisotropy to 1

2∗( 2
5+ 2

5 ∗ P2(cos(104
o))=0.12, as is indeed

observed for short time scales. It should be noted that also in Figure 8.11b a first
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decay of the anisotropy to the value of 0.12 is observed. Because here, the initial
situation was state I or IV instead of the intermediate T , the time scale at which this
level is reached is different.

Transfer mechanisms between two resonances influence the observed population
dynamics. When the transfer time is slow compared to the lifetime, the individual
lifetimes of the separate states are not affected. In this case, we would have different
lifetimes for the hydrogen-bonded, the free, the symmetric and the antisymmetric OH-
stretch. We observe, however, similar dynamics at all probe frequencies. This means
that the transfer times between two resonances are faster than the lifetime, and that
the lifetime decays with an average value. In fact, all observed transfer times, either
the hydrogen-bond dynamics (1.3 ps) or the bond breakage time out of the transient
state (200 fs), are faster than the lifetime. All measured delay time scans for H2O can
be well fitted with a bi-exponential decay. The longer time component, the lifetime
of the OH–stretch vibration is observed to be 6.3 ± 0.4 ps, the slower time depends
on the initial state. When starting from situation I-IV the hydrogen-bond dynamics
time is 1.3 ± 0.5 ps.

8.6 Conclusions

We have studied both vibrational and rotational relaxation of a single water molecule
with hydrogen bonds. Using a solution of water, acetone and carbon tetrachloride,
we have shown that for HDO two different OH-stretch vibrations are present: those
of free OH-groups (νf , 3680 cm−1) and those of hydrogen-bonded OH-groups (νb,
3530 cm−1). For H2O instead of HDO, two OH-stretch vibrations come into play. A
water molecule which donates two hydrogen bonds, has two OH-stretch vibrations:
the symmetric (νs) and the antisymmetric (νa) mode, which absorb at 3520 and
3610 cm−1, respectively. We have shown that the state in which the H2O molecule
has two hydrogen bonds acts as an intermediate state for excitation transfer and
hydrogen-bond dynamics. From the vibrational relaxation experiments we observe
that in H2O three time scales are present. Next to the life time of the OH–stretch
vibration, which is found to be 6.3 ±0.5 ps for all types, two other time scales are
found. Hydrogen bond breaking and making is observed to occur on a 1.3 ± 0.4 ps ps
time scale starting from one of the states I-IV. Starting from the intermediate state a
characteristic time of 0.2 ps is found for ending up in one of the four states I-IV. From
the rotational anisotropy measurements we conclude that molecular reorientation has
a characteristic time scale of 6.0 ± 1.0 ps. Pumping the intermediate state gives an
instantaneous decrease of the anisotropy from 0.4 to 0.12, the signature of a state in
which the energy is delocalized, followed by the molecular reorientation with 6 ps.
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9Vibrational Relaxation and Coupling
of Two OH-stretch Oscillators with
an Intramolecular Hydrogen-Bond

We studied the vibrational dynamics of the OH-
stretch oscillators of an alcohol with two vicinal
OH-groups using femtosecond mid-infrared
pump-probe spectroscopy. The absorption spec-
trum of pinacol (2,3-dimethyl-2,3-butanediol) in
CDCl3 shows two OH-stretch peaks belonging
to hydrogen bonded and free OH-groups. The
anharmonicities of the hydrogen-bonded and
free OH-stretch vibrations are 180 and 160 
cm-1, respectively. The lifetime T1 of the OH-
stretch vibration is found to be 3.5 ± 0.4 ps for
the hydrogen-bonded and 7.4 ± 0.5 ps for the
free OH-group. We observed sidebands in the
transient spectra after excitation of the bonded
OH-group, which we attribute to a progression
in the low-frequency hydrogen-bond stretch
mode. The sideband is red-shifted 60 cm-1 with
respect to the 0g 1 transition. Due to the cou-
pling between the two OH-groups and the
presence of the sidebands, simultaneous excita-
tion of both OH-stretch vibrations leads to
oscillations on the pump-probe signal with fre-
quencies of 40 and 60 cm-1.



Chapter 9. Two coupled OH-stretch oscillators

9.1 Introduction: The OH–stretch vibration as an indicator
for the structure of molecules

The structure of molecules plays an essential role in chemical reactivity. A clear ex-
ample are proteins for which the 3D conformation determines the selectivity and
specificity of the biochemical reactions. As a result, the study of the relation between
the function and the structure of molecules has become a major research theme. A
relatively new technique for unraveling the structure and conformational changes of
biomolecules is 2D vibrational spectroscopy. Up to now, this technique has predomi-
nantly been applied to the peptide amide I band [29, 30, 31, 73, 109, 110], which mainly
involves the C=O stretch vibration. This band lies around 1650 cm−1, depending on
the precise structure. The orientation and distance of two different amide I vibrations
within a peptide determines the strength of the coupling between the vibrations, and
hence a measurement of the coupling may help to determine the conformation.

The potential of 2D vibrational spectroscopy could be greatly enhanced if other
vibrations could also be used for probing the molecular conformational dynamics.
Recently, Hochstrasser and coworkers have explored this field using an extra color
to probe the amide-A band (N–H stretch, ∼3300 cm−1) next to the amide-I band
[79, 80]. Another interesting candidate would be the O–H stretch vibration which
can be found in many molecules. Furthermore, this vibration is strongly anharmonic
and very sensitive to its environment, in particular to hydrogen bonding, as shown in
Chapter 1. As a first step, in this Chapter we will focus on the interaction between
two OH–groups within one molecule. Clearly, the simplest example would be pure
water (H2O). However, the strong intermolecular interactions in pure water prevents a
careful study of the vibrational energy relaxation and transport [52], see Chapter 4. We
therefore studied a di-alcohol which forms an intramolecular hydrogen bond, dissolved
in an apolar solvent. Most studies on alcohols with two OH–groups have dealt with the
linear absorption spectrum [44, 57, 71, 72, 86, 87], the determination of the structure,
and the effect of (slow) interchanges between different conformers. Unfortunately, di-
alcohols with a single carbon-chain, like 1,2-ethanediol, or 1,2-propanediol dissolved in
an apolar solvent like CCl4 tend to form clusters already at rather low concentrations.
Hence, we used a di-alcohol for which the polar OH–groups were shielded from the
surroundings due to the presence of side groups. Here, we present results on 2,3-
dimethyl-2,3-butanediol or pinacol.

Pinacol can have many conformations that can be divided into two classes with
respect to the central C–C axis: the gauche conformers, where the neighboring OH–
groups form an internal hydrogen bond, and the trans conformers, without a hydrogen
bond. The gauche form is energetically more favorable, but depending on the solvent,
the trans form may also be present in solution [10]. The two OH–groups in the trans
form are equivalent and will give rise to a single peak in the absorption spectrum. In
the gauche form, however, one OH–group acts as a hydrogen bond donor and the other
as a hydrogen bond acceptor. The latter OH–group behaves very similar to the non-
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bonded OH–groups of the trans conformer. In the following we will denote the non-
bonded OH–groups of the trans and the hydrogen bond accepting OH–group of the
gauche conformer as ”free”OH–groups. The presence of OH–groups which donate or
accept a hydrogen-bond will lead to a splitting of the OH–stretch band [44]. Here, we
study the ultrafast dynamics of the OH–groups and their coupling using femtosecond
mid-infrared pump-probe spectroscopy.

9.2 Experimental

9.2.1 Narrow band excitation

In the experiment, one of the OH–stretch vibrations of pinacol is excited to the
νOH = 1 state with an intense femtosecond mid-infrared pulse. The effect of the
excitation on both OH–groups is measured by following the transmission change of a
probe pulse as a function of delay with respect to the pump. This excitation leads to
a transient bleaching of the 0 → 1 transition (positive signal) due to absorption from
the ground state and stimulated emission from the excited state and to an induced
absorption of the 1 → 2 transition (negative signal).

The generation of mid-infrared laser pulses and the probe setup are described in
Chapter 3.2. In this study, however, we use two KTP-crystals to generate the pump
pulses. With the second crystal, the spectral band width of the pump pulses can be
reduced to approximately 50 cm−1. The pump pulses have a duration of about 500 fs
and an energy of about 20 µJ.

9.2.2 Signal detection

After the sample, the transmitted probe beam is focused by a 50 mm CaF2 lens on
the entrance slit of an imaging spectrograph. In this study, the array covers a spectral
width of 200 cm−1 at a frequency of 3300 cm−1, The reference beam is not dispersed,
in contrast to the previous chapter. We instead use a single nitrogen-cooled MCT
(HgCdTe)-detector to measure the reference intensity Iref . The transmission change
ln(T/T0) is calculated as a function of delay between pump and probe pulse, where
T (ω)=I(ω)/Iref and T0(ω)=I0(ω)/Iref . The probe polarization was set at the magic
angle with respect to the polarization of the pump pulse by means of a zero-order λ/2
plate to cancel the effect of orientational relaxation on the observed dynamics [24].
Whereas the time-integrated pump-probe signal is given by Eq. 2.46, the dispersed
pump-probe signal I(ω,∆t) reads [92]:

I(ω,∆t) = 2ω2ImE2(ω)P (3)∗(ω,∆t) (9.1)

where E2(ω) and P (3)(ω) are the Fourier transforms of the probe field and third order
polarization.
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9.2.3 Broadband excitation

The experiment described in Section 9.3.5 is performed using a similar setup. A com-
mercial diode-pumped Ti:Sapphire amplifier delivers 800 nm pulses with a duration
of about 100 fs, an energy of 1 mJ per pulse, and a repetition rate of 1 kHz. These
pulses are used in a commercial white-light seeded OPA system based on BBO. Signal
and idler pulses are generated with a wavelength of 2240 and 1245 nm, respectively.
The idler is frequency doubled by a second BBO crystal. Finally, light at 2790 nm
(3590 cm−1) is generated in a DFG process by combining the doubled idler with the
800 nm light in a KTP crystal. The resulting pulses have an energy of 5 µJ and a
FWHM of 110 cm−1. A probe beam is split off from this beam by means of a wedged
CaF2 window and is delayed by means of a delay line. Both beams are focused into
the sample using an off-axis parabolic mirror with a focal length of 101.6 mm. The
detection system is the same as used in the narrow-band excitation experiments.

9.2.4 Sample

The sample was prepared by dissolving pinacol (2,3-dimethyl-2,3-butanediol) crystals
(Aldrich, 98%) in chloroform-d (CDCl3, Aldrich, 99.6 atom % D). The concentration
used was 0.21 mol/l. The measurements were performed on a 500 µm thick sample
kept in between two CaF2 windows. The transmission of the sample is typically 15%
at 3615 cm−1. In order to avoid the accumulation of heat produced by the pump
pulses, the sample is rotated.

9.3 Results

9.3.1 Absorption spectrum

The absorption spectrum in the OH-stretch region of pinacol molecules dissolved
in chloroform-d is depicted in Figure 9.1 for different concentrations. For low con-
centrations (lower two curves), two separate peaks are observed at 3570 cm−1 and
3612 cm−1. These peaks correspond to the internally hydrogen bonded OH-stretch
and the free OH-stretch vibration, respectively [10, 11]. At higher concentrations, a
red-shifted band shows up. We attribute this band to clusters of pinacol molecules
formed in the solution, in close analogy with the behavior of alcohols dissolved in
non-polar solvent [107, 48]. Furthermore, a small band at 3670 cm−1 is observed.
Inspection of the normal modes of both chloroform-d [85] and pinacol [10] shows that
neither pinacol nor the solvent can have a combination band at 3670 cm−1. A pump-
probe measurement performed on this band showed a slow decay of the bleaching
with a time constant of about 60 ps (result not shown). This time constant agrees
very well with the one observed by Graener et al. [23] for monomeric water molecules
dissolved in chloroform-d. We therefore conclude that our pinacol sample contains a
small amount of water monomers. Because this band lies outside the spectral region
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Figure 9.1. Pinacol can adopt two conformations with respect to the central C-C axis. On
the left side the gauche conformer is shown, in which an internal hydrogen bond is formed
between the two OH-groups. This hydrogen bond is absent in the trans conformer (drawn
structures adapted from Ref. [10]). Lower part: the absorption spectrum of pinacol molecules
dissolved in CDCl3 for different concentrations. In this work, we used the 0.21 mol/l sample
(solid line).

of the pinacol OH-stretch vibrations, it does not affect the study of the OH–bands
of pinacol. The experiments described in this study are all performed using the 0.21
mol/l sample (solid line).

9.3.2 Transient spectra

Figure 9.2 shows three transient spectra obtained after excitation at 3615 cm−1. At
this frequency both the OH-groups of the trans molecules and the hydrogen bond
accepting OH-group of the gauche molecules are excited. One clearly sees a bleach-
ing around the pumping frequency in all three spectra. In addition, a small shoulder
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Figure 9.2. The transmission change as a function of probe frequency for different delay
times after pumping at 3615 cm−1.
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Figure 9.3. Transient spectra after pumping the hydrogen-bonded OH-group (3570 cm−1)
for four different delay times.
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around 3570 cm−1 is observed. The 1→2 absorption is observed near 3450 cm−1, which
implies that the anharmonicity is 160 cm−1. Around 3400 cm−1 a small shoulder is ob-
served. In Figure 9.3, four transient spectra are shown obtained after pumping of the
hydrogen bonded OH-group of the gauche conformer at 3570 cm−1. This excitation
leads to a bleaching around 3570 cm−1 and to a smaller bleaching at 3510 cm−1. In ad-
dition a bleaching around 3610 cm−1 is observed, the frequency at which the free OH-
groups absorb. This 3610 cm−1 bleaching clearly decays slower than the bleachings
at 3570 and 3510 cm−1. At 3390 cm−1, the 1→2 absorption of the hydrogen-bonded
OH–group is observed, which implies that this vibration has an anharmonicity of
180 cm−1. We also observe induced absorption at frequencies lower than 3300 cm−1.

9.3.3 Delay time scans
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Figure 9.4. Transmission change as a function of delay time between pump and probe pulse.
The pump pulse was fixed at 3615 cm−1, the probe at 3456 (upper curve) and 3615 cm−1

(lower curve). The sign of the upper signal (induced absorption) was inverted.

Figure 9.4 shows two time traces measured at the center of the bleaching
(3615 cm−1, lower curve) and induced absorption (3456 cm−1, upper curve) signals
after excitation of the free OH-group at 3615 cm−1. Both curves show the same
mono-exponential dynamics. In the lower curve a strong modulation of the signal
around t = 0 is observed due to a combination of a coherent artifact [105] and the
Kerr effect [13]. The latter effect amounts to a small shift in the spectrum of the
probe pulse due to the simultaneous presence of the intense pump pulse. The pump
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field slightly changes the index of refraction of the solvent and the CaF2 windows,
causing a frequency shift of the probe pulse. For delays t < 0 (probe earlier than
pump) the result is a red shift, for delays t > 0 the result is a blue shift. Since the
effect is non-resonant, it only occurs for delay values within the cross-correlation.
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Tb = 3.5 ± 0.4 ps

Figure 9.5. Delay time scans for three different probe frequencies (3617, 3575 and 3388
cm−1, upper to lower curve) after pumping the hydrogen bonded OH-group (3570 cm−1).
The sign of the lower curve was inverted for clarity.

Figure 9.5 presents the transmission changes at three different wavelengths after
pumping at 3570 cm−1: probing the free OH–stretch band (3617 cm−1, upper curve),
and probing at the center of the 0→1 bleach (3575 cm−1 middle curve) and 1→2
induced absorption (3388 cm−1, lower curve), respectively. At 3575 and 3388 cm−1

the same dynamics are observed. At 3617 cm−1 the decay is much slower. In Figure
9.6, delay time scans at three other probe frequencies are displayed, obtained with an
excitation pulse at 3570 cm−1.

It follows from Figures 9.4-6 that the decay of the bleaching and induced ab-
sorption can be fitted well with a single exponential. All fits started after 1 ps, to
exclude coherent artifacts and cross phase modulations. For the lifetime of the free
OH–group we find Tf=7.4 ± 0.5 ps (Figure 9.4), for that of the bonded OH-group
we find Tb=3.5 ± 0.4 ps (Figure 9.5, lower two curves). The three curves in Figure
9.6 can also be well described with a single exponential. The observed lifetime here is
3.2 ± 0.5 ps.

The question now arises whether energy transfer is possible between the bonded
and the free OH–group. A fast energy transfer process would lead to an identical
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Figure 9.6. Delay time scan for pumping the bonded OH–group at 3570 cm−1 and probing
at three different frequencies in the sidebands. The sign of the induced absorption signals
(lower two curves) was inverted.

relaxation time for all probe frequencies, which is in contrast with our observations.
If the energy transfer rate would be comparable with the vibrational relaxation rate,
a biexponential behavior is expected. The pumped (donor) transition would show an
initial faster decay due to energy transfer, whereas the acceptor transition would show
an initial ingrowth of the signal. This is not observed either. We therefore conclude
that energy transfer between the hydrogen-bonded and free OH–groups is much slower
than the vibrational relaxation rate. The signal observed at 3617 cm−1 in Figure 9.5
results from direct excitation by the wing of the pump pulse.

9.3.4 The sidebands

The observed bleaching and induced absorption at the red side of the main 0→1
and 1→2 transitions in Fig. 9.3 show the same dynamics as the main absorption and
bleaching peaks. This indicates that these signals result from sidebands. It should
be noted that these signals cannot be due to the response of pinacol clusters, since
we found that the cluster OH–stretch vibrations have a lifetime of 2 ps (results not
shown).

As indicated in Figure 9.7, the anharmonic coupling between a low-frequency
mode (n) and the high frequency OH–stretch mode (ν) will give rise to bleaching
and absorption contributions at wavelengths other than the main 0→1 and 1→2

115



Chapter 9. Two coupled OH-stretch oscillators

Figure 9.7. Energy level scheme of the hydrogen bonded OH–group used for the explanation
of the appearance of sidebands. The ν=0,1,2 states represent the vibrational ground state
and the first two excited states of the OH–stretch vibration. The anharmonically coupled
low frequency mode is indicated by n and n′ in the ground and first excited state of the OH–
stretch vibration, respectively. The arrows correspond to the observed sideband transitions.

transitions. Excitation from the ground state (ν=0) to the excited state (ν=1), leads
to progression in the bleaching (ν=0, n=i → ν=1, n′=...,i-1,i,i+1,...), the stimulated
emission (ν=1, n′=i → ν=0, n=...,i-1,i,i+1,...), and the induced absorption (ν=1,
n′=i → ν=2, n′′=...,i-1,i,i+1,...)

In Figure 9.3, one observes the first sideband in bleaching at 3510 cm−1, the
low-frequency mode observed has thus a frequency of 60 cm−1. Also for the 1→2
transition a broad sideband is observed. Probing at a frequency corresponding to
the (ν=1, n′=i → ν=2, n′′=...,i-2,i-1) transition will lead to a red-shifted induced
absorption, as observed in Fig. 9.3. Likely, as the result of the distribution of hydrogen
bond frequencies and the fast dephasing of the OH–stretch vibration in the excited
state, the sidebands overlap, leading to a broad featureless absorption. We do not
observe a clear blue-shifted band in the transient spectra. This can be explained from
the fact that the first, fast relaxing, sideband at 3630 cm−1 would be hidden under
the slow relaxing band of the free OH–stretch band. In the linear spectrum (Fig. 9.1)
the very small shoulder at the high-frequency side of the free OH-band could originate
from the blue-shifted sideband.

Figure 9.8 shows an enlargement of the response near 3450 cm−1, where the second
sideband in the bleaching (ν=0, n=i → ν=1, n′=i-2) is expected. At this frequency,
both the sideband and the wing of the 1 → 2 absorption of the free OH–group are
observed. These signals have opposite signs and different decay times (3.5 and 7.4 ps),
which leads to the complicated dynamics observed in Figs. 9.8 and 9.9.
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Figure 9.8. Upper part: transient spectrum for six different delay times after pumping
at 3570 cm−1, zoomed in to the 3450 cm−1 region. Lower part: contributions of the two
relaxation times to the observed decay as a function of probe frequency.

Earlier reported sidebands of 35 cm−1 for 2,2-dimethyl-3-ethyl-3-pentanol dis-
solved in CCl4 were attributed to the hydrogen bond bending mode [47, 48, 49]. Be-
cause we only observe sidebands for the hydrogen-bonded OH–group and not for the
free OH–group, it is reasonable to attribute the low-frequency mode n to a hydrogen
bond mode. Based on our results, we cannot distinguish whether the low frequency
mode is the hydrogen bond stretch or bending mode.
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Figure 9.9. Delay time scan for pumping at 3570 cm−1 and probing at 3450 cm−1. Inset:
short time behavior.

9.3.5 Broadband excitation

In Fig. 9.10 the result of a one color pump-probe experiment is shown in which
pump and probe pulses were used with a large spectral width (110 cm−1). The center
frequency of the pulse was 3590 cm−1, in between both OH–stretch bands. The signal
contains oscillations that correspond to frequencies of 40 cm−1 and 60 cm−1. These
oscillations are observed at all measured probe frequencies (3495–3650 cm−1) albeit
with different amplitudes. The 60 cm−1 frequency component corresponds to the
interference of the main transition of the hydrogen-bonded OH group centered at
3570 cm−1 and its sideband centered at 3510 cm−1. Although we cannot completely
exclude that the 40 cm−1 oscillation is due to anharmonic coupling with another low-
frequency mode, this is not very likely, because the 60 cm−1 hydrogen bond mode is
the only low-frequency mode that is expected to be strongly coupled with the OH–
stretch vibration. The 40 cm−1 frequency component most likely results from the
interference of the free and the hydrogen-bonded OH group of the pinacol molecule.
The observation of this interference in the pump-probe signal implies that these two
oscillators are coupled, i.e. excitation of one of the oscillators leads to a frequency
shift of the other. Hence, the 40 cm−1 frequency component must result from the
gauche conformer of pinacol for which the free and hydrogen-bonded OH groups are
indeed closely spaced.
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Figure 9.10. Delay time scan obtained after broadband excitation at 3590 cm−1 for a probe
frequency of 3525 cm−1. The solid curve is a fit using the model which takes into account
the coupling between the free and hydrogen bonded OH–group, and between the hydrogen-
bonded OH–group and its sideband. See section 9.4 for the calculation of this pump-probe
signal. Inset: Fourier transforms of the observed oscillations in the data (dashed line) and
the fit (solid line).

9.4 Coupling of two O–H oscillators

The solid curve in Fig. 9.10 represents a calculation of the pump-probe signal in which
the anharmonic coupling and the presence of a sideband are taken into account. In this
calculation the pump-probe signal is described in the following way. The spectrally
resolved pump-probe signal is given by S(ω) ∝ Im[E2(ω)P (3)(ω)], with E2(ω) the
Fourier transform of the probe field, and P (3)(ω) the Fourier transform of the third-
order polarization that is generated by the pump field E1(r, t) = E1(t)e

i(k1·r−ω1t) +
c.c. and the probe field E2(r, t) = E2(t)e

i(k2·r−ω2t) + c.c. The Feynman diagrams
representing the different contributions to the third-order polarization are shown in
Figure 9.11. The diagrams R1, R2, R3 represent the rephasing contributions, the dia-
grams R4, R5, R6 the non-rephasing contributions.

The response functions that follow from these diagrams are [29, 30, 61]:

R1 =
∑

i,j

µ2
0,iµ

2
0,je

i(εit3−εjt1)ei(εi−εj)t2e−t3/T2,i−t1/T2,j−t2/T1,ij (9.2)
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R2 =
∑

i,j

µ2
0,iµ

2
0,je

i(εit3−εjt1)e−t3/T2,i−t1/T2,j−t2/T1,ii (9.3)

R3 = −
∑

i,j,k

µ0,iµ0,jµj,j+kµj+k,ie
i(εit3−(εk+j−εi)t1)ei(εi−εj)t2

×e−t3/T2,i−t1/T2,k+j,i−t2/T1,ij (9.4)

R4 =
∑

i,j

µ2
0,iµ

2
0,je

−iεj(t3+t1)ei(εi−εj)t2e−t3/T2,j−t1/T2,j−t2/T1,ij (9.5)

R5 =
∑

i,j

µ2
0,iµ

2
0,je

−i(εit3+εjt1)e−t3/T2,i−t1/T2,j−t2/T1,ii (9.6)

R6 = −
∑

i,j,k

µ0,iµ0,jµj,j+kµj+k,ie
−i(εjt3+(εk+j−εi)t1)ei(εi−εj)t2

×e−t3/T2,j−t1/T2,k+j,i−t2/T1,ij (9.7)
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In the above equations i,j,k represent states of different oscillators, εi the energy of
state i and µi,j the transition dipole moment. In these response functions it is assumed
that transitions |i〉 → |k + j〉 can be neglected if i 6= j and i 6= k. Hence, µj,k+i = 0,
for j 6= k and i 6= k. Furthermore, it is assumed that T2,i = T2,i+j,j , which implies
that, if i = j, the 0 → 1 and the 1 → 2 transitions of resonance i are assumed to
show the same homogeneous dephasing time and , in case i 6= j, excitation of j does
not affect the homogeneous dephasing of i. The time constant T1,ij represents the
population relaxation time of resonance i, in case i = j. If i 6= j, T1,ij represents the
dephasing time of the mixed excitation of resonances i and j, i.e. of the state |j〉〈i|.

If the dipole moments of the allowed transitions are µi,i+j = µ0,j , i 6= j, and
µi,i+j =

√
2µ0,i, i = j, the rephasing response functions can be grouped together:

3
∑

l=1

Rl =
∑

i,j

µ2
0,iµ

2
0,je

i(εit3−εjt1)[e−t2/T1,ii + ei(εi−εj)t2 ×

e−t2/T1,ij ][1 − e−i∆εijt1 ]e−t3/T2,i−t1/T2,j (9.8)

with ∆εii = εi+i −2εi and ∆εij = εi+j − εi − εj . Similarly, the non-rephasing response
functions can be grouped together:

6
∑

l=4

Rl =
∑

i,j

µ2
0,iµ

2
0,j [e

−i(εit3+εjt1)e−t2/T1,ii−t3/T2,i−t1/T2,j

+e−iεj(t3+t1)ei(εi−εj)t2e−t2/T1,ij−(t3+t1)/T2,j ]

×[1 − e−i∆εijt1 ] (9.9)

In the present case we consider three coupled oscillators: the free OH–stretch
vibration, the main transition of the hydrogen-bonded OH oscillator, and the first
sideband of this latter oscillator centered at 3510 cm−1. Since the pump and probe
spectra used to get the result shown in Fig. 9.10 are only resonant with the 0 → 1
transition, we included only a single sideband for the fundamental transition of the
hydrogen-bonded OH group. Hence, i = 1, 2, 3 and j = 1, 2, 3, where resonances
1 and 2 denote the main transition and the sideband of the hydrogen-bonded OH
group, respectively, and resonance 3 the free OH group. To simplify the description,
we assumed that ∆ε13 = ∆ε23 which means that the coupling between the free OH
group and the hydrogen bonded OH group is the same for the main transition as
for the sideband. Further, it should be noted that in this particular case it is not
possible to create a state |1 + 2〉, because the resonances 1 and 2 originate from the
same oscillator. Hence, the terms −e−i∆ε12t1 and −e−i∆ε21t1 are removed from the
rephasing and non-rephasing response functions.

To arrive at the third-order polarization generated in the pump-probe experiment,
the response functions are convoluted with the electric fields of the pump and probe.
Under the assumption that the field of the pump E1(t) is much stronger than the
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probe E2(t), the third-order polarization P (3)(t) in the direction of the probe k2 is
given by:

P (3)(k2, t) ∝
∫ ∞

0

dt1

∫ ∞

0

dt2

∫ ∞

0

dt3

[E2(t− t1)e
−iω2(t−t1)E1(t− t1 − t2)E∗

1 (t− t1 − t2 − t3)e
−iω1t3 +

E1(t− t1)E2(t− t1 − t2)e
−iω2(t−t1−t2) ×

E∗
1 (t− t1 − t2 − t3)e

−iω1(t2+t3)] ×
3

∑

1

Ri(t, t1, t2, t3) +

[E2(t− t1)e
−iω2(t−t1)E∗

1 (t− t1 − t2)E1(t− t1 − t2 − t3)e
iω1t3 +

E1(t− t1)E∗
1 (t− t1 − t2)e

−iω1t2 ×
E2(t− t1 − t2 − t3)e

−iω2(t−t1−t2−t3)] ×
6

∑

4

Ri(t, t1, t2, t3) + c.c. (9.10)

The parameters used to obtain the calculated result of Fig. 9.10 are partly obtained
from other measurements and partly from a fit to the data. The parameters obtained
from the narrow-band measurements are listed in the upper part of Table 9.1 together
with the dephasing times which were deduced from the width of the peaks of the linear
absorption spectrum, which we assumed to be homogeneously broadened. The pump
and probe fields were given by E1(t) = e−4 ln 2(t/τp)2 , E2(t) = e−4 ln 2[(t−τ)/τp]2 with
τ the delay between pump and probe and τp = 200 fs, ω1 = ω2 = 3590 cm−1. The
parameters obtained from a fit to the data in Fig. 9.10 are the cross anharmonicities,
the lifetimes of the coherences and the cross sections. They are displayed in the lower
part of Table 9.1.

9.5 Discussion

The vibrational lifetime of the free OH–group of pinacol of 7.4 ps is very similar
to the lifetimes observed for several monomeric mono-alcohols dissolved in apolar
solvents, like methanol dissolved in CCl4, C2Cl4, C4Cl6, 1-decanol dissolved in CCl4
and 2,2-dimethyl-3-ethyl-3-pentanol dissolved in CCl4 [47, 48, 49]. The lifetime of the
OH–stretch vibration has been observed to depend strongly on the strength of the
O–H· · ·O hydrogen bond interaction. The strength of the hydrogen bond is reflected
in the red shift of the OH band ∆ωOH with respect to the gas phase frequency.
For many systems, the lifetime of the OH–stretch vibration follows the empirical
relation [59] T1 ∝ 1/(∆ωOH)1.8. For pinacol, ∆ωOH is small, making the lifetime
of the OH–stretch vibration relatively long compared to for instance the lifetime of
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Table 9.1. Parameters for the fit of Fig. 9.10. Those obtained from narrow-band measure-
ments are displayed above, the fit results below the horizontal line

parameter value
frequency ε1 3570 cm−1

frequency ε2 3510 cm−1

frequency ε3 3610 cm−1

diagonal anharmonicity ∆ε11 -180 cm−1

diagonal anharmonicity ∆ε22 -180 cm−1

diagonal anharmonicity ∆ε33 -160 cm−1

lifetime T1,11 3.5 ps
lifetime T1,22 3.5 ps
lifetime T1,33 7.4 ps
depahsing time T2,1 0.4 ps
depahsing time T2,2 0.4 ps
depahsing time T2,3 0.4 ps
cross anharmonicity ∆ε13 -12 cm−1

cross anharmonicity ∆ε23 -12 cm−1

lifetimes coherences T1,13 2.3 ps
lifetimes coherences T1,23 2.3 ps
lifetimes coherences T1,12 2.0 ps
cross sections |µ0,1|2 = 10|µ0,2|2 = 2|µ0,3|2

ethanol clusters dissolved in CCl4, that show a lifetime on a sub-picosecond time scale
[107].

The observation of oscillations with a frequency of 60 cm−1 on the pump-probe
signal shows that the hydrogen bond mode is underdamped. Coherent vibrational
dynamics in a hydrogen bonded system were reported only recently and explored
by means of infrared pump probe and photon echo spectroscopy on phthalic acid
monomethylester [89, 90]. It was shown that the oscillation of the hydrogen bond
length led to a modulation of the frequency of the OH or OD stretch vibration. Ob-
servation of an oscillatory component with a frequency of 40 cm−1 implies that the
free and hydrogen bonded OH–groups of the gauche conformer are coupled. Inter-
estingly, this coupling does not lead to energy transfer between the two OH–groups,
which is in contrast with the behavior of coupled amide I bands of small peptides in
water [112]. However, here it should be realized that energy transfer not only requires
a coupling, but also fluctuations of this coupling or of the energy levels. For tri-alanine
dissolved in water, energy transfer between two amide I bands with a time constant
of 5.3 ps was observed. For tri-alanine, the energy transfer rate was observed to be
enabled by fluctuations of the coupling between both amide I bands that are caused
by fluctuations in the peptide backbone. The absence of any population transfer in
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pinacol molecules can well be explained from the rigidity of the pinacol “backbone”
and from the weak interactions with chloroform molecules.

9.6 Summary

We have performed mid-infrared pump probe spectroscopy on pinacol monomers in
solution, which adopt conformations trans and gauche with respect to the central C–C
axis. The trans molecules have two equivalent OH–groups, absorbing at 3610 cm−1;
in the gauche conformation an internal hydrogen bond between the OH–groups is
formed, leading to one bonded OH–group absorbing at 3570 cm−1, and one free OH–
group, absorbing at 3610 cm−1. Excitation of either of these bands leads to a bleach-
ing at the same frequency and an induced absorption that is red-shifted 180 cm−1

or 160 cm−1, for the bonded and free OH-stretch vibration, respectively. For the
hydrogen-bonded OH–groups, side bands are observed that show the same dynamics
as the main transition band and are attributed to a progression of an anharmonically
coupled low frequency mode, probably a hydrogen bond mode. The lifetime of the
bonded OH–stretch is found to be Tb = 3.5 ± 0.4 ps, that of the free OH–stretch
vibration Tf = 7.4 ± 0.5 ps. Broadband excitation of both OH-stretch bands leads to
oscillations on the pump-probe signal with frequency components of 40 and 60 cm−1.
The frequency of 40 cm−1 indicates the presence of a coupling between the free and
bonded OH–groups in the gauche conformer. The frequency of 60 cm−1 results from
the quantum interference of the main transition and the first sideband of the bonded
OH–group.
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Summary

The presence of hydrogen bonds in water strongly influences the macroscopic and
microscopic properties of this liquid. The network of hydrogen bonds is by no means
static: the formation and breakage of bonds occurs on an ultrafast time scale of a
picosecond, which is on the same order as the relaxation time of vibrations in liquids.
It is therefore expected that hydrogen bonding has a profound effect on vibrational
relaxation in liquids like water and ethanol.

The absorption band of the OH-stretch vibration in liquid water is inhomoge-
neously broadened due to the different environment each water molecule experiences.
In order to reveal the dynamics of water molecules, mid-infrared pump-probe spec-
troscopy is applied, in which a pump pulse excites a homogeneous sub-ensemble of
oscillators with the same OH-stretch frequency. By tuning the frequency of the probe
pulse, the response at the same or at other frequencies can be measured as a function
of time, which enables us to deduce vibrational lifetimes.

The vibrational dynamics of the OH-stretch oscillator in liquid water, however, is
not revealed in a straightforward way. In Chapter 4 we show that the measured pump-
probe scans are governed by two time scales: the lifetime of the excited state of the
OH-stretch oscillator and the so-called equilibration time. The latter time constant
represents the redistribution time of the energy of the relaxed OH-stretch vibration
over all degrees of freedom, i.e. over all low(er) frequency modes. This time scale is
observed to be 550 ± 50 fs at all wavelengths and at all temperatures. The lifetime
T1 of the OH-stretch vibration at room temperature is found to be 260 ± 18 fs at
all wavelengths. This means that spectral diffusion in pure water occurs on a time
scale shorter than the pulse duration. The lifetime of the OH-stretch vibration is
observed to increase with temperature to 320 fs at 358 K. The increase in lifetime can
quantitatively be explained from the overlap integral between the OH-stretch mode
and the first overtone of the H-O-H bending mode. These modes spectrally overlap
which enables the transfer of energy from the stretch to the bend mode, but due to
the change in hydrogen bond interactions at higher temperatures, the positions and
shapes of these bands change, leading to a decreases in overlap, which leads to a longer
lifetime of the OH-stretch mode.

In Chapter 5 we study the equilibration process. Here, we compare the equilibra-
tion time scales of water with other hydrogen-bonding solvents like the lower alcohols
as methanol, ethanol and propanol. We observe that equilibration, or thermaliza-
tion, leads to a shift of the position of the OH-stretch band and a decrease of its
cross section. The equilibration times are observed to increase with the mass of the
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molecule for the alcohols. This means that equilibration results from repositioning of
the molecules in the liquid. The wavelength dependent equilibration behavior for al-
cohols indicates that at least two different processes are involved in the equilibration
process. For water, the equilibration time is not observed to depend on frequency.
This suggests that for water the equilibration rate is determined by the time scale
at which energy can be transferred from a non-thermal intermediate state, likely the
overtone of the bending mode, to the low frequency modes. Hence, water can adapt
extremely fast to a deposition of energy.

The work presented in Chapters 6 and 7 was triggered by a time-resolved anti-
Stokes Raman study by the group of Dlott. This group came up with a reinterpretation
of the results presented in Chapter 4. In Chapter 6 we show that this reinterpreta-
tion is incorrect and is not able to explain our results. The long pulses used by the
group of Dlott (1.4 ps) could not distinguish between the vibrational relaxation and
equilibration time. It is shown in Chapter 7 that the subsequent action of these two
processes leads to a deceleration of the vibrational relaxation rate of the still excited
OH-groups. Because the pulse duration in our experiment was short compared with
the lifetime of the OH-stretch vibration, this deceleration effect did not play an im-
portant role in our experiments. In the experiments by Dlott, however, long pulses
are used. There still exist excited OH-groups, when the relaxation and equilibration
of the OH-stretches excited by the front of the pulse have already changed the tem-
perature of the sample. This leads to a deceleration of the vibrational relaxation of
the still excited OH-groups. We present a numerical model describing this feedback
effect on the lifetime for liquid water. The model accurately describes both the results
presented in Chapter 4 and the results of Dlott and coworkers.

In Chapter 8, vibrational and reorientational measurements are presented for wa-
ter monomers with one or two hydrogen bonds. In liquid water energy hopping to
neighboring molecules and redistribution of energy among the antisymmetric and
symmetric mode leads to a complete delocalization of vibrational energy over the
molecule. For monomers, however, we can exclusively focus on the intramolecular en-
ergy redistribution. In all experiments two processes occur: the transfer of excitation
energy and the change in excitation frequency due to the formation and breakage
of hydrogen bonds. In all these processes an intermediate state occurs in which the
energy is delocalized. From a comparison with HDO molecules, we have shown that
the breakage and formation of hydrogen bonds occurs on a time scale of 1.3 ± 0.4
ps, the lifetime of the transient state is ∼ 200 fs. From the rotational anisotropy we
conclude that the molecular reorientation occurs on a 6.0 ± 1.0 ps time scale.

Chapter 9, finally, is devoted to the dynamics of two OH-groups that are cou-
pled via an intramolecular hydrogen bond. The hydrogen-bond donating OH-stretch
vibration has a slightly smaller OH-resonance frequency than the hydrogen bond ac-
cepting mode, 3570 and 3610 cm−1, respectively. We show that the lifetimes of these
vibrations are 3.5 ± 0.4 and 7.4 ± 0.5 ps, respectively. A 60 cm−1 low-frequency
mode is anharmonically coupled to the hydrogen-bond donating OH-groups, leading
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to sidebands in the transient spectra. If we use broadband excitation of both OH-
groups, oscillations with frequency components of 40 and 60 cm−1 are observed. We
have modeled these oscillations using Feynman diagrams. The 60 cm−1 oscillation
stems from the quantum interference of the hydrogen-bond donating group with its
first sideband, the 40 cm−1 oscillation indicates the presence of a coupling between
the hydrogen bond donating and accepting OH-stretch mode.
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Samenvatting

In dit proefschrift zijn de resultaten beschreven van experimenten aan vloeibaar
water. Water is van essentieel belang voor al het leven, omdat veel chemische reacties
in water plaats vinden. Om chemische processen beter te begrijpen is het ook nodig
te doorgronden hoe water zelf, op moleculair niveau, reageert op het aanbieden
van energie. Na een korte inleiding over water en waterstofbruggen, worden in deze
samenvatting de gebruikte meettechniek en de uitgevoerde experimenten beschreven.

Water en waterstofbruggen

De kleinste bouwsteen van water is het watermolecuul H2O. Dit molecuul is opge-
bouwd uit drie atomen: aan het zuurstofatoom (O) zitten twee waterstofatomen (H)
vast. In vloeibaar water trekken deze H2O moleculen elkaar ook een beetje aan: er
wordt een waterstofbrug gevormd tussen twee buurmoleculen, in de figuur aangegeven
door een stippellijn. Deze bruggen zijn verantwoordelijk voor een aantal bijzondere
eigenschappen van water. Zo’n bijzondere eigenschap is het hoge kookpunt van water;
het kost relatief veel energie om al die bruggen te verbreken. Nu is het allerminst
zo dat die bruggen statisch zijn. Ze verbreken en groeien weer aan, worden langer
en korter. Binnen het watermolecuul vinden ook bewegingen plaats. De verschillende
atomen kunnen ten opzichte van elkaar trillen, waarbij de binding intact blijft. Een
voorbeeld van zo’n trilling is de zogenaamde buigvibratie. Dit lijkt op een knipbewe-
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ging van een schaar: de hoek tussen de drie atomen van het watermolecuul schommelt
om een evenwichstwaarde. Een andere beweging is die van het waterstofatoom (H)
ten opzichte van het zuurstofatoom (O). Deze beweging wordt de OH-strek vibratie
genoemd, een trilling waarbij de afstand tussen het zuurstof- en het waterstofatoom
schommelt rond een evenwichtswaarde. Je kunt je voorstellen dat het gedrag van zo’n
schommeling hevig verstoord wordt als aan het waterstofatoom een brug zit naar
een buurmolecuul. De trillingsfrequentie neemt dan af. Omdat in vloeibaar water die
bruggen allemaal een verschillende lengte hebben, zijn de trillingsfrequenties van de
moleculen verschillend. Dat maakt het erg lastig informatie te krijgen over het gedrag
van water, elk molecuul gedraagt zich namelijk anders. Bovendien leven trillingen in
water erg kort, typisch iets van 1 picoseconde, dat wil zeggen 0,000000000001 seconde.
Als je dit soort bewegingen wilt waarnemen, moet je erg snel kunnen meten, vandaar
ook het woord ultrafast in de titel van dit proefschrift. De uitdaging ligt voor ons
hierin dat we, ondanks alle verschillende trillingsfrequenties en ondanks de extreem
korte levensduur van de trillingen, toch informatie over de structuur en dynamica
van watermoleculen kunnen verkrijgen.

Het experiment

Wat is er dan nodig om zo’n trilling in gang te zetten? We doen door energie in
het molecuul te stoppen met behulp van een laser. Deze laser heeft twee bijzondere
eigenschappen. Ten eerste geeft hij lichtflitsjes die ongeveer 0,2 picoseconde duren.
Dat is iets korter dan de levensduur van de vibraties, zodat we het gedrag daarvan
goed kunnen volgen. Het proces is vergelijkbaar met fotograferen; snelle bewegingen
kun je bevriezen met een sluitertijd die korter is dan de tijdschaal van de beweging.
De tweede bijzondere eigenschap is dat je de kleur van de lichtflitsjes kunt instellen.
Hiermee kun je verschillende soorten water moleculen bekijken: moleculen met sterke
en moleculen met zwakke bruggen. Deze kleuren liggen allemaal in het voor ons
onzichtbare infrarood (golflengtes rond 3000 nanometer). In de experimenten hebben
we twee lichtflitsjes gebruikt. Met de eerste, energierijke flits zetten we de moleculen
in trilling. Met de tweede flits bepalen we hoeveel moleculen er nog trillen op een
bepaald tijdstip na de eerste flits. Een watermolecuul dat nog in trilling is, zal de
energie van het tweede lichtflitsje namelijk niet absorberen; trilt het watermolecuul
niet meer, dan kan het de energie weer opnemen om te gaan trillen. Door te meten
hoeveel licht er door het water heenkomt, weten we hoeveel watermoleculen nog in
trilling zijn. Deze meting herhalen we voor verschillende tijden na de eerste flits,
zodat we kunnen zien hoe snel een trilling uitdooft. Zo’n meting geeft de levensduur
van de trilling weer. Door dit te doen voor verschillende kleuren licht, krijgen we
informatie over het gedrag van watermoleculen op korte tijdschalen.

Temperatuurafhankelijkheid van de levensduur

In hoofdstuk 4 hebben we voor verschillende temperaturen gekeken hoe lang de OH-
strek vibratie in water leeft. We hebben ontdekt dat ze langer leven bij een hogere
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temperatuur. Dat is tegen alle verwachtingen in, want bij de meeste stoffen leeft de
vibratie juist korter bij een hogere temperatuur. We kunnen dit bijzondere gedrag
wel verklaren. Voor water is de energie van de OH-strektrilling vrijwel gelijk aan de
energie nodig voor twee buigtrillingen in water. De trilling van de OH-strekvibratie
verdwijnt door energieoverdracht naar de buigtrillingen. Bij hogere temperatuur gaat
het overbrengen van de energie niet zo makkelijk meer. Dat komt doordat de bruggen
tussen de moleculen allemaal wat zwakker worden en ervoor zorgen dat de energieën
van de strek- en buigtrillingen niet goed meer passen. Doordoor wordt de overdracht
van energie van de strektrilling naar de buigtrillingen moeilijker en blijft de OH-
strekvibratie langer leven.

In hoofdstuk 5 vergelijken we het uitdoven van deze OH-strektrillingen in water
met andere stoffen die waterstofbruggen vormen, zoals ethanol (alcohol). We hebben
ook gekeken hoe lang het duurt voordat de toegevoegde trillingsenergie, om het met
een mooi woord te zeggen, geëquilibreerd is. Daar bedoelen we mee, dat we kijken
hoe lang het duurt voordat de energie verdeeld is over alle mogelijke bewegingen
van de watermoleculen. We zien dat dat proces langer duurt naarmate het molecuul
groter is. Blijkbaar moeten de moleculen draaien en zich verplaatsen in de vloeistof
en dat gaat langzamer als het molecuul een grotere massa heeft. Juist omdat het
watermolecuul zo klein is, kan het zich dus heel snel aanpassen aan het toedienen van
extra energie, zoals dat in chemische reacties gebeurt.

Concurrentie?

Het is niet zo dat wij de enige groep ter wereld zijn die zich met water bezighoudt. In
de VS werkt Dana Dlott met zijn groep ook aan water. Hij gebruikt ook laserlicht om
water aan het trillen te krijgen, alleen duren zijn lichtflitsjes wat langer dan bij ons.
Dat hoeft geen probleem te zijn als het uitdoven van de trillingen langzamer gaat dan
de duur van de lichtflits. In water is dat niet zo en dat betekent dat Dlott het uitdoven
van de trillingen niet goed kan volgen. Dlott heeft een artikel geschreven waarin hij
beweert dat wij onze metingen verkeerd interpreteren. Hij komt met een alternatieve
verklaring voor zowel zijn als onze metingen. Zijn verklaring van onze metingen is
echter inconsistent en hij ziet niet dat zijn lange pulsen een enorme invloed hebben
op het gedrag van water. Daarom hebben we een commentaar geschreven op zijn stuk
in hoofdstuk 6. In hoofdstuk 7 hebben we een model gemaakt waarmee we zowel zijn
als onze metingen kunnen verklaren. In het rekenmodel kun je invullen hoe lang de
lichtflitsjes zijn die je gebruikt; de berekeningen komen precies overeen met wat wij
meten en wat Dlott meet.

Bijzondere tussentoestand

In het volgende hoofdstuk hebben we water gemengd met aceton (nagellakremover).
Het resultaat hiervan zijn enkele watermoleculen met een brug, maar zonder buurwa-
termoleculen. Daarvoor in de plaats zitten nu een acetonmoleculen. De trillingsenergie
kan nu niet meer overgedragen worden aan een ander watermolecuul. Het voordeel
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Samenvatting

hiervan is dat we kunnen kijken hoe snel de energie binnen het molecuul wordt overge-
dragen en hoe snel een brug verbreekt en weer aangroeit. We hebben ook gemeten
hoe snel zo’n watermolecuul draait. Uit die metingen hebben we ontdekt, dat er een
tussentoestand bestaat, als je een waterstofbrug wilt verbreken of trillingsenergie wilt
overdragen aan de andere OH-strekvibratie binnen het watermolecuul. Die tussen-
toestand is heel bijzonder: beide OH-groepen van het watermolecuul hebben een hele
zwakke waterstofbrug en de trillingsenergie is gedelocaliseerd, dat wil zeggen dat de
trilling niet vast op een OH-groep zit.

Gekoppelde trillingen

In het laatste hoofdstuk hebben we gekeken naar een alcoholmolecuul met twee
OH-groepen naast elkaar. Er ontstaat dan een brug tussen die twee groepen binnen
het molecuul. We zien dat de OH-strektrilling van een OH-groep met een brug sneller
uitdooft dan eentje zonder. Bovendien blijkt dat bij het in trilling zetten van de
OH-strekvibratie automatisch de waterstofbrug mee gaat doen en dat de frequenties
van andere trillingen veranderen. Dit betekent dat de trillingen onderling gekoppeld
zijn.

Ten slotte

Met deze serie experimenten hebben we het begrip van het gedrag van watermoleculen
op korte tijdschaal vergroot. Dat wil niet zeggen dat het onderzoek afgerond is. De
technologische ontwikkelingen op het gebied van korte laserpulsen gaan door. Dit
biedt, samen met nieuwe vragen naar het gedrag van materie, genoeg perspectief
voor toekomstig onderzoek.
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