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1 Introduction

1.1 Brief history of optics

The adage “in the country of the blind, the one-eyed man is King” is a good illustration
of the great appreciation there has always been for light and the sense of vision. For a long
time, sources of light like the sun, fire or lightning were only encountered with religious
reverence. The perspective changed when scientific reasoning took hold and systematic ob-
servations were made and theories were formulated in the field of optics. The notion that
light can be thought of as rays was already conceived in antiquity by Euclides of Alexan-
dria (325 – 265 bc). In his work Optica, he noted that light travels in straight lines and he
described the concept of perspective. Euclides followed the Platonic tradition that vision is
caused by rays that emanate from the eye. This theory of vision was also propagated a few
centuries later by Heron of Alexandria (around 10 – 75) who derived the law of reflection
by a geometrical method in his Catoptrica. This work was previously attributed to Claudius
Ptolemaeus (85 – 165). Ptolemaeus did author a work devoted to optical phenomena, Op-
tica. The last book of this five-volume edition includes a study on refraction, especially the
refraction suffered by light from celestial bodies travelling through air.

The first correct explanation of vision was given by the Arabian scholar Abu Ali al-
Hasan ibn al-Hasan ibn al-Haytham (965 – 1040), also known as Alhazen or al-Hazen. He
noted that light is the same, irrespective of the source, and that light is reflected from an
object into the eye. Al-Haytham formulated his findings and theories on optics after exten-
sive experimental work, where he used spherical and parabolic mirrors and investigated the
refraction of light. He also was the first to mention the use of a camera obscura. With his
seven-volume work Kitab al-Manazir (translated in Latin as Opticae thesaurus Alhazeni2 in
1270), he is often considered the father of modern optics.

The field of optics was greatly advanced by the many discoveries from the 17th century
onwards, starting when Johannes Kepler (1571 – 1630) discovered the concept of total inter-
nal reflection. The discovery and formulation of the law of refraction by Willebrord Snell
(1580 – 1626) and the formulation of a wave theory of light by Christiaan Huygens (1629

– 1695) in his book Traité de la lumière,123 are probably the most significant achievements
of that era, providing the basis for many discoveries and advances in the centuries to fol-
low. One other name from the 17th century which should be mentioned is of course Isaac
Newton (1643 – 1727), who observed the dispersion of sunlight and who, in contrast to
Huygens, proposed a corpuscular nature of light in his work Opticks.159

In the centuries to follow many discoveries and theories were put forward by people like
Young, Fraunhofer, Brewster, Fresnel, and Faraday, to name but a few. The conclusion that
light is an electromagnetic wave and the mathematical formulation by James Clerk Maxwell
(1831 – 1871) was another significant step forward in the field of optics and the description
of light and its interaction with matter. Another significant advance was however made

9



10 Introduction 1.2

by Albert Einstein (1879 – 1955) with the notion that light is quantised.66 � 67 Einstein also
proposed that stimulated emission should occur in addition to spontaneous emission and
absorption.69 Elements from the field of quantum mechanics in the first decades of the 20th

century strengthened the notion that light is quantised and that it can be viewed both as
particles and as electromagnetic waves.

In 1954 an experimental device was described that produced coherent electromagnetic
radiation in the microwave-regime.84 This apparatus was later dubbed maser, an acronym
for Microwave Amplification by Stimulated Emission of Radiation. This source of radia-
tion with a very narrowly defined frequency was first greeted with disbelief, as for example
Von Neumann was said to have declared: “That can’t be right”.203 Four years later Townes
and Schawlow proposed to extend this principle to optical frequencies,184 giving rise to the
laser, which was an acronym for Light Amplification by Stimulated Emission of Radia-
tion. The first laser was described in 1960, producing coherent visible light from a set-up
based on a rod of ruby as the active medium.152 The high intensities and coherence of
the electromagnetic radiation gave rise to a new area of in the field of optics: non-linear
optics, of which some aspects are described in the following section. For a comprehen-
sive overview of different types of lasers, that have been developed over the years, see e.g.
References 199, 212, and 213.

1.2 Non-linear optics

The first non-linear optical experiment was the second harmonic generation experiment,
reported in 1961 by Franken et al.74 They passed a red ruby laser beam with a wavelength
of 6943 Å through a quartz crystal and observed ultraviolet radiation from the crystal at
3471 Å, which is twice the frequency or half the wavelength of the original laser beam. The
dielectric response of a medium is generally described by the dielectric polarisation P, which
is a function of the electric field E. Second harmonic generation is one of the processes that
can occur when the dielectric response of a medium is no longer predominantly linear in
terms of E, meaning that higher-order terms become non-negligible. These higher-order
terms only become non-negligible at high field strengths. At optical frequencies, the high
intensities corresponding to these high field strengths are only practically attainable with
the use of a laser. With the ongoing development of the laser, many experiments were
carried out involving optical phenomena connected with the lowest order non-linear term.
These phenomena include second-harmonic generation (shg), sum-frequency generation
(sfg), difference-frequency generation (dfg), and optical parametric generation (opg) and
optical parametric amplification (opa).

These so-called three-wave mixing processes were and still are a useful way to generate
coherent radiation at other frequencies than the different types of lasers can provide and
many areas of spectroscopy have benefited from these techniques. For example, very few
lasers are available that emit in the mid-infrared (wavelengths in the region 1–10 � m),
but dfg and opg/opa provided coherent and tunable sources for spectroscopy in this
wavelength region. The development of pulsed lasers with short pulses was another great
achievement which opened up new areas of spectroscopy. With shorter and shorter pulse
durations, from nanosecond, through picosecond to the femtosecond � titanium-sapphire�

1 ns � 10 � 9 s, 1 ps � 10 � 12 s, 1 fs � 10 � 15 s.
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lasers of today, peak powers and time-resolutions in experiments have become higher and
higher.29 � 103 � 199 � 212 Recently, even pulses with sub-femtosecond (“attosecond”) duration have
been reported.172 One area of spectroscopy which has greatly benefited from developments
in non-linear optics is time-resolved vibrational spectroscopy, which is the experimental
technique used in Chapters 3, 4, 5, and 6, and which is introduced in Section 2.2.

In the linear case, the dielectric polarisation P(r � t) at a time t , which describes the
dielectric response of a medium, can be written as190

P(r � t) � �
	� 	 ��	� 	� (1)(r � r1 � t � t 1) � E(r1 � t 1)dr1dt 1 � (1.1)

where  (1) is the linear susceptibility and E(r � t) the electric field at position r and time t .
Let E be a monochromatic plane wave with

E(r � t) � Ẽ(k ��� ) � ��� E(k ��� )ei (k � r ��� t)dk d ��� (1.2)

where k is the wave vector, k � n( � ) ��� c, with n( � ) the refractive index at frequency � and
c the velocity of light. The Fourier transform of Equation (1.1) then yields the relation

P(r � t) � P̃(k ��� ) �  (1)(k ��� ) � Ẽ(k ��� ) � (1.3)

with  (1)(k ��� ) � �
	� 	 ��	� 	  (1)(r � t)e � i (k � r ��� t)drdt � (1.4)

The linear dielectric constant � (k ��� ) is related to  (1)(k ��� ), in Gaussian units, by� (k ��� ) � 1 � 4 �  (1)(k ��� ) � (1.5)

In the electric-dipole approximation, when the magnetic dipole and higher-order multi-
poles can be neglected,  (1)(r � t) is independent of r and hence, both � (k ��� ) and  (1)(k ��� )
are independent of k.

In the non-linear case, the polarisation P can be expanded into a power series of E:

P(r � t) � �
	� 	 �
	� 	� (1)(r � r1 � t � t 1) � E(r � t 1)dr1dt� ��	� 	 �
	� 	 �
	� 	 �
	� 	         (2)(r � r1 � t � t 1; r � r2 � t � t2) (1.6)

: E(r1 � t 1)E(r2 � t2)dr1dt 1dr2dt2 �!�"���
where the tensors         (n) are the nth order susceptibilities of the medium. If E can be expressed
as a group of monochromatic plane waves

E(r � t) �$#
i

Ẽ(ki ��� i ) � (1.7)

then the Fourier transform of Equation (1.6) gives

P(k ��� ) � #
n % 1

P(n)(k ��� ) (1.8)
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with

P(1)(k ��� ) �  (1)(k ��� ) � E(k ��� ) �
P(2)(k ��� ) �         (2)(ki � kj ��� i ��� j ) : E(ki ��� i )E(kj ��� j ) � (1.9)

and         (n)(k1 � k2 �!�"�"�&� kn ��� 1 �'� 2 �!�"���&�'� n)� �
	� 	 �
	� 	 �"�"� �
	� 	 �
	� 	         (n)(r � r1 � t � t 1; �"��� ; r � rn � t � tn) (1.10)( e
� i ) k1(r � r1) �*� 1(t � t 1) +,� � � + kn (r � rn ) �*� n (t � tn ) - dr1dt 1 ���"� drndtn �

Three-wave mixing processes involve the second order term in this expansion and can
therefore only occur in non-centrosymmetric media, which have a         (2) which is non-
zero.190 Consider an electrical field E consisting of two pulses with central frequencies � 1

and � 2

E(r � t) � E1(r � t)e � i ( � 1t � k1 � r) � E2(r � t)e � i ( � 2t � k2 � r) � c � c �.� (1.11)

where c.c. stands for complex conjugate. When using short laser pulses in three-wave mix-
ing processes at frequencies away from any resonances, the dispersion of         (2) can be ne-
glected and the second-order term in Equation (1.6) can be written as

P(2)(r � t) �         (2) : E(r � t)E / (r � t) � (1.12)

indicating an instantaneous dielectric response to the incoming short pulses. Using Equa-
tion (1.11), we can write Equation (1.12) as38

P (2)(r � t) �  (2) 0E 2
1 (re
� 2i ( � 1t � k1 � r) � E 2

2e
� 2i ( � 2t � k2 � r) � 2E1E2e

� i (( � 1 + � 2)t � (k1 + k2) � r)� 2E1E /2 e
� i (( � 1

�*�
2))t � (k1

� k2) � r) � c � c � 1*� 2 (2) 0E1E /1 � E2E /2 12� (1.13)

The terms in this expression correspond to the second harmonic of the field at � 1, the
second harmonic of the field at � 2, the sum-frequency generation at frequency ( � 1 �'� 2),
the difference frequency generation at ( � 1 ��� 2) and the optically rectified signal, respec-
tively. For a more comprehensive overview of the subject of three-wave mixing see Refer-
ences 28, 38, 45, 64, 185, 190, 212, and 213.

For the field generated at the sum frequency � 3 �3� 1 �4� 2 with wave vector k 3, the
component of the second-order polarisation will have the form

P (2)(r � t) �
3 5 � 1 + � 2 6 2E1E2e

� i ( � 3t � (k1 + k2) � r) � (1.14)

A high intensity at frequency � 3 will only occur if the phase matching condition

k 3 � k 1 � k 2 (1.15)

is satisfied. dfg involves two fields with comparable magnitude, when two relatively intense
laser pulses with frequencies � 3 and � 2 ( � 1) are used to generate a third pulse at frequency� 1 ( � 2). opa can be considered a special case of dfg where one of the incident pulses is
much lower in intensity than the other. The intense pulse is normally called the pump
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pulse. The other two fields are called signal and idler, where generally the idler is the one
lowest in frequency. In the remainder of this chapter and in the next chapter, the pump
frequency will be denoted by � 3, the signal frequency by � 2 and the idler frequency by � 1.

For collinearly propagating beams the phase matching condition can be written as

n3( � 3) � 3 � n1( � 1) � 1 � n2( � 2) � 2 � (1.16)

Condition (1.16), in combination with energy conservation � 3 �7� 1 �$� 2, can normally
only be satisfied in birefringent materials, as in normal materials n( � ) usually increases
monotonically with � . However, in birefringent materials, the refractive index differs for
different directions of the polarisation. Hence, if one of the three linearly polarised waves
has a polarisation perpendicular to the others, condition (1.16) can be satisfied. Three dif-
ferent polarisation geometries can be identified: in type I phase matching the pump polari-
sation is perpendicular to signal and idler; in type II the signal polarisation is perpendicular
to pump and idler; and in type III the idler polarisation is perpendicular to pump and
signal.

Light polarised perpendicular to the plane containing the propagation vector k and
the optical axis of a uni-axial birefringent material is said to have the ordinary polarisation
and experiences a refractive index no. Light polarised parallel to the plane containing the
propagation vector k and the optical axis of the material is said to have the extraordinary
polarisation and experiences a refractive index ne. For extraordinary polarisation, the re-
fractive index will depend on the angle 8 between the direction of propagation and the
optical axis, according to the relation

1

(ne)2( 8 ) � sin2 8
(n̄e)2

� cos2 8
(no)2

� (1.17)

where n̄e is the principal value for ne at 89� 90 : .
For the case of type I phase matching with collinear propagating beams Equation (1.16)

has the form
ne

3( � 3 ��8 ) � 3 � no
1 ( � 1) � 1 � no

2( � 2) � 2 � (1.18)

where the superscripts o and e stand for ordinary and extraordinary, respectively. Combin-
ing Equations (1.17) and (1.18), one can calculate phase-match angles for the type I process
for different combinations of � 1 and � 2 using the Sellmeier dispersion relations for the re-
fractive indices. It is clear that by rotating the crystal, one can tune the frequencies of signal
and idler, as at each angle the phase-matching condition for a different pair of signal and
idler frequencies is fulfilled. This method of frequency tuning is generally known as angle
tuning. For some crystals, like for example lithium niobate (LiNbO3), the birefringence is
also strongly dependent on temperature. This offers the possibility of tuning the frequency
of signal and idler by temperature tuning.

1.3 Molecular vibrations and vibrational dynamics

The atoms of molecules vibrate around their equilibrium positions. Let us first consider
the vibration of the simplest molecule, a diatomic molecule, like hydrogen chloride (HCl)
or carbon monoxide (CO). In these diatomic molecules there is one vibrational mode, the
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stretch mode, in which the relative distance of the atoms changes periodically with the pe-
riod of oscillation. To determine the energy levels of this vibration, we first assume that the
atoms are driven back by a restoring force, which is proportional to the displacement from
the equilibrium distance r e. The potential V (r) can be described in terms of a harmonic
oscillator with a force constant k along the line connecting the two atoms and has the form:

V (r) � k

2
(r � re)

2 � (1.19)

where r is the internuclear distance and r e the equilibrium distance. The eigenfrequency of
this harmonic oscillator is given by �;�=< k� � (1.20)

with � the reduced mass of the system. Solving the time-independent Schrödinger equation
with the potential of Equation (1.19) leads to the following energy levels

Ev � h̄ ��> v � 1

2 ? � v � 0 � 1 � 2 ���"�"� (1.21)

In this equation, � is the oscillator frequency, h̄ � h � 2 � , with h Planck’s constant and v
the vibrational quantum number. The lowest energy is the zero-point energy Ev 5 0 � h̄ ��� 2.
The energy levels associated with this parabolic potential have an equal spacing of h̄ � .

In reality, the potential curve of a diatomic molecule is not parabolic. In fact, it is easy
to see that the potential must be asymmetric with respect to the equilibrium distance r e.
For distances r @ re, a reduction of the distance r will lead to an increase in repulsion, as at
short range a repulsive potential is superposed on the parabolic potential, which prevents
the two nuclei from penetrating each other. On the other hand, increasing the distance
from re will eventually lead to dissociation, as the chemical bond is weakened. So for
r A re the potential will become flatter. An often used potential which agrees well with
experimental evidence is the so-called Morse potential:97

V (r) � Ed > 1 � e
�CB (r � re) ? 2 � (1.22)

Here, Ed is the depth of the potential well and D is a quantity, characteristic for the molecule
under consideration: DE�$� h F �

2Ed

� (1.23)

where � h is the harmonic oscillator frequency. Solving the Schrödinger equation for the
anharmonic oscillator with Equation (1.22) as the potential energy, yields the energy levels,
which are given by:

Ev � h̄ � h > v � 1

2 ? � xh̄ � h > v � 1

2 ? 2 � (1.24)

where the terms with higher powers of G v � 1
2 H have been neglected, as their contributions

are very small for small values of v . The number of bound levels is finite.12 The constant x
is the anharmonicity constant, which is defined as

x � h̄ � h

4Ed

� D 2h̄

2� � h

� (1.25)
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Figure 1.1. Morse potential (solid line) and its energy levels and the corresponding harmonic potential
(dashed line). These curves were calculated using the following parameters, which give a good descrip-
tion for the vibrational states of hydrogen bromide (HBr):108 Ed = 31590 cm � 1, k = 103600 cm � 1 Å � 2,
re = 1.414 Å, and h̄ J h = 3649.67 cm � 1.

and is usually of order 0.01.
If we rewrite Equation (1.24) in the form

Ev � h̄ � h > v � 1

2 ?LK 1 � x > v � 1

2 ?NM � (1.26)

and compare with Equation (1.21), we see that going from the harmonic to the anharmonic
oscillator, the vibrational frequency � is replaced by� v �O� h K 1 � x > v � 1

2 ?,M � (1.27)

From Equation (1.27) it is clear that with increasing vibrational quantum number v ,
the spacing, i.e. the transition frequency, between the energy levels, decreases, which
is illustrated in Figure 1.1. The dissociation energy E0 is slightly less than the depth
Ed of the potential well containing the bound states, because of the zero-point energy:
E0 � Ed � h̄ � h � 2.

The occupation of the energy levels Ev is in thermal equilibrium proportional to the
Boltzmann factor e � Ev P kT . Since at room temperature, kT corresponds to about 200 cm

� 1, Q
the stretch vibration of most diatomic molecules will be in the vibrational ground state, for
example for HCl molecules, Ev 5 1 � Ev 5 0 � 2886 cm

� 1.178

Molecules with more than two atoms have more vibrational degrees of freedom than a
diatomic molecule and therefore have more vibrational modes than the single stretch mode
of a diatomic molecule. The vibrations in a polyatomic molecule are often described in
terms of normal modes. A normal mode is a synchronous motion of atoms or groups ofR

In spectroscopy, the unit cm � 1 is formally the unit of the quantity ¯S , the wave number, the inverse of wave-
length. The unit is however also often used for frequency (corresponding to light in vacuum with that wave
number) and for energy (the energy of a photon with that wave number).
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atoms in a polyatomic molecule that may be excited without leading to the excitation of
any other normal mode. The normal-mode coordinates form a basis set for a description
of the displacements of the centres of mass of the atoms in a molecule. The number of
normal modes in an n-atomic molecule is equal to the number of its vibrational degrees
of freedom which is 3n � 6, or 3n � 5 for a linear molecule. The symmetry of the normal
mode is the same as the symmetry of the first vibrationally excited state of the molecule,
which provides a way to determine whether a vibrational mode is active, i.e. whether the
electric dipole transition associated with the excitation of that mode is allowed.

If the Hamiltonian of a molecule only contains terms of first and second order in the
nuclear coordinates, the normal modes are decoupled from each other and can be described
as independent harmonic oscillators. In reality, however, the Hamiltonian will also con-
tain third- and higher-order terms. These anharmoncities cause the vibrational potential
to more closely resemble a Morse potential than a harmonic potential (diagonal anhar-
monicity). Additionally, anharmonic couplings exist between the different normal modes
in a molecule, giving rise to combined or combination vibrations (cross anharmonicity).
For a comprehensive treatment of the vibrations of polyatomic molecules, see e.g. Refer-
ences 11, 12, 97, 108, and 115.

When excited vibrational states decay, energy is transferred from the vibrational mode
which was originally excited to other modes, eventually leading to an equilibration over all
degrees of freedom. Both the nature and the availability of these accepting modes strongly
influence the lifetime T1 of the excited state. The relaxation of an excited molecular vibra-
tion can be an intramolecular process, in which energy is transferred to other vibrations
in the same molecule, through anharmonic couplings with the vibrational mode that was
originally excited. The other type of mechanism is an intermolecular process, in which en-
ergy is transferred to vibrations of neighbouring (solvent) molecules or to low-frequency
(solvent) modes. When the first step involves intramolecular energy transfer, one of the
following steps involves intermolecular energy transfer, as eventually all energy is trans-
ferred to the heat bath formed by low-frequency modes, phonons in the case of solids and
low-frequency liquid modes in the case of liquids.

If the frequency of the accepting mode is relatively high, which is usually the case with
an intramolecular relaxation process, relaxation of an excited vibration is faster, i.e. the
lifetime T1 is shorter (in one step, energy transfer to e.g. two quanta of a molecular vibration
is “easier” than to a much larger number of low-frequency modes T ). If there are no high-
energy intramolecular vibrations to which the excited mode can couple, the lifetime will be
long and will also be more strongly influenced by the solvent, as the relaxation mechanism
will be an intermolecular process. Because the accepting modes are then formed by low-
frequency solvent modes, there will also be a strong dependence on temperature. The strong
influence of the availability of accepting modes is clearly illustrated in the lifetimes of
different C–O stretch vibrations, described in Section 6.1. It is clear that by looking at
the lifetimes and vibrational dynamics of excited vibrations a lot of information can be
gathered on the couplings that exist within and between molecules in the condensed phase.
For more details on the theory of vibrational dynamics and vibrational relaxation see e.g.
References 15, 71, 128, 154, and 202 and references therein.U

The energy gap law states that the vibrational relaxation rate is proportional to VW� N , where N is the number
of quanta dissipated in the accepting mode and VYX 1, with V a constant.164
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Figure 1.2. Transmittance spectrum of water (H2O) vapour ( \ 20 cm air of normal humidity at room
temperature) and transmittance spectrum of a water film with a thickness of \ 3 ] m.161

1.4 Absorption line broadening of vibrational

transitions

In the gas phase, the absorption spectrum of a molecular vibration has a characteristic sub-
structure due to the coupling of vibration and rotation of these molecules. In the condensed
phases, liquid and solid, the absorption spectrum often shows very broad bands, with very
little structure, as is illustrated in Figure 1.2.

The broadening of absorption lines is caused by dephasing: a loss of coherence of the
excited oscillators. The broadening can be caused by different mechanisms. There can be
a static distribution of transition frequencies of the molecules. The dephasing can also be
caused by the loss of coherence due to rapid changes in frequency of the oscillators around
one central frequency, without the loss of excitation. And thirdly, decay of the excited state
population with a time constant 1 � T1 also contributes to dephasing.

If the dephasing is due to a static distribution of transition frequencies, which leads
to a Gaussian line shape, an absorption line is inhomogeneously broadened. The two other
dephasing mechanisms contribute to the homogenous line broadening, characterised by the
homogeneous dephasing time T2. The resulting absorption line will have the shape of a
Lorentzian with a width ^`_ given by ^`_9� 1� T2

� (1.28)

T2 has two contributions:
1

T2

� 1

2T1

� 1

T /2 � (1.29)

where T1 is the lifetime of the excited state and T /2 is the pure dephasing time. Pure de-
phasing encompasses all dephasing not due to population relaxation.

In practice, the vibrational absorption bands in the condensed phase at room tempera-
ture are inhomogeneously broadened and are composed of an inhomogeneous distribution
of homogenously broadened bands. For high-frequency molecular vibrations like the O–H
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and C–H stretch vibrations, the homogeneous linewidths are mainly determined by pure
dephasing, due to rapid fluctuations and only have a small contribution due to population
relaxation. Measuring the linear absorption spectrum will therefore only give information
on the width of the distribution of oscillator frequencies and not on the excited-state pop-
ulation relaxation. With non-linear spectroscopical techniques it is however possible to
determine T1 and T2. The homogeneous dephasing time T2 can be determined by photon-
echo spectroscopy100 � 175 � 197 � 201 and spectral hole burning.32 � 33 � 34 When using these techniques
it is usually assumed that the rapid fluctuations, giving rise to the homogeneous broaden-
ing, occur on a much faster timescale than the dynamics of the distribution of transition
frequencies giving rise to the inhomogeneous linewidth, which are assumed to be very
slow on the timescale of the experiment. It is however also possible that the distribution
of transition frequencies homogenises during the measurement, a process that is referred
to as spectral diffusion.99 � 101 � 162 � 208 In this thesis, in Chapters 3, 4, 5, and 6, the vibrational
lifetime T1 of several vibrations is determined with vibrational pump-probe spectroscopy,
which is introduced in Section 2.2.

1.5 Outline of this thesis

The largest part of this thesis is devoted to the investigation of the vibrational dynamics
of small molecules and complexes in liquid solution and in the pure liquid. The exper-
imental technique that was used is vibrational pump-probe spectroscopy. This form of
time-resolved mid-infrared spectroscopy is described in detail in Chapter 2, together with
the method of generation of short mid-infrared pulses. In Chapters 3 and 4, the focus is
on hydrogen-bonded acid-base complexes in solution. In Chapter 3, a relatively weak form
of hydrogen-bonding in complexes of hydrogen chloride with diethyl ether is encountered,
whereas in Chapter 4, complexes in which hydrogen-bonding is exceptionally strong come
under scrutiny, when complexes of hydrogen fluoride with pyridine are investigated.

The large influence of the nature and availability of accepting modes can be seen in
Chapters 5 and 6. In Chapter 5, two-colour pump-probe experiments on the C–H stretch
vibration of pure bromoform show that, compared to solutions of bromoform, the reduc-
tion in the number of accepting modes provided by the solvent for intermolecular energy
transfer, greatly influences the mechanism and time scale of vibrational relaxation. The in-
fluence of the number of vibrational modes in a molecule on intramolecular vibrational
relaxation, is manifested in Chapter 6. There, the vibrational dynamics are investigated
after excitation of the C–O stretch vibration of the alcohols methanol and ethanol in solu-
tion.

In Chapter 7, the last chapter of this thesis, we focus on the non-linear optical process
that is conveniently used to generate the mid-infrared pulses for the experiments featured
in the other chapters. The focus is on the correlation properties of parametrically gener-
ated light. These properties arise from the fact that opg is a very special type of conversion
process, where one starts with an electromagnetic wave at one frequency and ends up with
waves at three frequencies. This process can only be understood using a quantum mechani-
cal description of the electromagnetic field. The correlation properties of the parametrically
generated light reflect the macroscopic manifestation of the quantum fluctuations of the
zero-photon electromagnetic field that seed the parametric generation process.



2 Time-resolved non-linear mid-infrared

spectroscopy

The non-linear optical processes optical parametric generation and amplification
and difference frequency generation are used in the generation of short mid-
infrared pulses. A general overview of a laser system to generate femtosecond
mid-infrared pulses illustrates the non-linear optical processes and components
involved in generating these “ultrashort” pulses. These pulses can be used in
time-resolved non-linear infrared spectroscopy. One such a technique, vibrational
pump-probe spectroscopy, is discussed here.

2.1 Mid-infrared pulse generation

2.1.1 Parametric generation and amplification

To perform time-resolved mid-infrared experiments with (sub-)picosecond time resolution,
one needs tunable, short, and intense mid-infrared laser pulses. There are few lasers that
emit in the wavelength region 1–10 � m, therefore usually difference-frequency generation
(dfg) and optical parametric generation and amplification (opg/opa) are used to generate
mid-infrared pulses from the output of lasers that emit in the visible or near-infrared.

The description of parametric amplification can be done in a completely classical way
using Maxwell’s equations. It can be shown190 that if no saturation effects or pump de-
pletion occur, the amplitudes of idler (and signal) grow exponentially in the (collinear)
propagation direction z : a

E1(z)
a
2 6 aE1(0)

a
2e gz � (2.1)

with
g �=b g2

0 � ( ^ k)2 � (2.2)

where
g2

0 � � 1 � 2

n1n2c2
>  (2)

eff ? 2
a
E3

a
2

(2.3)

and ^ k � k3 � k2 � k1 � (2.4)

In Equation (2.3), c is the velocity of light, � 1 the idler frequency, � 2 the signal frequency,
E3 the electric field at the pump frequency � 3, and  (2)

eff the effective second-order suscepti-
bility.

At low pump intensities, such that g 2
0 @ ( ^ k)2, the gain g is purely imaginary. In that

case, the parametric interaction does not lead to amplification of signal and idler but to a
change of phase.16 The gain is maximal when ^ k � 0, i.e. when there is no phase-mismatch
and g � g0. It is also clear that the gain can still be appreciably high when ^ k is nonzero
and the intensity of the pump is sufficiently high. Hence, an increase of intensity of the

19
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pump will lead to an increased spectral bandwidth of signal and idler. The bandwidth ^c�
of the generated signal and idler pulses is given by^E�;� 2

a
> 2g0

l
ln 2 ? 1

2 � (2.5)

with

a �edgf dk1

d � 1 h � 0
1

�if dk2

d � 2 h � 0
2 j (2.6)

and l the length of the crystal. For a more comprehensive treatment of the case with ^ k k� 0

see Reference 9.
From Equation (2.3) one other aspect transpires; at degeneracy ( � 1 �l� 2) the gain

factor g0 is maximal, and decreases for signal and idler frequencies away from degeneracy,
as the product � 1 � 2 decreases. From Equation (2.5) it is also clear that the bandwidth
decreases when signal and idler are tuned away from degeneracy, as the group-velocity mis-
match in Equation (2.6) increases. Finally, it should be noted that at higher pump energies,
the pump will get depleted and therefore Equations (2.1), (2.2), (2.3), and (2.5) will no
longer be valid. Signal and idler will then no longer increase exponentially over the length
of the crystal and even the opposite process of opa, sum-frequency generation, can occur.

2.1.2 Experimental set-up

After continuous-wave mid-infrared generation using opg/opa had already been
demonstrated,83 � 151 Kaiser and co-workers were one of the first to report the genera-
tion of picosecond mid-infrared pulses with this technique and their use in pump-probe
experiments, see References 73, 137, 138, 139, 140, and 188. They used picosecond pulses at
1058 nm from a neodymium:glass (Nd:glass) laser as pump pulses for opg/opa in lithium
niobate (LiNbO3) crystals. Later, neodymium:yttrium-aluminium-garnet (Nd:Y3Al5O12 or
Nd:YAG) lasers became more popular because of their higher pulse energies and repetition
rates. A set-up based on this principle is used in Chapter 5 of this thesis, where the output
of a Nd:YAG laser is used to generate picosecond pulses with a wavelength around 3 � m
through opg/opa in LiNbO3 crystals.

The development of titanium:sapphire (Ti:Al2O3) lasers with Kerr-lens mode locking193

provided pump-lasers with femtosecond pulses which could be used to generate mid-
infrared pulses of a few hundred fs. The experimental set-ups that are used in Chapters 3

and 4 are based on a laser system with titanium:sapphire as the active medium. In order
to give an idea of the non-linear optical processes and components involved in generating
these “ultrashort” mid-infrared pulses, a general overview of such a system is given here.
The details on the different experimental set-ups used in the experiments in this thesis can
be found in the relevant chapters.

The set-up consists of a commercial Ti:sapphire laser system, composed of an oscillator
and an amplifier, which delivers pulses with a duration of around 100 fs, a wavelength
around 800 nm, and an energy of 1–3 mJ. The repetition rate such the system often is
1 kHz. Part of the pulse energy is used to pump a commercial multi-pass opg/opa stage
based on a m -barium borate (m -BaB2O4 or bbo) crystal. In this opg/opa stage, part of the
energy is converted to tunable mid-infrared pulses (signal and idler). The wavelength of
the idler pulses is tunable between 1600 and 2600 nm.
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Figure 2.1. Generation of femtosecond pulses with a wavelength around 4000 nm for time-resolved
non-linear spectroscopy. Legend: bbo, KNbO3: crystals; R800, R1000: dielectric 800 nm, 1000 nm
mirrors; bd: beam dump; opg/opa: three-pass optical parametric generation and amplification stage
based on bbo.

(b)

Wavelength [s m]

Frequency [cm t 1]

In
te

n
si

ty
[A

rb
.

u
n

it
s]

3.954.054.10 4.00 3.90

2575255025252500247524502425

0.06

0.05

0.04

0.03

0.02

0.01

0.00

(a)

Delay [ps]

SF
G

In
te

n
si

ty
[A

rb
.

u
n

it
s]

2.01.51.00.50.0-0.5-1.0-1.5-2.0

25

20

15

10

5

0

Figure 2.2. Typical cross correlation trace (a) and spectrum (b) of the laser pulses generated with the
set-up that is described in u 2.1.2. The solid lines are Gaussians with a fwhm of (a) 908 fs [correspond-
ing to a pulse duration of 642 fs (fwhm)] and (b) 29 cm � 1, respectively.

In order to generate pulses with a wavelength around 3–4 � m, the idler pulses with a
wavelength around 2 � m are first frequency-doubled in a second bbo crystal. Then, the
resulting 1 � m light is combined with the remaining part of the 800 nm light in another
crystal, usually potassium niobate (KNbO3) or LiNbO3, to generate the 3–4 � m pulses in a
difference frequency generation (dfg) process. In this last conversion step, a non-collinear
geometry can be used to spatially separate the 3–4 � m beam from the 800 nm and 1 � m
beams. By tuning the wavelength of the seed pulse and by changing the phase-match angle
of the dfg-crystal, the wavelength of the mid-infrared pulses can be tuned continuously.
This final pulse has a typical energy of v 20 � J, a bandwidth of 60 nm (37 cm

� 1), and
a duration of v 600 fs full width at half maximum (fwhm), see Figure 2.2. The pulse
duration is determined by measuring the autocorrelation signal of the pulse via second
harmonic generation (shg).
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2.2 Vibrational pump-probe spectroscopy

In a pump-probe experiment an excitation is created in a sample by one pulse (the pump)
and probed by a second pulse (the probe). By varying the delay between the pump and
probe pulses, the evolution of the excitation can be followed in time. This of course re-
quires the pulses to be at least shorter than the decay of the excitation one wants to monitor.
An example of an early pump-probe experiment is a Nuclear Magnetic Resonance (nmr)
experiment by Bloembergen in 1948.30 In this experiment, nuclear spins were excited by
an electromagnetic pulse from a radio-transmitter with a duration of a few seconds. As
the lifetimes were in the order of seconds, the decay could be monitored by eye on an
oscilloscope. The lifetimes T1 of excited vibrations in liquids lie in the (sub-)picosecond
range. Therefore, the generation of mid-infrared pulses with a pulse duration of several
picoseconds heralded the first vibrational pump-probe studies in the 1970s, measuring vi-
brational lifetimes in condensed phases.137 � 139 � 140 Since then, pump-probe spectroscopy has
been a widely used technique, and has helped to gain knowledge of the vibrational dy-
namics of vibrations of many different molecules. With the possibility of generating mid-
infrared pulses of around 100 fs ( � 0.1 ps) nowadays, even faster relaxation processes can be
monitored. Many vibrational pump-probe studies have been published on e.g. the O–H
stretch,60 � 77 � 131 � 162 � 209 � 211 the O–D stretch,132 � 145 the C–H stretch,18 � 88 � 93 � 107 � 215 and the C–O
stretch vibrations.22 � 35 � 102 � 107 � 119 � 148

Generally, in a vibrational pump-probe experiment, a pump pulse excites a vibration of
a significant fraction of the molecules in a sample. This excitation causes a decrease in the
absorbance of the sample, as there are now less molecules in the vibrational ground state
that can absorb radiation at the v � 0 w v � 1 transition frequency. In addition, there
will be a contribution due to stimulated emission corresponding to the v � 1 w v � 0

transition. The transmittance change is measured with a weaker probe pulse that passes
through the sample after a variable delay t . The transmittance change is only observable if
the anharmonicity constant x is non-zero, so that the v � 1 w v � 2 transition frequency
is shifted to a different frequency (see Section 1.3). �

A thin sample with a concentration of x absorbers per unit surface, each capable of
absorbing one photon at the resonance frequency � , has a transmittance

T0 � e
�gy

0 z"{ � (2.7)

where | is the absorption cross section of an individual absorber and } 0 is a geometrical
factor that takes into account that linearly polarised light preferably excites absorbers with
their transition dipole moment aligned parallel to the axis of polarisation. The absorbers
are diatomic molecules or the subunits of polyatomic molecules, involved in the considered
vibration, e.g. the C–H group in the C–H stretch vibration of bromoform (CHBr3). If the
pump pulse at resonance frequency � excites a fraction f e absorbers per unit surface, the
sample will temporarily have an altered transmittance T ~ depending on the polarisation �
of the probe pulse

T ~�� e z�{ (2f e
y"����y

0) � (2.8)

The factor 2 arises from the fact that the transmittance increase not only results from the
ground state depletion but also from the stimulated emission out of the excited state. A�

For example, the C–H bend vibration in bromoform probably only has a very small anharmonicity, as in
pump-probe experiments hardly any absorption change was observed.40



2.2 Time-resolved non-linear mid-infrared spectroscopy 23

quantity used to express this pump-induced transmittance change is the absorbance change^���~���� ln f T ~
T0 h � (2.9)

When describing the evolution of Equation (2.9) in time, two processes have to be taken
into account, population relaxation of the excited state and change in the anisotropy of
the excited state population and of the ground state depletion due to reorientation of the
molecules.90 In the experiments described in this thesis, reorientation did not play a sig-
nificant role. In Chapters 3 and 4, the angle between polarisations of pump and probe
was the magic angle of arctan( � 2) � 54.7 : , where (the decay of ) the anisotropy does not
influence the observed evolution in time of the transmittance change.126 � 144 � 207 In Chap-
ter 5, the reorientation time was fast enough on the timescale of the experiment that the
excitation could be considered isotropic.90 In Chapter 6, the reorientation time was slow
enough on the timescale of the experiment, that the contribution of the anisotropy decay
was very small. Hence, }�~ can be considered time-independent in these experiments and
the geometrical factors }C~ and } 0 can be included in a scaling factor when describing the
data. Therefore, in the description below, the subscript � is dropped. For a description that
includes reorientation, see References 90 and 161. As the excited-state population decays to
the ground state, described by a function � (t), the absorbance change at a time t after the
pump pulse will be ^�� (t) ��� 2f e x�|N� (t) � (2.10)

If the studied vibration can be described as an exponentially decaying two-level system,� (t) �$� (t)e � t P T1 , with � (t) the Heaviside function and T1 the lifetime of the excited state,
mentioned in Section 1.3.

In the description until now, any frequency dependence has been neglected. As was
seen in Section 1.3, in reality there is a distribution of transition frequencies, especially in
condensed phases. Let f e( ��� t) describe the fraction of excited molecules as a function of� and let | ( � ) be the cross section of an absorber at frequency � . The fraction f e( ��� t)
will be frequency independent if the absorption line is homogeneously broadened and will
have the form of the spectrum of the pump pulse if the absorption line is inhomogenously
broadended. If there is spectral diffusion, f e( ��� t) will be time dependent. The equivalents
of Equations (2.7) and (2.10) can then be written as� 0( � ) � ln(T0( � )) �Lx�| ( � ) � (2.11)^�� ( ��� t) ��� 2f e( ��� t)x�| ( � ) � (t) � (2.12)

Equation (2.12) describes the transient spectrum. In this thesis and elsewhere, ^�� ( ��� t) is
often either shown as a function of delay t between pump and probe at fixed pump and
probe frequencies, generally called a delay-scan; or as a function of pump and/or probe
frequency at a certain delay t , which is generally called a transient spectrum. For a detailed
description of pump-probe spectroscopy see References 71, 158, 198, and 205.

A typical pump-probe set-up is shown in Figure 2.3. Two mid-infrared pulses are used,
an intense pump pulse that excites a significant fraction of the molecules and a weaker
probe pulse that monitors the induced transmission change and thereby the decay of the
excitation. The pump pulses can be delayed with respect to the probe pulses by varying the
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Figure 2.3. Typical set-up for pump-probe experiments

path length by means of a delay stage. The pump and probe beams are focused into a sample
by a calcium fluoride (CaF2) or barium fluoride (BaF2) lens. To exclude reorientational
effects of the molecules during the monitoring of the decay, the polarisation of the probe
beam can be rotated over the magic angle (54.7 : ) with respect to the pump polarisation
by means of a zero-order ��� 2-plate. Part of the probe pulse is split off and measured as
a reference to account for the pulse-to-pulse intensity fluctuations. The intensity of the
transmitted probe pulses and of the reference pulses are measured by lead-selenide (PbSe)
or mercury-cadmium-telluride (mct) detectors. In the set-ups used in Chapters 3, 4, and 5,
a chopper blocks every other pump pulse to enable a measurement of the intensities of the
probe and reference pulses without the effect of the pump pulse on the sample.

The intensity of the probe pulse Ip is measured after the sample at a delay t after
the pump pulse. The intensity Ir of the reference pulse is measured by a second detec-
tor. The intensities I0

p and I0
r of the probe and reference are also measured in absence of

the pump pulse. Note that usually the intensities are measured with a single detector, i.e.
not frequency-resolved, and thus one integrates over the spectrum of the pulses. The ab-
sorbance change ^�� ( ��� t) ��� ln f T ( ��� t)

T0( � ) h ��� ln � Ip(t)

Ir

� I0
r

I0
p � (2.13)

is thus measured as a function of delay between pump and probe pulses. To correct for
excessive noise in ^�� for pulses with low intensity due to influences that do not scale with
intensity, a special data acquisition procedure is used. In stead of mere averaging of the
detector responses, ^�� is calculated from T and T0 that result from a linear least-squares
fit of Ip � j � T Ir � j and I0

p � j � T0I0
r � j to the data. The subscript j indicates the individual

pulses. A more detailed description of this data acquisition procedure can be found in
References 161 and 162.



3 Vibrational dynamics of

hydrogen-bonded HCl-diethyl ether

complexes

We studied the relaxation of the H–Cl stretch vibration of hydrogen-bonded
HCl-diethyl ether [ HCl–(CH3CH2)2O ] complexes at room temperature us-
ing femtosecond mid-infrared pump-probe spectroscopy. The lifetime of the
H–Cl stretch vibration is determined to be 0 � 9 � 0 � 2 ps. The relaxation is
found to occur via an intermediate state which causes a transient blue shift of
the H–Cl stretch frequency. This blue shift indicates that the low-frequency
(CH3CH2)2O �����H–Cl hydrogen bond is the main accepting mode of the vi-
brational energy. The excited population of this hydrogen-bond mode decays
with a time constant of 3 � 1 � 0 � 5 ps to the ground state.

3.1 Introduction

Hydrogen bonding is an important interaction, commonly appearing in nature, which
determines the properties of a vast number of molecular systems ranging from water
to complicated biomolecules. It is a relatively unspecific and weak interaction compared
to covalent or ionic bonds with bond enthalpies between 12 and 40 kJ/mol (1000-
3350 cm

� 1).125 � 146 � 189 � 194 The hydrogen bond between an acid HA and a base B often has
a very strong influence on the dynamics of an acid-base reaction:

A–H ���"� B w A
� �"��� H–B + �

However, the microscopic mechanism behind this influence is poorly understood.
Extensive theoretical work has been done on the effect of solvation on the rate and

mechanism of proton transfer in simple acid-base complexes for which the reaction coor-
dinate is the position of the proton in the A ���"� H ���"� B complex.3 � 4 � 36 � 195 It was found that
the potential energy as a function of this proton coordinate forms a double-well potential
of which the precise shape is largely determined by the interactions with the surrounding
molecules. It was also shown that the precise microscopic mechanism for the proton trans-
fer strongly depends on the height of the potential-energy barrier that separates the two
wells.36

For weakly hydrogen-bonded complexes of the molecules HA and B, the potential-
energy barrier is high and the proton transfer results from a quantum-tunnelling process
through this barrier. For strongly hydrogen-bonded complexes such as hydrogen chloride
(HCl) and hydrogen fluoride (HF) in water,3 � 4 the proton transfer from A to B proceeds
via an adiabatic following by the proton of the solvent, with the proton remaining in
its vibrational ground state. In the course of this reaction, the double-well potential for
the proton strongly changes, which in turn causes a change of the energies of the proton

25
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vibrational states. An interesting consequence of this mechanism is that the energy barrier
for proton transfer can be much smaller for the first excited vibrational state, v � 1, than
for the vibrational ground state, v � 0. Therefore, acid-base reactions may be induced by
absorption of an infrared photon into the A–H stretch vibration in the hydrogen-bonded
reactant complex and subsequent relaxation to the v � 0 state.

There have been a few experimental, time-resolved studies on the vibrational relaxation
of hydrogen-bonded acid-base complexes in the gas phase, like HF-dimethyl ether with a
v � 1 lifetime T1 of 10 ns, after which dissociation of the complex occurs,13 and in the liq-
uid phase, like pyrrole-base and (CH3CH2)3SiOH-base dissolved in carbon tetrachloride
(CCl4) with a T1 between 1 and 70 ps depending on the base.10 � 95 � 96 Here we report on a
femtosecond mid-infrared pump-probe study of the H–Cl stretch vibration of hydrogen-
bonded HCl–diethyl ether [ HCl–(CH3CH2)2O ] complexes at room temperature. A study
on the HF/FHF stretch combination vibration of more strongly hydrogen-bonded hydro-
gen fluoride-pyridine complexes can be found in Chapter 4.

In the seventies and eighties of the previous century the vibrational relaxation of
pure hydrogen chloride has been studied in the gas phase,52 � 53 � 130 � 143 � 196 � 216 in the liquid
phase,54 � 55 � 56 � 129 � 130 and in solid matrices at very low temperatures.206 The time scale on
which relaxation takes place strongly depends on the phase of the system and ranges from
milliseconds to nanoseconds. From a comparison between HCl and DCl in the gas phase
and in the liquid,52 � 56 it was deduced that rotational degrees of freedom play an important
role in the vibrational relaxation. If the HCl molecule forms an acid-base complex with di-
ethyl ether, the vibrational relaxation might be strongly influenced by the hydrogen bond
between the HCl and the diethyl ether molecules. This effect of hydrogen bonding on the
vibrational relaxation of a strong, diatomic acid such as HCl has not been studied yet.

3.2 Experiment

We studied solutions of v 1 mol/l hydrogen chloride dissolved in diethyl ether. The sample
thickness was 200 � m. It is chosen such that the transmittance at 2500 cm

� 1 (4000 nm)
was approximately 10 %. As can be seen in Figure 3.1, the absorption band of the H–Cl
stretch vibration in diethyl ether is very broad and structureless. It is shifted to the red by
approximately 500 cm

� 1, compared to the fundamental v � 0 w 1 frequency of 2886 cm
� 1

in the gas phase.178 This band shift predominantly results from the fact that the hydrogen
chloride forms 1:1 complexes with diethyl ether.171 The band is strongly inhomogeneously
broadened due to the large distribution in hydrogen-bond lengths.

In order to investigate the vibrational dynamics of the H–Cl stretch vibration, one-
colour pump-probe experiments are performed on the the v � 0 w 1 transition at several
frequencies in the absorption band with a wavelength around 4000 nm (2500 cm

� 1) (see
Figure 3.1). The technique of pump-probe spectroscopy is explained in Section 2.2. Because
the relaxation is expected to occur on a sub-picosecond timescale, femtosecond pulses are
required. For this purpose the a setup similar to the one described in � 2.1.2 is used to
generate the mid-infrared pulses.

The set-up consists of a commercial Ti:sapphire laser system (Spectra Physics Tsunami
oscillator with a Quantronix 4800 amplifier) which delivers pulses with a duration of 120 fs
full width at half maximum (fwhm), a wavelength of 800 nm, and an energy of 1 mJ (see
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Figure 3.1. Absorption band of the H–Cl stretch vibration in diethyl ether corrected for the ether
background (solid line). The absorbance A was calculated from the measured transmittance of the
sample (Tsample) and the transmittance of air (Tair) by A �;� ln(Tsample � Tair). The dashed lines indicate
the power spectra of the pulses used in the experiments.

Figure 3.2). The repetition rate of the system is 1 kHz.

Part of the pulse energy (0.3 mJ) is used to pump a commercial three-pass optical
parametric generation and amplification stage (topas, Light Conversion) based on a m -
barium borate (m -BaB2O4 or bbo) crystal. In order to generate pulses with a wavelength
around 4 � m in a difference frequency generation (dfg) process, one needs light with a
wavelength of 1000 nm together with the 800 nm of the Ti:sapphire laser as input. Hence,
the idler wavelength of the topas is tuned to 2000 nm and frequency-doubled to 1000 nm
in a second bbo crystal. Then the 1000 nm light is combined with the remaining part of the
800 nm light (0.7 mJ) in a 5-mm potassium niobate (KNbO3) crystal to produce 4000 nm
(2500 cm

� 1) pulses. In this last conversion step, a non-collinear geometry is used to spatially
separate the 4000 nm beam from the 800 and 1000 nm beams. By tuning the wavelength
of the seed pulse and by changing the phase-match angle of the KNbO3 crystal, the idler
wavelength can be continuously tuned from 3700 to 4250 nm (2350-2700 cm

� 1). This
final pulse has a typical energy of 19 � J, a bandwidth of 60 nm (37 cm

� 1), and a duration
of v 600 fs (fwhm), see Figure 3.3. The pulse duration is determined by measuring the
autocorrelation signal of the pulse via second harmonic generation (shg) in a lithium iodate
(LiIO3) crystal.

The pump-probe set-up is very similar to the one shown in Figure 2.3. The pump and
probe beams are focused into the sample by a calcium fluoride (CaF2) lens (focal length
100 mm). The diameter of the focus is estimated to be 200 � m. The polarisation of the
probe beam is rotated over the magic angle (54.7 : ) with respect to the pump polarisation by
means of a zero-order �Y� 2-plate to exclude reorientational effects of the excited molecules
during the decay, see Section 2.2. The intensity of the transmitted probe pulses and of the
reference pulses are measured by lead-selenide (PbSe) photoconductive cells. The pump
beam is chopped at 500 Hz to block every other pump pulse.
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Figure 3.2. Generation of femtosecond pulses with a wavelength around 4000 nm for one-colour
pump-probe experiments. Legend: bbo, KNbO3: crystals; R800, R1064: dielectric 800 nm, 1064 nm
mirrors; bd: beam dump; opg/opa: three-pass optical parametric generation and amplification stage
based on bbo.
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Figure 3.3. Typical cross correlation trace (a) and spectrum (b) of the laser pulses generated with
the set-up that is described in Section 3.2. The solid lines are Gaussians with a fwhm of (a) 908 fs
[corresponding to a pulse duration of 642 fs (fwhm)] and (b) 29 cm � 1, respectively.

3.3 Results

One-colour pump-probe delay scans were carried out at several frequencies in the H–Cl
stretch absorption band (see Figure 3.1). The results are shown in Figure 3.4. At the blue
side (2567 cm

� 1), the bleaching is observed to change into an induced absorption. This
indicates that the relaxation of the excited H–Cl stretch vibration

a
1 £ takes place via an

intermediate state (
a
0 / £ ) rather than directly back to the ground state

a
0 £ . The population of

this intermediate state causes an induced absorption of the probe pulse at 2567 cm
� 1. From

this intermediate state the molecules decay to the ground state. The relaxation in two steps
is also responsible for the non-single exponential decay observed at 2444 and 2500 cm

� 1.
In order to determine the decay-time constants of the two relaxation processes, we use a
simple model to describe the relaxation.163 The solid lines in Figure 3.4 are calculated with
this model, which is illustrated in Figure 3.5 and described in the next section.
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Figure 3.4. One-colour pump-probe delay scans of HCl:ether at three different wavelengths (see
Figure 3.1). The solid lines are calculated using the model described in Section 3.4. The dashed line
is the contribution of the change in temperature to the total fit.
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Figure 3.5. States and decay scheme used in the model of Section 3.4 to describe the relaxation of the
H–Cl stretch vibration. The cross sections for a radiative transition are indicated by ¨ and ¨C© . The
rate of the 1 ª 0 © relaxation is given by kA and the rate of the 0 ©Yª 0 relaxation is given by kB.
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3.4 Model

The absorption for a transition a w b is proportional to | a « b(na � nb), where | a « b is the
cross section for a radiative transition and na , nb are the occupation numbers of the two
levels. Changes in the population difference na � nb due to excitation by the pump pulse
and subsequent relaxation result in absorption changes, which affect the transmission of
the probe pulse.

The centre frequency of the intermediate 0 / w 1 / transition (see Figure 3.5) differs
from that of the 0 w 1 transition. In our model this effect is described by a change in the
cross section as it is monitored by the probe pulse: A shift of the absorption band towards
the probe frequency results in an increase of | a « b , a shift away from the probe frequency
results in a decrease of | a « b . The absorption � near the frequencies of the 0 / w 1 / and
0 w 1 transitions is given by � 6 | (n0 � n1) ��| / (n0 ¬ � n1 ¬ ) � (3.1)

where | denotes the cross section for the 0 w 1 transition and | / the cross section for the
0 / w 1 / transition at the probe frequency.

Assuming that the thermal population of
a
0 / £ and excitation by the probe beam are

negligible, we take n1 ¬ (t) � 0. Using n0 � N � n1 � n0 ¬ , where N is the total number
of molecules, and subtracting the absorption in absence of the pump beam, � 0 6 | N , we
obtain the following expression for the absorption change �^�� 01 �®� 0 �'� ,�^�� 01(t) 6 |°¯ 2n1(t) �±f 1 � | /| h n0 ¬ (t) ²³� (3.2)

The rate of the 1 w 0 / relaxation is given by kA � 1 � T1 with T1 the vibrational lifetime
of the first excited state

a
1 £ and the rate of the 0 / w 0 relaxation is given by kB (see

Figure 3.5). If we assume a mono-exponential or first-order decay for both subsequent
relaxations, the populations n 1, n0 ¬ and n0 satisfy the following equations

dn1

dt
� � kAn1 � (3.3)

dn0 ¬
dt

� kAn1 � kBn0 ¬ � (3.4)

dn0

dt
� kBn0 ¬ � (3.5)

N � n1 � n0 ¬ � n0 � (3.6)

where, as before, N is the total number of molecules. The solutions are

n1(t) � n1(0)e
� kAt � (3.7)

n0 ¬ (t) � kA

kB � kA

(e
� kAt � e

� kBt )n1(0) � e
� kBtn0 ¬ (0) � (3.8)

n0(t) � N � n1(t) � n0 ¬ (t) � (3.9)

Immediately after excitation, all excited molecules are in the
a
1 £ state and the

a
0 / £ state is

not populated, therefore n0 ¬ (0) � 0. As we are not interested in the absolute value of ^�� 01

we can set n1(0) � 1 and use a scaling factor when fitting the model to our data.
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In order to account for shifting changes in | and | / due to temperature effects we add
a term to Equation (3.2) which is proportional to� t� 	 kBn0 ¬ (t ´ )dt ´µ� (3.10)

In this way each molecule relaxing back to the ground state is assumed to contribute to
a temperature increase. The integral (3.10) represents the total number of molecules that
have decayed to the ground state at time t. In Figure 3.4 the contribution of this function
to the total fit is shown as a dashed line. The unknown quantities kA, kB and the ratio | / �&|
can be derived from our data. Before fitting the model to the data, we have to take into
account that the pump and probe pulses have a finite duration. We therefore convolve the
expressions (3.7) for n1(t) and (3.8) for n0 ¬ (t) with the pump-probe cross-correlation signal¶

(t), which is assumed to have a Gaussian shape:¶
(t) � 1

d � 2 � e
� t2 P 2d 2 � (3.11)

where the constant d is a measure for the width of the signal. � After convolving we get for
the expressions (3.7) and (3.8):

(
¶�·

n1) � 2 � 2� e
� kAte k2

Ad 2 P 2 ¯ 1 � Erf f t

d � 2
� kAd� 2 h ² (3.12)

and

(
¶�·

n0 ¬ ) � 2 � 2� kA

kB � kA ¸ e
� kAte k2

Ad 2 P 2 ¯ 1 � Erf f t

d � 2
� kAd� 2 h ²� e

� kBte k2
Bd 2 P 2 ¯ 1 � Erf f t

d � 2
� kBd� 2 h ²º¹E� (3.13)

respectively. Erf(x ) is the error-function, defined as

Erf(x ) � 2� � � x

0

e
�g» 2

d ��� (3.14)

All data can be fitted well with one set of kA and kB, as can be seen in Figure 3.4. The
increase of the cross-section ratio | / �&| with increasing frequency from approximately 0.6

at 2444 cm
� 1 to 1.3 at 2567 cm

� 1 (see Table 3.1), implies that the 0 / w 1 / transition is
blue-shifted with respect to the 0 w 1 transition as is argued in Section 3.3.

The lifetime of the H–Cl stretch vibration (T1 � 1 � kA) and of the intermediate level
(=1/kB) are 0 � 9 ¼ 0 � 2 ps and 3 � 1 ¼ 0 � 5 ps respectively. Because we did not take into account the
effect of spectral diffusion, the lifetime of the H–Cl stretch vibration could be somewhat
larger in reality than stated above. Due to spectral diffusion the excited molecules drift out
of the spectral window of the probe pulse. The model treats these molecules as decaying
from the first excited state while in reality only their resonance frequency is changing.�

In stead of the constant d , the full width at half maximum (fwhm) is more often used as a measure of the
duration of the cross-correlation signal, as the fwhm is independent of any assumption about the shape. These

two measures are related by fwhm (cross correlate) = 2d ½ 2 ln 2. If the individual pulses are each assumed to have

a Gaussian shape, their pulse durations are given by fwhm (pulse) = 2d ½ ln 2.
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� 1) | / �&|

2444 0 � 63 ¼ 0 � 03

2500 0 � 79 ¼ 0 � 02

2567 1 � 3 ¼ 0 � 1
Table 3.1. Cross-section ratios ¨¾© � ¨ derived from the data using the model described in Section 3.4.

3.5 Discussion

When energy is flowing to a hydrogen bond, this usually results in a blue shift of the
absorption band. This is for example observed in the relaxation of the O–H stretch vibra-
tion of HDO dissolved in D2O, see Reference 163, and of ethanol (CH3CH2OH) clusters
dissolved in carbon tetrachloride (CCl4).92 � 135 � 211 For hydrogen chloride, vibrational energy
transfer to the hydrogen bond stretch coordinate will even be enhanced due to the ab-
sence of other intramolecular vibrational modes. Thus, the blue shift that we observe can
be explained well if the

a
0 / £ state is an H–Cl stretch v � 0 state in combination with a

highly excited or even dissociated hydrogen bond, since the amount of energy absorbed
by the complex is close to the hydrogen-bond dissociation energy of v 2500 cm

� 1, see Ref-
erence 189. A qualitative picture of the energy levels involved is shown in Figure 3.6. The
lifetime of the

a
0 / £ state, 1/kB, is in our model the lifetime of the average excitation level of

the hydrogen bond.

The relaxation of the hydrogen-bond mode with a time constant 1/kB of 3 ps is fast
compared to the relaxation time of 15 ps observed for ethanol dissolved in CCl4, and slow
compared to the relaxation time of 1 ps of liquid water. For ethanol dissolved in CCl4, the
apolar CCl4 environment does not provide efficient accepting modes, and thus the excited
population of the hydrogen-bond mode decays much more slowly. In contrast, in water
there is a three-dimensional network of hydrogen bonds present through which the energy
can be dispersed very quickly over the environment of the initially excited molecule.

In the experiments on ethanol clusters dissolved in CCl4 and on HF-dimethyl ether
complexes in the gas-phase13 the respective excitation of the O–H stretch and the H–F
stretch vibration, is observed to lead to the formation of dissociated species. Hence, in
both cases the energy transfer to the hydrogen-bond mode causes the hydrogen bond to
dissociate. However, if no dissociated species are observed, as is the case in liquid water,77

one cannot conclude that the bulk of the vibrational energy is transferred to other degrees
of freedom. When 1/kB is on the order of or shorter than T1 � 1 � kA, either the reassociation
can be so fast that no significant accumulation of dissociated molecules is observed experi-
mentally, or the excited population of the hydrogen-bond mode already decays before the
bond breaks.

A study on pyrrole-base (C4H5N-base) complexes96 has shown that the vibrational
lifetime T1 of the N–H stretch vibration decreases from 50 to 1 ps with increasing basicity
of the bases used. The simultaneous increase of the redshift of the stretch vibration indicates
that the hydrogen-bond becomes stronger with increasing basicity.186 Apparently, stronger
hydrogen bonding leads to faster relaxation of the stretch vibration. After relaxation of the
N–H stretch vibration no significant dissociation is observed. However, the reassociation
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of acid-base complexes, for which we observe a time constant of 3 ps, is on the order of
or even faster than the lifetime of the excited N–H stretch vibration, as is measured by
Grubbs et al.96 Thus, even if most of the energy flows to the hydrogen-bond mode, this
is not expected to result in the observation of dissociated species. Only if kB Á kA the
dissociated species will accumulate sufficiently to be observed experimentally. Therefore,
the fact that in the experiments of Reference 96 no dissociated species are observed does
not exclude the possibility that the hydrogen bond accepts most of the vibrational energy.
Hence, the conclusion of the authors that the hydrogen bond accepts only a minor part of
the energy is not sufficiently substantiated.

In the present one-colour experiments on HCl-diethyl ether complexes, only a tran-
sient blue shift is observed. Hence, we cannot conclude whether real dissociation of the
hydrogen-bonded HCl-diethyl ether complexes occurs or the excited population of the
hydrogen-bond mode decays before that can happen. Two-colour experiments and tran-
sient spectra may give further insight.

Recently, it was observed that electronic excitation of a dye-solvent complex can also
lead to a blue shift of the vibrational frequencies.57 � 58 As in the present case, this blue shift
results from a weakening of the hydrogen bond. However, in this case the weakening is
not the result of an energy transfer to the hydrogen bond, but results from the change of
the electronic structure of the excited dye-solvent complex. This change of the electronic
structure affects the hydrogen-bond strength in two ways. In the first place, the electronic
reorganisation within the dye molecule directly weakens the hydrogen bond. Second, the
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dipole moment of the dye molecule strongly changes upon excitation, which is followed
by a reorganisation of the solvent shell of the complex. This reorganisation of the solvent
leads to a further weakening of the hydrogen bond. These effects do not play a role in the
present case, because the change of the dipole moment upon excitation of the H-Cl stretch
vibration is negligible.

Finally, we found that no acid-base reaction was induced between HCl and diethyl
ether [(CH3CH2)2O ] by exciting the H–Cl stretch vibration. If a reaction was induced,
we would expect to observe a redshift instead of a blue shift, because the transfer of the
proton would lead to the formation of a vibration with a lower frequency than the H–Cl
stretch vibration.3 � 4 � 195

3.6 Conclusions

We performed one-colour femtosecond mid-infrared pump-probe experiments to study the
relaxation of the H–Cl stretch vibration of hydrogen-bonded HCl-diethyl ether complexes.
The relaxation is found to occur in two steps. The first step is identified with the transfer
of vibrational energy to the hydrogen-bond mode with a time constant T1 of 0 � 9 ¼ 0 � 2 ps,
which causes the absorption of the H–Cl stretch vibration to shift to the blue. The second
step is the relaxation of the excited hydrogen bond with a time constant of 3 � 1 ¼ 0 � 5 ps.
Furthermore, we found that excitation of the H–Cl stretch vibration does not lead to
proton transfer from the strong acid HCl to the base (CH3CH2)2O because the energy is
rapidly transferred to the hydrogen-bond mode.



4 Ultrafast pump-probe spectroscopy of

strongly hydrogen-bonded hydrogen

fluoride-pyridine complexes

We present a study on the vibrational dynamics of the HF/FHF stretch com-
bination vibration of HF-pyridine complexes in diluted pyridine solution. The
relaxation of the excited vibration was observed to occur in two steps. In the first
step, energy is transferred from the excited combination vibration to the hydro-
gen bond F–H ����� F modes with a time constant of 0 � 51 � 0 � 09 ps. In a second
relaxation process these hydrogen bond modes decay with a time constant of
2 � 6 � 0 � 3 ps.

4.1 Introduction

The diatomic acid hydrogen fluoride (HF) forms a model acid for studying acid-base re-
actions and a number of experimental studies on hydrogen-bonded complexes of HF with
bases and other molecules were reported, see References 6, 7, 81, 105, 136, and 150. In these
studies, a strong relation between the H–F stretch frequency and the proton affinity of
the base was observed.6 With increasing proton affinity of the “hydrogen acceptor”, i.e.
increasing base strength, the H–F stretch frequency decreases, because the hydrogen bond
between the proton and the base becomes stronger, thereby weakening the H–F bond. The
same behaviour is also seen in Chapter 3 for the H–Cl stretch frequency and is also observed
for the O–H stretch frequency in hydrogen-bonded O—H �"��� O systems. For example, the
O–H stretch frequency of HDO shifts from its gas-phase value of 3700 cm

� 1 to 3400 cm
� 1

in the liquid.163 � 191

In hydrogen-bonded complexes of HF with amines, the red shift of the H–F stretch
frequency is exceptionally large:81 � 150 it is shifted to around 1800 cm

� 1 from its value of
3962 cm

� 1 in the gas-phase178 or around 3400 cm
� 1 in liquid HF.62 This large red shift

indicates that hydrogen-bonding between the acid HF and the amine base is very strong.
Compare, for example, with the blue shift from 2886 cm

� 1 to around 2500 cm
� 1 for the

H–Cl stretch frequency in the more weakly hydrogen-bonded complexes in the previous
chapter. A striking example of these HF-amine complexes are the ones formed by HF
with the weak organic base pyridine. Pyridine forms remarkably stable solutions with HF
up to a temperature of 55 : C, which is much higher than the boiling point of 19.6 : C of
pure HF. The solution contains about 9 equivalents of HF to one equivalent of pyridine
(70% (w/w) HF / 30% (w/w) pyridine). The high stability of this HF-pyridine solution at
such high concentrations above the boiling point of HF can be attributed to the existence
of large hydrogen-bonded networks, see References 166 and 167. 19F and 1H-nmr studies
indicate the presence of a poly(hydrogen fluoride) species, in which each fluorine atom
is surrounded by four hydrogen atoms. In liquid HF, “strands” of up to eight molecules

35
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were shown to exist by neutron diffraction and infrared and Raman spectroscopy.61 � 62 � 176

Apparently, the small amount of the base pyridine and its interaction with the acid HF is
vital in forming a stronger and larger network of hydrogen bonds than the one that exists
in liquid HF. �

In order to understand the very important interaction of hydrogen bonding, it should
be studied in all its forms. Systems involving relatively weak hydrogen bonds have already
been studied with time-resolved techniques, see e.g. Chapter 3 and References 82, 163,
and 211. Exceptionally strong hydrogen bonds, like the ones found in the HF-pyridine
complexes, have not yet been studied in detail with these techniques. Time-resolved ex-
periments on the vibrational dynamics of these complexes can give direct insight into the
nature of strong hydrogen bonds and into the mutual coupling of hydrogen-bond modes,
as has already been shown in studies on hydrogen-bonded O—H �"��� O systems.163 � 211 Here
we present the results of a femtosecond mid-infrared pump-probe study on an HF-pyridine
solution.

4.2 Experiment

The experimental set-up used in these experiments is a two-colour pump-probe set-up
which employs two independently tunable femtosecond mid-infrared pulses and which is
similar in design to the experimental set-up described in � 2.1.2 and Section 3.2. An expla-
nation of pump-probe spectroscopy can be found in Section 2.2.

The mid-infrared pulses are generated using a commercial Ti:sapphire regenerative /�
The 70%/30% solution of HF with pyridine is also known as “Olah’s reagent” and was proposed as a conve-

nient fluorinating agent.166 Â 167 The poly(hydrogen fluoride) is reported to exist in equilibrium with small amounts
of free HF, which renders it a convenient, less volatile source of HF. This solution has since then been reported
as a very useful fluorinating agent in many areas of organic chemistry see e.g. References 43, 65, 98, 109, 160, 177,
and 214.
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Figure 4.2. Typical spectra of the pulses generated with the set-up that is described in Section 4.2.
(a) Spectrum of a pulse used as a probe pulse in the two-colour pump-probe experiments. The solid
line is a Gaussian with a fwhm of 26 cm � 1. (b) Three spectra of pulses used as probe pulses. The
solid lines are Gaussians with a fwhm of 31 cm � 1 (spectrum centred at 2300 cm � 1), 56 cm � 1 spectrum
centred at 2500 cm � 1), and 108 cm � 1 (spectrum centred at 2700 cm � 1), respectively.
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Figure 4.3. Cross correlation trace of the pump and probe pulses with frequencies of 2500 cm � 1. The
solid line is a Gaussian with a fwhm of 783 fs, corresponding to pulse durations of 554 fs.

multi-pass amplifier (Spectra Physics Tsunami oscillator with a Quantronix titan ampli-
fier) which delivers pulses with a duration of 100 fs and an energy of 3 mJ at a wavelength
of 805 nm and a repetition rate of 1 kHz. To generate the mid-infrared pump pulses, part
of this 805 nm laser light (0.9 mJ) is used to pump a commercial five-pass optical para-
metric generation and amplification stage (topas, Light Conversion) based on bbo, which
is tunable between 1100 and 2600 nm, see Figure 4.1. For the experiments described in
this chapter, the signal and idler pulses are tuned to approximately 1330 nm and 2000 nm,
respectively. The idler pulses are subsequently frequency-doubled to 1000 nm using an
additional bbo crystal. The 1000 nm pulses are used as a seed in a second parametric
amplification process, where they are combined with 1.4 mJ of 805 nm light in a 5 mm
potassium niobate (KNbO3) crystal to produce pulses with a wavelength around 4000 nm
(2500 cm

� 1). By tuning the seed pulses of this last opa process, the generated mid-infrared
pulses can be tuned between 3.7 � m and 4.4 � m (2700–2250 cm

� 1), with a typical energy
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of 20 � J per pulse and a bandwidth of 40 nm (25 cm
� 1) fwhm, see Figure 4.2.

The mid-infrared probe pulses are generated in a similar fashion. A three-pass topas

opg/opa stage based on bbo is pumped with 0.4 mJ of 805 nm pulses; its output of 2000 nm
is also converted to 1000 nm with an additional bbo crystal. For the generation of the mid-
infrared pulses, the 1000 nm pulses are combined with 0.1 mJ of 805 nm laser light in a
lithium niobate (LiNbO3) crystal. Here LiNbO3 is used in stead of KNbO3, because with
the former, the spectral shape and energy of the generated pulses are more stable at lower
energies. Cross-correlation traces of these mid-infrared pump and probe pulses typically
have a fwhm of around 700 fs, corresponding to pulse durations of approximately 500 fs
fwhm, see Figures 4.2 and 4.3.

The pump-probe set-up for the femtosecond two-colour experiments is very similar
to the one for the one colour experiments described in Chapter 3, the main difference
being the independent generation of pump and probe pulses. Again, the polarisation of
the probe pulses is rotated by the magic angle (54.7 : ) with respect to the polarisation of
the pump pulses to exclude reorientational effects of the excited molecules on the induced
transmission changes.

The experiments were performed on a diluted solution of hydrogen fluoride in pyridine
at room temperature in a sample cell with calcium fluoride (CaF2) windows and a sample
length of 0.2 mm. This diluted solution was prepared by adding 0.2 ml of a commercially
available 70% (w/w) HF / 30% (w/w) pyridine solution to 16 ml pyridine. The chemicals
were purchased from Sigma-Aldrich. Based on a density of 1.1 g/ml for the HF-pyridine
solution, the diluted solution had a concentration of 0.04 mol HF/mol pyridine.

4.3 Linear absorption spectrum: results and discussion

The linear absorption spectrum of the 0.04 mol HF/mol pyridine solution is shown in
Figure 4.4. In this figure the spectrum corrected for the pyridine absorptions is also shown.
The band centred at 1850 cm

� 1 is identified with the H–F stretch absorption and the broad
band centred at 2520 cm

� 1 is identified with absorption due to combinations of the H–F
stretch and F–H �"��� F stretch hydrogen bond absorptions.5 � 81 � 104 � 105 � 150

Previous studies on HF-pyridine solutions propose structures with either two46 or
three150 HF molecules per pyridine molecule at lower concentrations. Schematic structures
for the pyridine � (HF)2 and pyridine � (HF)3 complexes are shown in Figure 4.5.

Low-temperature crystal structures of these complexes show that the hydrogen atom
in the N ���"�H �"�"� F bond is distinctly closer to the pyridine nitrogen atom than the flu-
orine atom.31 The complexes can therefore be reformulated as pyridine-H + �HF

�
2 and

pyridine-H + �H2F
�
3 . The hydrogen bond between pyridine-H + and (Hn � 1Fn)

�
(n=2,3)

is still very short and the cationic and anionic parts can be considered to form a nearly
covalently bound complex.

The presence of the HF/FHF stretch combination absorption band in the diluted
pyridine solution is quite surprising: it implies that even at this low concentration, com-
plexes with at least two HF-molecules per pyridine molecule are present. From the present
data one cannot conclude whether two or three HF-molecules are present in the com-
plexes formed. The presence of a strongly absorbing combination mode implies that these
F–H �"�"� F stretch hydrogen bond modes and the H–F stretch modes in the (Hn � 1Fn)

�
an-
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Figure 4.4. Linear absorption spectrum of a 0.04 mol HF/mol pyridine sample with a sample length
of 0.2 mm (dashed line) and corrected for the absorption of pyridine (solid line). The absorbance A
was calculated from the measured transmittance of the sample (Tsample) and the transmittance of air
(Tair) by A �;� ln(Tsample � Tair).

ionic part are strongly coupled. This is in close analogy with hydrogen-bonded O—H ���"� O
systems, where the O–H stretch vibration is also strongly coupled to the O–O hydrogen
bond mode.163

4.4 Femtosecond transient absorption experiments

4.4.1 Results

The pump-probe experiments were carried out at different pump and probe frequencies
within and around the combination absorption band centred at 2520 cm

� 1. Results of
pump-probe measurements at different probe frequencies with a pump frequency tuned to
2500 cm

� 1 are shown in Figure 4.6. At the blue side of the absorption band, at a probe
frequency of 2700 cm

� 1, the bleaching signal quickly decays and changes into an induced
absorption, which decays on a longer timescale. At the centre and the red side of the ab-
sorption band, only a bleaching signal is observed, which decays more slowly at lower
probe frequencies. These observations suggest that the mechanism of vibrational relaxation
involves at least two steps, in which the population of some intermediate state causes a
transient blue shift of the absorption band. At longer delay times, there is a constant in-
creased transmittance at the red side and the centre of the absorption band and a decreased
transmittance at the blue side. This implies that after the second step in the relaxation, the
system thermalises. This thermalisation of the deposited energy causes a blue shift of the
absorption band.

Results of pump-probe measurements at a probe frequency of 2700 cm
� 1 at differ-

ent pump frequencies are shown in Figure 4.7. Here one observes that the decay of the
bleaching signal at a single probe frequency strongly depends on the frequency at which
excitation occurs. When the pump frequency is tuned to the centre or the red side of the ab-
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Figure 4.5. Schematic structures for the pyridine � (HF)2 and pyridine � (HF)3 complexes.
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Figure 4.6. Pump-probe delay scans of a diluted solution of HF in pyridine at different probe fre-
quencies with a pump frequency tuned to 2500 cm � 1. The solid line is calculated using a model
which is described in u 4.4.2.
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Figure 4.7. Pump-probe delay scans of a diluted solution of HF in pyridine at different pump
frequencies with a probe frequency tuned to 2700 cm � 1. The solid line is calculated using a model
which is described in u 4.4.2.

sorption band, the initial bleaching signal at 2700 cm
� 1 decays into an induced absorption,

which becomes stronger with decreasing excitation frequencies. When the pump frequency
is tuned to the blue side, only a bleaching signal is observed. These observations indicate
that the combination band centred at 2520 cm

� 1 is inhomogeneously broadened and that
spectral diffusion is slow on the timescale of the experiments. Interestingly, the final level of
transmission change depends on the pump frequency, which indicates that even after 25 ps,
the system has not yet lost its memory for the pump frequency at which is was excited.

The measurements shown in Figure 4.6 and Figure 4.7 could include a contribution
due to coherent effects. However, these effects appear to be negligible and we have not
included them in our model that is described in � 4.4.2.
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Figure 4.8. States and decay scheme used to describe the relaxation of vibration. The frequency
dependent cross sections for a radiative transition are indicated by ¨ ( J ) and ¨N© ( J ). The rate of the
1 ª 0 © relaxation is given by kA and the rate of the 0 ©Yª 0 relaxation is given by kB.

4.4.2 Model

In order to determine the decay-time constants of the two relaxation processes, we use a
simple kinetic model which is described in detail in Section 3.4 and elsewhere.39 � 82 In this
model, the relaxation of the excited vibration

a
1 £ occurs via an intermediate state

a
0 / £ , rather

than directly back to the ground state
a
0 £ . The rate of relaxation from the first excited statea

1 £ to the intermediate state
a
0 / £ is given by kA and the relaxation rate of the second step

in the relaxation
a
0 / £Ïw a

0 £ is given by kB. The cross section of the 0 w 1 transition is
denoted by | ( � ) and the cross section of the 0 / w 1 / transition by | / ( � ). A dependence of
the cross section ratio | / ( � ) �&| ( � ) on the probe frequency indicates a shift of the 0 / w 1 /
absorption spectrum relative to the 0 w 1 absorption spectrum. For example, an increase
of the ratio | / ( � ) �&| ( � ) with increasing frequency, indicates that a blue shift has occurred
of the 0 / w 1 / absorption spectrum relative to the 0 w 1 absorption spectrum. The solid
lines in Figures 4.6 and 4.7 are calculated with this model, which is illustrated in Figure 4.8.

Using this model, the measurements at all pump and probe frequencies could be de-
scribed with one set of kA and kB. The cross section ratios | / ( � ) �&| ( � ) at the different
pump and probe frequencies are shown in Table 4.1. The best fit of the model to the data
was obtained by simultaneously fitting the values for | / ( � ) �&| ( � ) for different pump and
probe frequencies and one single set of values for kA and kB, equal for all sets. The life-
time of the excited HF/FHF stretch combination vibration in the HF-pyridine complex
(T1 � 1 � kA) was determined to be 0 � 51 ¼ 0 � 09 ps. The lifetime of the intermediate statea
0 / £ ( � 1 � kB) was determined to be 2 � 6 ¼ 0 � 3 ps.

4.4.3 Discussion

The increase in the ratio | / ( � ) �&| ( � ) when tuning the probe frequency from the red side
to the blue side of the absorption band shows that population of the intermediate state
leads to a transient blue shift of the HF/FHF stretch combination frequency. This blue
shift indicates that the first step in the relaxation of the excited combination vibration
involves transfer of energy to the F �"�"�H �"�"� F hydrogen bond mode, thereby causing a shift
of the H–F stretch frequency towards its frequency in the gas phase. In a second step, this
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Table 4.1. Cross section ratios ¨¾© ( J ) � ¨ ( J ) derived from the data using the model described in u 4.4.2._ pump [cm
� 1 ]_ probe[cm

� 1 ] 2425 2500 2650

2250 0 � 06 ¼ 0 � 03 – –
2300 – 0 � 22 ¼ 0 � 03 –
2400 – 0 � 26 ¼ 0 � 02 0 � 04 ¼ 0 � 07

2425 0 � 51 ¼ 0 � 02 0 � 34 ¼ 0 � 02 –
2500 0 � 39 ¼ 0 � 02 0 � 47 ¼ 0 � 01 0 � 34 ¼ 0 � 02

2565 – 0 � 53 ¼ 0 � 01 –
2600 0 � 60 ¼ 0 � 02 – –
2700 2 � 17 ¼ 0 � 02 1 � 57 ¼ 0 � 01 0 � 93 ¼ 0 � 02

relaxation is followed by equilibration of energy to all other degrees of freedom.
Transient blue shifts have been observed before, in the relaxation of the H–Cl stretch

vibration in hydrogen-bonded HCl-diethyl ether complexes,82 discussed in the previous
chapter, and in the relaxation of the O–H stretch vibration of of HDO dissolved in
D2O, see Reference 163. In a study on the relaxation of the O–H stretch vibration of
ethanol clusters in carbon tetrachloride (CCl4), energy transfer to the hydrogen bond even
causes the hydrogen bond to predissociate, leading to the transient observation of cluster
fragments.92 � 135 � 211 Breaking and subsequent reassociation of the (Hn � 1Fn)

�
moieties instead

of the proposed transient weakening of the hydrogen bonds does probably not occur, as this
is likely to cause a much larger transient blue shift than we observed.

The observation that the level of transmission change at longer delay at a probe fre-
quency of 2700 cm

� 1 depends on the pump frequency, indicates that after the second
relaxation process, the energy is still located in the vicinity of the complex that was orig-
inally excited. Additionally, it indicates that there is a long-living inhomogeneity in the
system. This inhomogeneity can be caused by the presence of a distribution of different
HF-pyridine complexes, e.g. with two or three HF molecules per complex, or a uniform
solute composition but very slow solvent dynamics of pyridine solvent molecules.

4.5 Conclusions

We studied the vibrational dynamics of the HF/FHF stretch combination absorption band
of HF-pyridine complexes in diluted pyridine solution. The relaxation of the excited vi-
bration was observed to occur in two steps. In the first step, energy is transferred from the
excited combination vibration to the F–H �"�"� F hydrogen bond modes with a time constant
of 0 � 51 ¼ 0 � 09 ps, causing a transient blue-shift of the combination absorption frequency.
In a second step, with a time constant of 2 � 6 ¼ 0 � 3 ps, energy is transferred from the F–F
hydrogen bond modes to lower-frequency modes, leading to a local thermalisation of the
energy.





5 Observation of a bottleneck in the

vibrational relaxation of liquid

bromoform

We present a study on the vibrational dynamics of the C–H stretch vibration of
bromoform (CHBr3) in the pure liquid using picosecond mid-infrared pump-
probe spectroscopy. Delay scans and transient spectra confirmed earlier results
that relaxation occurs via an intermediate level, which causes a transient redshift
of the C–H stretch frequency. We determined this redshift to be 17 cm � 1 and
identified the intermediate level with the singly excited C–H bend mode. We
observed that relaxation from the intermediate level is exceptionally slow and
non-exponential. These observations suggest the presence of a “bottleneck” in
the relaxation. The occupation of a long-living “bottleneck” level may also be
responsible for the observation of a long-living absorption around 3022 cm � 1.

5.1 Introduction

In the past decades there have been many time-resolved studies on the vibrational dy-
namics of small molecules in the electronic ground state. These studies generally use in-
tense infrared laser pulses to excite a molecular vibration and use either anti-Stokes Raman
scattering137 or induced infrared transmission changes54 to monitor the decay of the excita-
tion. In many time-resolved studies, the excitation of a high-frequency molecular vibration
is observed to relax via two consecutive steps, see References 8, 15, 17, 18, 19, 85, 86, 87,

89, 90, 91, 93, 107, 111, 163, 202, 211, and 215. In a first step, energy is transferred from the
excited vibration to a few selected other vibrational modes in the molecule. The excitation
of these accepting modes often causes a shift of the absorption band of the vibration that
was originally excited, because of anharmonic coupling. In a second step, the energy is
equilibrated over all degrees of freedom, implying that the energy is redistributed over all
other modes of the molecule, the modes of nearby molecules and intermolecular degrees of
freedom.

The exact nature of the intermediate state is usually not well known, although likely
candidates are often suggested in the form of (combinations of ) low-frequency vibrations.
There are only a few studies in which the intermediate state could be identified. For in-
stance, in a recent study on the vibrational dynamics of liquid chloroform (CHCl3),

93 it
was found that the relaxation of the C–H stretch mode leads to a transient population of
the C–H bend and C–Cl stretch modes.

Earlier studies on the vibrational dynamics of bromoform (CHBr3), see References 15,

17, 85, 86, 87, and 90, also indicated the presence of an intermediate state in the relaxation
of the C–H stretch mode. In these studies, a bi-exponential decay and a transient redshift
of the C–H stretch absorption band were observed. However, the exact nature of the inter-

45
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Figure 5.1. Schematic representation of one branch of the set-up used to generate picosecond pulses
with a wavelength around 3 ] m.

mediate state has remained unknown: One or more of the other vibrations of the CHBr3

molecule are assumed to cause the redshift. Whether one mode or a combination of modes
are excited with one or more vibrational quanta has not yet been determined. It is also
unclear whether relaxation from the intermediate state involves one or more vibrational
quanta.

Here we present a detailed investigation of the vibrational dynamics of CHBr3 using
two-colour mid-infrared pump-probe spectroscopy. We find strong evidence that the re-
laxation of the intermediate state does not lead to a full thermalisation, but encounters a
vibrational “bottleneck”.

5.2 Experiment

The experimental set-up to generate intense, tunable mid-infrared pulses is depicted
schematically in Figure 5.1. The pump pulses for the parametric down-conversion process
are provided by an actively and passively mode-locked Nd:YAG laser (Quantel yg502c).
This laser delivers pulses of 34 ps (fwhm) with a wavelength of 1064.1 nm,133 an energy up
to 60 mJ and a repetition rate of 10 Hz. An autocorrelation trace of these pulses can be
found in Section 7.2. These pulses are used to pump two identical opg/opa stages, based
on three 5 cm long lithium niobate (LiNbO3) crystals each (optical axis cut at 47 � 1 : ). In
each branch, the first crystal is pumped with 5 mJ 1064.1 nm pulses. The parametrically
generated signal and idler pulses are amplified in the second crystal with the remaining
part of the pump energy. After the second crystal the idler and pump are reflected out of
the beam. The signal pulses ( v 18 � J), are used as a seed in a second opa process in the third
crystal, where they are combined collinearly with 8 mJ of 1064.1 nm light. After the third
crystal, the signal and pump pulses are reflected out of the beam, yielding idler pulses conti-
nously tunable from approximately 2.1–4.1 � m ( v 4580–2030 cm

� 1) and a typical energy of
250 � J. From a cross-correlation trace of idler pulses from each branch, generated through
sum-frequency generation in a 5 mm lithium iodate (LiIO3) crystal, the pulse duration was
determined to be 21 ps, see Figure 5.2. Typical spectra of signal and idler pulses generated
in this set-up can be found in Section 7.2.

The pump-probe set-up for picosecond two-colour experiments is shown in Figure 5.3.
The idler beam of one opg/opa branch is used as a pump, the other is used as a probe. A
low intensity probe pulse is split off the relatively intense beam by a broadband infrared
beam splitter which reflects about 15 %. The transmitted high intensity part (85 %) of the
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Figure 5.2. Cross-correlation trace of the idler pulses with a frequency of 3316 cm � 1. The solid line is
a Gaussian with a fwhm of 29.9 ps, corresponding to a pulse duration of 21.1 ps (fwhm).
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Figure 5.3. Two-colour pump-probe set-up used in the experiments described in this chapter. Legend:
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48 Bottleneck in the vibrational relaxation of liquid bromoform 5.3

pulse is used as a reference beam. The pump and probe pulses are focused into the sample
by a calcium fluoride (CaF2) lens (focal length 100 mm) with an estimated diameter of the
focus of approximately 300 � m. The probe pulses can be delayed with respect to the pump
pulses by means of a variable delay (a gold-coated retro-reflector on a translation stage).

This set-up differs from the general description of a pump-probe set-up given in Sec-
tion 2.2: The reference beam is slightly focused into the sample by a second CaF2 lens and
the intensity is measured by a reference detector to take into account not only the pulse-to-
pulse intensity fluctuations, but also the spectral fluctuations of the probe pulses. Because
the probe pulses in this picosecond set-up are far from bandwidth-limited, spectral fluctu-
ations can be large. When the absorption band is relatively narrow, as is the case with the
C–H stretch absorption of CHBr3, or when the edge of the band is probed, these spectral
fluctuations can have a large influence on the transmission. By sending the reference beam
through the sample as well, the effect of the spectral fluctuations can be taken into account.
The intensity of the transmitted probe pulses and of the reference pulses are measured by
lead selenide (PbSe) photoconductive cells. The pump beam is chopped at 5 Hz to block
every other pump pulse to monitor both the intensities of the probe pulse with and with-
out the presence of a pump pulse. This set-up can be used for (quasi) one- or two-colour
delay scans or to record transient spectra at a fixed delay between the pump and the probe
pulses. The experiments are performed on pure CHBr3, using a sample length of 50 � m.

5.3 Results and discussion

In all experiments the frequency of the pump pulses was tuned to the C–H stretch fre-
quency of pure CHBr3 at 3022 cm

� 1. We measured transient spectra of pure CHBr3 at var-
ious delay times. Three spectra at (relatively) short delay times are shown in Figure 5.4 and
four spectra at longer delay times are shown in Figure 5.5. As can be seen in Figure 5.4, an
induced absorption starts to appear around 2890 cm

� 1 during excitation. With increasing
delay this absorption decreases, while another induced absorption, centred at 3005 cm

� 1,
increases. We identify the absorption around 2890 cm

� 1 with the v � 1 w v � 2 transition
of the C–H stretch vibration, which is at its maximum right after excitation and decays
with a decay time constant of about 43 ps. The 1 w 2 transition of the C–H stretch vi-
bration is red-shifted from the 0 w 1 transition, due to the anharmonicity of the C–H
stretch mode. At 133 ps, the 1 w 2 absorption has almost completely disappeared, as has
the bleaching signal at the position of the 0 w 1 transition. The maximum of the bleaching
signal appears to shift to the blue, but this is because at 17 ps, there is almost no absorption
around 3005 cm

� 1, whereas at 40 ps, the absorption at 3005 cm
� 1 is strong and competes

with the red side of the bleaching. The absorption centred at 3005 cm
� 1 is attributed to the

absorption by molecules in an intermediate state
a
0 / £ , which is populated when relaxation

from the v � 1 state occurs. This
a
0 / £ state will most likely be a state in which one of

the other vibrational modes is excited, thereby inducing an anharmonic shift of the C–H
stretch frequency. Apparently the cross section of the C–H stretch vibration increases when
relaxation to the intermediate state

a
0 / £ occurs. From Figure 5.5 it is clear that the relaxation

from the
a
0 / £ state is very slow. At longer delay times the absorption starting from the

a
0 / £

state starts to disappear, while another induced absorption simultaneously appears around
3022 cm

� 1. This implies that the energy transfer to low-frequency modes of CHBr3 leads
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Figure 5.4. Transient spectra at short delay times. Pump frequency tuned to 3022 cm � 1. The solid
lines are guides to the eye and are fitted to the data, assuming asymmetric Lorentzians for the different
line shapes.

to an increased cross section of the C–H stretch vibration and to a negligible anharmonic
shift.

From these transient spectra we can determine the anharmonic redshift of the fre-
quency of the absorption starting from the

a
0 / £ state, being 17 cm

� 1 with respect to the
C–H stretch frequency. The transient spectra at large delays also give insight in the charac-
ter of the

a
0 / £ state. We note that the spectra in Figure 5.5 have an “isosbestic” point around

3019 cm
� 1: at this frequency the induced absorption hardly changes when the second re-

laxation process takes place, which implies that the absorption of the
a
0 / £ does not show a

gradual shift during this relaxation. This suggests that the relaxation of the mode responsi-
ble for the anharmonic shift only involves one single quantum of vibrational energy. If the
intermediate state

a
0 / £ had been a highly excited vibrational state, a stepwise, more gradual

decay of the redshift would have been expected. The C–H bend vibration is a very likely
candidate, since a strong coupling is known to exist between the C–H stretch vibration and
the first overtone of the C–H bend vibration, see References 63, 72, 79, 80, 94, 127, 137,
and 179. Furthermore, in a recent study on the vibrational relaxation of liquid CHCl3 by
incoherent anti-Stokes Raman scattering, one relaxing C–H stretch quantum was found
to produce one C–H bend quantum.93 For the present data it can be concluded that the
same relaxation mechanism applies to liquid bromoform. Another indication that the

a
0 / £

state involves the C–H bend mode is given by estimates for the anharmonic redshifts of the_ i wÔ_ 1 �Õ_ i transition, where _ 1 indicates one vibrational quantum in the C–H stretch
mode and _ i one of the other modes of the CHBr3 molecule. These redshifts were reported
to be:78 � 85 25 cm

� 1 for _ 4 (C–H bend), 4 cm
� 1 for _ 2 (C–Br3 s-stretch), 3 cm

� 1 for _ 5

(C–Br3 d-stretch) and about 1 cm
� 1 for _ 3 (C–Br3 s-deform) or _ 6 (C–Br3 d-deform). As
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Figure 5.5. Transient spectra at long delay times. Pump frequency tuned to 3022 cm � 1. The solid lines
are guides to the eye and are fitted to the data, assuming asymmetric Lorentzians for the different line
shapes.

we concluded that the second relaxation involves one single vibrational quantum, the only
candidate for the mode which causes the observed anharmonic shift is the _ 4, because for
the other modes to produce the observed redshift, would require several quanta of these
modes. It would still be possible for the other modes to be populated, but since the an-
harmonic shifts they cause are only a few cm

� 1, they will not have an observable effect
in our experiments. It is thus concluded that the relaxation of the induced absorption at
3005 cm

� 1 represents the relaxation of the C–H bend mode.

The observation of a two-step relaxation process agrees with the observations in ear-
lier one-colour experiments on the pure liquid.15 In order to determine the decay-time
constants accurately, we also performed pump-probe delay scans, measured at four probe
frequencies, as shown in Figure 5.6. With the pump frequency tuned to 3022 cm

� 1, the
probe frequency was tuned to 3023 cm

� 1 to perform a quasi one-colour experiment and to
the red (3000 cm

� 1 and 3016 cm
� 1) side of the 0 w 1 transition. Furthermore, the probe

was tuned to the frequency of the 1 w 2 transition (2900 cm
� 1). The solid curves in this

figure are calculated with a kinetic model, which is illustrated in Figure 5.8 and has been
described in detail in Section 3.4 and elsewhere.82 � 163 In this model, the relaxation of the
excited vibration

a
1 £ occurs via an intermediate state

a
0 / £ , rather than directly back to the

ground state
a
0 £ . The rate of relaxation from the first excited state

a
1 £ to the intermedi-

ate state
a
0 / £ is given by kA and the relaxation rate of the second step in the relaxationa

0 / £Úw a
0 £ is given by kB. The cross section of the 0 w 1 transition is denoted by | and

the cross section of the 0 / w 1 / transition by | / . As discussed above, the centre frequency
of the 0 / w 1 / transition is redshifted by 17 cm

� 1 with respect to the 0 w 1 transition, due
to the anharmonic coupling between the C–H bend and C–H stretch modes. Therefore,
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Figure 5.6. Two-colour pump-probe delay scans of pure CHBr3. Pump frequency tuned to
3022 cm � 1. The solid lines are calculated using the model described in Section 5.3.
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Figure 5.7. Comparison between a model, assuming an exponential decay (dashed line) and a model
that includes a “bottleneck” (solid line) for the data at a probe frequency of 3000 cm � 1.

the cross section is different for each probe frequency.
If the frequency of the probe pulse is tuned to the 1 w 2 transition, the decay of the

pump-induced absorption change ^�� 12 will only depend on the decay of n 1, since n2 � 0:^�� 12 6 | 12n1(t) �Õ| 12n1(0)e
� kAt (5.1)

and therefore kA can be determined separately from kB and the ratio | / �&| , contrary to, for
example, the experiments described in Chapter 3, because in those one-colour experiments
the frequency of the probe pulses could not be tuned separately from the frequency of the
pump pulses.

From the data with the probe frequency tuned to the 1 w 2 transition we determined
the lifetime T1 � 1 � kA, to be 43 ¼ 1 ps. This value of the decay time for the first relax-
ation process (1 w 0 / ) agrees with the one determined by anti-Stokes Raman scattering:87

40 ¼ 4 ps. Using a value for kA corresponding to T1 = 43 ¼ 1 ps, we tried to fit the data for
the other probe frequencies. Especially at a probe frequency of 3000 cm

� 1, the data could
not be accurately fitted, when we described the second relaxation process by an exponential
decay. As can be clearly seen in Figure 5.7, the decay from the

a
0 / £ state is non-exponential.

The decay from the intermediate level is faster than an exponential decay at first, but then
slows down.

In addition, the relaxation from the
a
0 / £ state is observed to be much slower for the pure

liquid than for dilute solutions of CHBr3. It is also observed that when the solvent fraction
becomes smaller, the relaxation rate from the

a
0 / £ state dramatically decreases.15 � 17 � 90 These

observations strongly suggest that molecules in the
a
0 / £ state decay to another intermediate

state, which acts as a “bottleneck”: relaxation from this bottleneck state
a
b £ is extremely slow

and after some time becomes the so-called rate-limiting step in the relaxation mechanism.
This implies that relaxation from the

a
0 / £ state to the

a
b £ state can initially be exponential,

but after some time population accumulates in the bottleneck state and thus the relaxation
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from the
a
0 / £ state slows down. In view of the absence of an anharmonic shift, the bottle-

neck state is probably some low-energy mode of the CHBr3 molecule, e.g. the C–Br3 s- or
d-stretch modes.

In ultrasonic dispersion measurements on pure CHBr3 a relaxation time constant of
2 ns was observed.200 In a previous study on concentrated solutions of CHBr3 it was ar-
gued that the relaxation time constant for ultrasonic dispersion measurements should be
related to the one found in pump-probe experiments by a Boltzmann factor.85 However,
this argument is not correct116 and the lifetime of 2 ns is indeed the lifetime of a long-living
vibrational mode in pure CHBr3. Interestingly, similar ultrasonic dispersion measurements
on CHCl3 yielded a relaxation time which is nearly 8 times smaller.200 Previous time-
resolved studies on pure CHCl3, see References 15 and 93, also showed that the relaxation
in pure CHCl3 is much faster than in pure CHBr3.

Apparently, energy from this bottleneck level cannot be easily transferred to other (low-
frequency) modes of the same or neighbouring CHBr3 molecules. In solutions, there are
more (solvent) modes available for the energy to be transferred to and therefore the bot-
tleneck level can rapidly decay (and thus no longer forms a bottleneck) or decay via the
bottleneck level will not be the only available decay channel; this will result in a faster
vibrational decay.

We observed a persistent induced absorption around 3022 cm
� 1 at long delay times,

which is even present at a delay of 4.7 ns. In order to investigate whether this absorp-
tion might be caused by heating effects, we have studied the temperature dependence of
the linear absorption spectrum of the same sample. There we have found that with in-
creasing temperature, there is a blue-shift of the central absorption frequency of about
0.05 cm

� 1 K
� 1 and a relative decrease of the absorbance of about 0.007 K

� 1 between room
temperature and 363 K. This decrease of the absorbance includes the volume expansion
effect. A typical value for the relative decrease by pure volume expansion is only 0.001 K

� 1

for organic liquids.12 Hence, even if the volume would not expand at all after relaxation,
an absorption decrease is expected, instead of the observed increase. This forms additional
evidence that the relaxation of the intermediate state does not lead to a full thermalisation,
but rather leads to the occupation of a specific, long-living bottleneck state. For CHBr3

dissolved in carbon tetrachloride (CCl4), we have found a persistent bleaching instead of
an induced absorption, even at a very high concentration of 25 vol%. This same bleaching
is also found in earlier studies on solutions of this concentration.85 Apparently, in solution a
rapid thermalisation occurs because the energy of the intermediate state can be transferred
to modes of the solvent molecules.

Introduction of a bottleneck state in our model requires changes in the rate-equations,
and therefore we replace Equation (3.4) with:

dn0 ¬
dt

� kAn1 � kB(n0 ¬ � cnb) � (5.2)

and we add an equation for population nb of the bottleneck level:

dnb

dt
��� kCnb � kB(n0 ¬ � cnb) � (5.3)

where kC is the relaxation rate from the bottleneck level and c a dimensionless constant.
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Figure 5.8. States and decay scheme used in the model for the relaxation of the C–H stretch of
CHBr3.

With this model (see Figure 5.8) we could describe the data obtained at a probe fre-
quency of 3000 cm

� 1, taking | / �&| ã 1, c � 0 � 55, and values for kB and kC corresponding
to decay times of 1 � kB � 425 ps and 1 � kC � 833 ps, respectively. With these values we could
also describe the data at the probe frequencies of 3016 cm

� 1 and 3023 cm
� 1. We obtained

values for | / �&| of 1.4 and 0.45 at these respective probe frequencies.
In an earlier pump-probe experiment on pure liquid CHBr3,

15 the time constant of the
first relaxation process (1 w 0 / ) was determined to be 28 ¼ 2 ps, which is clearly too short.
This value was determined by one-colour pump-probe experiments, which prohibited the
independent determination of kA, as was possible in the two-colour experiments described
here. The large error in the previous determination of kA is mainly due to the fact that the
relaxation from the

a
0 / £ state was assumed to be exponential, which is clearly not the case,

as we have shown here.

5.4 Conclusions

Relaxation of the excited C–H stretch vibration of CHBr3 in the pure liquid occurs in at
least three consecutive steps. In the first step vibrational energy is transferred with a time
constant of 43 ¼ 1 ps from the v � 1 state of the C–H stretch vibration to an intermediate
state

a
0 / £ . From the transient spectra it is clear that the intermediate state is another molec-

ular vibration of CHBr3 which is singly excited and for which the C–H stretch frequency
is anharmonically redshifted by 17 cm

� 1. This suggests that the intermediate level
a
0 / £ is

formed by the singly excited C–H bend mode.
In the second step, relaxation from this intermediate level occurs. This relaxation from

the
a
0 / £ state is exceptionally slow and non-exponential. This suggests that the interme-

diate state mainly decays to another well-defined state, which slowly decays and acts as a
bottleneck for the relaxation. This bottleneck state is probably some low-energy mode of
the CHBr3 molecule e.g. the C–Br3 s- or d-stretch modes.

In contrast to solutions of CHBr3 and pure CHCl3, an induced absorption remains
around 3022 cm

� 1 after the second relaxation. This absorption persists until at least a delay
of 4.7 ns. The cause of this absorption is thought to be the long-living population of the
bottleneck state, which frustrates thermalisation.



6 Vibrational dynamics of the C–O stretch

vibration in alcohols

We present a study on the vibrational dynamics of the C–O stretch vibration
of methanol and ethanol in carbon tetrachloride (CCl4) solution. The relaxation
of the excited C–O stretch vibration was observed to occur in two steps. In the
first step energy is transferred from the v � 1 state of the C–O stretch vibration
to an intermediate state with a time constant of 3 � 2 � 0 � 2 ps for methanol and
3 � 2 � 0 � 7 ps for ethanol. The intermediate state is most likely formed by the n � 3

or 4 state of the C–O–H bending mode, which is also known as the torsional
mode. In the second step energy is transferred from this intermediate state to
low-energy modes, leading to a full equilibration of the energy. In methanol this
thermalisation occurs with a time constant of 28 � 1 ps. In ethanol the second
step is faster, with a time constant of 12 � 2 ps.

6.1 Introduction

The lifetime of an excited molecular vibration strongly depends on the availability of modes
to which energy can be transferred. These accepting modes can be lower-frequency vibra-
tional modes within the excited molecule, but also low-frequency solvent modes. In the past
decades, there has been a large number of studies on the dynamics of excited C–O stretch
vibrations, see References 22, 23, 26, 35, 50, 51, 102, 106, 110, 111, 112, 113, 117, 118, 119, 122,

147, 170, 173, 201, and 202. Interestingly, a very broad range of lifetimes T1 of the excited
state of the different C–O stretch vibrations is reported, ranging from sub-picosecond to
hundreds of picoseconds.

In studies on carbonyl (–CO) complexes of transition metals in liquid solution, ex-
ceptionally large values for T1 of several hundreds of picoseconds have been found, see
References 22, 110, 111, 113, 201, and 202. Apart from the central atom and other ligands
of these complexes, the relaxation rate was observed to depend strongly on temperature
and solvent. The long vibrational lifetime of the excited vibration can be explained by the
absence of suitable accepting modes in the form of other intramolecular vibrations. The
relaxation mechanism will therefore involve a transfer of energy directly to solvent modes
or to vibrations of solvent molecules, which explains the strong solvent and temperature
dependence of the relaxation rate. This is illustrated by the observation that for rhodium
carbonyl complexes in chloroform (CHCl3), T1 varies between 600 and 750 ps for com-
plexes with different numbers of rhodium atoms and CO-ligands, but for the complex
Rh(CO)2(C5H7O2), T1 is found to be only 90 ps.111 Apparently the more complex organic
ligand acetyl acetonate (C5H7O2) provides more accepting modes than the carbonyl lig-
ands, resulting in a faster relaxation of the excited carbonyl C–O stretch vibration.

Another group of compounds with quite long lifetimes for C–O stretch vibrations is
formed by complexes of carbon monoxide (CO) bound to haemoglobin, myoglobin and

55
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model haem compounds (metalloporphyrin complexes).117 � 118 � 119 � 147 � 170 For these systems, T1

does not significantly depend on temperature118 and solvent119, and is mainly determined by
the structure of the haem group and the central metal atom. For the different compounds,
T1 is found to lie between 10.7 and 44.5 ps. The predominant vibrational relaxation process
was shown to be transfer of energy from CO to vibrations of the haem group by anhar-
monic coupling. As a result, there is hardly any solvent or temperature dependence, as
energy transfer to solvent modes is not the dominant process.

When CO is chemisorbed to platinum or rhodium particles supported on SiO2, the re-
laxation of the excited C–O stretch vibration is faster than that of the CO–haem complexes.
For these systems T1 is observed to be in the range 5–10 ps.26 � 112 When CO is chemisorbed
on metal surfaces the relaxation rate is even higher:23 � 50 � 51 � 106 T1 was found to be 2.2 ps for
CO on a Pt(111) surface23 � 50 and 3 ps for CO on a Cu(100) surface.106 The relaxation mech-
anism is thought to be excitation of electron-hole pairs in the metal through dipole-dipole
coupling, in agreement with the observation that T1 does not depend on temperature or
surface coverage.23

The fastest relaxation of the C–O stretch vibration is observed when the C–O group
is part of an (organic) molecule. Then the mechanism probably involves intramolecular
relaxation, where energy is transferred from the excited vibration to one or more other
vibrations of the molecule by anharmonic coupling. The C–O stretch vibration of acetic
acid in carbon tetrachloride (CCl4) was observed to have a lifetime of 0.7 ps35 and the
amide I vibration in peptides � to have a lifetime around 1.2 ps.102 � 173 The C–O stretch
vibration of a coumarin dye was observed to have a lifetime of 2 ps.122

The relaxation mechanism of the C–O stretch vibration of systems where C–O acts
as a ligand has been extensively studied and is quite well understood. In contrast, very
little is known about the rate and mechanism of vibrational relaxation of excited C–O
stretch vibrations when the C–O group is part of an (organic) molecule. Here we present
a study on the vibrational dynamics of the C–O stretch vibration of methanol and ethanol
in solution.

6.2 Experiment

In the one-colour pump-probe experiments described in this chapter, we made use of the
output of a Free Electron Laser (fel), that emits directly in the mid-infrared. A general
background of pump-probe spectroscopy can be found in Section 2.2. In an fel, a beam of
relativistic electrons (i.e. moving at a velocity close to the velocity of light) passes through a
transverse, periodic magnetic field, created by a periodic structure called the “undulator” to
exchange energy with an electromagnetic radiation field through stimulated emission. Effi-
cient energy transfer requires that the electrons experience nearly resonant forces from the
radiation and undulator fields. This resonance is achieved when the radiation wavelength �
approximately satisfies �ä�O� u � 2 } 2, where � u is the undulator period, }ä� (1 � v2 � c2)

� 1 P 2
the Lorentz factor, c the velocity of light in vacuum, and v the velocity of the electrons.
Two end-mirrors provide feedback for laser oscillation. Using bending magnets, the elec-
tron beam is first injected into the laser cavity and then deflected out of the cavity. The
wavelength of the radiation is continously tunable as it is determined by the energy of the�

The amide I vibration of peptides mainly involves the C–O stretch modes of the amide backbone.
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electron beam and the period of the undulator magnet, which can be varied. Depending on
the design, an fel can emit radiation with wavelengths from centimetres to nanometres.
For a detailed and comprehensive treatment of the subject of fels see e.g. References 59

and 199.

Unfortunately, the pulses from an fel are not always ideally suited for vibrational
pump-probe experiments in condensed phases, despite its apparent positive qualities. As
the time structure of the laser reflects the time structure of the electron beam, the short
light pulses are often not evenly spaced, but bunched in “macropulses”, depending on the
design of the fel. Due to this bunching, the picosecond “micropulses” have a very short
spacing in time and hence, the observation of transient absorption changes can often be
hampered by artifacts due to heating, as a significant amount of energy is absorbed by the
sample over the duration of the macropulse. Another disadvantage is that only one-colour
experiments are possible when using an fel as a source. It seems that these problems can
be avoided by using a laser system, similar to the one described in � 2.1.2, using dfg in
crystals like silver gallium disulfide (AgGaS2), silver gallium diselenide (AgGaSe2), and gal-
lium selenide (GaSe), which can produce femtosecond pulses in the wavelength range of
4–18 � m.180

The experiments described in this chapter were carried out at the free electron laser
felix in The Netherlands, which has been described in detail elsewhere.165 In short, this
source for short infrared pulses is tunable from 5 � m to 110 � m (2000 cm

� 1 to 90 cm
� 1)

and delivers macropulses of 5–10 � s in duration, which consist of a train of micropulses.
In our experiments, the micropulses were spaced by 40 ns, with a typical energy of 10 � J.
The micropulses had a typical length of 1.2 ps (fwhm). At a wavelength of 9.64 � m the
micropulses had a bandwidth of 0.10 � m (=11 cm

� 1) (fwhm), which means that the pulses
are close to being transform-limited. The macropulses had a repetition rate of 10 Hz.

The pump-probe set-up used in our experiments is similar to the general set-up de-
scribed in Section 2.2. The differences are discussed here. Before passing through the sam-
ple, the probe pulses are split in two parts of which one is delayed by an extra 20 ns. This
part subsequently passes through the sample at a time when the sample is not affected by a
pump pulse, contrary to the “undelayed” part of the probe. Since the bias of the mercury-
cadmium-telluride (mct) detector is actively reversed between the detection of the two
probe pulses, the signal measured is T � T0. This allows for a significant improvement
of the signal-to-noise ratio, as in this way heating effects on the measured transmission
changes are reduced, because both pulses are affected in the same way by heating. Separate
measurement of T0 allows the calculation of the relative transmission change T � T0. The
polarisation of the probe pulses was rotated 90 : , with respect to the polarisation of the
pump pulses, in order to eliminate coherent artefacts due to thermal gratings. The reflec-
tion of a zinc selenide (ZnSe) plate, placed in the probe beam, is used as a reference to
correct for the macropulse to macropulse intensity fluctuations of the fel. The beams are
focused into the sample with two separate barium fluoride (BaF2) lenses.

The experiments were performed on a 0.14 M solution of methanol in CCl4 in a tem-
perature controlled sample cell with BaF2 windows and a sample length of 0.5 mm. Ex-
periments were also performed on a 0.34 M solution of ethanol in CCl4. The pump-probe
experiments on the methanol solution were carried out at different temperatures, ranging
from room temperature to 70 : C, and at different wavelengths within the C–O stretch
absorption band.
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Figure 6.1. Linear absorption spectrum of a 0.14 M methanol in CCl4 sample with a sample length
of 0.5 mm (dashed line) and corrected for the absorption of CCl4 (solid line).
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Figure 6.2. Linear absorption spectrum of a 0.34 M ethanol in CCl4 sample with a sample length of
0.5 mm (dashed line) and corrected for the absorption of CCl4 (solid line).

6.3 Results

The linear absorption spectrum of the methanol solution is shown in Figure 6.1. The C–O
stretch absorption band of methanol in CCl4 is centred at 1023 cm

� 1. The linear absorption
spectrum of the ethanol solution is shown in Figure 6.2. The C–O stretch absorption
band of ethanol in CCl4 is centred at 1050 cm

� 1. In these figures the spectra corrected
for the absorption of CCl4 are also shown. The absorbance A was calculated from the
measured transmittance of the sample (Tsample) and the transmittance of air (Tair) by A �� ln(Tsample � Tair).

For the methanol solution, pump-probe scans at different temperatures and at frequen-
cies between 1020 cm

� 1 and 1045 cm
� 1 ( � =9.80 � m–9.57 � m) all showed bleaching signals

similar to the measurement shown in Figure 6.3. The bleaching signal clearly exhibits a
bi-exponential decay. The amplitude of the bleaching signal strongly decreases when the
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Figure 6.3. Pump-probe delay scan of methanol in CCl4 at a frequency of 1037 cm � 1 ( é =9.64 ] m),
T=43 ê C. The solid lines are guides to the eye and illustrate that the bleaching signal exhibits a bi-
exponential decay.

laser frequency is tuned away from the centre of the absorption band.

At the red side of the C–O stretch absorption band of ethanol, at a frequency of
1045 cm

� 1, an induced absorption was found, which decays at the same rate as the bleaching
signal. This induced absorption is attributed to absorption of the v � 1 state of the C–O
stretch vibration. The observed small red shift of the excited state absorption in ethanol
indicates that the anharmonicity of this stretch vibration is quite small. This also explains
the rapid decrease in bleaching signal amplitude, when the frequency of pump and probe
is tuned away from the centre of the absorption band.

At the red side of the C–O stretch absorption band of methanol (1015 cm
� 1 and lower),

no signal was observed, which can be explained by the fact that the red side of the C–O
stretch absorption band of methanol overlaps with an absorption band of CCl4.

6.4 Discussion

Transfer of energy from an excited C–O stretch vibration to one or more other vibrations
within the excited molecule is much faster and much less temperature dependent than
transfer to low-energy solvent modes, see References 22, 110, 111, 113, 201, and 202. Indeed,
the present observation that the vibrational relaxation of the C–O stretch vibration of
methanol and ethanol in CCl4 is fast and not temperature dependent, strongly suggests
that the relaxation mechanism is an intramolecular process.

The CH3-rock vibration is quite close in energy to the C–O stretch vibration, especially
in ethanol. However, the coupling between these modes is very small142 and it is therefore
not very likely that the CH3-rock mode is the accepting mode in the relaxation of the
excited C–O stretch vibration. In addition, the energy difference between the C–O stretch
mode and the CH3-rock mode is quite different for methanol and ethanol. This difference
in the “energy gap” would lead to different relaxation rates of the excited C–O stretch
vibration of the two different alcohols if the CH3-rock mode were the accepting mode.
However, we observe identical lifetimes in both alcohols.
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Figure 6.4. States and decay scheme used to describe the relaxation of the excited C–O stretch
vibration. The cross sections for a radiative transition are indicated by ¨ and ¨N© . The rate of the
1 ª 0 © relaxation is given by kA and the rate of the 0 ©Yª 0 relaxation is given by kB.

In studies on gas-phase spectra of methanol, a strong coupling was found to exist be-
tween the v � 1 state of the C–O stretch vibration and the states with 3 or 4 quanta in
the C–O–H bending mode (or torsional mode as it is also denoted).141 � 181 This suggests
that the C–O–H bending mode forms the accepting mode in the relaxation of the excited
C–O stretch vibration in methanol and ethanol. This relaxation is followed by equilibra-
tion of the energy over all other degrees of freedom. In this way, the C–O–H bending
mode would act as an intermediate state in the relaxation, thereby explaining the observed
bi-exponential decay.

In order to determine the decay-time constants of the two relaxation processes, we use
a simple model which is described in detail in Section 3.4 and elsewhere.82 � 163 In this model,
the relaxation of the excited vibration

a
1 £ occurs via an intermediate state

a
0 / £ , rather than

directly back to the ground state
a
0 £ . The rate of relaxation from the first excited state

a
1 £

to the intermediate state
a
0 / £ is given by kA and the relaxation rate of the second step in the

relaxation
a
0 / £ëw a

0 £ is given by kB. The cross section of the 0 w 1 transition is denoted
by | and the cross section of the 0 / w 1 / transition by | / . The solid line in Figure 6.5 is
calculated with this model, which is illustrated in Figure 6.4.

Using this model, the measurements on the methanol solution at all the different fre-
quencies and temperatures could be described with one set of kA and kB. The cross section
ratios | / �&| at the different frequencies increase with increasing frequency from 0 � 10 ¼ 0 � 02

at 1025 cm
� 1 to 0 � 3 ¼ 0 � 1 at 1045 cm

� 1. The lifetime of the excited C–O stretch vibration in
methanol (T1 � 1 � kA) was determined to be 3 � 2 ¼ 0 � 2 ps. The lifetime of the intermediate
state

a
0 / £ ( � 1 � kB) was determined to be 28 ¼ 1 ps.

Using the same model we found for the excited C–O stretch vibration in ethanol a
lifetime T1 � 1 � kA � 3 � 2 ¼ 0 � 7 ps. For ethanol, the lifetime of the intermediate state 1 � kB �
12 ¼ 2 ps, which is about twice as small as for methanol. The decay of the intermediate state
is thus significantly faster in ethanol, probably because there are more low-frequency modes
in the molecule to which this state can couple.

The increase in the ratio | / �&| when tuning the frequency from the red side to the blue
side of the absorption band indicates that population of the intermediate state leads to a
transient blue shift of the C–O stretch absorption band. Indeed, population of the C–O–H
bending mode has been observed to cause a small blue shift of the C–O stretch frequency.181

The frequency of the C–O stretch vibration could also be influenced by “local heating”,
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Figure 6.5. Pump-probe delay scan of methanol in CCl4 at a frequency of 1025 cm � 1 ( é =9.76 ] m),
T=31 ê C. The solid line is calculated using the model described in Section 6.4.

because a lot of energy is dumped into a small volume around the excited molecule right
after the relaxation. This might cause the surroundings to resemble the gas-phase more
closely and therefore cause the frequency of the C–O stretch vibration to shift towards its
gas-phase value, i.e. to the blue. Whether the occupation of the C–O–H bending mode or
the “local heating” is the main cause for the observed blue shift cannot be concluded from
our experiments.

In a study on the relaxation of the O–H stretch vibration of ethanol clusters in CCl4

also a transient blue shift of the initially excited vibration was observed. For this vibra-
tion, the relaxation mechanism is believed to involve energy transfer to the hydrogen bond,
which even causes the hydrogen bond to predissiociate.211 This in turn causes a blue shift
of the O–H stretch vibration. However, in the case of the C–O stretch vibration, the blue
shift cannot be caused by an energy transfer to the hydrogen bond, because a decrease in
cluster size (and breaking of a hydrogen bond) causes a red shift of the C–O stretch fre-
quency, instead of the observed blue shift.44 In addition, judging by the relative intensities
of the narrow O–H stretch absorption band due to monomers and the broad O–H stretch
absorption band due to clusters in the linear spectrum, it is clear that at the concentration
used in our experiments, there are mainly monomers present.

As the experiments were carried out with perpendicular polarisations for pump and
probe to eliminate coherent artefacts due to thermal gratings, the transient signals due
to population relaxation could be influenced by orientational relaxation.90 From dielec-
tric relaxation measurements, the Debye relaxation time ï D was determined to lie in the
ranges 47–56 ps for methanol and 138–170 ps for ethanol.20 � 27 � 49 � 183 These relaxation times
must be divided by a factor of 3 to get the rotational correlation time for a pump-probe
experiment.30 In a perpendicular configuration of the pump and probe polarisations, the re-
orientation could thus lead to a small and slow increase of the measured signal. This means
that the lifetimes, especially those of the intermediate state, could in reality be slightly
smaller than we found in our measurements.
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6.5 Conclusions

We studied the vibrational dynamics of the C–O stretch vibration of methanol and ethanol
in CCl4. The relaxation of the excited C–O stretch vibration was observed to occur in two
steps. In the first step energy is transferred from the v � 1 state of the C–O stretch vibration
to an intermediate state with a time constant of 3 � 2 ¼ 0 � 2 ps for methanol and 3 � 2 ¼ 0 � 7 ps
for ethanol. This intermediate state is most likely formed by the n � 3 or 4 state of the
C–O–H bending mode. The presence of such a strongly coupled low-frequency mode
in organic molecules provides a likely explanation why the lifetime of the excited C–O
stretch vibration of these systems is much shorter than that of metal-carbonyl or CO-haem
complexes.

In the second step energy is transferred from the intermediate state to low-energy
modes. In methanol this thermalisation occurs with a time constant of 28 ¼ 1 ps. In ethanol
the second step is faster, with a time constant of 12 ¼ 2 ps, because of the higher number of
available accepting modes.



7 Correlation properties of parametrically

generated light

The temporal coherence or correlation time ð c of parametrically generated mid-
infrared light is determined by measuring the twin-correlation peak in the sum-
frequency spectrum as a function of delay between the signal and idler. The
correlation time ð c of the generated signal and idler fields was found to lie in
the picosecond range and follows the frequency-dependence, predicted from the
bandwidth by the relation ð c � 1 ��ñ J .

7.1 Introduction

In parametric generation, a strong pump field is converted to signal and idler fields. In
this process signal and idler start at the zero-photon level, which has as a consequence that
the classical description using Maxwell’s equations fails. If there are no photons present in a
mode of the electric field, the expectation value of the field operator is zero. The expectation
value of the square of the electric field operator, on the other hand, is non-zero due to the
zero-point energy. The spread in the electric field given by^ E �=ò ó E 2 £Y�Õó E £ 2 (7.1)

is thus also non-zero.114 This means that there is quantum noise present at the signal and
idler input fields. These zero-point or vacuum-fluctuations can act as a seed for the para-
metric generation and subsequent parametric amplification.28 This means that parametric
generation, like the Casimir effect,47 � 48 � 157 is a macroscopic manifestation of microscopic
quantum fluctuations.

The individual phases of the signal and idler fields in parametric generation can obtain
any value, because these fields start from quantum noise. However, after being signifi-
cantly amplified, the sum of their phases is related to the phase of the pump field, because
parametric amplification is a phase-sensitive process. This means that the phases of the
amplified signal and idler fields can be strongly modulated, leading to a bandwidth given
by Equation (2.5), but these modulations will be complementary. As a result of the strong
phase modulation, the (spectral) bandwidth of the parametrically generated signal and idler
fields can be much larger than than the bandwidth of the pump field.

When the signal and idler fields are recombined in a sum-frequency generation process,
generally a broad sum-frequency spectrum will result from the large-bandwidth signal and
idler fields. However, when the signal and idler fields overlap within the coherence time
of their phase-modulations, these modulations will cancel, resulting in a narrow peak in
the sum-frequency spectrum. This narrow peak will have the same width as the pump
spectrum. This narrow peak has been observed and is denoted as the twin-correlation peak.1

63
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The term twin-correlation peak has been derived from a quantum-mechanical picture
of the parametric generation process. In parametric generation, a pair of photons (twins) is
generated simultaneously from one pump photon. The occurrence of a narrow peak in the
sum-frequency spectrum is thought to signify the recombination of a photon with its twin
brother. This picture is not entirely correct as each photon need not be recombined with
its twin for the sum-frequency spectrum to display a narrow feature. Photons generated
shortly after each other can still give rise to a twin-correlation peak, as the phases of signal
and idler fields cannot change infinitely fast, since this would imply an infinitely high
frequency.

Measuring the (relative) intensity of the twin-correlation peak as a function of delay
between the signal and idler fields in the sum-frequency generation when they are recom-
bined, will reveal the correlation time of the parametrically generated fields, which is a
measure for the correlation time of the zero-point electric field, which acts as a seed for
the parametric generation process. Generally, the coherence time of the phases of the signal
and idler fields will be determined by the spectral bandwidth ^E� of the parametrically
generated light. The coherence time or correlation time ï c is related to the bandwidth
by ï c � 1 �&^E� , according to the Wiener-Khintchine theorem.68 � 120 � 153 This relation has
been confirmed in an experiment, measuring the coincidence counts of signal and idler
photons.121 � 153

The correlation properties of signal and idler fields have been used in a wide range
of quantum optical experiments. A pair of twin-photons can be regarded as an entangled
state and has been used to perform so-called Einstein-Podolsky-Rosen (EPR) experiments.
This entangled or EPR-state was proposed to point out the apparent incompleteness of
quantum mechanics.70 These gedanken experiments were later extended by Bell to demon-
strate the incompatibility of quantum mechanics with local descriptions by means of the
Bell inequalities.24 � 25 These inequalities are violated if the local realistic description fails, as
was shown in different experiments, using parametric generation.134 � 168 � 169 These entangled
states, formed by parametrically generated photons, have also been proposed for and used
in e.g. “quantum teleportation” 37 � 76 and “quantum cryptography”. For a comprehensive
treatment of the subject of quantum optics see References 14, 149, 153, 187, and 204.

The twin-correlation peak can also be used as an indicator for or a measure of corre-
lation between parametrically generated fields. If signal and idler photons emanating from
the same location in the generating medium are used, only information on the temporal
correlation of the zero-point electric field will be obtained. If on the other hand signal
and idler photons from two different regions are recombined in the sum-frequency gener-
ation, the relative intensity of the twin-correlation peak can be used as a measure for the
spatio-temporal correlation of the zero-point electric field.

7.2 Experimental remarks

In these experiments we use experimental set-ups that are based on a set-up for the gener-
ation of picosecond mid-infrared pulses which is described in more detail in Section 5.2.
These pulses have previously been used in time-resolved non-linear spectroscopy, see e.g.
Chapter 5 and References 18, 34, 39, 42, and 210.

In all experiments, pulses from a Nd:YAG laser (Quantel yg502c) are used as pump
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Figure 7.1. Autocorrelation trace (a) and spectrum (b) of pulses from the Nd:YAG laser used in the
experiments described in this Chapter and in Chapter 5. The solid line in (a) is a Gaussian with a
fwhm of 47.6 ps, corresponding to a pulse duration of 33.6 ps (fwhm).
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Figure 7.2. Typical spectra of signal (a) and idler (b) pulses used in the experiments in this Chap-
ter and in Chapter 5. The solid lines are Gaussians with a fwhm of (a) 17 cm � 1 and (b) 19 cm � 1,
respectively.

pulses in the parametric generation and amplification processes in lithium niobate
(LiNbO3) crystals. This pump laser delivers pulses with a duration of 34 ps (fwhm)
and an energy up to 60 mJ per pulse at a wavelength of 1064.1 nm133 and a repetition
rate of 10 Hz. An autocorrelation trace of these pulses, generated through sum-frequency
generation in a 6.5 mm bbo crystal, is shown in Figure 7.1. Typical spectra of signal and
idler pulses generated in this set-up are shown in Figure 7.2.

7.3 Temporal correlation

7.3.1 Experiment

The experimental set-up which is shown schematically in Figure 7.3 was used to measure
the correlation time of the parametrically generated light as a function of the frequency of
the signal and idler pulses. In a LiNbO3 crystal (5 cm long, optical axis cut at 47.1 : ) signal
and idler pulses are generated by 4 mJ pump pulses. The part of parametrically generated
light which travels collinearly with the pump beam is amplified in a second LiNbO3 crystal.
After the second crystal, pump and idler wavelengths are filtered out, yielding signal pulses
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Figure 7.3. Experimental set-up for measuring the frequency dependence of the temporal correlation
of the parametrically generated light. (Legend: opg: Optical Parametric Generation. opa: Optical
Parametric Amplification. bs: beam splitter. swp: Short-wave-pass filter and mirror for 1064 nm.
lwp: Long-wave-pass filter and mirror for 1064 nm. sfg: Sum-frequency generation. oma: Optical
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with a typical energy of 18 � J per pulse. These signal pulses are split in two equal parts
and used as a seed for two separate amplification stages. The amplified seed pulses are then
used in two further amplification stages, each yielding signal and idler pulses with typical
energies of 500 � J and 250 � J per pulse, respectively. The signal pulses of one amplification
stage and the idler pulses of the other are then collinearly combined in a m -barium borate
(m -BaB2O4 or bbo) crystal. The light generated by the sum-frequency generation process
in the bbo crystal is then analysed using a spectrometer with an Optical Multichannel
Analyser (oma). The signal and idler pulses can be delayed with respect to each other using
a variable delay in the path of the signal pulse.

The frequency of the signal and idler pulses was varied by tuning the angles of the
LiNbO3 crystals. Sum-frequency spectra were recorded at different signal and idler fre-
quencies and at different delay values between the signal and idler pulses.

7.3.2 Results and Discussion

Several sum-frequency spectra recorded at different delay values between the signal beam of
one amplification stage and the idler beam of the other are shown in Figure 7.4. These spec-
tra were measured with the opg/opa stages tuned to a signal frequency � signal=5830 cm

� 1

( � signal=1715 nm). When the delay between signal and idler is larger than 2 ps, a broad sum-
frequency spectrum, centred around 9398 cm

� 1 (1064.1 nm) is observed. At smaller delay
values, a narrow peak appears on top of the broad spectrum. This narrow peak, which is the
twin-correlation peak, is at its maximum at delay zero. It should be noted that the twin-
correlation peak disappeared when the pinhole (diameter 200 � m) in front of the beam
splitter, which splits the seed in two, was removed.

In Figure 7.5 the intensity of the maximum of the sum-frequency spectra at
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Figure 7.4. Sum-frequency spectra at different delays between signal and idler at J signal=5830 cm � 1.
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Figure 7.5. Maxima of the sum-frequency spectra at different delays between signal and idler atJ signal=5830 cm � 1. The solid line is a fit to the data of a sum of two Gaussians with a full width at
half-maximum of 1.3 ps and 29 ps respectively.

� signal � 5830 cm
� 1 at different delay values is plotted as a function of delay between

the signal and idler pulses. In order to obtain a good fit of the measured data of these
“peak heights” as a function of delay, a Savitzky-Golay filtering procedure174 was applied,
as the data was quite noisy. This filtering algorithm was originally developed to extract
peak widths and heights from noisy spectrometric data.182 The characteristic feature of
this filtering scheme is that the peak widths and heights of the original data are preserved.
After the filtering procedure a good fit of a sum of two Gaussians (with a full width at half-
maximum of 1.3 ps and 29 ps respectively at � signal=5830 cm

� 1) to the data was obtained. In
Figure 7.5 this fit is represented by the solid line. The long timescale is identified with the
cross-correlation time of the intensity profile of the signal and idler pulses and the short
timescale with the correlation time ï c of the electric field.

The results of the experiments at different signal and idler frequencies are shown in
Figure 7.6, where the correlation time of the parametrically generated light is plotted as
a function of signal frequency. The solid line is calculated using Equation (2.5) for the
bandwidth of the generated signal and idler pulses, the Sellmeier dispersion equations for
LiNbO3, see References 41 and 192, and assuming a gain factor g0 of 0.4 cm

� 1 over the
length of the last amplification crystal.

Although these measurements do not yield accurate measurements of the correlation
time ï c of the parametrically generated light, the expected increase of ï c when tuning away
from degeneracy is clearly visible, when comparing the data to the calculated curve in
Figure 7.6.

The measured values for ï c also agree with the value of ï c � 1 � 13 ¼ 0 � 07 ps at� idler=3450 cm
� 1 ( � signal=5950 cm

� 1), obtained from previous (incoherent) photon-echo
experiments with a slightly modified set-up.207 � 210 These incoherent photon-echo experi-
ments make use of the fact that the time resolution is determined by the coherence time
of the pulses, rather than the pulse duration.155 This has lead to photon-echo experiments
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Figure 7.6. Correlation time of the signal and idler fields at different frequencies. The solid line is
calculated using Equation (2.5).

with (sub)-picosecond time resolution with nanosecond laser pulses21 � 156, but also using a
synchrotron124 and even a light bulb75 as light sources.

7.4 Spatio-temporal correlation

7.4.1 Experiment

The experimental set-up shown in Figure 7.3 was modified in order to measure the spatio-
temporal correlation of parametrically generated light. This set-up is shown schematically
in Figure 7.7. Again, signal and idler pulses are generated in a LiNbO3 crystal. After pump
and idler are filtered out, the signal pulses are split into two equal parts and amplified in
two separate amplification stages. In front of the beam splitter that divides the signal pulses
in two, a lens is placed in such a way that the front face of the crystal is imaged in the
planes of pinholes B1 and B2. Pinhole A is intended for alignment purposes. All pinholes
had a diameter of 200 � m. Sum-frequency spectra were recorded at different delay values
between the signal of one amplification stage and the idler of the other stage.

7.4.2 Results and discussion

When only pinhole A is in place in the set-up described Figure 7.7, a twin-correlation
peak is observed in the sum-frequency spectra, similar to the results described in � 7.3.2.
This is not surprising, as the set-up, without the lens or pinholes B1 and B2 present, is in
principle the same as the one in Figure 7.3. When pinhole A is subsequently removed, the
twin-correlation peak disappears.

When pinholes B1 and B2 are placed with pinhole A present, the twin-correlation peak
is present in the sum-frequency spectra, even when pinhole A is removed. When the posi-
tion of pinhole B1 is varied in a lateral direction, the intensity of the twin-correlation peak
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Table 7.1. Presence of twin-correlation peak with different combinations of optical elements present
in the set-up shown in Figure 7.7.

Elements in place Twin-correlation peak present?

none no
pinhole A yes
pinholes B1,B2 yes
pinholes A,B1,B2 yes
lens no
lens and pinholes B1,B2 no
lens and pinhole A yes

with respect to the background at delay zero changes, as can be seen in Figure 7.8. How-
ever, these data do not provide information on the spatial correlation of the parametrically
generated light or the zero-photon field in the generating crystal. As there is no imaging
without the lens in place, the light going through pinhole B1 (and B2, for that matter) can-
not be related to a certain position in the front face of the generating crystal. The measured
pattern, is therefore only providing information on the correlation properties or “speckle”
across the beam profile of the generated signal beam.

When the lens was placed with pinholes B1 and B2 in place, no correlation peak was
observed. With the lens in place, the twin-correlation peak was only observed when pinhole
A was in place as well. A summary of the presence or absence of the twin-correlation peak
in combination with the different elements can be found in Table 7.1.

In order to get a good spatial resolution for the measurement of the spatio-temporal
correlation, one needs to gather parametrically generated light with as many directions as
possible. The signal and idler fields that are generated non-collinearly with the pump beam
and that propagate in an off-axis direction contribute to the spatial resolution. However,
these fields have a non-zero angle between signal and idler and will be phase-matched at
different frequencies than the collinearly propagating signal and idler fields. Therefore,
the off-axis genarated fields hold different “information” on frequency and phase than the
collinearly generated beams. In the sum-frequency generation, only signal and idler with
complementary frequencies will contribute to the twin-correlation peak, because then the
phase modulations cancel. The fields that were generated with a different frequency will
contribute to a broad background in the sum-frequency spectrum.

If only the collinearly generated signal and idler fields were amplified and subsequently
used in the sum-frequency generation, only the twin-correlation peak would be observed,
without a broad background. The more of the other off-axis fields are “mixed in”, the more
intense the broad sum-frequency spectrum will become. The necessity of the presence of
the pinhole before the beam splitter in in set-ups in both Figure 7.3 and Figure 7.7 can be
explained in this way. Without the pinhole to spatially select the parametrically generated
light travelling collinearly with the pump, the eventual broad background will become so
intense that the twin-correlation peak is completely “drowned”. Indeed, the intensity of the
mid-infrared pulses increases with the pinhole removed, as does the total intensity of the
sum-frequency light.
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An additional indication of the phase-sensitivity of the processes giving rise to the oc-
currence of the twin-correlation peak is provided by some observations concerning the
sum-frequency generation. When the signal and idler beams are focused by a lens and/or
overlapped in a non-collinear geometry, no twin-correlation peak is observed. Only when
the signal and idler beam are combined collinearly without focusing in the bbo crystal, the
twin-correlation peak is present around delay zero. It is very likely that in any other geom-
etry than the collinear one, the parts of either beam that give rise to the twin-correlation
peak are either smeared out or simply do not overlap in the crystal. This again will lead to
a disappearance of the twin-correlation peak, because it is either drowned or absent.

The need for spatial resolution for the observation of the twin-correlation peak is in
strong contradiction with the presence of an angular frequency dependence. The twin-
correlation peak can therefore not be used as a measure for spatial correlation in these
experiments. The solution to circumvent these promblems could be to use very thin crystals
in the parametric generation process. However, in this case the intensity of the generated
fields will the be very low.

7.5 Directional correlation

The experiment described in this section was devised in order to test whether parametrically
generated light with different directions, but with no phase-mismatch can give rise to a
twin-correlation peak. If two pump beams are overlapped non-collinearly and are aligned
in such a way that they make equal angles with the normal to the crystal face, the two
collinearly generated signal fields are expected to have the same frequencies and phase-
(mis)match and a twin-correlation peak is expected to be observed. In this way, the type of
correlation that is sampled is not the spatial correlation but the directional correlation of
the parametrically generated light.

7.5.1 Experiment

The set-up that was used in order to sample directional correlation of the parametri-
cally generated light is shown in Figure 7.9. Here, two pump beams are overlapped non-
collinearly in a LiNbO3 crystal. These pump beams are aligned in such a way that they
overlap on the front face of the crystal and that they make equal angles with the normal to
the crystal face. The signal beams from the parametrically generated light in the first crystal
are subsequently amplified. Again, sum-frequency spectra were recorded at different delay
values between the signal of one amplification stage and idler pulses of the other stage.

7.5.2 Results and discussion

By overlapping the two pump beams in the front face of the generating crystal in the
experimental set-up described in Figure 7.9, the same volume of the crystal can be “probed”
by these two pump beams, without the need for imaging optics. This would in theory
circumvent the problems encountered in the previously discussed imaging experiments. If
the parametrically generated light, generated by the two pump beams were seeded by the
same quantum fluctuation, a twin-correlation peak could be expected, and by varying the
overlap of the two pump beams, measurement of the spatial correlation would be possible.
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No twin-correlation peak was observed in this configuration, which suggests that there is
no directional correlation of the quantum fluctuations in the LiNbO3 crystal.

7.6 Conclusions

The temporal coherence of parametrically generated mid-infrared light was determined by
measuring the twin-correlation peak in the sum-frequency spectrum as a function of delay
between the signal and idler. Due to the phase-sensitive nature of the parametric generation
and amplification processes, the determined coherence or correlation time ï c can be directly
related to the ï c of the zero-point electromagnetic field, from which parametric generation
starts. The correlation time ï c of the generated signal and idler fields was found to lie in
the picosecond range and was found to follow the frequency-dependence, predicted by the
bandwidth from the relation ï c � 1 �&^E� .

The proposed method for the determination of the spatio-temporal correlation by us-
ing the twin-correlation peak as a measure of coherence was found to be unsuited. The
need for a high spatial resolution and therefore a wide acceptance angle of the parametri-
cally generated light was found to oppose the observation of a twin-correlation peak, as the
frequency of the parametrically generated light shows a strong angular dependence.
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Summary

This thesis is devoted to the investigation of the dynamics of excited vibrations of small
molecules and complexes in liquid solution and in the pure liquid. When excited vibra-
tional states decay, energy is transferred to other modes, eventually leading to an equili-
bration over all degrees of freedom. The lifetime T1 of the excited state, which is usually
on the order of picoseconds in the condensed phase, depends on both the nature and the
availability of the accepting modes. By looking at the lifetimes and vibrational dynamics of
excited vibrations, a lot of information can be gathered on the couplings that exist within
and between molecules.

The lifetimes and vibrational dynamics of several excited molecular vibrations are in
this thesis investigated with vibrational pump-probe spectroscopy. In a pump-probe ex-
periment, a pump pulse excites a vibration of a significant fraction of the molecules in a
sample. This excitation causes a decrease in the absorbance of the sample, as there are less
molecules in the vibrational ground state that can absorb radiation at the v � 0 w v � 1

transition frequency. The transmittance change is measured with a weaker probe pulse that
passes through the sample after a variable delay, so that the evolution of the excited vibra-
tion can be followed in time. This form of time-resolved spectroscopy requires the light
pulses to be shorter than the typical time scale of the decay of the excitation.

The transition frequencies of the molecular vibrations that were studied lie in the mid-
infrared, corresponding to wavelengths of 1–10 � m, so short mid-infrared (laser) pulses
are needed. There are few lasers that emit in this wavelength region, therefore in most
experiments non-linear optical processes like difference-frequency generation (dfg) and
optical parametric generation and amplification (opg/opa) are used to generate “ultrashort”
mid-infrared pulses from the output of lasers that emit in the visible or near-infrared.

Two different hydrogen-bonded acid-base complexes were investigated. A relatively
weak hydrogen bond was encountered in complexes of hydrogen chloride (HCl) with di-
ethyl ether [(CH3CH2)2O ]. The lifetime of the excited H–Cl stretch vibration was deter-
mined to be 0 � 9 ¼ 0 � 2 ps. The relaxation is found to occur via an intermediate state with
the low-frequency (CH3CH2)2O �"�"�H–Cl hydrogen bond as the main accepting mode of
the vibrational energy. The excited population of this hydrogen-bond mode decays in a sce-
cond relaxation process with a time constant of 3 � 1 ¼ 0 � 5 ps. In hydrogen-bonded complexes
of the acid hydrogen fluoride (HF) with amines, the hydrogen-bonding between the acid
HF and the amine base is very strong. We studied the vibrational dynamics of the HF/FHF
stretch combination absorption band of complexes of HF with the weak organic base pyri-
dine in diluted pyridine solution. The relaxation of this excited vibration was also observed
to occur in two steps. In the first step, energy is transferred from the excited combination
vibration to the F–H ���"� F hydrogen bond modes with a time constant of 0 � 51 ¼ 0 � 09 ps. In a
second step, with a time constant of 2 � 6 ¼ 0 � 3 ps, energy is transferred from the F–F hydro-
gen bond modes to lower-frequency modes, leading to a local thermalisation of the energy.
Although the hydrogen-bond strengths are very different in both acid-base complexes, in
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both cases a similar relaxation mechanism is seen, where the hydrogen-bond mode is the
main accepting mode in the first step of the relaxation.

The relaxation of an excited molecular vibration can be an intramolecular process, in
which energy is transferred to other vibrations in the same molecule, through anharmonic
couplings with the vibrational mode that was originally excited, or an intermolecular pro-
cess, in which energy is transferred to vibrations of neighbouring (solvent) molecules or to
low-frequency (solvent) modes. Two-colour pump-probe experiments on the C–H stretch
vibration of pure bromoform (CHBr3) show that, compared to solutions of bromoform,
the reduction in the number of accepting modes provided by the solvent for intermolecular
energy transfer, greatly influences the mechanism and time scale of vibrational relaxation.
The relaxation of the excited C–H stretch vibration in pure CHBr3 occurs with a time
constant of 43 ¼ 1 ps via an intermediate level, which causes a transient redshift of the
C–H stretch frequency. We identified the intermediate level with the singly excited C–H
bend mode. We observed that relaxation from this intermediate level is exceptionally slow
and non-exponential, which suggests the presence of a “bottleneck” in the relaxation, in
contrast to pure chloroform (CHCl3) and solutions of bromoform. The population of this
bottleneck state is very long-lived, which frustrates thermalisation.

The influence of the number of vibrational modes in a molecule on intramolecular
vibrational relaxation, is manifested in the investigation of the vibrational dynamics after
excitation of the C–O stretch vibration of the alcohols methanol and ethanol in carbon
tetrachloride (CCl4) solution. The relaxation of the excited C–O stretch vibration was
observed to occur in two steps. In the first step energy is transferred from the v � 1 state
of the C–O stretch vibration to an intermediate state with a time constant of 3 � 2 ¼ 0 � 2 ps
for methanol and 3 � 2 ¼ 0 � 7 ps for ethanol. The intermediate state is most likely formed by
the n � 3 or 4 state of the C–O–H bending mode, which is also known as the torsional
mode. In the second step energy is transferred from this intermediate state to low-energy
modes, leading to a full equilibration of the energy. In methanol this thermalisation occurs
with a time constant of 28 ¼ 1 ps. In ethanol the second step is faster, with a time constant
of 12 ¼ 2 ps, because of the higher number of available accepting modes.

In the last chapter of this thesis, we focus on the non-linear optical process that is con-
veniently used to generate the mid-infrared pulses for the experiments featured in the other
chapters. The focus is on the correlation properties of parametrically generated light. These
properties arise from the fact that opg is a very special type of conversion process, where
one starts with an electromagnetic wave at one frequency and ends up with waves at three
frequencies. This process can only be understood using a quantum mechanical description
of the electromagnetic field. The parametrically generated light is the macroscopic manifes-
tation of the quantum fluctuations of the zero-photon electromagnetic field that seed the
parametric generation process. The temporal coherence or correlation time ï c of paramet-
rically generated mid-infrared light is determined by measuring the twin-correlation peak
in the sum-frequency spectrum as a function of delay between the signal and idler. The cor-
relation time ï c of the generated signal and idler fields was found to lie in the picosecond
range and is related to the bandwidth ^E� by ï c � 1 �&^E� .



Samenvatting

Dit proefschrift is gewijd aan het onderzoek van de dynamica van geëxciteerde vibraties van
kleine moleculen en complexen in oplossing en in de pure vloeistof. Bij het verval van een
aangeslagen toestand wordt energie overgedragen naar andere toestanden, wat uiteindelijk
leidt tot een equilibratie over alle vrijheidsgraden. De levensduur T1 van een aangeslagen
toestand, die normaal gesproken in de orde van picoseconden is, hangt af van zowel de
aard als van de beschikbaarheid van de accepterende toestanden. Door te kijken naar de
levensduur en dynamica van aangeslagen vibraties kan veel kennis worden vergaard over de
koppelingen binnen en tussen moleculen.

In dit proefschrift worden de levensduur en vibratiedynamica van diverse aangeslagen
moleculaire vibraties onderzocht door middel van vibrationele pomp-probe spectroscopie.
In een pomp-probe experiment exciteert een pomp-puls een significant deel van de mole-
culen in een (vloeistof )monster. Deze excitatie veroorzaakt een toename van de transmissie
van het monster, aangezien er zich minder moleculen in de vibrationele grondtoestand be-
vinden die straling kunnen absorberen bij de v � 0 w v � 1 overgangsfrequentie. De
verandering in de transmissie wordt gemeten door middel van een zwakkere probe-puls
die het monster doorkruist na een variabele tijdsvertraging ten opzichte van de pomp-puls,
zodat de ontwikkeling in de tijd van de aangelagen toestand gevolgd kan worden. Voor
deze vorm van tijdsopgeloste spectroscopie zijn lichtpulsen nodig die korter zijn dan de
karakteristieke tijdschaal waarop de excitatie vervalt.

De overgansfrequenties van de bestudeerde moleculaire vibraties liggen in het mid-
infrarode deel van het spectrum, overeenkomend met golflengtes van 1 tot 10 � m en daarom
zijn korte, mid-infrarode (laser) pulsen nodig voor het uitvoeren van de experimenten.
Aangezien er weinig lasers zijn met een emissie in dit golflengtegebied, worden in de meeste
beschreven experimenten niet-lineaire optische processen zoals verschilfrequentiegeneratie
en optische parametrische generatie en versterking gebruikt om “ultrakorte” mid-infrarode
pulsen te generen uit zichtbaar of nabij-infrarood laserlicht.

Er zijn twee verschillende waterstofgebrugde zuur-base complexen onderzocht. Een re-
latief zwakke waterstofbrug is te vinden in complexen van zoutzuur (HCl) met diethyl
ether [(CH3CH2)2O ]. Voor de levensduur van de geëxciteerde H–Cl strekvibratie werd
0 � 9 ¼ 0 � 2 ps gevonden. Relaxatie vindt plaats via een tussentoestand, waarbij de laagfre-
quente (CH3CH2)2O �"���H–Cl waterstofbrug de voornaamste toestand is die de vibratio-
nele energie opneemt. De populatie van deze aangeslagen waterstofbrugtoestand vervalt in
een tweede vervalsproces met een tijdsconstante die 3 � 1 ¼ 0 � 5 ps bedraagt. In waterstofge-
brugde complexen van waterstoffluoride (HF) met amines is de waterstofbrug tussen het
zuur HF en de amine-base zeer sterk. Wij hebben de vibratiedynamica van de HF/FHF-
strek combinatie-absorptieband bestudeerd van complexen van HF met de zwakke organi-
sche base pyridine, opgelost in pyridine. De relaxatie van deze aangeslagen vibratie blijkt
ook in twee stappen te verlopen. In de eerste stap wordt er energie van de aangeslagen
combinatievibratie overgedragen aan de F–H ���"� F waterstofbrugtoestanden met een tijds-
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constante van 0 � 51 ¼ 0 � 09 ps. In een tweede stap, met een tijdsconstante van 2 � 6 ¼ 0 � 3 ps,
wordt de energie overgedragen van de F–F waterstofbrugtoestanden naar lager-frequente
trillingstoestanden, hetgeen leidt tot een locale thermalisatie van de energie. Hoewel de
sterkte van de waterstofbrug in beide zuur-base complexen zeer verschillend is, is in beide
gevallen een vergelijkbaar relaxatiemechanisme te zien, waarin de waterstofbrug de belang-
rijkste accepterende toestand is in de eerste stap van de relaxatie.

De relaxatie van een aangeslagen moleculaire vibratie kan een intramoleculair proces
zijn, waarbij energie wordt overgedragen aan andere vibraties in hetzelfde molecule via
anharmonische koppelingen met de vibratietoestand die oorspronkelijk werd geëxciteerd.
De relaxatie kan ook een intermoleculair proces zijn, waarbij energie wordt overgedragen
naar vibraties van naburige moleculen (al dan niet van het oplosmiddel) of naar laagfre-
quente (oplosmiddel)toestanden. Twee-kleuren pomp-probe experimenten aan de C–H
strekvibratie van bromoform (CHBr3) laten zien dat, vergeleken met oplossingen van bro-
moform, het mechanisme en de tijdschaal van de vibratierelaxatie sterk worden beı̈nvloed
door de afname van het aantal accepterende toestanden van het oplosmiddel voor intermo-
leculaire overdracht van energie. Het verval van de aangeslagen C–H strekvibratie in puur
CHBr3 geschiedt met een tijdsconstante van 43 ¼ 1 ps via een tussentoestand, wat voor
een roodverschuiving van de C–H strekfrequentie zorgt. Het tussenniveau werd door ons
geı̈dentificeerd als de enkelvoudig aangeslagen C–H buigvibratie. De waarneming dat het
verval van dit tussenniveau zeer langzaam en niet-exponentieel is, suggereert dat er zich een
“flessenhals” in de relaxatie bevindt, in tegenstelling tot puur chloroform (CHCl3) en oplos-
singen van bromoform, waar dit niet het geval is. De populatie van deze flessenhalstoestand
leeft zeer lang, wat de thermalisatie frustreert.

De invloed van het aantal vibratietoestanden in een molecule op intramoleculaire vi-
bratierelaxatie is te zien in de studie van de vibratiedynamica van de aangeslagen C–O
strekvibratie van de alcoholen methanol en ethanol, opgelost in tetra (CCl4). De relaxatie
van de aangeslagen C–O strekvibratie vindt plaats in twee stappen. In de eerste stap wordt
de energie overgedragen van de v � 1 toestand van de C–O strekvibratie naar een tussen-
toestand met een tijdsconstante die 3 � 2 ¼ 0 � 2 ps bedraagt voor methanol en 3 � 2 ¼ 0 � 7 ps
voor ethanol. De tussentoestand wordt hoogstwaarschijnlijk gevormd door de C–O–H
buigvibratie, die ook wel bekend staat als de torsie-toestand of torsie-vibratie. In de tweede
stap wordt de energie van deze tussentoestand overgedragen naar laagfrequente toestanden,
hetgeen leidt tot een volledige equilibratie van de energie. In methanol vindt deze ther-
malisatie plaats met een tijdsconstante van 28 ¼ 1 ps. In ethanol is de tweede stap sneller,
met een tijdsconstante van 12 ¼ 2 ps, omdat in dat molecule een groter aantal accepterende
toestanden beschikbaar is.

In het laatste hoofdstuk van dit proefschift wordt de aandacht gericht op het niet-
lineaire optische proces dat dankbaar wordt toegepast om mid-infrarood licht te genereren
voor de experimenten die worden beschreven in de andere hoofdstukken. De nadruk ligt
op de correlatie-eigenschappen van parametrisch gegenereerd licht. Deze eigenschappen
komen voort uit het feit dat optische parametrische generatie een zeer bijzondere omzet-
ting is, waarbij uitgaande van een electromagnetische golf bij één frequentie, golven bij drie
frequenties het resultaat zijn. Dit proces kan slechts worden begrepen door een quantum-
mechanische beschrijving van het electromagnetisch veld te gebruiken. Het parametrisch
gegenereerd licht is een macroscopische manifestatie van de quantumfluctuaties van het
nul-foton electromagnetisch veld die de kiem vormen van de parametrische generatie. De
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coherentie in de tijd of de correlatietijd ï c van parametrisch gegenereerd licht is bepaald
door de tweeling-correlatiepiek in het som-frequentiespectrum te meten als functie van de
tijdsvertraging tussen signal en idler. Voor de correlatietijd ï c van de gegenereerde signal-
en idlervelden werd gevonden dat deze in de orde van enkele picoseconden ligt en van de
bandbreedte ^E� afhangt als ï c � 1 �&^E� .





Samenvatting voor iedereen

Veel van de eigenschappen van een vloeistof worden bepaald door de manier waarop en
de sterkte waarmee de moleculen (tijdelijk) aan elkaar gebonden zijn, terwijl ze doorelkaar
bewegen. Een veelgebruikt en bekend voorbeeld is water. Watermoleculen zijn opgebouwd
uit één zuurstofatoom (O) en twee waterstofatomen (H), zoals iedereen leert bij het opstel-
len van de chemische formule van dat molecule: H2O. Eén van de bijzondere eigenschapen
van water is dat het nog vloeibaar is bij kamertemperatuur, terwijl het uit zulke kleine en
lichte moleculen is opgebouwd. Deze eigenschap is te danken aan de waterstofbruggen
waarmee de watermoleculen aan elkaar vastzitten.

De atomen in een molecule zijn weliswaar stevig aan elkaar gebonden, maar ze kunnen
toch een beetje ten opzichte van elkaar heen en weer trillen. Het beeld van bolletjes (de
atomen) die met veertjes aan elkaar verbonden zijn (de bindingen tussen de atomen) geeft
een goede indruk en wordt vaak als allereerste benadering gebruikt. De atomen waaruit het
molecule bestaat kunnen op verschillende manieren ten opzichte van elkaar trillen. Deze
verschillende trillingen worden meestal vibraties genoemd.

Een vibratie kan worden aangeslagen (geëxciteerd) door de opname (absorptie) van een
lichtpuls van de juiste golflengte. Zichtbaar licht heeft een golflengte tussen de 400 en
700 nanometer (een nanometer is een miljoenste millimeter), maar bij het aanslaan van
vibraties wordt mid-infrarood licht geabsorbeerd, met golflengtes in het gebied grofweg
tussen 2.000 en 10.000 nanometer. Een aangeslagen vibratie draagt z’n energie binnen zeer
korte tijd over, te weten binnen enkele picoseconden (1 picoseconde is 10

� 12 seconde, ofwel
een miljoenste van een miljoenste van een seconde). Om deze processen te kunnen volgen is
dus een “fototoestel” nodig met een “sluitertijd” van picoseconden of zelfs femtoseconden (1
femtoseconde is een duizendste picoseconde, dus 10

� 15 seconde). In de experimenten die in
dit proefschrift zijn beschreven kan door gebruik van lasers met pulsen van enkele tientallen
picoseconden tot enkele honderden femtoseconden gekeken worden naar de dynamica van
aangeslagen vibraties. De gebruikte techniek is pomp-probe spectroscopie, een vorm van
tijdsopgeloste mid-infrarood spectroscopie.

In een pomp-probe experiment wordt met een korte laserpuls (de pomp-puls) een vi-
bratie aangeslagen. Zolang deze vibratie is geëxiteerd kan die vibratie geen tweede hoeveel-
heid licht opnemen van dezelfde golflengte. Hiervan wordt gebruik gemaakt door na een
korte tijd een tweede laserpuls (de probe-puls) door het vloeistofmonster te sturen en te
meten hoeveel van het licht er (minder) wordt geabsorbeerd. Door de tijdsvertraging tus-
sen de twee pulsen te variëren kan steeds op een ander tijdstip na de pomp puls een meting
worden gedaan (“een foto worden gemaakt”) en door deze achter elkaar te zetten kan de
dynamica van de aangeslagen vibratie in de tijd gevolgd worden.

Als een bepaalde vibratie in een molecule in gang wordt gezet, wordt de energie van
die vibratie vervolgens zeer snel verspreid over andere vibraties van het molecule maar ook
naar naburige moleculen. De oorspronkelijk aangeslagen trilling houdt dan op, terwijl de
andere trillingen die de energie opnemen in gang worden gezet. Meestal hebben de energie-
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accepterende vibraties een lagere energie en wordt die energie over meerdere trillingen ver-
deeld. Na een aantal van dit soort overdrachten wordt de energie verdeeld over de hele
vloeistof. Door erachter te komen hoe snel en waarnaar de trillingsenergie wordt overge-
dragen is meer informatie te krijgen over hoe sterk de koppelingen zijn tussen en binnen
de moleculen in een vloeistof.

In de hoofdstukken 3 en 4 is gekenen naar twee verschillende complexen van molecu-
len. Zo’n complex wordt gevormd door twee of drie moleculen die aan elkaar gebonden
zijn door de eerder genoemde waterstofbruggen. In hoofdstuk 3 is de watersofbrug relatief
zwak en in hoofdstuk 4 zeer sterk. Er bleek in beide gevallen dat als een vibratie in het
complex wordt aangeslagen de energie wordt overgedragen aan die waterstofbrug die daar-
door zwakker wordt, maar in beide gevallen niet lijkt te breken. Als even later de energie
wegvloeit naar de omgeving van het complex keert de waterstofbrug weer terug naar z’n
oude sterkte.

Hoe lang het duurt voordat de energie van de aangeslagen vibratie wordt overgedragen,
ook wel de levensduur of T1 van de vibratie genoemd, wordt heel sterk bepaald door het
aantal mogelijkheden die er zijn om energie aan over te dragen. Dit is heel duidelijk te
zien in de experimenten in hoofdstuk 5, waar de levensduur van een aangeslagen vibratie
van bromoform (CHBr3) veel langer is in de pure vloeistof dan wanneer de bromoform
moleculen zijn opgelost in een oplosmiddel. Blijkbaar zijn er veel meer mogelijkheden om
aan oplosmiddelmoleculen energie over te dragen dan aan soortgelijke moleculen bromo-
form. Een soortgelijk gedrag is ook te zien in hoofdstuk 6, waar naar de dynamica van een
specifieke vibratie van methanol en ethanol (“gewone” alcohol) is gekeken.

De resultaten van de beschreven experimenten hebben voor een aantal uiteenlopende
moleculen inzicht verschaft in de herverdeling van trillingsenergie in vloeistoffen. Hierdoor
kan een nauwkeuriger beeld gevormd worden over de aard en de sterkte van de interacties
tussen en binnen moleculen in een vloeistof.



Nawoord

Aan het einde van het promotie-onderzoek is dit de plaats om al degenen te bedanken
die aan het proefschrift hebben bijgedragen. Allereerst Huib, mijn promotor, die mij wist
te overtuigen dat het helemaal geen slecht idee was op een andere plek te promoveren
dan waar je je afstudeeronderzoek hebt gedaan. Het is moeilijk je een betere begeleider
en promotor in te denken. Zijn razendsnel fysisch inzicht en enthousiasme bij het zien
van nieuwe resultaten zijn in de afgelopen jaren zeer stimulerend en inspirerend geweest.
Daarnaast is hij zeker niet in de laatste plaats verantwoordelijk voor de goede en soms licht
anarchistische sfeer in de groep Vibratiedynamica, tegenwoordig Ultrasnelle Spectroscopie
geheten.

Mijn dank gaat ook uit naar alle andere (oud-)groepsgenoten: Han-Kwang Nienhuys,
Michel Kropman, Arjan Lock, Sander Woutersen, Anne Willem Omta, Ingrid Giebels,
Uli Emmerichs, Mingcheng Zong, Issa Abu-Shiekah en Mischa Bonn voor de fijne sfeer
en samenwerking gedurende mijn promotietijd. Han-Kwang is de altijd onvermoeibare
vraagbaak geweest voor natuurkundige problemen en vragen over Linux. Daarnaast heeft
hij samen met mij menige al dan niet succesrijke meetsessie in Rijnhuizen doorgebracht,
hetgeen uiteindelijk resulteerde in hoofdstuk 6. Het afstudeeronderzoek van Ingrid heeft
tot hoofdstuk 3 geleid. Voor dat hoofdstuk en ook het daarop volgende hoofdstuk 4 zijn de
experimentele kunsten van Michel onmisbaar geweest.

Het Amolf biedt een onderzoeksomgeving waar menig promovendus elders jaloers op
kan zijn. Rob Kemper en Hinco Schoenmaker bedank ik voor hun onontbeerlijke tech-
nische ondersteuning en dat zij vaak bereid waren meteen dingen te maken of repareren
die onmisbaar waren voor de experimenten. Op electronisch vlak hebben de mensen van
de afdeling e&i hun bijdrage geleverd, met name Hans Alberda, Hans ter Horst en Idsart
Attema. Verder wil ik alle andere amolfers bedanken die mijn promotietijd tot een zeer
aangenaam verblijf in de Watergraafsmeer en daarbuiten hebben gemaakt. In het bijzonder
wil ik de mensen van de afdeling qdams noemen.

De wetenschap dat er ook een leven buiten het onderzoek kan bestaan heb ik daar-
naast te danken aan alle vrienden en bekenden, in het bijzonder de heeren van jaarclub
“Summus”. Tenslotte dank ik mijn ouders en zusje Liejet, die mij al deze jaren gesteund
hebben.

Frederik van den Broek Utrecht / Amsterdam, mei 2002
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