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1 Introduction
1.1 The hydrogen bond
The history of the hydrogen bond commences in 1920, when Latimer and Rodebush, who
were at that time studying the structure and properties of water with G. N. Lewis, remarked
that
A free pair of electrons on one water molecule might be able to exert sufficient force
on a hydrogen held by a pair of electrons on another water molecule to bind the two
molecules together. Structurally this may be represented as
.. H
..
H:O
.. :H:O
.. :
H
Such combinations need not be limited to the formation of double or triple molecules.
Indeed the liquid may be made up of large aggregates of molecules, continually
breaking up and reforming under the influence of thermal agitation [2].

The authors used the hypothesis of the hydrogen bond to explain the high proton conductivity and dielectric constant of liquid water. Simultaneously with the development of
the quantum-mechanical theory of chemical bonding in the years thereafter, an increasing
amount of research was devoted to the nature of the hydrogen bond. An entire chapter of
Linus Pauling’s The Nature of the Chemical Bond, which appeared in 1939, was devoted
to it. In the introduction of this chapter, Pauling wrote
I believe that [  ] it will be found that the significance of the hydrogen bond for
physiology is greater than any other single structural feature [3].

This prediction came true when it was found that the double-helix structure of DNA and
the secondary structure of proteins are both determined by hydrogen bonding. Since then,
an ever increasing number of studies has been concerned with the structural and dynamical
properties of the hydrogen bond.
Hydrogen bonding plays an important role in determining the physical and chemical
properties of many substances. The most obvious example is water, which in the absence
of hydrogen bonding would be a gas at room temperature. The abnormally high viscosity,
surface tension, and heat of vaporization of water are also caused by hydrogen bonding.
The effect of hydrogen bonds on crystal structure is best illustrated in ice Ih, which has
a very open structure that optimizes the hydrogen-bond interaction between the water
molecules.
The hydrogen bond is an attractive interaction between a proton donor X  H and a
proton acceptor Y, in the same or a different molecule: X  H  Y, where X and Y are
9
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1.2

electronegative atoms such as oxygen, nitrogen or fluorine. The hydrogen bond has covalent character, as has been confirmed recently by means of inelastic X-ray diffraction
experiments [4]. This covalent character accounts for the cooperative nature of the hydrogen bond: formation of a hydrogen bond X  H  Y increases both the polarity of the X  H
bond and the basicity of Y, which can result in a significant increase in strength of additional hydrogen bonds [5]. Hydrogen bonds are directional [6], and have bond energies in
the range from 3 to 30 kJ/mol. This means that they are much weaker than ordinary covalent bonds, which typically have bond energies on the order of 500 kJ/mol. Because of this
small bond energy and the small activation energy involved in its formation and rupture,
hydrogen bonds are especially important in chemical and physical processes taking place
at room temperature.
1.2 The XH-stretch mode as a probe of hydrogen-bond structure and dynamics
Formation of the hydrogen bond X  H  Y causes a redshift of the fundamental frequency
of the XH-stretch (νXH ) vibration. This redshift increases approximately linearly with
decreasing hydrogen-bond distance RX  H    Y . The relation between hydrogen-bond distance and νXH frequency was unambiguously demonstrated when the RX  H    Y distances
of a large number of hydrogen-bonded substances (determined by X-ray diffraction) were
compared with their νXH frequencies [7]. For moderately strong O  H  O hydrogen
bonds, such as occur in water and ethanol, the redshift of νOH is typically 200–300 cm  1 .
Simultaneously with the redshift of the XH-stretch frequency, an increase of both the
linewidth and the absorption cross section of the vXH 0
1 transition occurs. The
strong correlation of the hydrogen-bond strength and the νXH frequency has made infrared
spectroscopy by far the most important tool to study hydrogen bonding.
Both the redshift and the increase of the linewidth of the νXH transition are due to
anharmonic coupling between the νXH    Y hydrogen-bond mode and the νXH mode. The
Hamiltonian of the system consisting of the coupled νXH    Y and νXH oscillators is very
often assumed to have the form [8–12]
p2 2m  mω2 q2 2  P2 2M  MΩ2 Q2 2  Kq2 Q 

H

(1.1)

where q  p  m  ω and Q  P M  Ω refer to the normal coordinate, conjugate momentum, reduced mass, and frequency of the νXH and νXH    Y mode, respectively, and K is an anharmonic coupling constant. This Hamiltonian can also be written as [12]
H

p2 2m  mω2eff  Q  q2 2  P2 2M  MΩ2 Q2 2

(1.2)

where ωeff  Q  is the effective νXH frequency, given by


ωeff  Q 

ω 1  2KQ mω2  ω  const  Q 

(1.3)

Therefore, the Hamiltonian (1.1) reproduces the approximately linear relationship between
the redshift of the νXH frequency and the hydrogen-bond distance RX  H    Y . Since the frequency Ω of the νXH    Y mode is much smaller than the frequency ω of the νXH mode, we
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can use an adiabatic approximation, and calculate potential energy functions for the slow
νXH    Y mode in the vXH 0 and vXH 1 states. The minima of the (harmonic) potential energy functions for the hydrogen-bond mode obtained in this way are displaced with
respect to each other (see Fig. 1.1). In a fully quantum-mechanical model, the adiabatic
potentials can be used to calculate the hydrogen-bond wave functions ψ  Q  in the vXH 0
and vXH 1 potentials. The probability of a transition between vXH 0 and vXH 1

F IGURE 1.1. Adiabatic potential energy functions for the hydrogen bond, calculated using the
Hamiltonian (1.1).

states depends on the overlap of the hydrogen-bond wave functions in the vXH 0 and
vXH 1 potentials (Franck-Condon factor). The displacement of the vXH 0 and vXH 1
potentials with respect to each other gives rise to vXH 0
1 transitions in which the
vXH    Y quantum number changes. In the νXH spectrum, these transitions appear as sum
and difference frequency bands at νXH  nνXH    Y (Franck-Condon progression). From the
overlap of the hydrogen-bond wave functions in the vXH 0 and vXH 1 potentials the
relative intensities in the Frank-Condon progression can be calculated [10]. Maréchal and
Witkowski were the first to do this, and found good agreement between calculated and
experimental OH-stretch absorption bands of several hydrogen-bonded complexes in the
gas phase [8, 10].
In the condensed phase, the hydrogen-bond mode strongly interacts with other lowfrequency degrees of freedom (’bath modes’). This leads to the well-known broad and
smooth νXH spectra of hydrogen-bonded molecules in liquids and solids. The theory outlined above, which applies to isolated hydrogen-bonded complexes, must then be refined
to include the interaction of the νXH    Y oscillator with the bath. This approach to the study
of νXH bands of hydrogen-bonded systems in the condensed phase has been developed
mainly by Robertson and Yarwood [9, 11]. The Hamiltonian (1.1) is still used, but the
νXH    Y mode is modeled as a classical harmonic oscillator driven by a random force which
represents the interaction with the bath modes. As a consequence, the νXH    Y coordinate
Q  t  obeys a Langevin equation, and the Hamiltonian (1.1) governing the νXH motion becomes a stochastic operator. The νXH frequency is determined by the time dependence of
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Q  t  via Eq. (1.3). Essentially, this means that the fluctuations of the νXH frequency of a
hydrogen-bonded molecule directly mirror the dynamics of the hydrogen-bond motion.
The relationship between Q  t  and the νXH frequency motivates the use of infrared
spectroscopy on the XH-stretch mode to study hydrogen-bond dynamics in the condensed phase. Until recently, such infrared studies have only been done with linear spectroscopy [13, 14]. Unfortunately, the broad νXH bands that typically occur in the linear
absorption spectra of hydrogen-bonded systems in the condensed phase only reflect the
distribution of νXH frequencies (hydrogen-bond lengths), and provide no information concerning the dynamics of the hydrogen bond. Such information can be obtained by means
of nonlinear spectroscopy on the νXH mode, which makes it possible to study the dynamics
of a subensemble of the molecules with a specific νXH frequency. With the advent of laser
setups that produce ultrashort pulses with high intensities in the mid-infrared wavelength
region, nonlinear spectroscopy on molecular vibrations became possible, and a large number of nonlinear optical studies on hydrogen-bonded vibrations has since been reported,
most of which involved pump-probe experiments. In these experiments, a subensemble of
the hydrogen-bonded molecules with a certain νXH frequency is selectively excited by an
intense resonant pump pulse, and its evolution is studied by a delayed probing pulse (see
the next Section). Initially, mid-infrared pulses with durations in the picosecond range
were used to perform vibrational pump-probe experiments. In this way, the νXH modes
of several hydrogen-bonded systems were investigated, in particular the νOH , νNH , and
νCH modes of hydrogen-bonded complexes dissolved in CCl4 [15–21], the νOH mode of
dilute HDO:D2 O solutions [22, 23] and of a hydrogen-bonded polymer [24, 25], and the
νOH mode of hydrogen-bonded surface hydroxyls [26, 27]. In the past few years, the development of amplified Titanium:sapphire laser systems has made it possible to generate
intense mid-infrared pulses in the femtosecond range [28, 29]. Femtosecond vibrational
studies on hydrogen-bonded systems reported to date include spectrally resolved pumpprobe experiments on the νOH mode of HDO:D2 O [30, 31], visible-pump/infrared-probe
experiments on the νC O mode of hydrogen-bonded complexes in solution [32], and the
experiments reported in this thesis.
1.3 Vibrational pump-probe spectroscopy
1.3.1

G ENERAL

CONSIDERATIONS

In a vibrational pump-probe experiment, an intense pump pulse prepares a nonstationary
state in which a fraction of the molecules is in an excited state of a molecular vibration,
usually the first excited (v 1) state. This nonstationary state is interrogated after a delay
time τ by a probing pulse. The population of the v 1 state of the molecular vibration by
the pump pulse gives rise to decreased absorption at the v 0
1 frequency and stimulated emission at the v 1
0 frequency (bleaching), and to an increased absorption
at the v 1 2 frequency (excited-state absorption). The OH-stretch vibrations studied
in this thesis are anharmonic, and the v 0 1 and v 1 2 frequencies separated by
proximately 250 cm  1 . Hence, whether the bleaching or the excited-state absorption is observed depends on the probe frequency. In general, two types of pump-probe experiments
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are performed: (1) delay scans, in which the pump and probe have fixed frequencies, and
the absorption change of the probe pulse is measured as a function of the relative delay
between pump and probe; (2) transient spectra, in which the delay and pump frequency
have a fixed value, and the absorption change of the probe pulse is monitored as a function
of the frequency of the probe pulse.
1.3.2

QUANTITATIVE

DESCRIPTION OF PUMP - PROBE SPECTROSCOPY

The pump-probe signal is defined as the difference between the transmission of the probe
pulse with and without excitation of the sample by the pump pulse. We therefore want
to calculate the difference between the time-integrated intensities of the probe pulse at
the end of the sample with and without the presence of the pump pulse. The intensity in
absence of the probe pulse is given by the Lambert-Beer law. To calculate the intensity in
the presence of the pump pulse, we have to consider the propagation of the probe pulse in
the nonlinearly polarized medium. The pump and probe fields have the form
ω jt 

Ẽ j  z  t  ei  k jz 

E j  r t 



c  c 

(1.4)

with j 1 for the pump and j 2 for the probe field. In this equation, Ẽ j  z  t  are the
pulse envelope functions, and ω j the center frequencies of the pump and probe pulses. In
the slowly varying envelope approximation, the wave equation for the probe reads [33]:


∂ 1∂
Ẽ2  z  t 

∂z v ∂t 


α0  ω2 
2πiω2  3
Ẽ2  z  t 
P̃  z  t 
2
nc

(1.5)

where P̃  3  z  t  is the envelope function of the third-order polarization and α0  ω2  is the
linear absorption coefficient at the probe frequency. In this thesis, we will study broad
OH-stretch absorption bands, and we can safely assume that α0  ω  is constant over the
power spectra of the pump and probe pulses. If we work in a moving frame and use the
retarded time coordinate η t  z v this equation becomes [34]
∂
Ẽ2 z  η 
∂z 


α0  ω2 
Ẽ2  z  η 
2


2πiω2  3
P̃  z  η !
nc

(1.6)

The third-order polarization is a function of the pump and probe fields, which means that
the evolution of the probe pulse is governed by a system of coupled equations for the probe
field and the third-order polarization. When the third-order polarization has a relatively
small effect on the probe intensity, we can use a perturbative approach: we calculate the
third-order polarization using the unperturbed linear wave-equations
∂  1
Ẽ z  η 
∂z j 


α0  ω j   1
Ẽ j  z  η !
2

(1.7)

which have the solutions:
 1

Ẽ j



z  η

Ẽ j  0  η  e 

α0  ω j  z " 2


(1.8)
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With an explicit expression for the third-order polarization in terms of Ẽ j
calculate the probe intensity in the presence of the pump pulse:
 1

Ẽ2  z  η 

Ẽ2

 z  η

2πiω2 
e
nc


z

α0  ω2  z " 2 #
0

dz$ P̃  3  z$% η  eα0  ω2  z& "



1.4

z  η  we can
2

(1.9)


The pump-probe signal is defined as the difference between the time-integrated probe
intensities at the end of the sample in the presence and absence of the pump pulse, and is
given by
∞
#

S

 ∞

dt ')( Ẽ2  L  t *( 2 

4πω2
Im #
nc

∞
 ∞

 1 -,

dη Ẽ2

 1
( Ẽ2 


L  t *( 2 +

L  η e 

L

α0  ω2  L " 2 #
0

dz P̃  3  z  η  eα0  ω2  z "

2


(1.10)
where L is the thickness of the sample. In this equation, we have neglected the higherorder term quadratic in the third-order polarization. Eq. (1.10) is a general expression for
the transmission decrease of the probe in the presence of the pump pulse, and holds for
arbitrary optical thickness α0 L of the sample. For optically thin samples (α0 L . 1), P  3
 1
and E2 are independent of z, and Eq. (1.10) reduces to the well-known expression [33, 35]
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In pump-probe experiments, only contributions to the third-order polarization which
contain the pump field twice and the probe field once contribute to the signal. Hence, the
third-order polarization at position z is an integration of the form [35]
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where F is a function representing the nonlinear optical response of the medium. After
substitution of Eq. (1.8) into this equation, the integration over z in Eq. (1.10) can be
carried out, and we obtain
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which is identical to Eq. (1.11) apart from a proportionality constant. Thus, for broad
absorption bands, the optical thickness of the sample has no influence on the delay dependence of the pump-probe signal. In the remainder of this thesis, Eq. (1.13) (without the
prefactor) will be used to calculate vibrational pump-probe signals.
1.4 Outline of this thesis
This thesis is concerned with the dynamics of the OH-stretch (νOH ) mode in strongly
hydrogen-bonded systems, which will be studied by means of vibrational pump-probe
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spectroscopy. First, a description of the experimental setup is given in Chapter 2. The
study of hydrogen-bond dynamics begins in Chapter 3, with hydrogen-bonded ethanol
clusters in solution. Since an ethanol molecule can only participate in two hydrogen bonds,
these clusters are linear aggregates of hydrogen-bonded ethanol molecules, and constitute
a relatively simple model system to investigate hydrogen-bond dynamics in the condensed
phase.
Chapter 4 is the first of five chapters on the dynamics of the much more complicated
system of liquid water. Since the dynamics of the νOH mode in liquid H2 O is complicated by the strong coupling between the OH-oscillators, previous studies have very often
concentrated on the νOH mode of dilute solutions of HDO in D2 O, where the coupling
between the νOH vibrations is negligible. In Chapters 4 to 7 we will extensively study
the dynamics of the νOH mode in dilute HDO:D2 O. First, we will concentrate on the fast
spectral relaxation that takes place in the first picosecond after excitation of the νOH mode
(Chapter 4). Then the orientational relaxation of the O  H groups is discussed, which will
be found to be intricately connected with the spectral relaxation (Chapter 5). After the first
picosecond, the νOH dynamics are determined mainly by the population relaxation out of
the νOH 1 state, which is discussed in Chapter 6. The interesting and dramatic effects
that coherent coupling can have on the observations made using pump-probe spectroscopy
are described quantitatively in Chapter 7. The results observed in a pump-probe study on
the νOH mode of HDO:D2 O by Laenen et al. are explained in terms of these effects. This
Chapter concludes the investigation of the νOH mode of the model system HDO:D2 O. In
Chapter 8 we present the first pump-probe study on the νOH mode in liquid H2 O, that is,
in ’real’ water.
The last Chapter of this thesis is a photon-echo study of the νOH mode in a hydrogenbonded system. Here, the emphasis will not be on the νOH dynamics, but rather on the
use of mid-infrared incoherent photon echoes to study the homogeneous dephasing of a
molecular vibration.

2 Experimental setup for time-resolved vibrational
spectroscopy

2.1 Introduction
Nonlinear spectroscopy of vibrational transitions requires ultrashort pulses that are tunable in the mid-infrared region of the electromagnetic spectrum. The pulses have to be
intense, since molecular vibrational transitions are hard to saturate due to their small absorption cross sections. Since the dynamics of vibrational transitions often takes place
on subpicosecond time scales, the pulse lengths should preferably be in the femtosecond
region.
Continuously tunable pulses in the mid-infrared can be generated by different lasers
and techniques, such as free-electron lasers [36], color-center lasers, difference-frequency
mixing [37, 38], and optical parametric generation and amplification. Parametric generation and amplification is a favorable choice because it can deliver short, widely tunable
pulses of high intensity.
Optical parametric amplification (OPA) is a nonlinear interaction in which two light
waves of frequencies ω1 and ω2 are amplified in a medium which is irradiated with an

intense pump wave of frequency ω3 ω1 ω2 . The higher of the two frequencies ω1  ω2
is referred to as the signal, the lower as the idler. For the parametric amplification to occur

efficiently, the phase-matching condition k3 k1 k2 must be satisfied. This is generally
achieved by using birefringent nonlinear crystals. By changing the angle of the optical axis
of the crystal with respect to the polarization of one or two of the three interacting fields,
a particular set of frequencies ω1  ω2 is selected for which both the conditions of phase


matching (n3 ω3 n1 ω1 n2 ω2 ) and energy conservation (ω3 ω1 ω2 ) are fulfilled.
From a classical point of view, parametric amplification can occur only if the pump
and at least one of the two other fields (signal or idler) is present at the entrance of the
nonlinear medium. However, at sufficient pump energies, signal and idler are generated
even if the initial numbers of photons at ω1 and ω2 is zero. This phenomenon is referred
to as optical parametric superfluorescence [39] or optical parametric generation (OPG). It
can only be understood from a quantum-mechanical point of view, and can be regarded as
parametric amplification of the zero-point fluctuations of the electromagnetic field. The
fact that parametric generation is essentially parametric amplification which starts from
quantum noise will be exploited in Chapter 9.
The method of parametric generation and subsequent parametric amplification to generate picosecond idler pulses in the mid-infrared has been used extensively in the past.
Initially, the parametric processes were carried out in LiNbO3 crystals pumped with the
fundamental output of a Nd:glass laser [40]. Later, Nd:YAG lasers became popular as
16
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pump lasers because of their higher pulse energy and repetition rate, and for a number of
years Nd:YAG-pumped mid-infrared OPG-OPA systems have been used as light sources
in time-resolved investigations on the picosecond time scale [41, 42].
With the advent of amplified femtosecond Titanium-sapphire (Ti:sapphire) laser systems, parametric generation and amplification have been extended to the femtosecond
time scale. The β-BaB2 O4 (BBO) crystal is a good choice for parametric generation with
femtosecond pulses, because it has a high damage threshold [43] and supports a large
bandwidth. BBO crystals are therefore often used in commercial OPG-OPA systems. If
these devices are pumped with the fundamental Ti:sapphire wavelength (  800 nm), signal
and idler cover a wavelength region of 1–2.6 µm. Longer wavelengths cannot be generated because of the onset of infrared absorption in BBO at approximately 2.6 µm [43].
The tuning range can be extended to 10 µm by difference-frequency mixing of the signal
and idler in a different crystal, but the resulting intensities are rather low.
The generation of femtosecond pulses with sufficient energy in the 3 µm wavelength
region requires a nonlinear crystal that is transparent in this region. A suitable candidate is
KTiOPO4 (KTP), which is transparent and phase-matchable up to a wavelength of 4.5 µm.
Since it has a low damage threshold [43], it cannot be used for parametric generation. This
suggests the use of BBO to generate a (weak) signal pulse at the appropriate wavelength,
which can serve as a seed in subsequent parametric amplification in KTP to generate the
required idler at  3 µm. The mid-infrared pulses used in the experiments presented in
this thesis were generated in this way. With our setup, idler wavelengths up to 3.4 µm are
easily obtained. Wavelengths longer than 3.4 µm are difficult to generate, since only very
small amounts of the required signal seed can be generated due to the absorption of the
corresponding idler in BBO.
Recently, an alternative method, consisting of continuum generation in glass combined
with parametric amplification in BBO (pumped by the second harmonic of the Ti:sapphire
laser) has been used to generate the seed. Subsequent parametric amplification in KTP
(pumped by the fundamental of the Ti:sapphire) results in mid-infrared idler pulses that
have energies of the same order of magnitude as those generated with our setup, and a
somewhat better time-bandwidth product [29].
2.2 Laser system
The commercial Ti:sapphire system we use to pump the parametric down-conversion process is depicted in Fig. 2.1(a). A tunable mode-locked Titanium:sapphire oscillator (Spectra Physics Tsunami) is used to generate pulses of 65 fs FWHM at a repetition rate of
82 MHz, with a center wavelength of 800 nm. The oscillator is pumped with a Spectra
Physics Beamlock 2060 continuous-wave Ar -laser running at an output power between 6
and 7 W. The oscillator output is used to seed a Quantronix 4800 regenerative Ti:sapphire
amplifier, which is pumped with a Quantronix Series 100 intra-cavity frequency-doubled
Q-switched Nd:YLF laser with an output of 9 mJ in  300 ns at a repetition rate of 1 kHz.
The seed pulses are first stretched to a length of several hundreds of picoseconds using a
single-grating stretcher-compressor. They are coupled into and out of the regenerative amplifier at a frequency of 1 kHz using a Pockel’s cell. A photodiode monitoring the output
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F IGURE 2.1. (a) The amplified Ti:sapphire laser system. (b) Autocorrelation trace of the compressed amplifier output, recorded in a 100 µm thick BBO crystal. The solid curve is a Gaussian
with a FWHM of 181 fs. (c) Power spectrum of the pulses, recorded with a scanning monochromator. The solid curve is a Gaussian with a FWHM of 9.7 nm.

pulses of the Ti:sapphire oscillator is used together with a frequency divider to trigger the
Pockel’s cell and the Q-switch of the Nd:YLF laser, ensuring that they are synchronized
with the seed pulses. After recompression of the regenerative amplifier output, transformlimited pulses of 1 mJ and 130 fs duration at a repetition rate of 1 kHz are obtained. A
typical power spectrum and autocorrelation trace of the amplified pulses are shown in
Fig. 2.1(b) and (c).
2.3 The optical parametric amplifier TOPAS
The commercial Traveling-wave Optical Parametric Amplifier of Superfluorescence
“TOPAS” (Light Conversion) can generate signal and idler pulses that are continuously
tunable from 1 to 2.6 µm. It is based on the two-stage parametric amplification of parametric superfluorescence. Both the generation and amplification take place in the same
5 mm β-Barium Borate (BBO) crystal (optical axis cut at 28  ). The frequency of signal
and idler is determined by the phase-matching angle of the crystal. BBO is a negative
uniaxial crystal: the extraordinary refractive index ne (for light polarized along the optical axis) is smaller than the ordinary refractive index no (for light polarized perpendicular
to the optical axis). The polarization of the signal is perpendicular to the optical axis,
whereas the pump and idler polarizations have a component along the optical axis, and

 cos2 θ n2o sin2 θ n2e  1 2 determined by the
hence experience a refractive index n  θ 
angle θ between the optical axis and the polarization. The phase-matching condition is
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therefore n3  θ  ω3 n1  θ  ω1 n2 ω2 , which is referred to as type II phase matching [44].
Using the Sellmeier equations for the dispersion the refractive indices no and ne [44], we
can solve the phase-matching condition for θ to obtain the so-called tuning curve, which
is shown in Fig. 2.2.
signal wavelength (µm)

2.5

2.0

1.5

1.0
25

30
35
angle θ (degrees)

F IGURE 2.2. Calculated signal wavelength as a function of the angle θ for a pump wavelength of
800 nm. Note that θ is the angle between the optical axis and the polarization inside the crystal.

F IGURE 2.3. The traveling-wave optical parametric amplifier TOPAS. The 800 nm pump beam
is shown in grey, the signal+idler beam in black. All mirrors are 800 nm high-reflective dielectric
mirrors, except M3, M7 and M8 which are metallic mirrors. BBO: β-Barium Borate crystal; TD1
and TD2: birefringent plates to generate delay between signal and idler; G: glass plate; BS1 and
BS2: beamsplitters.

The TOPAS is depicted schematically in Fig. 2.3. The 800 nm pump beam is split into
three parts by the beamsplitters BS1 and BS2. The first part passes through a telescope and
is directed to the BBO crystal by the mirrors M1 and M2. There, parametric generation
takes place, resulting in a broadband seed pulse. The seed is reflected by M3 and the
signal is parametrically amplified by the second part of the pump beam, which is directed
to the BBO by mirrors M4–6. It passes through a glass plate G which compensates the
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parallel displacement of the seed when the phase-matching angle of the BBO is changed.
Since the amplification takes place in the far field of the seed, it provides a wavelength
selection mechanism. The preamplified signal beam is slightly increased in diameter and
again directed to the BBO crystal by mirrors M7 and M8. There it is strongly amplified
by the third and most intense part of the pump beam, directed to the crystal by mirrors
M9–11. The birefringent plates TD1 and TD2 serve to generate a time delay between the
signal and idler, which are perpendicularly polarized. This time delay between signal and
idler ensures that the pump pulse has temporal overlap only with signal.
Very high conversion efficiencies can be reached with the TOPAS, and with some effort, signal+idler energies of 300 µJ can be obtained. At idler wavelengths longer than
2.5 µm the BBO crystal starts to absorb, resulting in a much lower conversion efficiency.
Thus the TOPAS cannot be used directly to generate the mid-IR pulses needed for experiments on OH-stretch bands, which are located in the 3 µm wavelength region.
2.4 Generation of intense ultrashort pulses in the 3000–3600 cm
2.4.1

O NE - COLOR

1

frequency region

SETUP

The signal wavelength of approximately 1.1 µm which corresponds to an idler in the 3 µm
wavelength region can still be generated in BBO, although with a low conversion efficiency, since both signal and idler are needed in the parametric amplification process, and
the idler photons are immediately absorbed after being generated. In order to produce
pulses with sufficient intensity in the 3 µm wavelength region, we use a 5 mm thick KTPcrystal [45] cut at θ 40   φ 0  to amplify the weak signal output of the TOPAS at
approximately 1.1 µ with the residual pump available at the output (see Fig. 2.4). KTP is
a biaxial crystal [44], which means that it has three different refractive indices nX  nY  nZ .
However, since two of these are nearly equal, it can in practice be regarded as a (positive) uniaxial crystal, with nZ as the extraordinary refractive index. The signal output of
the TOPAS is polarized perpendicular to the 800 nm pump and idler beams. The KTP
is positioned with the Y -axis along pump (and idler) polarization, and phase matching is
achieved by varying the angle between the crystal’s Z-axis and the signal polarization.
At signal wavelengths around 1 µm the signal output of the TOPAS has a very broad
power spectrum, both because of the absorption of the idler in BBO which reduces the
length over which signal and idler interact, and because the tuning curve of the BBO is
very steep in that wavelength region (see Fig. 2.2). As a consequence, the signal which
serves as a seed for the parametric amplification in KTP has a very broad spectrum, and

F IGURE 2.4. Setup for the generation of tunable mid-infrared pulses. LWP: long-wave pass filter;
R800: 800 nm reflective mirror on CaF2 ; R1100: 1060 nm reflective mirror on CaF2 .
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F IGURE 2.5. Power spectra and autocorrelation traces of the idler pulses generated with the onecolor setup shown in Fig. 2.4. The open and solid points in the left and right panels match.
(a) Power spectra recorded with a scanning monochromator and a PbSe detector. (b) Autocorrelation traces of the idler pulses, recorded in a 3 mm thick LiIO3 crystal. The solid curve is a
Gaussian fit to the solid points, with a FWHM of 0.287 ps, the dotted curve a Gaussian fit to the
open points, with a FWHM of 0.335 ps.

the center wavelength of the resulting idler is determined mainly by the phase-matching
angle of the KTP crystal.
We use a dielectric mirror to separate signal and idler, and a long-wave pass filter to
block the remaining signal. In this way idler pulses of  200 fs and 30 µJ are generated
in the 2.6-3.4 µm wavelength region. Typical power spectra, recorded using a scanning
monochromator and a PbSe detector, and non-collinear autocorrelation traces, obtained
using a 3 mm LiIO3 crystal, are shown in Fig. 2.5. The idler pulses are not transform
limited (∆ν∆τ  0.6) due to group velocity dispersion in the KTP crystal [28].

2.4.2

T WO - COLOR

SETUP

In order to perform experiments in which the pump and probe pulses have different center
frequencies, we use the setup shown in Fig. 2.6. In this setup, we exploit the fact that the
frequency of the idler generated in the KTP crystals is determined mainly by the phasematching angle of the KTP. Thus we can use the same signal output of the TOPAS to
generate two different idler frequencies. To do this, the broadband seed pulse is split
into two parts. The first part is combined with the 800 nm pump pulse in a KTP crystal
to generate the intense pump pulse. The residual 800 nm pulse is used again with the
second part of the seed to generate the weaker probe pulse in a second KTP crystal. Since
depletion effects in the first KTP crystal deteriorate the beam profile of the pump pulse,
only weak pulses can be obtained in the second crystal (energy typically less than 1 µJ).
However, since the second pulse only serves as a probe, this poses no problems. The
center frequencies of pump and probe are independently tunable by adjusting the phasematching angle of the KTP crystals. Typical characteristics of the two-color setup are
shown in Fig. 2.7.
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F IGURE 2.6. Two-color setup for the generation of indepently tunable mid-infared pump and
probe pulses: SWP: short-wave pass-filter, cutoff at 2 µm; LWP: long-wave pass filter; R800:
800 nm reflective mirror on CaF2 ; R1100: 1060 nm reflective mirror on CaF2 .
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F IGURE 2.7. Characteristics of the idler pulses generated with the two-color setup shown in
Fig. 2.6. (a) Power spectra of pump (solid points) and probe (open points) recorded with a scanning monochromator and a PbSe detector. The solid curves are Gaussian fits, with FWHM of
95 cm 1 and 63 cm 1 for pump and probe, respectively.(b) Cross-correlation trace, recorded by
means of sum-frequency generation in a 5 mm thick LiIO3 crystal. The solid curve is a Gaussian
fit with a FWHM of 0.295 ps.

2.5 Pump-probe experiments
The pump-probe experiments are done with a standard pump-probe setup, a typical example of which is shown in Fig. 2.8. In the one-color pump-probe experiments, the infrared pulses are split into an intense pump pulse that excites a significant fraction of the
molecules and a weak delayed probe pulse that monitors the induced transmission change.
In the two-color exepriments the probe pulse is generated independently (see previous section). The pump and probe pulses are focused in the sample by a CaF2 lens (focal length
100 mm), and the two beams enter the sample making an angle of less than 5  .
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F IGURE 2.8. Pump-probe setup. The detector after the sample measures the transmission of the
probe pulse in the presence (T ) and absence (T0 ) of the pump pulse. Part of the probe beam is
split off before the sample, and measured by a second detector (not shown) for reference. The
polarization of the probe pulse is rotated with respect to that of the pump pulse using a zero-order
λ  2 plate.

The transmitted probe energy is measured with a PbSe detector placed after the sample.
A part of the probe beam is split off (either by picking up the weak reflection from the λ/2
plate or by a CaF2 plate) before the sample, and measured by a second PbSe detector
for reference. The pump beam is chopped synchronously at 500 Hz, causing every other
pump pulse to be blocked. The transmitted and reference signal are used to determine
T , the transmission of the probe pulse in the presence of the pump pulse, and T0 , the
transmission of the probe pulse in absence of the pump pulse. In a pump-probe scan the
value of the normalized pump-induced absorption change ln  T T0  is determined as a
function of the delay τ between pump and probe pulses.
The polarization of the probe pulse can be rotated with respect to that of the pump by
means of zero-order λ 2-plate. In most experiments the probe polarization is set at the
magic angle (arctan  2  54  7  ) with respect to the pump. This ensures that the observed
dynamics are not influenced by orientational effects [46]. The physical explanation for the
value of the magic angle is as follows. The pump pulse is linearly polarized, and molecules
with transition dipole moments along the pump polarization are preferentially excited. As
a consequence, initially a larger value of ln  T T0  is measured if the polarization of the
probe is parallel to that of the pump than when it is perpendicular. The orientational
relaxation causes the parallel signal to decrease and the perpendicular signal to increase,
and for a particular angle of the probe polarization these two effects should cancel. Since
the transition dipole moment can escape to two dimensions other than the one of the pump
polarization, but only one of these is probed with perpendicular probe polarization, the
weight of the perpendicular contribution to the signal should be twice as large as that of
the parallel contribution. Since the weights are given by the squares of the projections of
the probe polarization on the parallel and perpendicular axes, the angle between the pump
and probe polarizations should be arctan  2. The reader might care to know that in an
m-dimensional universe, the magic angle is arctan  m  1 (for a dipole transition).
To study the orientational dynamics, the probe polarization is set at 45  with respect
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to the pump pulse, and the parallel and perpendicular probe components are monitored
separately by means of a polarizer placed behind the sample (Fig. 2.8). In the first orientationally resolved experiments (presented in Chapters 3 and 5), a large number of scans
was recorded, in which the absorption change of either the parallel (ln  T T0  ) or the
perpendicular (ln  T T0  ) component was monitored. The rotational anisotropy
R

ln  T T0  ln  T T0 

ln  T T0  2 ln  T T0 

(2.1)

was calculated afterwards from the ’parallel’ and ’perpendicular’ scans. In later experiments, a beam-splitter and two polarizers were used to monitor the parallel and perpendicular components simultaneously. In this way, the rotational anisotropy can be measured
directly (on a single-shot basis). Identical results were obtained with the indirect and the
direct method, except for the much better signal-to-noise ratio in the latter.

3 A femtosecond mid-infrared pump-probe study of
hydrogen-bonding in ethanol
3.1 Introduction
The hydrogen bonds of alcohols in apolar solution have been the subject of numerous
infrared spectroscopic studies [1, 15, 16, 47–53]. The strong influence of hydrogen-bond
formation on the linear response of the OH-stretch mode of ethanol in apolar solution
was established fifty years ago [1]. Since then, hydrogen-bonded alcohol has become
one of the guinea pigs in the hydrogen-bond research field, and the coupling between
the OH-stretch mode and the hydrogen bond in alcohol oligomers has been extensively
characterized [47–51].
Nevertheless, detailed knowledge about the dynamical aspects of this coupling was
lacking until recently. Graener, Ye and Laubereau [15, 16, 52] were the first to employ
picosecond time-resolved mid-infrared pump-probe spectroscopy to investigate the dynamics of the OH-stretch mode of hydrogen-bonded ethanol oligomers in dissolved CCl4 .
Their studies revealed that excitation of the OH-stretch mode of hydrogen-bonded ethanol
results in a fast predissociation of the hydrogen bond, followed by a much slower reassociation process [15]. The time constant of the reassociation process was found to be
20 5 ps, while an accurate determination of the predissociation lifetime was difficult as it
was much shorter than the pulse length. In this Chapter, we present the first femtosecond
mid-infrared pump-probe study of the OH-stretch mode of hydrogen-bonded ethanol in
CCl4 .
3.2 Experiment
The pump-probe setup used for the experiments in this Chapter has been described in detail
in Section 2.5. Mid-infrared pulses generated in a one-color setup (see Section 2.4.1)
are split into an intense pump pulse (  20 µJ) that excites a significant fraction of the
molecules, and a weak delayed probe pulse (  1 µJ) that monitors the induced transmission
change. The pulses are focused in the sample by a CaF2 lens (focal length 100 mm). In
most experiments in this Chapter, the polarizations of the pump and probe pulses are
parallel. Scans with perpendicularly polarized pump and probe pulses are obtained by
means of a zero-order λ/2-plate in the probe beam. Auto-correlation traces of the midinfrared pulses are recorded by means of second-harmonic generation in a 3 mm LiIO3
crystal.
In the pump-probe scans the value of the pump-induced transmission change ln  T  T0 
is determined as a function of the delay τ between pump and probe pulses. We study
25
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solutions of  0.4 mol/l ethanol dissolved in CCl4 . In order to avoid steady-state heating
effects, the EtOH:CCl4 solution is rapidly circulated.
3.3 Results
3.3.1

H YDROGEN - BOND

PREDISSOCIATION

The effect of hydrogen bonding on the OH-stretch mode can clearly be seen in Fig. 3.1,
which shows the linear infrared absorption spectrum of an 1.5 mol/l solution of ethanol
in CCl4 . The fundamental OH-stretch region contains three distinct bands [15]. The intense broad band centered at νδ  3330 cm  1 is due to absorption of hydroxylic groups
at internal positions of hydrogen-bonded oligomers. The narrow absorption band at
3625 cm  1 is due to both hydroxylic groups of non-hydrogen bonded ethanol molecules
(να  3630 cm  1 ) and hydrogen-bond acceptor molecules at the end of open chain

F IGURE 3.1. Infrared absorption spectrum of 1.5 mol/l ethanol in CCl4 in the spectral region
from 3100 to 3700 cm  1 at room temperature, showing the OH-stretch bands, labeled according
to Ref. [15]. The dotted curves show the contributions of the internal hydroxylic groups and the
terminal hydrogen-bond donor hydroxylic groups, centered at 3330 cm  1 (νδ ) and 3500 cm  1
(νγ ), respectively. The narrow absorption band at 3625 cm  1 is due to hydroxylic groups of
isolated molecules (να ) and of hydrogen-bonded molecules at terminal hydrogen-bond acceptor
positions (νβ ).

oligomers (νβ  3620 cm  1 ). The hydrogen-bond donor end groups of the open chain
oligomers absorb at νγ  3500 cm  1 . The integrated absorption cross sections of the internal and terminal hydrogen-bond donor hydroxylic groups are 12 and 3.5 times as large as
that of the isolated and hydrogen-bond acceptor terminal groups [47].
We have recorded pump-probe scans with parallel polarizations of the pump and probe
beams at four excitation frequencies within the broad OH-stretch band of the hydrogen-
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bonded ethanol molecules at internal positions. Fig. 3.2 shows a delay scan recorded at
3330 cm  1 , close to the maximum of the absorption band. The population of the vOH  1
state of the hydrogen-bonded ethanol molecules results in a decreased absorption at the
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F IGURE 3.2. Delay scan showing the relative transmission change ln T T0 vs. delay, recorded
at an excitation frequency of 3330 cm  1 . The solid curve represents a calculation using values of
τd 270 fs and τa 15 ps. In the inset, the dashed curve represents the incoherent contribution
γ  τ to the signal, the dotted curve the coherent contribution β  τ , as discussed in section 3.3.3.

vOH  0  1 transition frequency. This bleaching decays in two stages: first a rapid decay takes place (time constant  250 fs), followed by a slower decay to a slightly elevated
transmission level (time constant  15 ps). These transient bleaching effects cannot be due
to a shift in the dissociation-association equilibrium of the oligomers, since temperature
jump studies on the EtOH:CCl4 system have shown that the response of this equilibrium
to temperature changes occurs with a time constant of 240 ps [52]. The observed decay of the bleaching can be explained if the vibrational relaxation takes place by a rapid
energy transfer from the OH stretching coordinate rOH to the hydrogen-bond coordinate
rOH  O [15, 53]. The excitation energy exceeds the binding energy of the hydrogen bond,
which is  2000 cm  1 [47]. This means that relaxation to the vOH  0 state leads to dissociation of the hydrogen bond. The depopulation of the vOH  1 state leads to a decrease
of the population difference with the vibrational ground state and thereby to a decrease
of the bleaching. The dissociation alters the distribution of hydroxylic groups, decreasing
the number of internal groups and increasing the number of terminal groups. Since the
terminal groups absorb at 3500 cm  1 and 3625 cm  1 [15], these will not be observed by
the probe at 3330 cm  1 , so that the predissociation leads to a decrease of the bleaching
to half its initial value. As the system relaxes to thermal equilibrium, the hydrogen bonds
are again formed and the residual bleaching vanishes with a time constant of  15 ps.
The transmission decays to a plateau value which is somewhat higher than observed for
negative delay times because the equilibrium is reached at a slightly elevated temperature, at which there is a relatively smaller concentration of oligomers and thus a reduced
absorption at 3330 cm  1 .
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Fig. 3.3 shows a pump-probe scan recorded at an excitation frequency of 3225 cm  1 ,
at the red side of the absorption band. This scan shows an initial transmission decrease,
which vanishes very rapidly (time constant  250 fs), followed by a bleaching which decays much more slowly (time constant  15 ps). The initial transmission decrease results
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F IGURE 3.3. Delay scan showing the relative transmission change ln T T0 vs delay, recorded
at an excitation frequency of 3225 cm  1 . The solid curve represents a calculation using values of
τd 250 fs and τa 15 ps.

from absorption of the excited vOH  1 state. Overtone studies have shown that the center
frequency of the vOH  1  2 absorption band is located at 3110 cm  1 [49]. Since the
homogeneous linewidth of the vOH  1  2 absorption band can be expected to be larger
than that of the vOH  0  1 transition [24], and the cross section of the vOH  1  2
transition is approximately twice that of the vOH  0  1 transition [54], at 3225 cm  1
the net effect of the bleaching at 3330 cm  1 and the induced absorption at 3110 cm  1 is a
transmission decrease. Vibrational relaxation through dissociation of the hydrogen bond
causes the induced absorption to vanish. As discussed above, the hydrogen-bond dissociation results in a residual bleaching at the OH-stretch frequency of the hydrogen-bonded
internal hydroxylic groups, which causes the bleaching observed in Fig. 3.3. As the hydrogen bonds are again formed, the bleaching vanishes. The time constant of the hydrogen
bond reassociation process is the same as observed at 3330 cm  1 . The observation of
induced vOH  1  2 absorption confirms that the system is in the vOH  1 state during
a finite time before breaking of the hydrogen bond occurs. No significant vOH  1  2
absorption was observed in Ref. [15], probably because the duration of pulses employed
there exceeded by far the predissociation time constant.
To investigate whether the hydrogen-bond predissociation rate varies over the absorption band, we have also performed pump-probe scans at excitation frequencies of 3390
and 3450 cm  1 (Figs. 3.4 and 3.5). From these scans it is clearly observed that the predissociation lifetime increases significantly with the excitation frequency, reaching a value
of  900 fs at 3450 cm  1 . At 3390 and 3450 cm  1 the dissociation of the hydrogen



3.3

29

0.03

τ = 440 fs
d

0

ln(T/T )

γ

||

0.02
β

0.01

-1

||

0

1

2

0.00
0

10

20

30

40

50

delay τ (ps)

F IGURE 3.4. Delay scan showing the relative transmission change ln T T0 vs delay, recorded
at an excitation frequency of 3390 cm  1 . The solid curve represents a calculation using values of
τd 440 fs and τa 15 ps. In the inset, the dashed curve represents the incoherent contribution
γ τ to the signal, the dotted curve the coherent contribution β τ .
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F IGURE 3.5. Delay scan showing the relative transmission change ln T T0 vs delay, recorded at
an excitation frequency of 3450 cm  1 . The solid curve represents a calculation using a value of
τd 870 fs and τa 15 ps. In the inset, the dashed curve represents the incoherent contribution
γ τ to the signal, the dotted curve the coherent contribution β τ .

bond gives rise to a smaller residual bleaching than at 3225 and 3330 cm  1 . The cause
for this effect is that the absorption increase at νγ  3500 cm  1 due to the creation of
terminal hydroxylic groups becomes noticeable at these higher frequencies. To verify that
predissociation does take place at high excitation frequencies, we have performed a picosecond two-color pump-probe experiment (using a setup described elsewhere [19]), in
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which the pulses had a bandwidth of only 20 cm  1 . The result is shown in Fig. 3.6. If
the νδ band is excited at 3450 cm  1 , then at a probe frequency of 3500 cm  1 indeed a
transient absorption is observed. As expected, this absorption decays with a time constant
of approximately 15 ps.
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F IGURE 3.6. The points show a two-color pump-probe scan recorded with 20 ps long pulses, in
a dilute EtOH:CCl4 solution. The center frequency of the pump pulse is 3445 cm  1 , that of the
probe pulse 3506 cm  1 . The decrease of the transmission at νγ shows that even at νOH frequencies
as high as 3445 cm  1 dissociation of the hydrogen bond takes place upon excitation. The solid
curve represents a convolution of the cross correlation function with an exponential decay with a
time constant of 15 ps.

3.3.2

O RIENTATIONAL

RELAXATION

The orientational dynamics of the OH-stretch excitation of the hydrogen-bonded ethanol
molecules can be investigated by varying the polarization of the probe pulse with respect
to that of the pump pulse. Fig. 3.7 shows two delay scans recorded at 3390 cm  1 , one with
perpendicular and one with parallel polarizations of the pump and probe pulses. In order to
determine accurately the ratio of the signals with parallel and perpendicular polarizations,
these scans were recorded by adjusting the λ  2-plate such as to rotate the polarization
of the probe beam 45  with respect to that of the pump beam, and monitoring either the
parallel or perpendicular component of the probe beam by means of a polarizer placed in
front of the PbSe detector.
The time dependence of the ratio of the pump-probe signals for parallel and perpendicular polarizations is determined by the orientational relaxation of the vibrational excitation. For delays larger than the pulse length, the observed pump-probe signals for parallel
and perpendicular polarizations decay with the same time constant, and the ratio of the
pump-probe signals ln  T T0   ln  T T0  has a constant value of  0.7, which is much
larger than the value of 1/3 expected in the case of very slow orientational relaxation [55].
This implies that orientational relaxation occurs on a time scale much faster than the pulse
length. Curiously, the ratio of the pump-probe signals with perpendicular and parallel polarizations is less than unity, indicating that the orientational distribution of the excitation
has not become fully isotropic after the orientational relaxation.
The most likely mechanism for the fast orientational relaxation is delocalization of
the OH-stretch vibration over the hydrogen-bonded oligomer through dipole-dipole coupling. The hydrogen bond is approximately linear, and directed towards a lone electron
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F IGURE 3.7. Delay scans showing the relative transmission change ln T T0 vs delay, recorded
with parallel and perpendicularly polarized pump and probe pulses at an excitation frequency of
3390 cm  1 . The solid curves represent the calculated signals, using values of τd 440 fs and
ρ 0  65. The dashed curves represent the incoherent contribution γ τ to the signal, the dotted
curves the coherent contribution β τ .

pair-containing sp3 orbital on the oxygen atom of the hydrogen-bond acceptor [6]. This
means that within a hydrogen-bonded oligomer the OH bonds point in different directions, and that energy transfer from one hydroxylic group to another leads to orientational
scrambling of the vibrational excitation. Since the oligomers contain a finite number of
ethanol molecules, the orientational distribution of the vibrational excitation is not completely randomized by the delocalization process, but still has a maximum in the direction
parallel to the polarization of the excitation field. A rough estimate for the dipole-dipole
energy-transfer rate ka  b from an excited hydroxylic group a to its nearest neighbor b can
be obtained from the Förster expression [56, 57], which in SI units is given by:
ka

b 

µ2a µ2b κ2ab
16π2 n4 ε20 h̄2 cR6ab



dν ga  ν  gb  ν 

(3.1)

In this expression µa  µb is the transition dipole moment, n the refractive index of the
medium surrounding the dipoles, Rab the distance between the dipoles, and ga  b  ν  are
the normalized vibrational line shapes. The relative orientation of the dipoles is expressed
by the factor κab , which is given by κab  cos θab  3 cos θa cos θb , where θab is the angle
between the two dipole vector and θa  b are the angles between the dipole vectors and the
interdipole vector. If it is assumed that two hydroxylic groups have roughly the same excitation frequency, then because of the large homogeneous linewidth of the OH-stretching
vibration [15], the integral in Eq. (3.1) will be of the order of unity. Assuming a tetrahedral geometry around the acceptor oxygen atom (θab  70  ), and assuming that the
dipoles are located at the center of the OH bonds, we have Rab  2  53 Å and κab   1  14,
where an O    O distance of 2.8 Å, known from neutron diffraction studies [58], and an OH
bond length of 0.967 Å [59] have been used. From the integrated absorption cross section

32


3.3

of the hydrogen-bonded ethanol [47], a value of µ  0  18 D is found for the transition
dipole moment. Furthermore assuming n  1  5, we obtain ka b   0  3 fs   1 . Although
this is only a very rough estimate, its order of magnitude does indicate that the very fast
orientational relaxation might indeed be caused by delocalization of the OH-stretch excitation over the hydrogen-bonded ethanol oligomers. Dielectric relaxation and nuclear
magnetic resonance studies have shown that the orientational relaxation of isolated ethanol
molecules and of the hydrogen-bonded oligomer as a whole take place on a much slower
time scale [60, 61].
3.3.3

A NALYSIS

In the quantitative interpretation of the data, the influence of coherent coupling effects on
the pump-probe signal has to be taken into account [34, 46, 62, 63]. In our experiment
pump and probe pulses have the same central wavelength and are non-collinear. This
means that when the delay is smaller than the coherence time of the field, the pump and
probe pulses will interfere and induce a spatial modulation (grating) of the intensity and
thus a grating of the light-induced change in the absorption and refractive index [64]. This
grating diffracts the pump pulse into the direction of the probe beam, and constructive
interference of the diffracted pump light with the probe leads to an increase of the transmitted probe signal.
The pump-probe transients could in principle be influenced by the free-induction decay, which may alter the pulse shape as the pulse propagates through the sample [65, 66].
However, if the free-induction decay takes place much faster than the pulse coherence time
(which in our experiments is nearly equal to the pulse length), this effect does not influence
the transients, and the pump-probe signal (including the coherent coupling effect) can be
described using a relatively simple model [63]. The time constant of the free-induction
decay, which is the inverse of the width of the OH-stretch absorption spectrum, is approximately 25 fs. This is certainly much shorter than the pulse duration, and therefore the
present experiment can be well described by the model of Ref. [63]. It should be noticed
that spectral diffusion cannot have a significant influence on the transients, since the bandwidth of our laser pulses is very close to the value obtained for the homogeneous linewidth
measured using pulses of 10 ps [15]. In this Section, first the case of parallel polarizations
of the pump and probe pulses is discussed, then that of perpendicular polarizations. Our
analysis follows that of Ref. [62] and Section 1.3.2.
If we write the pump and probe fields as in Eq. (1.4) (with j  1 for the pump and
1"
j  2 for the probe), then the unperturbed pump and probe fields Ẽ j!  t  are given in the
slowly-varying envelope approximation by Eq. (1.8). Since the probe pulse is a weak
time-delayed copy of the pump pulse, we have
1"
1"

Ẽ2!

1
2 α0 z



z # t $

e



z # t $

ζ eiωτ 

Ẽ1!

Ẽ  t  z  v 
1α z
2 0

Ẽ  t  τ  z  v 
#

(3.2)
(3.3)

where ω  ω1  ω2 , α0  α0  ω1 % α0  ω2  , and Ẽ  t & Ẽ1  0 # t  is the pump-field in z  0
(at the beginning of the sample). The value of ζ2 is less than 0.05.
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The pump and probe fields interact to give rise to a third-order polarization at frequency ω in the probe direction k2 which for pump and probe pulses polarized in the x
direction is given by [63]
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where Axxxx  t + Axxxx
iAxxxx
 t
 t  describes the response of the third-order susceptibility
'
''
tensor. Since for approximately transform-limited pulses the spatial modulation of the
refractive index only results in a second-order intensity change of the probe pulse [63, 64],
the present calculation only takes the modulation of the absorption into account, i.e., of
the imaginary part Axxxx
 t  of the third-order susceptibility.
''
The energy loss of the probe pulse as a consequence of the third-order polarization is
1"
proportional to Im , dt Ẽ2! )  0 # t  P̃ ! 3 "  0 # t  , see Section 1.3.2. Substituting Eq. (3.2) and
(3.3) in Eq. (3.4), we find an explicit expression for the third-order polarization that can
be used to calculate the pump-probe signal:
S  τ

∝ Im
∝

where
γ   τ /



and
β  τ /







∞
∞



t

dt


t

dt

∞


γ - τ 


∞

∞



∞

∞
 *

1"

∞

dt Ẽ2!
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t  t' 

 t  t' 
τ  Axxxx
''
#

(3.6)

(3.7)

and L is the length of the sample. This equation is in agreement with the expressions obtained in Refs. [62, 64] for the pump-probe signal with parallel polarized pump and probe
pulses, and holds for arbitrary optical thickness α0 L of the sample (see Section 1.3.2). The
first term in this expression represents the incoherent pump-probe signal, and depends only
on the pulse envelope function. The second term, which is only non-zero when the pump
and probe pulses coincide in time and are mutually coherent in the sample, represents the
coherent coupling effect. This term contains the fourth-order correlation function of the
field amplitude. Since the infrared pulses are not fully transform-limited, and since the nature of the phase-modulation is not known, this correlation function cannot be evaluated.
However, provided the response function Axxxx
 t  decays slowly compared to the coher''
ence time of the field, knowledge of the nature of the phase modulation is not required,
since in that case Axxxx
 t  can be approximated to first order by Axxxx
 0  , which simplifies
''
''
β   τ  to
β   τ /
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It is seen that in this case the coherent coupling part of the signal is proportional to the
square of the first-order coherence function of the pulses. This coherence function is the
inverse Fourier transform of the power spectrum of the pulses [67]. Therefore, knowledge
of the power spectrum and the intensity envelope of the pulses is sufficient to describe the
data, and the nature of the phase-modulation is not relevant.

F IGURE 3.8. Schematic representation of the energy levels used in the calculation. Resonant
excitation (indicated by the thick arrow) at frequency ν results in population transfer from the
vOH 0 to the vOH 1 state. As a consequence, vOH 1 5 2 absorption becomes possible at
3110 cm  1 . Relaxation with a time constant τd results in a change in absorption frequency due
to the breaking of the hydrogen bonds. Reassociation of the hydrogen bonds occurs with a time
constant τa , to a new equilibrium at an elevated temperature. The increase in temperature results
in a slightly different absorption cross section for level 3 as compared to level 0.
 t  for the hydrogen-bonded OHWe now set out to derive the response function Axxxx
''
stretch excitation (see Fig. 3.8). Orientational effects do not have to be taken into account,
since due to the fast orientational relaxation the orientational distribution can be assumed
to be time independent. Resonant excitation at frequency ν leads to population transfer
from the vOH  0 (n0 ) to the vOH  1 (n1 ) state of the hydrogen-bonded internal ethanol
molecules. Vibrational relaxation takes place with a time constant τd by predissociation of
the hydrogen bond. This leads to creation of terminal hydroxylic groups (nd ) which absorb
at 3500 cm  1 . Subsequently, reassociation of the hydrogen bonds takes place with a time
constant τa . The hydrogen-bonded hydroxylic groups created in this way (na ) will have a
slightly different absorption cross section due to the temperature increase in the sample.
The equations for the population density of the excited state levels at a given position in
the sample and for an intensity profile I  t  at that position are:

dn1
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(3.9)
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The transient absorption coefficient α - t  at a given position is given by
α   t / σ0  n0  n1 

*

σ1 n1

*

σd nd

*

σa na #

(3.13)

where σq are the effective cross sections of the different energy levels, labeled as in
Fig. 3.8. Note that these effective cross sections depend on the probing frequency. The
response function Axxxx
 t  is defined by [64]
''
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where α0  σ0 ntot (with ntot  n0 n1 nd na the total population density) is the equilibrium absorption coefficient. Since the population changes are small (typically 5%), the
term σ0  n0  n1  at the right-hand side of Eq. (3.9) can be approximated by α0 , and by
integrating Eqs. (3.9  3.12) it is easily shown that for the four-level model used here, the
response function is given by
Axxxx
''
 t 6


σ1  σ0
*


*

σa 

τa

τd

t 7 τd
 e
τd  τa
τd  τa
τa
*
σd 
e  t 7 τa σa  σ0 
τd  τa

σd



σa

(3.15)

Here, τd and τa are the time constants of the predissociation and reassociation processes.
Substitution of Eq. (3.15) in Eq. (3.5) results in an explicit expression for the pump-probe
signal.
The numerical analysis of the data was performed by using as input parameters the experimentally determined FWHM of the pulse envelope and of the power spectrum, which
are both assumed to be gaussian. The power spectrum was used to calculate the first-order
coherence function which occurs in Eq. (3.8). A least-squares fit was performed to obtain
values for the predissociation time constant τd at the four different excitation frequencies
ranging from 3225 to 3450 cm  1 . The reassociation time constant τa was determined by
a least-squares fit to the results at 3225 and 3330 cm  1 , and was kept fixed at 15 ps in the
least-squares fits to the results at 3390 and 3450 cm  1 . The results of the least-squares
fitting procedure are given in Table 3.1 and are shown as the solid curves in Figs. 3.2  3.5.
The value obtained for the time constant of the hydrogen-bond reassociation process is in
agreement with the value of 20 5 ps obtained in the picosecond studies [15]. It must be
realized that there might exist a distribution of reassociation time constants in the solution.
In that case the value of τa obtained here would represent an average over this distribution.
The predissociation lifetime reported in Ref. [15] (5 3 ps) is significantly larger than the
values obtained here. Probably the length of the pulses employed in that study (10 ps)
rendered an accurate determination of τd difficult.
The largest observed vibrational lifetime (870 fs) of the hydrogen-bonded ethanol is
still an order of magnitude shorter than the lifetime of non-hydrogen bonded ethanol in
CCl4 solution, which has been found to be 8 ps [68]. This indicates that the hydrogen-bond
predissociation is indeed a very efficient relaxation channel. It is evident that the predissociation time constant depends strongly on the excitation frequency. This means that the
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OH stretching band of the hydrogen-bonded oligomers is inhomogeneously broadened, as
was observed previously in picosecond studies on EtOH:CCl4 [15]. It is well-known that
the redshift of the OH-stretch frequency is a measure of the hydrogen-bond strength [69].
Apparently, weaker hydrogen-bonding leads to slower predissociation. In fact, studies
on hydrogen-bonded acid:base systems [18, 70] have shown that for very weak hydrogen bonds (small redshift) no significant predissociation occurs. To our knowledge, a
frequency dependence of the predissociation rate of the hydrogen bond in the condensed
phase, which has been predicted in theoretical studies [53], has not been observed previously.
The results obtained with perpendicular polarizations can be described quantitatively
by assuming that the orientational relaxation takes place much faster than the time scale of
the experiment, and that it results in an orientational distribution of the vibrational excitation which is time independent. The expression for the pump-probe signal obtained with
the pump pulse polarized in the x direction and the probe pulse in the y direction contains
and Ayxxy
components of the third-order susceptibility tensor [62]. Following
the Ayyxx
''
''
Ref. [62], we define the depolarization factor
ρ  Ayyxx  Axxxx #

(3.16)

which has a value between 1/3 (no orientational scrambling) and 1 (complete orientational
scrambling) [62]. If ρ is time independent and the medium isotropic, it can be shown
that the incoherent and coherent parts γ   τ  and β   τ  of the pump-probe signal observed
with perpendicularly polarized pump and probe pulses are related to those observed with
parallel polarized pulses by [62]:
γ   τ   γ   τ / ρ
β   τ   β   τ /


1  ρ  2 

(3.17)
(3.18)

This means that the difference between the pump-probe scan recorded with parallel polarizations and the pump-probe scan obtained with perpendicular polarizations is determined by ρ only. From a least-squares fit to the results shown in Fig. 3.7 we obtain
ρ  0  65 0  05, which is equivalent to a value of the rotational anisotropy (defined as
*
R 98 ∆α   ∆α /:; 8 ∆α  2∆α<: [55]) of 0.15 for delays larger than the pulse length.
TABLE 3.1. Predissociation lifetime τd and reassociation time constant τa at different excitation frequencies ν, obtained from numerical analysis of the data (shown as the solid lines in
Figs. 3.2 = 3.5). The values in parentheses represent 2σ.

ν/cm 
3225
3330
3390
3450

1

τd /fs
τa /ps
250 (50) 15 (3)
270 (40) 15 (3)
440 (40)
870 (90)
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Note that with perpendicular polarizations the pump-probe signal contains a much smaller
coherent coupling contribution than with parallel polarizations. This can be understood
as follows. If the polarizations of the exciting fields are perpendicular, there is no spatial
intensity modulation, and a coherent coupling effect can only result from an orientational
grating. However, due to the virtually instantaneous rotational scrambling only a very
weak orientational grating will be present. This results in a comparatively small coherent
coupling contribution if the pump and probe pulses have orthogonal polarizations. Since
the coherent contribution to ln  T> T0  is smaller than that to ln  T  T0  , the difference between these transmission changes will decay rapidly with increasing delay. This decay is
not due to an orientational relaxation process but simply due to the decay of the different
coherent contributions. Hence, the signals at small delays only provide information on
the orientational distribution of the molecules if the coherent-coupling contributions β   τ 
and β   τ  are properly accounted for.
3.4 Conclusions
In this Chapter, we have presented a femtosecond mid-infrared pump-probe study of the
vibrational relaxation of the OH-stretch mode of hydrogen-bonded ethanol oligomers.
Upon excitation to the vOH  1 state, vibrational relaxation takes place on the femtosecond
time scale by predissociation of the hydrogen bonds. The predissociation time constant
increases strongly with the excitation frequency, indicating that the predissociation rate
depends strongly on the hydrogen-bond strength. The reassociation was observed to occur
with a time constant of 15 ps, in accordance with previous studies. Finally, a very fast
orientational relaxation of the OH-stretch excitation is observed, which is explained by
a rapid delocalization of the vibrational stretching excitation over the hydrogen-bonded
ethanol oligomers.

4 Vibrational dynamic Stokes shift in liquid water
4.1 Introduction
It was discussed in Chapter 1 that for hydrogen-bonded O H  O systems the OH-stretch
frequency νOH is strongly correlated to the hydrogen-bond length RO  H  O . This correlation results from the difference between the potential-energy functions of the hydrogenbond mode in the vOH  0 and vOH  1 states. These potential energy functions have
approximately the same shape, but in the vOH  1 state the minimum occurs at a smaller
value of RO  H  O than in the vOH  0 state [8, 11, 71–73]. If the hydrogen-bond potentials are harmonic, this results in a linear relationship between νOH and RO  H  O [11], in
agreement with experimental observations [14].
In isolated (gas-phase) hydrogen-bonded complexes, the difference between the
hydrogen-bond potentials in the vOH  0 and vOH  1 states leads to Franck-Condon progressions in the νOH spectra [74, 75]. In the condensed phase, the hydrogen-bond mode
is strongly damped by interaction with bath modes, resulting in a smooth and broad νOH
absorption band. Upon excitation from the vOH  0 to the vOH  1 state, the hydrogenbond will initially be in a non-equilibrium position of the vOH  1 potential. Subsequent
relaxation (contraction) of the hydrogen-bond to its equilibrium position in the vOH  1
state should lead to a dynamic Stokes shift of the νOH frequency of the excited molecule,
in close analogy with the dynamic Stokes shift observed in electronic transitions of fluorescent probe molecules in liquid solution [76].
For harmonic hydrogen-bond potentials (see Fig. 1.1), the relation between the Stokes
2
 2
shift 2λ (in units of angular frequency) and the absorption lineshape e ω 2∆ is relatively
simple [35]:
(4.1)
2λ  h̄∆2 kB T
with h̄ Planck’s constant, kB Boltzmann’s constant, and T the temperature. It is clear
from this expression that there will be a significant Stokes shift for strongly hydrogenbonded systems for which the variation in RO  H  O results in a broad absorption band.
For instance, for the νOH mode of HDO dissolved in D2 O, the width (FWHM) of the


absorption band of 260 cm 1 corresponds to a Stokes shift of approximately 60 cm 1 .
Nevertheless, a vibrational Stokes shift has never been experimentally observed. This can
be partly understood from the fact that it is impossible to observe a vibrational Stokes
shift in the fluorescence spectrum, since the quantum yield of the fluorescence will be
extremely low due to the short vibrational lifetime of hydrogen-bonded systems in the
condensed phase. The Stokes shift can also be probed using ultrafast transient absorption
spectroscopy [35]. Unfortunately, for an OH-stretch vibration, the shape of the transient
spectrum is strongly affected by excited-state absorption and the very fast and frequencydependent vibrational relaxation, which makes it far from straightforward to observe the
38
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Stokes shift. As a result, in previous picosecond [22, 23] and femtosecond [31] pumpprobe studies of the spectral relaxation of the νOH mode of HDO:D2 O, the vibrational
Stokes shift was not observed. In the femtosecond study [31], the time resolution was
sufficient to resolve the spectral dynamics, but the dynamics were interpreted in terms of
the first moment of the transient spectrum. This is a very poor parameter to infer a Stokes
shift, due to the excited-state absorption and the vibrational relaxation.
In this Chapter, we present the first experimental observation of a vibrational dynamic
Stokes shift. This Stokes shift is observed in a femtosecond pump-probe study on the
νOH mode of HDO dissolved in deuterated water (D2 O). The essential difference with the
previous work on this system is that the dynamics of the spectral response are investigated
via delay scans obtained with different colors for the pump and probe rather than by the
first spectral moment. As will be shown, this method has decisive advantages in providing
evidence for a vibrational dynamic Stokes shift.
4.2 Experiment
With the two-color setup described in Section 2.4.2, two independently tunable 200 fs midinfrared pulses are generated. One of these pulses has an energy of 25 µJ and is used
as pump, the other has an energy of less than 1 µJ and is used as probe. The pump pulse
is tuned to a specific frequency in the broad vOH  0  1 absorption band, and the probe
frequency is either redshifted of blueshifted with respect to the pump. The pump pulse
induces a significant population of the vOH  1 level. This results in transient absorption
changes, which are monitored by the probe pulse. The probe polarization is at the magic
angle with respect to the pump polarization, ensuring that the observed signals are not
influenced by orientational dynamics (see Section 2.5). The sample consists of a 500 µm
layer of dilute ( 1:200) solution of HDO in D2 O, prepared by mixing the appropriate
amounts of H2 O (HPLC grade) and D2 O (  99.9 atom% D), and is kept between two
CaF2 windows at room temperature (298 K). The water is circulated to avoid steady-state
heating effects.
4.3 Results and discussion


Figure 4.1 presents pump-probe scans recorded with a pump frequency of 3450 cm 1 and

redshifted probe frequencies of 3363 and 3330 cm 1 . We took care that the pump and
probe have negligible spectral overlap to avoid coherent artefacts. Also shown is a con
volution of the cross-correlation of pump and probe with an exponential decay e t T1
(T1  740 fs, see Chapter 6), which represents the pump-probe signal for instantaneous
response that would be observed if no spectral relaxation would take place on the time

scale of the experiment. At a probe frequency of 3363 cm 1 , the pump-probe signal
rises significantly more slowly than this calculated convolution. At a probe frequency of

3330 cm 1 , the pump-probe signal rises even more slowly. Figure 4.2 shows pump-probe

scans recorded with a pump frequency of 3320 cm 1 and blueshifted probe frequencies of


3445 and 3500 cm 1 . If the probe is tuned to 3445 cm 1 , the measurement can be well

described by a convolution of the cross-correlation with e t T1 . Only if the probe is tuned
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F IGURE 4.1. (a) Pump-probe scans recorded in dilute HDO:D2 O at room temperature, showing
the transmission change ln  T  T0  of the probe pulse as a function of the delay between pump and
probe, with a pump frequency of 3450 cm  1 and probe frequencies of 3363 and 3330 cm  1 . The
dashed curve represents the convolution of the cross-correlation with an exponential decay e  t  T1 ,
with T1  740 fs (see Chapter 6). (b) Cross-correlation traces of the pump and probe pulses.
(c) Power spectra of the pump and probe pulses (represented as stars and circles, respectively),
and the OH-stretch absorption band (dashed curve).
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F IGURE 4.2. (a) Pump-probe scans recorded in dilute HDO:D2 O at room temperature, with a
pump frequency of 3320 cm  1 and probe frequencies of 3445 and 3500 cm  1 . The dashed curve
is the convolution of the cross-correlation with an exponential decay e  t  T1 , with T1  740 fs [77].
(b) Cross-correlation traces of the pump and probe pulses. (c) Power spectra of the pump and
probe pulses, and the OH-stretch absorption band.


to 3500 cm 1 , the pump-probe signal is slightly delayed with respect to the instantaneous
signal. It is also observed that the bleaching signals are much smaller than in Fig. 4.1.
From the difference between the measurements presented in Figs. 4.1 and 4.2 it is clear
that with increasing delay, the bleaching signal broadens much stronger towards lower fre-
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quencies than towards higher frequencies. This observation shows that a dynamic Stokes
shift of the νOH frequency indeed occurs in liquid HDO:D2 O.
Figure 4.3 shows schematically what happens after excitation at a specific νOH frequency. The bleaching is caused by both the depletion of the vOH  0 state (usually
referred to as the ’hole’ contribution [35]) and the population of the vOH  1 state (the
’particle’ contribution [35]). After excitation from the vOH  0 to the vOH  1 state, the hydrogen bond is initially in a non-equilibrium state. Subsequent relaxation of the hydrogen

F IGURE 4.3. Schematic picture of the potential energy functions of the νO H    O mode in the

νOH  0, νOH  1, and νOH  2 states. After excitation to the νOH  1 state, the hydrogenbond experiences the νOH  1 potential. The minimum of this potential occurs at a smaller value
of RO H    O , and hence the hydrogen bond is initially in a non-equilibrium state. Subsequent

relaxation leads to a redshift of the νOH  0  1 frequency. The linear displacement of the
νOH  2 potential with respect to the νOH  1 potential is a times that of the νOH  1 potential
with respect to the νOH  0 potential.

bond to its new equilibrium position leads to a redshift of the vOH  0  1 frequency of
the excited molecule, and hence to a redshift of the ’particle’ contribution to the bleaching.
This relaxation corresponds to a contraction of the hydrogen bond. Simultaneously, the
depletion in the vOH  0 state at the excitation frequency is gradually filled up due to the
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modulation of RO  H  O of the remaining molecules in the vOH  0 state, causing the ’hole’
contribution to broaden towards the linear absorption band. The total bleaching signal is
the sum of the ’particle’ and ’hole’ contribution, and therefore broadens mainly towards to
the red side of the absorption band. In a previous theoretical study of the dynamics of the
OH-stretch mode in HDO:D2O, only the ’hole’ contribution was taken into account, and
hence only a broadening of the spectral hole towards the linear νOH absorption spectrum
was predicted [78].
In a recent femtosecond study, it was found that the first spectral moment of the transient spectrum of the OH-stretch mode in HDO:D2 O does not shift to a Stokes-shifted
value [31]. This result seems to be inconsistent with the fact that for liquid water νOH
strongly depends on RO  H  O , since this dependence implies that the hydrogen-bond potentials of the vOH  0 and vOH  1 states must be displaced with respect to each other.
This displacement will lead to a significant Stokes shift. However, it should be realized
that the first moment is not only affected by the Stokes shift, but also by two other effects
that shift the frequency of the first moment to a higher value. Firstly, the first spectral
moment will be strongly influenced by the transient vOH  1  2 absorption, which is

redshifted by 270 cm 1 with respect to the vOH  0  1 transition frequency [22]. This

absorption is extremely broad (approximately 500 cm 1 [22]) and strongly overlaps with
the red side of the vOH  0  1 bleaching, leading to a significant blueshift of the first
spectral moment. The strong effect of the vOH  1  2 absorption can be seen from the

delay scan with a probe frequency of 3330 cm 1 (Fig. 4.1), which shows a decrease of
the transmission for small delay times due to this absorption. Secondly, the vibrational
lifetime strongly decreases with decreasing νOH [79], which for longer delays also leads
to a blueshift of the first spectral moment. Due to these effects, the frequency to which
the first moment converges after spectral relaxation may even be above the maximum of
the linear absorption spectrum. Therefore, the first spectral moment is a poor parameter
to infer a dynamic Stokes shift. Fortunately, in spite of the above-mentioned effects, it is
still possible to observe the dynamic Stokes shift, since it is the only effect that leads to
stronger broadening of the bleaching to lower frequencies than to higher frequencies. This
effect is clearly observed Figs. 1 and 2.
We describe our data quantitatively assuming that the hydrogen-bond is a Brownian
oscillator coupled to the optically excited OH-stretch mode [35]. The Brownian oscillator model assumes harmonic potential energy functions for the low-frequency (hydrogenbond) mode, which are linearly displaced by a distance d with respect to each other in the
ground and first excited state of the optically excited (OH-stretch) mode (see Fig. 4.3). Because of the approximately Gaussian shape of the OH-stretch absorption band we assume
that the hydrogen-bond mode is a strongly overdamped mode (SOM) [35]. The motion
of the Brownian oscillator is then diffusive, and the dynamics can be described in terms
of three parameters: Λ, the inverse of the correlation time of the diffusive motion, 2λ, the
Stokes shift in units of angular frequency, and ∆, the linewidth parameter [35]. An explicit
expression for the pump-probe signal SPP in terms of Λ, λ, ∆, and the pulse parameters
can be found in the literature (Eq. (13.32) of Ref. [35]). The vOH  1  2 transition is
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incorporated by adding an extra term to this expression:
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where ω1 w1 and ω2 w2 are the center frequency and spectral width of the pump and probe
pulse, respectively, and ω0eg  λ the center frequency of the absorption band. In Eq. (4.2),
the first and second term in the braces correspond to the ’particle’ and ’hole’ contributions to the bleaching, which have delay-dependent center frequencies ωe  τ  and ωg  τ  ,
respectively. The third term represents the excited-state absorption, with center frequency
ωea  τ  . The excited-state absorption is characterized by the vOH  1  2 cross section
σea (relative to the vOH  0  1 cross section), the anharmonicity δωanh , and the scale
factor a for the displacement of the vOH  2 potential (see Fig. 4.3). We added a factor

e τ T1 to account for the finite excited-state lifetime. We found better agreement between

theory and data if a small homogeneous broadening (FWHM 33 cm 1 ) in addition to the
broadening caused by the Brownian oscillator was assumed. Convolution of the result
of equation (2) with the experimentally determined cross-correlation trace (Figs. 4.1(b)
and 4.2(b)) yields theoretical pump-probe delay scans. To describe the data, the spectral
widths and center frequencies of pump and probe were determined from least-squares fits

to the power spectra (Figs. 4.1(c) and 4.2(c)). We used δωanh  270 cm 1 [22], a relative excited-state cross section of σea  1 ) 54, and a scale factor of a  2. This value for
a implies that the vOH  2 potential is displaced significantly more with respect to the
vOH  1 potential than the vOH  1 with respect to the vOH  0 potential, in agreement
with the experimentally observed very broad vOH  1  2 and vOH  0  2 absorption
bands [22, 80]. With T1  650 fs, Λ  2 THz, λ  7 THz, and ∆  19 THz, we found
good agreement (Fig. 4.4(a)). With the same parameter values we could also describe the
linear absorption spectrum (Fig. 4.4(b)). The value for λ corresponds to a Stokes shift of


74 cm 1 , which is in quite good agreement with the Stokes shift of 60 cm 1 obtained from

equation (4.1) using the linewidth of 260 cm 1 of the νOH band of HDO:D2 O as input.
The value of 2 THz for Λ corresponds to a correlation time of 500 fs for the diffusive
motion of the hydrogen bond.

44

4.4
0.10
pump 3450 cm-1, probe 3330 cm-1

0.08
0.06

3200 3300 3400 3500
frequency (cm-1)

(a)

0

ln(T/T )

(b)

pump 3320 cm-1, probe 3445 cm-1
Brownian oscillator model

0.04
0.02
0.00
-0.02
-0.5

0.0

0.5
delay (ps)

1.0

1.5

F IGURE 4.4. (a) Experimental pump-probe delay scans (points), and delay scans calculated using
the Brownian oscillator model (solid curves). (b) Experimental OH-stretch absorption spectrum
(dashed curve) and the absorption spectrum calculated using the Brownian oscillator model (solid
curve).

It is clear that the Brownian oscillator model provides a quantitative description of the
observed broadening of the bleaching signal towards lower frequencies. Interestingly, this
redshift results both from the Stokes shift of the stimulated emission of the vOH  1  0
transition and from the Stokes shift of the vOH  1  2 induced absorption, that is a times
as large. The fact that T1  650 fs instead of 740 fs leads to a better description of our
data suggests that the Brownian oscillator model does not accurately describe the spectral
relaxation for large delay times. This is probably due to the assumption of harmonic
potentials [11]. In fact, the hydrogen-bond potential is probably strongly anharmonic [77,
81], and the hydrogen-bond potentials in the vOH  0 and vOH  1 states may have different
shapes [53]. Both of these effects will lead to more complicated spectral dynamics.
4.4 Conclusion
In conclusion, we have observed evidence for a transient Stokes shift of a molecular vibrational transition. In water, the coupling between the OH-stretch and hydrogen-bond mode
is particularly strong, leading to a large difference between the potential energy functions
of the hydrogen bond in the vOH  0 and vOH  1 states. As a consequence, for water the
vibrational Stokes shift is very pronounced. Similar effects can be expected for any other
optically excited vibration that is coupled to a low-frequency mode. Hence, this effect
should be considered in any study on spectral relaxation of a vibrational transition.

5 Orientational dynamics in liquid water
5.1 Introduction
Knowledge about the orientational dynamics of water is essential for understanding the
(bio)chemical and physical processes that take place in this liquid, notably chemical reactions and solvation. Therefore, the reorientational motion of molecules in liquid water has
been extensively studied for over half a century, in particular by such methods as dielectric relaxation [82, 83], THz spectroscopy [84, 85], optical and Raman-induced Kerr-effect
spectroscopy [86, 87], and nuclear magnetic resonance [61]. However, all of the experimental techniques employed to date probed the orientational motion indirectly or averaged
over all molecules in the liquid. In addition, it is often not clear to what kind of molecular
motion the relaxation observed with these methods is related. In contrast, polarizationresolved pump-probe spectroscopy yields unambiguous information about the dynamics
of orientational relaxation of small molecules in the liquid phase [55, 88]. In this Chapter, we apply this technique to the OH-stretch mode of dilute solution of HDO in D2 O.
In this way, we can directly study the orientational motion of OH groups of the HDO
molecules. The frequency tunability of the infrared pulses makes it possible to study specific subensembles of the water molecules.
5.2 Experiment
Mid-infrared pulses are generated with the setup described in Section 2.4.1. In the pumpprobe experiments, the infrared pulses are split into an intense pump pulse ( 20 µJ) that
excites a significant fraction of the HDO molecules, and
a weak probe pulse ( 1 µJ) that

monitors the induced relative transmission change ln T  T0  as a function of the delay τ
between the pump and probe pulses, where T0 denotes the equilibrium probe transmission
(no pump pulse). Autocorrelation traces of the pulses are obtained by second-harmonic
generation in a 3 mm thick LiIO3 crystal.
The sample is 200 µm thick and contains 1 mol/l solution of HDO in D2 O, prepared by
mixing appropriate amounts of H2 O (HPLC grade) and D2 O (  99.9 atom% D). During
the measurements the water is rapidly circulated to ensure that for every laser shot there is
a fresh part of the liquid in the focus.
5.3 Results
We have recorded pump-probe scans at excitation frequencies of 3320, 3400 and
3500 cm  1 . The power spectra of the pulses at those frequencies are shown in Fig. 5.1,
together with the infrared absorption spectrum of the sample in the OH-stretch region,
45

 5.3

absorbance

46

3200

3400
frequency (cm-1)

3600

F IGURE 5.1. Infrared absorption spectrum of the OH-stretch mode of HDO in D2 O (1 mol/l
in 200 µm), corrected for the D2 O background absorption (black curve), and normalized power
spectra of the laser pulses, centered at 3320 (open points), 3400 (triangles) and 3500 cm  1 (solid
points), respectively.

measured using a conventional infrared spectrometer. The intensity of the pump pulse is
sufficient to excite a significant fraction of the HDO molecules to the vOH  1 state. Due
to the large anharmonicity of the vOH mode (270 cm  1 [22]), these molecules no longer
absorb the probe pulse. This results in a transmission increase of the probe pulse for posiof the probe pulse
tive delays. The decay of the relative transmission changes ln T  T0 
is determined by both vibrational relaxation of the molecules in the vOH  1 state and the
spectral and orientational relaxation of the molecules in the vOH  0 and vOH  1 states.
In order to study the orientational relaxation of the excited molecules, we use the
method described in Section 2.5: the polarization of the probe pulse is rotated 45  with respect
to that of the pump pulse using a zero-order λ/2-plate, and the transmission changes

ln T  T0  of the components of the probe pulse polarized parallel and perpendicular to
the pump pulse are monitored by means of a polarizer placed behind the sample. If the
pump field is polarized along the z-axis, the vOH  0  1 transition probability of a HDO
molecule is proportional to cos2 θ, where θ is the angle between the molecular transition
dipole moment (directed along the OH-bond) and the z-axis. Since at thermal equilibrium
the molecular transition dipole moments are randomly oriented, the excitation by the pump
field results
in an orientational distribution of the OH-bonds of the excited molecules given

3
cos2 θ. As a consequence, initially
the transmission change for the probe
by f θ  4π

pulse component parallel to the
pump field (ln T  T0  ) is three times larger than for the

perpendicular component (ln T  T0  ) [55].
As rotational reorientation of the molecules

takes place, the difference between the ln T  T0  and ln T  T0  components decreases,

1
and in the limit of complete orientational scrambling vanishes ( f θ   4π
).
1
Fig. 5.2 shows the results obtained by pumping at 3400 cm  , at the center of the νOH
absorption band, for the parallel (  ) and perpendicular (  ) components of the probe pulse.
Vibrational relaxation leads to a population transfer from the vOH  1 to the vOH  0 state
and thus to a decrease of the bleaching for both polarization
components of the probe

pulse, but does not change
the ratio  ln T  T0   ln T  T0   . It is easily shown that the

rotation-free signal ∆αRF τ  , which is defined as [55]

 ∆α
RF τ 









ln T τ   T0   2 ln T τ   T0  

(5.1)
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F IGURE 5.2. Pump-probe scans recorded pumping and probing at an excitation frequency of
3400 cm  1 (pulse spectrum shown as the triangles in Figure 5.1). The relative transmission
change ln  T  T0 "!$# % of the probe pulse is plotted versus the delay τ, for the components polarized
parallel (solid points) and perpendicular (open points) to the pump pulse.

reflects
only the excited-state population dynamics, whereas the rotational anisotropy

R τ  , which is defined as [55]


R τ 

 
 
ln T τ   T0   ln T τ   T0 
 
 
ln T τ   T0   2 ln T τ   T0 


(5.2)

reflects only the orientational dynamics (independent of the vibrational relaxation), with a
value between 0 (complete orientational scrambling) and 0.4 (maximal anisotropy).
Fig. 5.3 shows the observed rotational anisotropy as a function of delay, for three excitation frequencies within the νOH absorption band. The power spectra are shown in Fig. 5.1
(the point styles of Figs. 5.1 and 5.3 match). The orientational dynamics clearly depend
dramatically on the excitation frequency. At the high frequency side of the absorption
band (solid points) the decay of the rotational anisotropy occurs much faster than at the
low frequency side (open points), where it remains nearly constant. Since the OH-stretch
frequency νOH decreases with increasing hydrogen-bond strength (see Section 1.2), our results imply that the orientational relaxation takes place much faster for weakly hydrogenbonded molecules (high νOH frequency) than for strongly hydrogen-bonded molecules
(low νOH frequency), which apparently remain more or less fixed in their environment.
Surprisingly, at the center frequency (triangles) and the high-frequency side (solid points)
of the absorption band, the decay occurs in a non-exponential manner. For small delays
the decay is very fast, for large delays the rotational anisotropy decays much slower.
5.4 Discussion
In order to rotate and change its angle with respect to the polarization of the pump pulse, an
OH group must break its hydrogen bond. Such a process will cost more energy for strongly
hydrogen-bonded OH groups than for weakly hydrogen-bonded groups. This explains
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F IGURE 5.3. Logarithm of the rotational anisotropy as a function of the delay between the exciting and probing pulse, at three excitation frequencies within the νOH absorption band of water.
The point styles of the data and the power spectra shown in Fig. 5.1 match. The curves represent
decays calculated using the model described in the text.

why the orientational relaxation takes place much more slowly at low than at high νOH
frequencies. In order to quantitatively describe this effect, we assume that the orientational
relaxation is a thermally activated process. The activation energy EA νOH  of this process,
which will be on the order of the hydrogen-bond dissociation energy of 2000 cm  1 [47],
is assumed to increase linearly with decreasing νOH (increasing hydrogen-bond strength).
This leads to a frequency dependent decay constant of the rotational anisotropy:


τR νOH  C eEA & νOH '$(

kB T

τ0R )


(5.3)

We have added a constant τ0R in the above expression to account for the fact that even
for very weakly hydrogen-bonded OH groups, the orientational relaxation rate should still
have a finite value, determined by the moment of inertia of the HDO molecule and steric
effects.
In a quantitative description of the decay of the rotational anisotropy, we must take
account of the spectral relaxation of the νOH excitation, which takes place on a time scale
of approximately 500 fs (see Chapter 4). To do this, we use the Brownian oscillator model,
which was described in Chapter 4. When τR is frequency dependent, it is difficult to
obtain explicit expressions for the decay of the rotational anisotropy of an optically excited
mode coupled to a Brownian oscillator. Fortunately, for a strongly overdamped mode, the
Brownian oscillator model is equivalent to a spectral diffusion model [35], in which the
vOH  0  1 frequency of a molecule in the vOH  0 state is given by




ω01 t  ω0eg  λ  δω01 t  

(5.4)

 5.4

49


where the detuning δω01 t  is a Gauss-Markov random process, with a correlation func*
tion [35]


δω01 t  δω01 0 ,+ ∆2 e  Λt )
(5.5)
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0 transition frequency of a molecule in the vOH  1 state is given
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In Eqs. (5.5) and (5.7), ∆ is the linewidth parameter and Λ the inverse spectral relaxation
time constant, both of which are defined in Chapter 4. This spectral diffusion process
can be implemented numerically, which allows us to calculate the decay of the rotational
anisotropy.
The initial spectral distribution of the ’particle’ (vOH  1  0) and ’hole’ (vOH  0 
1) contributions to the bleaching is given by a convolution of the power spectrum of the
pump pulse with the homogeneous linewidth of 33 cm  1 (see Chapter 4). The spectral diffusion causes the spectral distribution of the ’hole’ to broaden towards the linear absorption spectrum, and that of the ’particle’ towards the linear absorption spectrum Stokesshifted by 2λ (see Chapter 4). The spectral distributions of the ’particle’ and ’hole’ contributions were calculated as a function of time by numerical integration of the equations for
the spectral diffusion. After each time step, the decay of the rotational anisotropy R ω 
in each frequency bin was evaluated using Eq. (5.3). The observed rotational anisotropy
is obtained by integrating the product of R ω  and the power spectrum of the probe pulse
over ω. In the calculation, the values for ∆, Λ, and λ obtained in Chapter 4 were used.
We used Gaussian pulse envelopes for the pump and probe pulses, the width of which was
obtained from autocorrelation traces recorded after each of the scans shown in Fig. 5.3.
We found good agreement between the calculated anisotropy and our data at all excitation
frequencies using the parameter values τ0R  0 ) 7 ps, C  0 ) 08 fs and EA 

9 ) 6 3670  νOH  cm  1 (see Fig. 5.3). The decay constant τR νOH  for these parameter
values, calculated using Eq. (5.3), is shown in Fig. 5.4. Clearly, it exhibits a dramatic
frequency dependence. In fact, the water molecules may be divided in a fraction that
is strongly hydrogen-bonded (low νOH frequency), and that exhibits virtually no orientational relaxation, and a fraction that is weakly hydrogen-bonded (high νOH frequency),
and that shows orientational relaxation with a time constant of approximately τ0R . Thus,
with regard to the orientational dynamics, our measurements suggest a two-component
model for liquid water. The fact that the orientational anisotropy still shows a decay at
the lowest probe frequency of 3320 cm  1 (see Fig. 5.3) even though the orientational relaxation rate at that frequency is practically zero (see Fig. 5.4), is caused by the spectral
diffusion, which causes exchange between the OH-groups with high and low νOH frequen
cies. Orientational relaxation of an OH-group with a high νOH frequency (short τR νOH  )
and a subsequent change of its νOH frequency to a low value (due to spectral diffusion)
will contribute to the decay of the rotational anisotropy at this low νOH frequency. This
leads to an effective decay of the rotational anisotropy
at low νOH frequency that is much

faster than would be expected from the value of τR νOH  at that frequency.
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F IGURE 5.4. Frequency dependence of the activation energy EA  νOH and the decay constant
τR  νOH . The dotted curve shows the Gaussian νOH absorption band used in the calculation.

It is interesting to compare the results presented in this Chapter to dielectric relaxation
and THz studies
on liquid water. In these experiments, one measures the complex dielec
tric function ε ω  at low frequencies (GHz and THz regime). The dielectric function is
related to the relaxation of the electric polarization as follows [89]:


ε ω  ε∞ 


-

∞
0



dt eiωt φ t  

(5.8)

where the relaxation function φ t  is the decay of the electric polarization P that would
be observed upon instantaneous switching off of a constant electric
field applied to the

function
φ
t
is
assumed to be a
system until time t  0 [89]. Usually, the relaxation



sum of exponentially decaying functions exp t  τD j  , which results in the well-known
Debye-type dielectric function [83, 89]:


ε ω  ε∞ 

∑1
j

cj

iωτD j

(5.9)

where c j are constants, and τD j are referred to as Debye relaxation times. In dielectric
relaxation and THz experiments, the orientational relaxation in water has often been observed to occur on two time scales. The slow time scale has an associated Debye relaxation
time of τD 1 . 8 ps [83, 85, 90], whereas the values reported for the Debye constant associated with the fast time scale vary from τD 2 / 200 fs to τD 2  1 ) 02 ps [83, 85, 90]. The
difficulty in obtaining an accurate value for τD 2 is due to the fact that the contribution
of the fast process to the dielectric function is very small compared to that of the slow
process.


We can use our model for τR νOH  to calculate the relaxation function φ t  of the
electric polarization, which describes the dielectric function through Eq. (5.8). It can
be shown that for an ensemble of dipoles that exhibit orientational diffusion [89], the
Debye constant τD and the decay constant τR of the rotational anisotropy are related by
τD  3τR (see the Appendix). Our model therefore implies a Debye constant that depends
on νOH . That is, each subensemble of water molecules with a specific νOH frequency
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(and hence, a specific hydrogen-bond strength)
exhibits
orientational
diffusion with an



associated Debye constant given by τD νOH 0 3τR νOH  , where τR νOH  is determined
by Eq. (5.3). The total electric polarization is the sum of the electric polarizations of each
of the subensembles. It should
be noted that the decay of the total electric polarization is

determined not only by τD νOH  , but also by the spectral
diffusion, which causes exchange

between the subensembles with high and low τD νOH  . This leads to a faster decay of the
electric polarization than would
be observed in absence of spectral diffusion, since the

subensembles with long τD νOH  will have a faster effective decay route for reorientation
through spectral exchange with subensembles with short τD νOH  .

To calculate the relaxation function φ t  of the total electric polarization, we assume
that at t  0 the electric polarizations of all subensembles are equal, and that all molecules
are in the vOH  0 state. The decay of each subensemble is calculated by numerical
integration, in which we take the spectral diffusion in the vOH  0 state (described
by

Eqs. (5.4) and (5.5)) and the decay of the electric polarization (described by τD νOH  ) of
each subensemble into account. The total electric polarization is evaluated at each time
step by adding the electric polarizations of each of the subensembles, weighted by the
distribution of νOH frequencies, which we assume to be given by the νOH absorption band
(shown as the dotted curve in Fig. 5.4).

The calculated relaxation function φ t  of the electric polarization is shown in
Fig. 5.5(a). After an initial fast decay, φ t  becomes exponential with a decay constant
of 7.1 ps. The relaxation function can be well described with a biexponential decay with
time constants of 7.1 ps and 0.3 ps (see Fig. 5.5(a)), which implies a dielectric function of
the form (5.9) with τD 1  7 ) 1 ps and τD 2  0 ) 3 ps. The decay constant of 7.1 ps agrees
well with the Debye constant of approximately 8 ps often observed in THz and dielectric
relaxation studies on liquid water. The slight discrepancy  between the two values might
be due to the fact that τR , which was used to calculate φ t  , describes the orientational
relaxation of the νOH transition dipole moment of HDO, whereas τD describes the orientational relaxation of the permanent dipole moment of the water molecule, or to the different
moments of inertia of HDO and H2 O. The decay constant of 0.3 ps corresponds to the fast
time constant τD 2 observed in dielectric relaxation, THz, and Kerr-effect measurements.
This fast part of the decay is determined by both the orientational and spectral relaxation.
It is clear from Fig. 5.5(a) that the contribution of this fast process to the dielectric function
is very small.
Note that both the dielectric relaxation measurements and the polarization-resolved
pump-probe experiments show that the orientational relaxation takes place on two distinct
time scales. However, that these two time scales are associated with different hydrogenbond strengths can only be shown with pump-probe spectroscopy, which allows us to
selectively study subensembles with a specific hydrogen-bond strength (νOH frequency).
This information could not have been obtained with linear techniques such as dielectric
relaxation and THz experiments, which inherently measure an average over all molecules
in the liquid.
Fig. 5.5(b) shows the frequency-dependent
part of the complex dielectric function


ε ω  , obtained from the calculated φ t  using Eq. (5.8). The calculation agrees well with
the experimentally observed dielectric function, as presented in for example Ref. [83],
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F IGURE 5.5. (a) The solid curve represents the logarithm of the calculated relaxation function
φ  t for the electric polarization. The dotted curve is a biexponential decay with time constants
of 0.3 and 7.1 ps. (b) Real and imaginary part of the frequency-dependent part of the dielectric
function, calculated from φ  t using Eq. (5.8).

and we can conclude that both the polarization-resolved pump-probe experiments and the
dielectric relaxation measurements can be well described with the model for the orientational relaxation in liquid water presented here.
5.5 Conclusion
In this Chapter, we have studied the orientational relaxation of frequency-selected
molecules in liquid water. It is found that the orientational relaxation takes place on two
distinct time scales: weakly hydrogen-bonded molecules show rapid orientational relaxation with a decay constant on the order of τ0R  0 ) 7 ps, whereas strongly hydrogen-bonded
molecules retain their orientation for a much longer period of time. These results suggest
that a mixture model applies to liquid water, and that with respect to the orientational
dynamics two molecular species exist in the liquid. The model for the orientational relaxation proposed in this Chapter also gives a good quantitative description of the complex
dielectric function of liquid water.
Appendix: Relation between τR and the Debye relaxation time τD


Let f θ  φ  t  be the distribution of orientations (θ  φ) of an ensemble of dipoles at time
t. If the dipoles undergo Brownian rotational motion, it can be shown that in absence of
external fields the orientational distribution function satisfies the equation [89]:


∂ f θ φ t 

∂t





1
1 ∂
∂ f θ φ t 
1 ∂2 f θ  φ  t 
sin θ

4 
2τD 1 sin θ ∂θ 2
∂θ
3
∂φ2
sin2 θ

(5.10)

where τD is the Debye relaxation constant, which contributes to the dielectric function of
the system in the form [89]
εs  ε∞
(5.11)
1  iωτD )
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We use Eq. (5.10) to calculate the decay of the rotational anisotropy R of the dipoles in
case the initial distribution is given by


f θ  φ  0 5

3
cos2 θ )
4π

(5.12)

The solution of Eq. (5.10) is then found to be


f θ  φ  t 5

1 
3 cos2 θ  1  e 
4π 6

3t ( τD
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(5.13)

The rotational anisotropy
is the difference between cos2 θ and cos2 φ sin2 θ weighted with

the distribution f θ  φ  t  :
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We see that the decay constant of the rotational anisotropy is given by τR  τD  3.

(5.14)

6 Anomalous temperature dependence of vibrational
lifetimes in water and ice
6.1 Introduction
Many physical properties of water exhibit a remarkable temperature dependence. The
best known example is probably the density, which is larger in the liquid than in the solid
phase. Other examples include the viscosity, the specific heat, and the static dielectric
constant, all of which show temperature dependences that differ significantly from what
is generally observed in liquids. In many cases the anomalous temperature dependence of
these properties has provided fundamental information on the dynamics and structure of
water.
A better understanding of the physical properties of liquids can be obtained by studying the dynamics of the elastic and inelastic microscopic molecular interactions. Information on the inelastic molecular interactions can in turn be obtained by measuring the
lifetime of molecular vibrations. Of special interest in this respect is the measurement of
the vibrational lifetime as a function of temperature, since in many cases this allows the
identification of the modes to which the energy of the excited mode is transferred. In most
theories for vibrational relaxation [91–93] the vibrational lifetime strongly decreases with
temperature, in most cases as a result of the increased occupation of the energy-accepting
modes. Measuring the temperature dependence of the lifetime allows the determination
of the frequencies of these modes and thus may help in their identification. It is clear that
measuring the lifetime of a vibration of the water molecule as a function of temperature
might provide us with new insights in the microscopic molecular couplings in water, which
eventually may lead to a better understanding of the anomalous macroscopic properties of
this liquid. The OH-stretching mode of water is obviously the most suitable candidate, as
it is a very sensitive probe for the hydrogen-bond structure [13]. Unfortunately, the time
resolution in previous time-resolved mid-infrared studies on ice and water was not sufficient to accurately determine the OH-stretching lifetimes [22, 23, 94, 95]. In this Chapter,
we report on the determination of OH-stretching lifetime and its temperature dependence
in dilute HDO:D2 O solution, both in the liquid and solid (ice Ih) phase.
6.2 Experiment
For the pump-probe experiments, we use the two-color setup described in Section 2.4.2.
The pump and probe pulses are focused to a spot with a diameter of 300 µm and have

spatial overlap in the sample. The pump pulse is tuned to the νOH  0 1 frequency, and


the probe pulse to either the νOH  0 1 or the νOH  1 2 frequency. The pump pulse
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induces a significant population of the νOH  1 level, which is monitored by the probe

pulse. By measuring the excited state (νOH  1
2) absorption as a function of delay
between the pump and probe pulses, we determine the vibrational lifetime T1 . The probe
polarization was at the magic angle with respect to the pump polarization, ensuring that
the observed transients are determined by the vibrational relaxation only [55].
The sample consisted of a 500 µm layer of dilute ( 1:500) solution of HDO in D2 O
kept between two sapphire windows, and was mounted on the cold finger of a closed-cycle
He cryostat equipped with a heater. This enabled us to continuously tune the temperature
of the sample from 30 to 363 K with an accuracy of 0.2 K. The ice was prepared by slowly
cooling down sample until solidification occurred, typically at 265 K. Since the sample
cannot be circulated, we had to lower the pump pulse repetition rate to 70 Hz to avoid
heating of the sample in the focus. Using the differential equation for diffusion of heat
and the thermophysical properties of D2 O, an upper bound can be obtained for the steadystate heating in the focus, which is 2.6 K for water and 1 K for ice (see the Appendix at the
end of this Chapter). These values represent the uncertainty in the reported temperature
values.
6.3 Results
6.3.1

G ENERAL

CONSIDERATIONS

It has been shown recently that in inhomogeneously broadened bands of hydrogen-bonded
OH groups the vibrational lifetime can be strongly dependent on the excitation frequency [79, 96]. In addition, there can be spectral relaxation effects [23, 97]. To investigate
if such effects occur, we have recorded pump-probe scans in liquid water at room temperature, with a fixed pump frequency of 3500 cm  1 , which is at the high-frequency side of

the νOH band, and three different probe frequencies within the broad νOH  0 1 band
(Fig. 6.1). If the probe pulse is tuned to the same frequency as the pump, the decay rate of
the bleaching is initially larger than the value approached for large delays, which is clearly
suggestive of spectral relaxation [88]: the spectral relaxation of the excited OH groups out
of the spectral window of the probe pulse gives rise to an extra contribution to the decay
of the bleaching, which adds to that of the vibrational relaxation. At probe frequencies
away from the pump frequency, the decay rate is initially slower due to spectral relaxation
of the excited OH groups into the spectral window of the probe, a process that competes
with the vibrational relaxation. The spectral relaxation also causes the bleaching at these
frequencies to rise to a maximum at larger delay values than at the pump frequency. After
approximately 1 ps, the decay rate has become equal at all probing frequencies, indicating
that no more spectral relaxation takes place (see also Chapter 4).
6.3.2

V IBRATIONAL

LIFETIMES

Typical pump-probe scans recorded in ice and in water, showing the excited state (νOH 

1 2) absorption vs. the delay between pump and probe, are presented in Fig. 6.2. These
scans show that in water at 353 K the vibrational lifetime is significantly longer than
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F IGURE 6.1. Pump-probe scans recorded in dilute HDO:D2 O at room temperature, showing the
transmission change ln  T  T0  of the probe pulse as a function of the delay between pump and
probe, at three different νOH  0 1 probing frequencies and with νpump  3500 cm 1 .

at 298 K, in striking contrast with the generally observed decrease of excited-state lifetimes with temperature, both for vibrational [98–101] and electronic [102–104] transitions. Fig. 6.2 also shows that the vibrational relaxation takes place approximately twice
as fast in ice as in water.
water at 298 K
water at 353 K
ice at 270 K

0

-ln(T/T )

0.1
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1E-3
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2
delay (ps)

3

4

F IGURE 6.2. Pump-probe scans recorded in HDO:D2 O in the liquid (νpu = 3400 cm 1 , νpr = 3150
cm 1 ) and solid phase (νpu = 3330 cm 1 , νpr = 3090 cm 1 ), showing the absorption increase at
the probe frequency vs. the delay between the pump and probe pulses. The drawn curves are
convolutions of a Gaussian with mono-exponential decays with time-constants of 740 fs (298 K),
861 fs (353 K), and 385 fs (270 K), respectively.

We have recorded pump-probe scans in a broad range of temperatures, keeping the
pump frequency fixed at 3400 cm  1 for water and 3330 cm  1 for ice (the center frequencies of the νOH band at room temperature and 260 K, respectively). The probe was always
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F IGURE 6.3. Vibrational lifetime T1 of the OH-stretching mode of dilute HDO:D2 O as a function
of temperature. Note that the lifetime at T  270 K has been measured both in the solid and
(undercooled) liquid phase. The dashed curve has been calculated using a power-law dependence
of T1 on the hydrogen-bond induced redshift of the OH-stretch frequency: T1 ∝  δνOH  1 8 [53].

tuned to the νOH  1 2 frequency (3150 cm  1 for water, 3090 cm  1 for ice). By fitting
mono-exponential decays to the pump-probe scans, we have determined the vibrational
lifetime T1 as a function of temperature. Even though the observed transients can be well
described by a convolution of a Gaussian with a mono-exponential decay (Fig. 6.2), it
cannot be excluded that for small values of the delay the decay of the absorption at the

νOH  1 2 frequency might be partly determined by effects of spectral relaxation, simi
lar to the decay of the bleaching at the νOH  0 1 frequency (see the previous paragraph
and Chapter 4). For this reason, only the data points for delay values larger than 1 ps were
used in the fits to the measurements on liquid water.
Fig. 6.3 presents T1 as a function of temperature. In ice, no significant temperature
dependence is observed all the way from 30 K up to the melting point. At the transition
from the solid to the liquid phase, T1 suddenly increases from 384 16 to 745 47 fs. Note
that in undercooled water at 270 K the vibrational lifetime is close to the value at room
temperature, and roughly twice that measured in ice at 270 K. As the temperature of the
water increases, the vibrational lifetime becomes significantly longer.


6.4 Discussion
6.4.1

T HEORETICAL

BACKGROUND

In describing the temperature dependence of vibrational relaxation rates in the condensed
phase, it is often assumed that the accepting modes are harmonic oscillators, either
phonons (in solids) or instantaneous normal modes (in liquids) [93]. This always leads to
a vibrational lifetime that decreases with temperature. To illustrate this, let us assume for
simplicity that only one accepting mode is involved in the vibrational relaxation process.
We will call the high-frequency coordinate q and the low-frequency (accepting-mode) co-
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ordinate Q. If the high-frequency excitation relaxes by the emission of m phonons of
energy ωQ  ωq m, the decay rate K  1 T1 due to the anharmonic coupling operator
q̂Q̂m can be calculated with first-order perturbation theory [105]:
K  T  ∝ ∑ PnQ  0q nQ  m  q̂Q̂m  1q nQ 
nQ

2


(6.1)

where  1q nQ  and  0q nQ  m  denote the initial and final states of the relaxing system,
and PnQ = e  nQ h̄ωQ  kB T ∑k e  k h̄ωQ  kB T is the thermal probability distribution. Writing Q̂
in terms of phonon creation and annihilation operators, one obtains:
K  T  ∝  0q  q̂  1q 

2




n̄Q  1 

m

(6.2)

where n̄Q   e h̄ωQ  kB T  1  1 is the thermal occupation number of the phonon. The same
result is obtained if the anharmonic coupling is q̂Q̂, and mth-order perturbation theory
is used to describe the relaxation [105]. Since n̄Q increases with temperature, Eq. (6.2)
predicts that the vibrational lifetime should decrease with increasing temperature.
This temperature dependence can be understood as follows: the value of the matrix
element  0q nQ  m  q̂Q̂m  1q nQ  strongly depends on the overlap of the q and Q wavefunctions, and increases with nQ , since for a harmonic oscillator the corresponding  nQ  and
n
m  wavefunctions are more extended. With increasing temperature, higher levels
 Q 
of the Q mode will be occupied, and the thermally averaged value of the coupling matrix
element increases.
Summarizing, if the accepting mode is a harmonic oscillator, the vibrational lifetime is
predicted to decrease with temperature. This holds not only for the very simple situation
discussed above, but also when more than one accepting mode is involved [93], or when
higher-order perturbation theory is used to describe the relaxation [105].
6.4.2

T HE

HYDROGEN BOND AS ACCEPTING MODE

Previous studies have shown that in the vibrational relaxation of the νOH  1 state of a
hydrogen-bonded OH group a large part of the energy is transferred to the hydrogen-bond
(O  H  O) mode [15, 79], which typically has a frequency of 200 cm  1 . Therefore,
by virtue of the discussion in the previous section, one would expect a strong decrease
of the vibrational lifetime with temperature, both in ice and in water. The observation
that in ice the relaxation is nevertheless temperature independent, might be due to the fact
that the hydrogen bond is a strongly anharmonic oscillator, the potential function possibly
containing two minima separated by a barrier and/or strong quartic contributions [14, 81,
106]. As a result, the wavefunctions of the excited hydrogen-bond states are probably
not much more extended than that of the ground state. Therefore, the matrix element
1q nQ  qQm  0q nQ  m  will be virtually independent of nQ . Consequently, the thermal

average of this matrix element, and therefore the vibrational lifetime, may be expected to
depend only weakly on the temperature, as is indeed observed in ice.
At first sight, in liquid water a similar independence of temperature could be expected
as in ice. However, the vibrational lifetime in water actually increases with temperature.
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To our knowledge, up to now such an increase of the vibrational lifetime with temperature
has only been observed for the T1u stretching mode of W(CO)6 dissolved in some organic
solvents and in supercritical fluids [107–110]. For the latter systems, the increase of T1
with temperature could be explained from the strong temperature dependence of the properties of the solvent just above the critical point. At temperatures sufficiently far above
the critical point, the lifetime exhibited the usual decrease with increasing temperature. In
the case of W(CO)6 in some organic solvents, it was found that the increase of T1 with
temperature must result from a strong decrease of the coupling to the accepting modes
with temperature, but the reason for this decrease could not be identified [111].
There are two temperature-dependent parameters that in principle could lead to a decrease of the coupling between the OH-stretching mode and the accepting bath mode with
temperature (and thus to a decrease in vibrational lifetime), namely the density and the
average hydrogen-bond strength.
Above 277 K, the density of liquid water decreases with increasing temperature, which
in principle could lead to a lengthening of the vibrational lifetime [111]. Although it cannot be excluded that for liquid water the increase of T1 with temperature partly results from
the decrease in density, it is clear that the density in itself is not an important parameter
since the T1 of liquid water is much longer than that of the less dense ice.
A much more important effect is that the average hydrogen-bond strength decreases
with increasing temperature [112], as can be derived from the redshift of the hydrogenbond (O  H  O) stretching frequency observed in the far-infrared and low-frequency Raman spectra of water [113, 114], and from the blueshift of the OH-stretching mode in the
Raman and infrared spectra [115, 116]. In ice, the OH-stretch frequency varies much more
slowly with temperature [115], which indicates that the effects mentioned below will be
less relevant for ice.
A decrease of the hydrogen-bond strength will lead to a decrease of the anharmonic
interaction between the OH-stretching mode and the hydrogen bond. If the hydrogen bond
forms one of the accepting modes of the vibrational energy, this will lead to an increase
of the vibrational lifetime. To see if such a mechanism could explain the observed temperature dependence of T1 (OH), we tried to describe our data with a previously developed
model for the vibrational relaxation of hydrogen-bonded OH groups [53]. This model
describes the vibrational relaxation of an isolated OH group hydrogen-bonded to an oxygen atom, and assumes that all vibrational energy initially present in the OH-stretching
mode flows to the hydrogen-bond (O  H  O) mode. It shows that the vibrational lifetime T1 (OH) strongly depends on the hydrogen-bond induced redshift δνOH of the OHstretching frequency with respect to the gas-phase value, and predicts the power-law relation T1  OH  ∝  δνOH   1  8 , which has been observed experimentally for a wide range of
hydrogen-bonded complexes [117]. We used this relation and the experimentally observed
temperature dependence of δνOH in dilute HDO:D2 O [115] to calculate the vibrational
lifetime T1 (OH) as a function of temperature. The proportionality constant was chosen
such that the calculated T1 at 323 K equals the experimentally observed value. Since the
thermal occupation of the hydrogen-bond mode is not expected to influence the temperature dependence of T1 (see above), it was not incorporated in the analysis. The calculated
T1 is shown as the dashed curve in Fig. 6.3. The agreement between the calculated and

60
observed values is reasonably good over the entire temperature range from 30 to 363 K,
especially in view of the fact that the model of Ref. [53], which describes an isolated
O  H  O unit, is surely a strong oversimplification of the actual situation in liquid water.
It thus seems likely that the origin of the strong correlation between T1 (OH) and the
hydrogen-bond strength lies in the anharmonic coupling between the OH-stretch and the
hydrogen-bond modes, although it cannot be excluded that the hydrogen-bond strength
and T1 (OH) are related in a different manner. For instance, the decrease of the hydrogenbond induced redshift of the OH-stretch frequency with temperature might lead to an
increase of the energy gap between the OH-stretch and other accepting modes, thereby
decreasing the rate of vibrational energy transfer to these other modes. We think that as
yet it is not possible to determine the precise mechanism behind the correlation between
the lifetime and the hydrogen-bond strength, but we hope that our data will stimulate
theoretical work to elucidate this mechanism.

6.5 Conclusions
Summarizing, we have found that the vibrational lifetime of the OH-stretching mode dramatically increases at the phase transition from ice to water, and shows a highly anomalous
temperature dependence in the liquid phase. In ice, T1 (OH) is independent of temperature,
probably due to the strong anharmonicity of the hydrogen-bond mode, which causes the
coupling between the OH-stretch and hydrogen-bond modes to depend only weakly on the
thermal occupation of the excited levels of the latter modes. We think the strong increase
of T1 at the phase transition from ice to water, and the increase of T1 with temperature in the
liquid both result from the concomitant decrease of the average hydrogen-bond strength.

Appendix: An upper limit for the heating in the focus
During the vibrational relaxation process the energy of the mid-infrared pump pulse,
which is initially in the OH-stretch mode, is rapidly converted into heat. Between two
laser pulses, this heat has some time to diffuse out of the focus to the sapphire windows,
which have a much larger heat conductivity than D2 O and hence serve as a heat sink. After
a sufficient number of laser shots, a steady state will establish, in which the amount of heat
diffusing out of the focus in between two laser pulses is equal to the amount dumped per
pulse. In this steady state, the temperature in the focus will be somewhat higher than in
the rest of the sample.
To estimate in a simple way an upper limit for the steady-state temperature increase in
the focus with respect to the rest of the sample, we assume that after the vibrational relaxation the heat is distributed uniformly over a cylindrically shaped volume, with a diameter
of 300 µm (the diameter of the focus) and a length of L  500 µm (the thickness of the
sample). Since we only want to obtain an upper limit for the temperature in the focus, we
will neglect the transverse diffusion of heat, and assume that all heat diffuses longitudinally, to the sapphire windows. This means that the problem reduces to a one-dimensional
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heat diffusion problem, and the local temperature increase ∆T  z  t  is determined by [118]
∂∆T  z  t 
∂t


κ

∂2 ∆T  z  t 
∂z2


with κ  λ ρ cp 

(6.3)

where cp is the heat capacity per unit mass, ρ is the mass density, and λ is the thermal
conductivity. Since the thermal conductivity of sapphire is orders of magnitude larger than
that of liquid and solid D2 O [59], the windows are assumed not to heat up significantly.
Hence we can safely the boundary conditions ∆T  0  t   ∆T  L  t   0 for all t, where L
is the length of the sample. Let T0 be the initial temperature increase in the cylindrical
volume due to one laser pulse. For the case of a single pump pulse hitting the sample at
t  t0 (initial condition ∆T  z  t0   T0 for 0  z  L), Eq. (6.3) is easily solved by writing
∆T  z  t  as a Fourier series in z. For the steady-state situation, we want to know ∆T  z  t 
after an infinite number of pump pulses, at the moment just before the next pump pulse
arrives. If the time between two laser pulses is ∆t, this means we must add all separate
temperature increases ∆T  z  0  due to the pump pulses hitting the sample at t0   m∆t
(m  1  2  ). After carrying out the summation over m, the result is
∆T  z 0 
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which has a maximum in z  12 L. Using the thermophysical properties of D2 O (cp  2  22 
103 J kg  1 K  1 , ρ  1  018  103 kg m  3 , λ  2  28 W K  1 m  1 for D2 O ice at 260 K [119–
121], and cp  4  15  103 J kg  1 K  1 , ρ  1  105  103 kg m  3 , λ  0  589 W K  1 m  1 for
liquid D2 O at 293 K [59, 119]). With a pump pulse energy of 25 µJ we have T0  0  154 K
in water and T0  0  314 K in ice. Using Eq. (6.4) with ∆t  14 ms, we find ∆T  12 L  0  
0  53 K in ice and ∆T  12 L  0   2  60 K in water. At lower temperatures the temperature
rise in ice will be smaller than at 260 K, since λ scales approximately as T  1 [121] and
cp as T [119]. It should also be noted that in Eq. (6.4) only the n  0 term contributes
significantly to the steady-state heating. For this reason, approximately the same answer
is obtained if a more realistic (exponentially decaying) z-dependence of the temperature
profile shortly after a pump pulse is used. Finally, we see that the temperature increase
T0 caused by a single laser pulse is very small, so that the temperature during the pump
pulse and the vibrational relaxation is well defined. In the experiments on pure water (see
Chapter 8) this is no longer the case.

7 Comment on “Dynamics of Local Substructures in
Water Observed by Ultrafast Infrared Hole Burning” and
“Transient Hole Burning in the Infrared in an Ethanol
Solution”
7.1 Introduction
Recently, a picosecond two-color pump-probe study on the OH-stretch absorption band
of dilute HDO:D2 O has been published in Physical Review Letters by Laenen, Rauscher
and Laubereau [23]. On the basis of their measurements, the authors claim to have burned
spectral holes in the OH-stretch band of HDO:D2 O, and conclude that water has a threecomponent structure. The same authors have previously reported on very similar transient spectra in a pump-probe study on the OH-stretching mode of ethanol oligomers in
CCl4 [20].
Curiously, Laenen et al. completely neglect the coherent coupling between the pump
and probe pulses in the analysis of their results. It has been known for quite some time
that these coherent effects strongly influence the observed pump-probe signals [34, 46, 62,
66, 122–125] and lead to an increased probe transmission at the frequency of the pump
pulse, even if the absorption line which is studied is homogeneously broadened [122].
Such a transmission increase in the transient spectrum might erroneously be interpreted as
a spectral hole [124].
The purpose of the comment presented in this chapter is to demonstrate that the “spectral holes” observed by Laenen et al. are caused by a coherent coupling effect, and not
by the selective bleaching of a certain “local substructure” in the OH-stretch absorption
band. To demonstrate this, we will simply assume that the OH-stretch band is homogeneously broadened, calculate the pump-probe signal using the experimental parameters of
Laenen et al., and compare the results to their experimental observations on water [23]
and ethanol [20].
7.2 Calculation
We describe the optical response of the OH-stretch mode in terms of the Bloch model for a
homogeneously broadened transition, with center frequency ω0 , linewidth 2γ2 (in units of
angular frequency), and population lifetime T1 . The pump and probe angular frequencies
are ω1 and ω2 respectively, and the total electromagnetic field is given by
E r  t 
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 Ẽ2 t τ  eik2  r 
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where Ω j  ω j ω0 are the detunings of the pump ( j  1) and probe ( j  2) frequencies with respect to the resonance frequency ω0 , and τ is the delay between pump and
probe. We will assume that the absorption band is much broader than the width of the
power spectra of the pump and probe pulses. This is justified, since the FWHM of the
OH-stretch band is 250 cm  1 [126], certainly much larger than the FWHM of the power
spectra of the pump and probe pulses used in the experiment (8 cm  1 and 16 cm  1 , respectively [23]). When the absorption band is much broader than the power spectra of the
pump and probe pulses, the free-induction decay can be considered instantaneous. Therefore, the polarizations induced by the pump and probe do not influence the shape of the
pump and probe pulses, and to first order, the only effect the absorption band has on the
pump and probe fields is to introduce an exponential decay of the amplitude as the beams
propagate through the sample. Hence, in order to find the pump-probe signal, it suffices
to calculate the third-order polarization at one specific position in the sample.
We write the first and third-order polarizations as
1
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with j  1  2 for pump and probe, respectively. The equations for the time dependence
1
2
of the first-order polarizations P̃k j , the excited-state population n0 , the excited-state po2

3

pulation grating nk 2  k1 and the third-order polarization P̃k 2 are given by perturbative solution of the Bloch equations for a homogeneous two-level system. In the rotating-wave
approximation we have [124, 125]:
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where γ1  1  T1 and γ2 is half the FWHM of the absorption band (in units of angular
2
frequency). The excited-state density grating nk 2  k1 is formed by interference between
the pump and probe pulses, and decays with the excited-state lifetime T1 . Diffraction of
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the pump pulse from this grating gives rise to a contribution to the third order polarization in the direction of the probe. This coherent contribution to the pump-probe signal is
2
represented by the first term in Eq. (7.8). The excited-state population n0 caused by the
2

pump pulse also decays with T1 , and interaction of n0 with the probe pulse leads to the
bleaching part of the pump-probe signal, represented by the second term in Eq. (7.8).
Solving equation (7.4), we obtain
iN  µ12  2
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t
∞
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We now use the fact that the pulse envelope varies very slowly compared to γ2 1 to replace
Ẽ1 t   by Ẽ1 t  . One then obtains
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and in the same way, by solving Eq. (7.5):
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Substituting these equations into (7.6) and (7.7) and integrating, one obtains expressions
2
2
for n0 t  and nk 2  k1 t  . Substituting these into (7.8) and integrating again, we obtain the
following expression for the third-order polarization in the direction k2 :
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where again the fact has been used that the pump and probe fields vary slowly compared
to the free-induction decay. The pump-probe (bleaching) signal is given by the time3
integrated gain Im ) E2 Pk 2 * of the probe field (see Section 1.3.2):
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(7.13)

This expression consists of two terms (which correspond to the γ τ  and β τ  terms of section 3.3.3). The first term in this expression is a convolution of the cross-correlation function of the pump and probe intensities with an exponential decay with time constant T1 .
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This is the well-known incoherent part of the pump-probe signal, and its delay dependence
is determined by the value of the population lifetime T1 . As expected, its probe-frequency
(Ω2 ) dependence simply follows the broad Lorentzian absorption lineshape. The second
term in Eq. (7.13) is caused by coherent coupling between pump and probe. Its delay
dependence is determined by the temporal overlap of the pump and probe fields. This is
to be expected, since it represents an interference effect between pump and probe.
In case the pump and probe fields are Gaussian:
Ẽ j t  e 

d jt 2



(7.14)

with j  1  2 for pump and probe, the integrations in Eq. (7.13) can be carried out, and the
result is:
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7.3 Results
7.3.1

“S PECTRAL

HOLES ” IN WATER

Both in Ref. [23] and in Ref. [20] the pulse envelopes were Gaussian, the FWHM of the
pump and probe intensity envelopes being 1 and 2 ps. This means we can use Eq. (7.15),
with d1  0 347 ps  2 and d2  1 386 ps  2 , to calculate the transient spectra and delay
scans that would be obtained if the OH-stretch absorption band of HDO:D2 O were homogeneously broadened. We take γ2  23 6 THz, which corresponds to a FWHM of
the absorption band of 250 cm  1 (this is the actual FWHM of the OH-stretch absorption
band [126]), and γ1  1 35 Thz (T1  0 74 ps, see Chapter 6), and a band center frequency
of 3410 cm  1 . In the remainder of this section, we will subsequently analyze all of the
measurements presented in Ref. [23] in terms of a homogeneously broadened OH stretch
band, that is, in terms of Eq. (7.15).
Fig. 7.1 shows transient spectra calculated using Eq. (7.15), for four different delay
values and a pump frequency of 3490 cm  1 . The reader should note the good agreement
between these calculated transient spectra and the transient spectra presented by Laenen et
al. in Fig. 1(a)–(c) of their article [23]. Since the analysis above only takes the vOH  0 and
vOH  1 levels into account, we only reproduce the bleaching part of the transient spectrum
(probe frequencies larger than 3200 cm  1 ), and the experimentally observed excited-state
(vOH  1 ; 2) absorption at < 3000 cm  1 is not reproduced in our calculation. Of course,
the calculation can easily be extended to include the vOH  2 level (and hence the excitedstate absorption) as well.
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F IGURE 7.1. Calculated transient spectra for delay values of (a) τ =?> 2 ps, (b) τ = 0 ps,
(c) τ = 1 ps, and (d) τ = 3 ps. The pump frequency is 3490 cm @ 1 (indicated with an arrow on
the frequency axis). These calculated spectra should be compared to the experimental transient
spectra shown in Figs. 1(a)–(c) of Ref. [23].

The transient spectra consist of two parts: a broad background due to the bleaching of
the absorption band by the pump pulse (the first term in Eq. (7.13)), and a sharp feature
which is only present when pump and probe have temporal overlap, and which is due to
coherent coupling (the second term in Eq. (7.13)). The good agreement between Eq. (7.15)
and the measurements strongly suggests that the sharp peaks at the pump frequency observed by Laenen et al. at delay values of τ A 2 and τ  1 ps simply represent the
coherent coupling between pump and probe, and not a spectral hole due to the bleaching
of a “selected subensemble” [23]. At delay τ  3 ps, see Fig. 7.1(d), the coherent peak in
the transient spectrum disappears since the pump and probe pulses no longer overlap. This
is precisely what is observed in the experimental transient spectrum at τ  3 ps, shown in
Fig. 1(c) of the article [23]. The broad background signal on the other hand, which represents the true bleaching and decays with the excited-state population lifetime T1 , is still
present at τ  3 ps, both in the calculated and the experimental transient spectrum.
In Fig. 2 of the paper [23], transient spectra are presented in which the pump frequency
was 3430 cm  1 , and the delay set to τ  0 ps. Again, coherent coupling gives rise to an
increased transmission of the probe pulse at the pump frequency. A transient spectrum
calculated using Eq. (7.15) is shown in Fig. 7.2. There is reasonable agreement between
the calculated and experimental transients, especially in view of the simple model we used
to describe the optical response.
It is well known that coherent coupling between the pump and probe pulses not influences the transient spectra, but also the pump-probe delay scans [64]. When pump and
probe have the same frequency, it is clear that coherent coupling gives rise to an extra contribution to the pump-probe signal when the pulses have temporal overlap (see Ref. [64]
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F IGURE 7.2. Calculated transient spectrum for τ = 0 ps and a pump frequency of 3430 cm @ 1
(indicated with an arrow on the frequency axis). Cf. the experimental transient spectrum presented
in Fig. 2(b) of Ref. [23].

or section 3.3.3). This extra contribution around delay zero is not present when pump and
probe have different frequencies. This is precisely what is observed in the delay scans
presented in Fig. 3 of the article. When the probe is tuned to the pump frequency of
3410 cm  1 (curves labeled ’II’ in Fig. 3 of the article [23]), the coherent contribution to
the signal causes the signal to rise significantly faster than when the probe is tuned to
3340 cm  1 (curves labeled ’I’ in Fig. 3 of the article). This effect is nicely reproduced by
Eq. (7.15), as can be seen from the calculated delay scans shown in Fig. 7.3. According to
Laenen et al. however (p. 2624 of the article [23]), the “slower amplitude growth” of curve
’I’ with respect to curve ’II’ is not caused by a coherent effect, but by “cross relaxation,
i.e., conversion of molecules in environments I and II.”

0.10

0

ln(T/T )

(a)

0.05

(b)

0.00
-2

-1

0
1
delay (ps)

2

3

F IGURE 7.3. Delay scans calculated using Eq. (7.15), with a pump frequency of 3410 cm @ 1 ,
and probe frequencies of 3410 cm @ 1 (a) and 3340 cm @ 1 (b). Cf. the experimental delay scans
presented in Fig. 3 of Ref. [23], where they are labeled as ’II’ and ’I’, respectively.
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7.3.2

“S PECTRAL

7.3

HOLES ” IN ETHANOL

The explicit expression (7.15) for the pump-probe signal in a two-color experiment on a
homogeneous transition is a very general one, and applies for arbitrary γ1 , γ2 , and pulse
durations. The only assumption made is that the pulse is significantly longer than the freeinduction decay, which is very often satisfied, in particular in the case of the very broad
OH stretching bands.
Equation (7.15) can therefore also be applied to the two-color pump-probe experiments
on the OH-stretch mode of hydrogen bonded ethanol, which were presented previously by
Laenen, Rauscher and Laubereau [20]. In the transient spectra of their study on ethanol,
the authors again observe sharp “spectral holes” at the pump frequency, again superimposed on a very broad bleaching signal. Interestingly, these “spectral holes” always have
the same width, independent of the pump frequency. Furthermore, in ethanol they have
virtually the same width as the “spectral holes” in water. Precisely as in water, in ethanol
the “spectral holes” disappear when the pump and probe pulses have no temporal overlap,
see Fig. 1(c) of the article [20].
All of this strongly suggests that the “spectral holes” in ethanol are also caused by
coherent coupling between the pump and probe pulses. This is confirmed by the good
agreement between transient spectra calculated using Eq. (7.15) and the experimentally
observed transient spectra [20]. As an example, Fig. 7.4 presents a calculated transient
spectrum for delay τ  0 and a pump frequency of 3450 cm  1 , which the reader should
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F IGURE 7.4. Transient spectrum for the OH-stretch mode of ethanol oligomers calculated using
Eq. (7.15), with a pump frequency of 3450 cm @ 1 , and delay τ = 0 ps. Cf. the experimentally
observed transient spectrum shown in Fig. 2(b) of Ref. [20].

compare to the experimental transient spectrum presented in Fig. 2(a) of Ref. [20]. We
have taken γ1  1 11 Thz (T1  0 9 ps, see Table 3.1), and γ2  18 8 THz (which corresponds to the experimental FWHM of 200 cm  1 of the absorption band [15]), and a
band-center frequency of 3330 cm  1 (see Fig. 3.1).
In their analysis of the ethanol experiments, Laenen et al. again do not take coherent
coupling effects into account, and they interpret the sharp feature in the transient spectrum
as due to selective bleaching of certain ethanol oligomers. Indeed, the authors explicitly
exclude the possibility that the “spectral holes” in ethanol are caused by a coherent cou-
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pling effect. They support this claim by noting that the ratio of the sharp peak and the
broad bleaching signal does not change when changing pump intensity (p. 3204 of the
article [20]). This however, is precisely what one expects for a coherent artefact, since
both the bleaching and the coherent artefact scale linearly with the pump intensity. This
is clearly seen in Eq. (7.13): both the incoherent bleaching term and the coherent coupling term contain twice the pump amplitude Ẽ1 . Therefore, this intensity-independence
confirms rather than excludes that the sharp peaks are caused by coherent effect.
7.4 Conclusions
Summarizing, we see that the peaks Laenen et al. refer to as “spectral holes” are caused by
coherent coupling between pump and probe, and they contain no information whatsoever
about the broadening mechanism of the OH-stretch absorption band, neither in water nor
in ethanol. Nearly all of the results presented by Laenen et al. in Refs. [23] and [20] can be
well described by assuming a homogeneously broadened OH-stretch absorption band. Of
course, this does not imply that the absorption band is indeed homogeneously broadened;
it does imply that it is not possible to decide whether or not the band is homogeneous on
the basis of the results of Laenen et al., and that an interpretation of their measurements
on water in terms of three different “local substructures” can hardly be taken seriously.

8 Vibrational Förster transfer in liquid water
8.1 Introduction
In the previous four chapters, the dynamics of the OH-stretch vibration have been studied
in dilute solutions of HDO in D2 O, a system that is often used to study vibrational dynamics in liquid water [22, 23, 31, 115, 127]. The use of HDO:D2 O solutions was motivated
by the fact that the intermolecular coupling of the OH-stretch vibrations of different HDO
molecules will be negligible if the solutions are sufficiently diluted. As a consequence,
the OH-stretch oscillators can be regarded as isolated with respect to each other, and their
dynamics are determined only by their (hydrogen-bond) interactions with the surrounding
D2 O molecules.
It may be expected that in ’real’ water (H2 O) the coupling between the OH-stretch
vibrations is very strong. This means that the OH-stretch excitation will not remain on one
molecule, but will rapidly be transferred to surrounding OH-oscillators. It is the purpose
of this Chapter to investigate this intermolecular transfer of the OH-stretch excitation in
liquid water.
In general, the OH-groups of two molecules in liquid water will not be oriented parallel, and transfer of an OH-stretch excitation from one molecule to another will result in a
change of the polarization of the excitation. This means that the energy transfer leads to
a decay of the rotational anisotropy of the excitation. Hence, a straightforward method to
study the intermolecular transfer of the OH-stretch excitation is to excite a fraction of the
OH-oscillators to the vOH 1 state, and to measure how the anisotropy of the absorption
of the excited molecules decays with increasing time.
Since the transfer rate depends strongly on the distance between the ’donor’ and ’acceptor’ molecule, the average transfer rate will depend strongly on the concentration of
OH-oscillators. Hence, by varying the concentration, we can distinguish the direct energy
transfer from other contributions to the decay of the rotational anisotropy, in particular the
orientational diffusion of the OH-groups.
8.2 Experiment
With the setup described in Section 2.4.2, two independently tunable mid-infrared pulses
with a duration of approximately 200 fs are generated. One of these pulses has an energy
of approximately 20 µJ and is used as pump, the other has an energy of less than 1 µJ and is

used as probe. The pump pulse is tuned to the center frequency of the vOH 0 1 absorp
tion band, and the probe pulse to the vOH 1 2 transition frequency. The pump pulse
induces a significant population of the vOH 1 level. This results in transient anisotropic
absorption changes, which are monitored by the probe pulse. The probe polarization
70
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is at 45  with respect to the pump polarization, and the relative transmission changes
ln  T  T0   and ln  T  T0  of the parallel and perpendicular polarization components are
monitored simultaneously as a function of delay. In this way, both the rotation-free signal ln  T  T0    2 ln  T  T0  and the rotational anisotropy R (defined by Eq. (5.2)) are
determined as a function of the delay between pump and probe.
The samples consist of a thin layer of either HDO dissolved in D2 O or pure H2 O. The
HDO:D2 O samples are prepared by mixing appropriate amounts of H2 O (HPLC grade)
and D2 O ( 99.9 atom% D), and are kept between two CaF2 windows separated by a
teflon spacer of 15 or 25 µm thickness. Samples consisting of pure H2 O are prepared
by squashing a droplet of H2 O (HPLC grade) between two CaF2 windows, and applying pressure until the sample is sufficiently thin. The sample thickness achieved in this
way is approximately 1 µm, as determined from the sample transmission and literature
values [128, 129] of the infrared extinction coefficient of liquid H2 O. All experiments are
performed at room temperature (298 K).
In order to perform pump-probe spectroscopy in transmission, the sample has to be
sufficiently thin to transmit a measurable fraction of the probe intensity. More specifically, with the highly concentrated HDO:D2 O and pure H2 O samples used in this chapter,
the required thickness varies from 1 to 25 µm. At these densities of OH-groups, the vibrational relaxation process (conversion of the vibrational energy into heat) results in a
significant temperature increase in the focus. In fact, even a single laser shot will result
in a temperature increase of several K. This means that it is essential to avoid accumulated heating in the focus. In the previous chapters, this was done by circulating the water.
However, with the thin samples used in this chapter, very high pressures would be needed
to achieve this. Therefore, we have used a different method to make sure that a fresh part
of the sample is in the focus with each laser shot (see Fig. 8.1). In this approach, the entire
sample is rapidly rotated using a small DC motor. The sample cell holder and the motor
are mounted on a heavy aluminum block to reduce mechanical vibration.

F IGURE 8.1. Sample-cell mount used in the experiments presented in this chapter. The laser
beam is directed perpendicular to the plane of the page, and the focus (represented by an asterisk)
is at a fixed position. The sample is rapidly rotated to avoid steady-state heating.

8.3 Results and discussion
8.3.1

G ENERAL

CONSIDERATIONS

Fig. 8.2 represents a typical pump-probe scan, recorded in an 8.7 M solution of HDO in
D2 O, with a pump frequency of 3400 cm  1 and a probe frequency of 3000 cm  1 . The
relative transmission changes ln  T  T0    and ln  T  T0  of the probe polarization components parallel and perpendicular to the pump polarization are plotted as a function of delay
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between pump and probe. The negative value of ln  T  T0  observed for small delay val
ues is due to the excited-state (vOH 1 2) absorption, and decays as the excited HDO
molecules relax to the vibrational ground state. For large delay, ln  T  T0  approaches a
small positive value due to the temperature increase that occurs upon vibrational relax
ation. Both in HDO:D2 O [126] and in pure H2 O [128, 129] the vOH 0 1 absorption
band shifts towards higher frequency and decreases in magnitude with increasing tem
1
perature. Since the spectrum of the probe pulse slightly overlaps with the vOH 0
absorption band, the increase in temperature upon vibrational relaxation causes a small
increase of the transmission of the probe pulse. In order to study the orientational and
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F IGURE 8.2. Pump-probe scans recorded in liquid HDO:D2 O with νpu  3400 cm  1 and νpr 
3150 cm  1 , showing the absorption increase at the probe frequency vs. the delay between the
pump and probe pulses, for the parallel (solid circles) and perpendicular (open circles) components of the probe pulse.

vibrational relaxation in more detail, we subtract the small transmission increase caused
by the temperature rise. In this way, we obtain the parallel and perpendicular components of the excited-state absorption as a function of delay. From these we calculate the
rotation-free signal ln  T  T0   2 ln  T  T0  , which is not sensitive to the orientational
dynamics and only probes the excited-state decay, and the rotational anisotropy R (defined by Eq. (5.2)), which is only sensitive to the orientational dynamics and not to the
population relaxation [46].
8.3.2

HDO

DISSOLVED IN

D2 O

The rotation-free signal observed for three different HDO concentrations is shown in
Fig. 8.3. For delay values larger than 1 ps, all transients can be described with a singleexponential decay with a time constant of 720 fs. This value represents the vibrational
lifetime T1 of the OH-stretch mode (see Chapter 6). Clearly, the vibrational relaxation
dynamics of the OH-stretch mode of HDO in D2 O shows no significant dependence on
the HDO concentration.
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F IGURE 8.3. Rotation-free excited-state absorption  ln  T  T0    2 ln  T  T0  recorded in
HDO:D2 O solutions with three different HDO concentrations. The pump frequency and probe
frequencies are νpu  3400 cm  1 and νpr  3150 cm  1 , respectively. The transients for  HDO 
8  7 M and  HDO  13 M have been vertically displaced for clarity. The solid lines represent a
single-exponential decays with a time constant of 720 fs.

From the transmission changes ln  T  T0    and ln  T  T0  of the parallel and perpendicular components of the probe pulse, we can calculate the rotational anisotropy R, defined by Eq. (5.2). Fig. 8.4 shows R, normalized with respect to the value at zero delay, as a
function of the delay between pump and probe. In contrast to the vibrational relaxation, the
orientational relaxation dynamics of the OH-stretch excitation clearly depend strongly on
the HDO concentration. Clearly, the contribution of the orientational diffusion of the HDO
molecules to the decay of R will not depend on the HDO concentration. The observation
of a concentration dependence of the orientational dynamics therefore constitutes strong
evidence for direct transfer of the OH-stretch excitation between the HDO molecules. This
process is usually referred to as Förster energy transfer [56], and has been observed previously both for electronic [130–133] and vibrational excitations [57, 134]. The rate of
Förster transfer by dipole-dipole coupling between an excited molecular oscillator and an
oscillator in the ground state is proportional to 1  r6 , where r is the distance between the
two oscillators (see Eq. (3.1)). Since the ’acceptor’ transition dipole will generally not
be oriented parallel to the ’donor’ transition dipole, the Förster transfer leads to a decay
of the rotational anisotropy. Because of the strong dependence of the transfer rate on the
intermolecular distance, Förster transfer causes the rotational anisotropy to decay faster
with increasing concentration, as observed in Fig. 8.4. To our knowledge, this constitutes
the first observation of vibrational Förster transfer in a liquid.
In a quantitative analysis of the data, it must be realized that the decay of the rotational
anisotropy with increasing delay τ is determined by two processes: (1) the random orientational motion of the HDO molecules (discussed in Chapter 5); (2) Förster energy transfer
of the OH-stretch excitation from the optically excited ’donor’ HDO molecules (oriented
approximately parallel to the polarization of the pump pulse) to randomly oriented surrounding ’acceptor’ HDO molecules. In a model often used to describe Förster energy
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F IGURE 8.4. Rotational anisotropy R, normalized with respect to the value at delay zero, recorded
in HDO:D2 O solutions with three different HDO concentrations and in pure H2 O. The pump
frequency and probe frequencies are νpu  3400 cm  1 and νpr  3150 cm  1 , respectively. The
solid curves have been calculated using Eq. (8.7). The dotted curve has been calculated using
Eq. (8.8).

transfer [133, 135], it is assumed that once the excitation has been transferred from an optically excited (vOH 1) molecule to a randomly oriented acceptor (vOH 0) molecule, it no
longer contributes to the rotational anisotropy. Detailed calculations show that after one or
more transfers the excitation will contribute less than 3% to the rotational anisotropy [135].
Note that the acceptor molecules will indeed be randomly oriented, since only a very small
fraction of the HDO molecules is excited to the vOH 1 state (approximately 1%, as determined from the relative absorption change). This means that the (anisotropic) depletion
of the ground state will not significantly change the isotropic orientational distribution of
the acceptor (vOH 0) molecules. If we momentarily neglect the orientational random
motion of the exited molecules, then the contribution of an OH-stretch excitation to the
rotational anisotropy will decay as the probability that it is still on the initially excited
HDO molecule. If a particular molecule is excited at t 0, then the probability ρ  τ  that
at t τ the molecule is still excited is given by [136]
ρ  τ  

N

∏ exp !
j 1

w j τ"#%$

(8.1)

where w j is the rate constant for Förster energy transfer from the excited molecule to
acceptor molecule j, N is the number of acceptor molecules, and '&(&(& # denotes a statistical
average over all possible spatial distributions of the acceptor molecules. The assumption
that once the excitation has been transferred, it no longer contributes to the rotational
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anisotropy implies that R  τ  is proportional ρ  τ  . If we assume for simplicity that w j
depends only on the distance r j between the donor and acceptor (not on their relative
orientation), we have the well-known relation
1
T1

wj

)

6

r0
rj *

$

(8.2)

where r0 is a constant, usually referred to as the Förster radius [136, 137]. The acceptor
molecules are randomly distributed, so the probability of finding acceptor j at a distance
between r j and r j dr j is simply 4πr2j dr j  V , with V the total volume of the sample.
Averaging over this probability distribution for each molecule, we have
4π
ρ  τ  ,+
V -

Λ
0

τ r0 6 1 2
r dr 2
T1 / r 0

exp .

N

$

(8.3)

where we have assumed that the sample is a sphere with radius Λ, centered at the excited
molecule (hence V 4πΛ3  3). Performing the integration, we obtain
ρ  τ  43 exp 5.
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Using the fact that the concentration (expressed in particles per unit of volume) is  C"
3N  4πΛ3 to eliminate Λ, and expanding in terms of 1  N, we obtain
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∞, we obtain

exp EFG

4π3? 2
 C"
3

r06 τ
T1 HI
&

(8.6)

This delay and concentration dependence of the decay of the rotational anisotropy as a
consequence of Förster transfer has been experimentally confirmed for optical excitations
in the visible [131, 132].
It is reasonable to assume that the orientational motion of the HDO molecules and the
Förster transfer are independent processes. If we furthermore assume that the orientational
random motion of the HDO molecules results in an exponential decay of R with time
constant τor , then the total decay of the anisotropy will given by:
R  τ
R  0

exp EFJ

τ
τor

4π3 ? 2
 HDO"
3

r06 τ
T1 HI
&

(8.7)
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We found that all scans recorded in HDO:D2 O can be well described by Eq. (8.7), with
τor 4 & 0 ps and a Förster radius r0 2 & 2 Å (solid curves in Fig. 8.4). From Eq. (8.2) we
see that r0 is the distance between two OH-oscillators at which the Förster transfer rate
becomes comparable to the vibrational relaxation rate. The large value of τor is due to the
fact that in the pump-probe scans presented in this chapter the vOH 1 state is probed,
which is more strongly hydrogen-bonded than the vOH 0 state (see Chapter 4). As a
consequence, the orientational motion will take place very slowly (see Chapter 5).
8.3.3

L IQUID H2 O

relative transmission change

Fig. 8.4 also shows the decay of the rotational anisotropy observed for the OH-stretch
excitation in liquid H2 O. This decay occurs on a very rapid time scale, only slightly slower
than the cross-correlation trace C  τ  of the pump and probe intensity envelopes.
To investigate this in more detail, we compare both the numerator ln  T  T0  
ln  T  T0 K and the denominator ln  T  T0   2 ln  T  T0 K of R with the cross-correlation
function C  τ  , see Fig. 8.5. Clearly, the denominator decays more slowly than the crosscorrelation function, which implies that the population relaxation, and hence the decay of
ln  T  T0 %L and ln  T  T0  , does not take place very fast. On the other hand, the numerator
ln  T  T0  L ln  T  T0  does not differ significantly from the cross-correlation. Since the
decay of ln  T  T0    and ln  T  T0  is much slower (on the order of that of the rotation-free
signal), this must be due to an instantaneous orientational scrambling of the OH-stretch
excitation that rapidly reduces the difference between ln  T  T0   and ln  T  T0  to zero.
−ln(T/T ) + ln(T/T )
0 ||

0.04

0 ⊥

−ln(T/T ) − 2ln(T/T )
0 ||

0 ⊥

cross-correlation
0.02

0.00
0.0

0.2

0.4

0.6

0.8

delay (ps)
F IGURE 8.5. Numerator ln  T  T0    ln  T  T0   and denominator ln  T  T0  NM 2 ln  T  T0   of
the rotational anisotropy. The denominator has been scaled by a factor 1/6 for better comparison.
Also shown is the cross-correlation of the intensity envelopes of the pump and probe pulses.
The solid lines show least-squares fits to the cross-correlation (Gaussian) and to the denominator
(convolution of a Gaussian with a single-exponential decay).

Curiously, even though the difference ln  T  T0    ln  T  T0  follows the crosscorrelation C  τ  , the decay of R  τ  can nevertheless still take place slower than that of
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C  τ  . This can be understood as follows. If the orientational relaxation takes place instantaneously on the time scale of the pulses, the delay dependence of the numerator of R is
given by C  τ  , and we have
R  τ ∝

C  τ
ln  T  τ   T0 "  O 2 ln  T  τ   T0 "
&

(8.8)

If the denominator decays on a fast enough time scale, it will decrease significantly with
increasing τ even within the duration of the cross-correlation. In that case, R  τ  is given
by C  τ  divided by a rapidly decaying function, and hence will decay slower than C  τ  .
Only if the denominator is a constant (infinitely slow decay of the rotation-free signal) R
will decay equally fast as C  τ  . Thus, the decay of R in H2 O observed in Fig. 8.4 does
not mirror the orientational relaxation, but is determined by the cross-correlation function
and the decay of the rotation-free signal (the denominator of R), which is determined by
population relaxation only.
Indeed, if we evaluate (8.8) using least-squares fits to the cross-correlation function
and rotation-free signal (solid curves in Fig. 8.5), we find that this expression gives a reasonable description of decay of the rotational anisotropy in H2 O (dotted curve in Fig. 8.4).
This shows that in liquid water the orientational scrambling of the OH-stretch excitation
occurs instantaneously on the time scale of our experiments ( P 100 fs).
Part of the orientational scrambling observed in H2 O will be due to intramolecular
transfer of the OH-stretch excitation. Excitation of the either the symmetric or antisymmetric OH-stretch mode of the H2 O molecule is followed by a rapid intramolecular redistribution of the excitation over the two modes [138]. It is easily shown that the complete
transfer of a dipole excitation from an initially excited oscillator to an accepting oscillator
changes the rotational anisotropy from the initial value of 52 to 52 P2  cos δ  , where P2 is
the second-order Legendre polynomial and δ the angle between the two transition dipole
moments [139]. Since for the symmetric and antisymmetric OH-stretch modes of H2 O
we have δ 90  , and the excitation will be distributed with equal probabilities over the
symmetric and antisymmetric modes, we expect that the intramolecular redistribution will
1
reduce the anisotropy to 21  25 25 P2  0 (
10 . Thus, the intramolecular transfer causes the
rotational anisotropy to decrease to a quarter of its initial value. The complete vanishing
of R is caused by the intermolecular energy transfer.
It should be noted this intermolecular energy transfer will be of a more complicated
nature than is described by Eq. (8.2). Because of the high density of OH-groups in liquid
H2 O a simple expression of the form (8.2), which describes the interaction between two
point dipoles separated by large distance, can no longer be used. In fact, the OH-groups
in water are so close to each other that not only dipole-dipole, but also dipole-quadrupole,
quadrupole-quadrupole, and higher-order interactions will become important, as well as
mechanical anharmonic coupling [140]. The Förster expression hinges on the fact that
these other interactions decrease much more rapidly with increasing distance than the
dipole-dipole interaction, and thus become less important. At the short distances occurring
in H2 O this is of course not the case, and a more general treatment of the intermolecular
coupling is necessary to accurately describe this liquid.
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The process of orientational scrambling can also be described in terms of delocalized
excitations instead of excitation transfer. As Förster has remarked [141], the two descriptions are complementary, the former being more appropriate to describe stationary states
of the system, the latter to describe non-stationary states. The eigenstates of liquid H2 O
will be states in which the OH-stretch excitation is delocalized over many molecules [142].
These delocalized states are nondegenerate because of the intermolecular coupling term in
the Hamiltonian. Optical excitation of the system with a linearly polarized pulse will result
in an excited-state wave function that is a superposition of many of these eigenstates, such
that the resulting excited-state absorption has a maximum in the polarization direction of
the excitation pulse. The loss of coherence between the contributing eigenstates and homogeneous dephasing processes will rapidly render the excited-state absorption isotropic.
8.4 Conclusions
We have studied the decay of the rotational anisotropy of the OH-stretch excited-state
absorption in water as a function of the concentration of OH-oscillators. In HDO:D2 O,
the decay rate increases significantly with increasing HDO concentration. This constitutes
evidence for rapid intermolecular transfer of the OH-stretch excitation. We found that the
transfer can be well described quantitatively by a dipole-dipole energy (Förster) transfer
mechanism.
In H2 O, the orientational scrambling occurs instantaneously. This is caused by both
intramolecular redistribution of the OH-stretch excitation over the symmetric and asymmetric OH-stretch modes of the H2 O molecules, which reduces the anisotropy to a quarter
of its initial value, and very rapid intermolecular transfer of the OH-stretch excitation between the H2 O molecules.

9 Infrared photon echoes with parametrically generated
incoherent light

9.1 Introduction
Vibrational lineshapes in the condensed phase contain information on the interactions of
molecular vibrations with their environment [143]. In a crude approximation, the vibrational linewidth is caused by mechanisms referred to as inhomogeneous broadening (a
distribution of transition frequencies which can be regarded as static on the time scale of
the experiment) and homogeneous broadening (frequency fluctuations faster than the time
scale of the experiment). In order to study vibrational dynamics, it is essential to separate
the homogeneous and inhomogeneous contributions to the lineshape. Recently, nonlinear
spectroscopic techniques have been employed in order to separate the two contributions.
Raman-active vibrations have been studied with Raman-echo spectroscopy [144, 145],
while infrared-active vibrations have been investigated with transient hole-burning [24, 26]
and infrared photon-echo spectroscopy [36, 146, 147]. The echo techniques probe the homogeneous dephasing in the time domain, and provide an elegant means of determining
the homogeneous dephasing time T2 .
Since dephasing of molecular vibrations in the condensed phase typically occurs on
picosecond and subpicosecond time scales, it would seem that in order to perform nonlinear time-resolved studies, infrared pulses of the same or shorter duration are required.
Moreover, high intensities are needed, as infrared absorption cross sections are generally
rather small. Until recently, such pulses were difficult to generate, and for a long time the
only infrared photon-echo experiments reported were performed on the CO-stretch mode
(famous for its large absorption cross section), using picosecond infrared pulses generated
with a free-electron laser [36, 146, 148].
Morita and Yajima [149] were the first to realize that the time resolution in a timedelayed four-wave mixing experiment is not determined by the pulse duration, but rather
by the coherence time of the electromagnetic field, which, in case of an incoherent light
source, can be shorter by several orders of magnitude [150]. The main advantage of spectroscopy with incoherent pulses is that the same time-resolution can be obtained as with
coherent pulses of the same bandwidth, but that the incoherent light is usually much easier
to generate. Up to now, photon-echo studies with incoherent light have mainly been done
in the visible region, in particular by employing broadband dye lasers [150–153]. But the
incoherent light need not even be generated with a laser: femtosecond photon-echo experiments can be performed with such diverse light sources as synchrotron radiation [154], a
light-emitting diode [155], and even an incandescent lamp [156]. In the latter particularly
amusing photon-echo study, a time-resolution of 150 fs was achieved using a light bulb.
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In this Chapter, we present the first incoherent photon-echo experiments on a vibrational transition. In these experiments, subpicosecond time-resolution was obtained using
mid-infrared pulses with a duration of 20 ps, which were generated by means of parametric
generation and amplification.
9.2 Experiment
9.2.1

E XPERIMENTAL

SETUP

The setup laser used to generate the incoherent mid-infrared pulses is shown in Fig. 9.1.
Parametric generation and amplification are used to downconvert the fundamental output
of a commercial mode-locked Nd:YAG laser (35 ps pulses at a repetition rate of 10 Hz).
The parametric downconversion takes place in three LiNbO3 crystals (5 cm long, optical
axis cut at 47.1  ). The first crystal is pumped with approximately 10 mJ and generates
signal and idler via type I phase matching. The signal generated in the first crystal is fur-

F IGURE 9.1. Parametric generation and amplification setup to generate incoherent idler pulses
(left part), and four-wave mixing setup (right part). BS: beamsplitter for 1064 nm; HR: 1064 nm
high-reflective mirrors; SWP: short-wave pass filter; DM: dichroic mirror to separate signal and
idler.

ther amplified in the second crystal using the remaining pump. The second crystal is at
a distance of 2 m from the first to ensure that only the signal collinear with the pump is
amplified. After the second crystal, idler and pump are blocked, and the signal is further
amplified in the third LiNbO3 crystal with a fresh pump pulse of 8 mJ. The mid-infrared
pulses generated in this process have a duration of approximately 20 ps (FWHM), and
an energy of 100 µJ. The center frequency is tunable from 2500 to 6900 cm  1 , and the
bandwidth is 20 cm  1 at 3450 cm  1 . The parametrically generated light is highly temporally incoherent. The incoherence is due to the process of parametric generation, which is
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essentially formed by the amplification of zero-point fluctuations of the electromagnetic
field [39].
The four-wave mixing setup is also shown in Fig. 9.1. The infrared beam is split and
one part is sent through a variable delay. The two beams are focused into the sample
by a 100 mm CaF2 lens in slightly different directions k1 and k2 making an angle of
approximately 5  . The FWM signal in the direction 2k2  k1 is detected as a function of
delay using a PbSe detector.
9.2.2

S AMPLES

Since infrared hole-burning studies have shown that the OH-stretch band can be strongly
inhomogeneously broadened in hydrogen bonded systems [24, 26], we have applied the
method to the OH-stretch mode of a methanol solution and of a hydrogen-bonded polymer film. The methanol was studied in a 100 µm thick sample consisting of a 2.2 mol/l
solution of methanol in bromoform at room temperature. The hydrogen bonding of the
methanol molecules gives rise to a broad OH stretch band centered at  3330 cm  1 , which
is identical to that of ethanol shown in Fig 3.1.

F IGURE 9.2. (a) Chemical structure of poly(vinylbutyral). (b) Infrared absorption spectra of
poly(vinylbutyral) from 3100 to 3700 cm  1 at room temperature (dotted line) and at 15 K (solid
line).

The polymer sample is a terpolymer consisting of 77% poly(vinylbutyral), 20%
poly(vinylalcohol) and 3% poly(vinylacetate) (chemical structure shown in Fig. 9.2(a)).
The OH-groups in the polymer are hydrogen-bonded, and the OH-stretch band, shown in
Fig. 9.2(b), is known to be strongly inhomogeneously broadened [24]. A layer of approximately 50 µm of this polymer was deposited on a sapphire plate following the procedure
described by Graener et al [24]. The sapphire plate was mounted on the cold finger of a
closed-cycle helium cryostat.
9.2.3

P HYSICAL

MECHANISM OF THE PHOTON ECHO WITH INCOHERENT LIGHT

In the condensed phase, molecules in different environments often have different resonance frequencies ω0 . This leads to inhomogeneous broadening of the spectral line,
determined by a distribution function g  ω0  of resonance frequencies. If such an inhomogeneously broadened system is coherently excited, the macroscopic polarization will
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rapidly decay as molecules with different resonance frequencies start to run out of phase.
The dephasing of the individual molecules, characterized by the homogeneous dephasing time T2 , often takes place on a much slower time scale. Photon-echo spectroscopy
provides a means of determining the homogeneous dephasing time of predominantly inhomogeneously broadened systems. In the remainder of this section, we will first discuss
the physical mechanism of the coherent (‘ordinary’) photon echo, and then focus on the
somewhat more complicated mechanism of the photon echo generated with incoherent
light.
In a coherent two-pulse photon-echo experiment, the first pulse (with wavevector k1 )
creates a macroscopic polarization in the resonant medium, which rapidly decays due to
the inhomogeneous broadening. Provided the delay τ between the first and second pulse
is shorter than the homogeneous dephasing time T2 , the polarization of each subensemble
with a particular transition frequency, which decays as e  t  T2 , will still exist at the moment
the second pulse arrives. The second pulse (with wavevector k2 ) then generates population
gratings for each transition frequency (with grating vector k2  k1 ), which are spatially
shifted with respect to each other because of the phase differences accumulated during
the delay time. The second pulse generates from each grating a third-order polarization,
whose initial phase is determined by the spatial shift of the grating, and which oscillates
at the appropriate transition frequency. At time t 2τ, all the third-order polarization
components interfere constructively to form a macroscopic polarization in the direction
2k2  k1 , which generates the photon echo. The decay of the intensity of the echo with
increasing delay τ is determined by the homogeneous dephasing which takes place during
the time interval 2τ. This homogeneous dephasing causes the third-order polarization to
decay as e  2τ  T2 , and hence the echo intensity as e  4τ  T2 .

F IGURE 9.3. Schematic picture of an incoherent two-pulse photon-echo experiment. The two
beams k1 and k2 are time-delayed copies of each other, and can be considered to consist of a
train of ’subpulses’, each of which has a length of approximately the coherence time τc . When
the dephasing is instantaneous, the time-integrated signal consists of a broad background signal
and a sharp peak centered at delay zero, with a width of approximately τc .

The time resolution of photon-echo spectroscopy with incoherent pulses is determined
by the coherence time τc , which is approximately the inverse of the spectral bandwidth,
and can be orders of magnitude shorter than the duration of the pulses. In order to understand how this time resolution arises, it is convenient to view the incoherent pulse as a
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train if short transform-limited ’subpulses’, each of which has a different phase and amplitude, and an average duration of τc [157]. The k2 -beam is a time-delayed copy of the
k1 -beam, see Fig. 9.3. A subpulse in the beam k1 and a subpulse in the beam k2 can
generate an excited-state population grating in the same way as in a coherent photon echo
experiment, provided the delay between the subpulses is less than T2 . All subpulses in k2
following and including the one that created the grating, can generate a third-order polarization, and hence an echo signal, from this grating (provided the grating, which decays
as e  t  T1 , still exists). When the delay τ is less than T2 , excited-state population gratings
are generated by pairs of correlated subpulses. This means that the total grating amplitude
will grow linearly with the number of contributing subpulses. The third-order polarization
generated from this grating constitutes the coherent contribution to the signal (’coherence
spike’), and its decay with increasing delay is determined mainly by the homogeneous
dephasing time T2 and the coherence time τc . Excited-state population gratings can also
be generated by pairs of uncorrelated subpulses. In this case, there will be a random phase
difference between the two pulses that generate the grating, and each grating generated
by a pair of uncorrelated subpulses will be displaced randomly with respect to the others.
Hence, in this case the grating amplitude will only grow as the square root of the number
of contributing subpulses. The third-order polarization generated from this grating gives
rise to an incoherent background contribution to the echo signal. This incoherent background signal is nearly independent of delay, its intensity being determined mainly by the
temporal overlap of the average-intensity envelopes of the incoherent pulses.
The fact that the coherence time is much shorter than the pulse duration renders the
photon echo generated with incoherent light similar to an accumulated photon echo [158,
159]. The subpulses in the incoherent pulse k2 generate the echo from a grating that is the
sum of the gratings generated by the previous pairs of correlated subpulses in the incoherent pulses (within T1 ). The accumulation of the grating amplitude during the incoherent
pulse results in an echo signal that can be much larger than could be generated with a pair
of coherent pulses of the same length and intensity as the subpulses in the incoherent pulse
train.
9.3 Results
9.3.1

M ETHANOL

Figure 9.4 represents a scan recorded in methanol, obtained by monitoring the timeintegrated intensity in the direction 2k2  k1 as a function of delay τ, at an excitation
frequency of 3330 cm  1 . The signal consists of a coherence spike with a width of approximately 1 ps superposed on a broad background with a width of approximately 20 ps. This
can be understood in terms of the discussion in the previous section. For small delays,
the subpulses in the two incoherent pulses k1 and k2 are strongly correlated and generate
a strong echo signal. This signal forms the coherence spike and its decay with increasing delay reflects the homogeneous dephasing if T2 τc [149]. In Figure 9.4, which has
been obtained by excitation of the OH-stretch mode of methanol at room temperature, the
coherence spike is symmetric around delay zero. This indicates that under these circum-
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F IGURE 9.4. Integrated four-wave mixing intensity as a function of delay between k1 and k2 , at
an excitation wavelength of 3.0 µm in a 100 µm thick sample consisting of a 2.2 mol/l solution
of methanol in bromoform at room temperature. The signal consists of a symmetric coherence
spike superposed on a broad background.

stances the homogeneous dephasing time T2 is much shorter than τc , and that the width of
the coherence spike is determined only by τc . Note that the coherence time is about 20
times smaller than the pulse duration, demonstrating clearly that the pulses are incoherent.
For delays much larger than τc and T2 , the signal is generated by uncorrelated subpulses
and depends mainly on the overlap of the two pulse envelopes (see previous section). This
signal forms the broad incoherent background, which can be asymmetric if the excited
state lifetime T1 is of the order of the the width of the pulse intensity envelope or longer.
In that case the background signal is due to subpulses in k2 that diffract from a grating
which is the sum of the gratings created by all previous pairs of uncorrelated subpulses in
the pulse envelope. As this sum is largest at the end of the pulse envelope, the maximum
of the background signal will occur at positive delay, as is observed in Figure 9.4. If T1
is much shorter than the width of the pulse intensity envelope, the background signal will
represent a third-order autocorrelation function of this envelope (see below, Eq. (9.14)).
9.3.2

P OLY ( VINYLBUTYRAL )

Delay scans of the coherence peak at room temperature and 15 K are shown in Fig. 9.5.
At room temperature, the FWM signal is symmetric around τ 0, implying that at this
temperature the homogeneous dephasing time is much shorter than the coherence time of
the field. In this case, the observed signal is determined only by the correlation function of
the electromagnetic field. At low temperature the signal becomes asymmetric, indicating
that T2 is at least of the order of τc . Furthermore, the maximum shifts to a larger delay
time, which implies that the induced polarization lasts long enough to build up during a
subpulse, confirming that T2 is larger than τc . Note that the linear absorption spectrum
(shown in Fig. 9.2) hardly changes going from room temperature to 15 K.
From the measured data at 15 K (Fig. 9.5) the homogeneous dephasing time at this
temperature can be derived, but this is somewhat less straightforward than in the case of a
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F IGURE 9.5. Integrated four-wave mixing intensity as a function of delay between pulses with
wavevectors k1 and k2 , at an excitation frequency of 3450 cm  1 at room temperature (open
points) and 15 K (solid points). At low temperature the signal becomes asymmetric, which indicates that T2 is larger than the the coherence time of the field. The lines have been calculated
using the model described Section 9.4.

photon echo generated with coherent pulses. An important difference is that whereas the
observed decay of the signal generated with coherent light is determined by a single time
constant T2 (which in itself depends on the pure dephasing rate and T1 ), in the present case
the observed decay is determined by both the values of T2 and T1 [149]. This is due to the
occurrence of scattering events involving three subpulses: a subpulse p in k2 may scatter
off a grating created by its correlated subpulse p’ in k1 and an arbitrary subpulse q in k2 ,
provided q occurs between p’ and p. The FWM signal due to such processes will depend
both on the decay rate of the polarization and the decay rate of the grating amplitude,
resulting in a delay dependence determined by both T1 and T2 [149]. Hence, if T1 is of
the order of T2 , a detailed quantitative analysis is needed to obtain T2 from incoherent
photon-echo spectroscopy.
9.4 Quantitative description
To describe the data quantitatively, we follow the analysis by Morita and Yajima [149],
which describes the four-wave mixing interaction of a two-level system with the incoherent field using a third-order perturbation approximation for the density matrix. It
will be assumed that the material response can be described by the Bloch (T1 T2 ) model
(the calculation can easily be modified to cover more complicated situations), and that
τpulse
T1 τc T2 . It is also assumed that the incoherent field amplitude is a Gaussian
process. This assumption is rigorously justified, since quantum-optical calculations have
shown that parametrically generated light is indeed a Gaussian process [160].
This section is organized as follows: first, an expression for the FWM signal will
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be obtained for arbitrary T2 , T1 and coherence function f  t  . The case of instantaneous
material response, where the FWM signal is determined by the coherence function f  t 
alone, will then be obtained by taking the limit T2
0. Comparing this limit to the
room temperature FWM signal, we obtain the second-order correlation function f  t  of
the parametrically generated light. With this f  t  we then calculate the FWM signal for
finite T2 and compare the result to the measurement at low temperature.
Following Ref. [149], we write the total electric field as the sum of two incoherent
fields:
Ẽ  t  τ  ei  k1  r  ω  t  τ   Ẽ  t  ei  k2  r  ωt   c  c 
(9.1)
E  r t
with ω the central frequency of the field, and τ the delay between the two fields. The two
fields with wavevectors k1 and k2 are time-delayed replicas, since they are generated from
the same field using a beamsplitter. The amplitudes
ε t R t 

Ẽ  t 

(9.2)

are products of the pulse envelope function ε  t  and the stationary complex circular Gaussian random process R  t  which describes the random fluctuations of the field [161],
with [149]

R  s 
0

R  s  R  s  t 
R  s  R  s  t 
0
(9.3)
R  s  R  s  t 
f  t 
where f  t  is called the second-order moment function. The random process is normalized
such that

R  t  R   t 
1
(9.4)
f  0
The FWM intensity can now be calculated using a third-order perturbation approximation for the density matrix. In this approach, the third-order polarization in the direction
2k2  k1 is given by [149]:
P  3  r t 

P̃  3   r t  e 

P̃  3  r t 
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(9.5)

dω0 ρ̃  3  r t ω0  g  ω0 

(9.6)



where g  ω0  represents the inhomogeneous distribution of oscillator frequencies, N is the
number density of oscillators, µ the transition dipole moment (assumed to be real), and
ρ̃  3  r t  the component in the direction 2k2  k1 of the third-order off-diagonal matrix
element of the density matrix. By perturbative solution of the optical Bloch equations it
can be shown that [149]:
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The observed FWM signal is the time-integrated squared modulus of this third-order polarization, statistically averaged over the fluctuations of R  t  :
∞
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(9.8)



where the brackets   denote a statistical average over R  t  . Substitution of Eq. (9.7)
into (9.6) and (9.6) into (9.8) yields an expression for the FWM signal [149]. This expression can be substantially simplified for a strongly inhomogeneously broadened system. In
that case, which often applies (in particular in the present experiment), the width of the
inhomogeneous distribution is much larger than T2 1 and than the width of the pulse spectrum, and we can set g  ω0  constant in Eq. (9.6), and after substitution of this simplified
expression for P  3  r t  into Eq. (9.8) one obtains a FWM signal proportional to
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the third-order autocorrelation of the average pulse intensity envelope ε  t  2. Since
τpulse
T1 τc T2 , this is a slowly varying function compared to the other time scales
of the experiment. We now use the Gaussian property of R  t  to factorize the sixth-order
correlation function:


R  t 1  R  t 2  R   t 1  t 2  R   s1  R   s2  R  s1 
f   t 2  f  t 2  s1  f  s1   f   t 2  f  t 2 

f  t 1  s1  f  t 2  s2  f  s1  s2  t 1 

f  t 1  s2  f  t 2  s1  f  s1  s2  t 1 

s2 
s2  f  s2   f  t 1  s1  f   t 1  f  s1 
t 2   f  t 1  s2  f   t 1  f  s2 
t2  

(9.11)

Substitution of Eq. (9.11) into (9.9) yields an expression for the FWM signal in terms
of T2 , T1 , and the second-order moment f  t  only. It applies to temporally incoherent
Gaussian light with arbitrary second-order moment function f  t  .
In the limit of instantaneous optical dephasing, we have T2 0 τc , and equation (9.9) is
easily shown to reduce to [162]
S  τ

C  τ 21 const 3

-

f  τ

-

24


(9.12)

This means that if the dephasing is instantaneous, the FWM signal as a function of- delay
τ is determined by the coherence properties of the light only, and is given by f  τ  2
(neglecting the constant background signal and the delay dependence of the slowly varying
function C  τ  ). This can be understood as follows: the two beams k1 and k2 interfere to
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create a transient population grating k2  k1 , from which the beam k2 is diffracted in the
direction 2k2  k1 . If the dephasing is instantaneous, the grating amplitude is determined
only by the coherence of k1 and k2 and is given by f  τ  . The amplitude of the light
diffracted from the grating is proportional
the grating amplitude, and hence the diffracted
2
intensity will be proportional to f  τ  .
Thus when the dephasing is instantaneous, the FWM signal is the square modulus of
the second-order moment of the incoherent light. This means that we can use the room
temperature FWM signal (where T2 0 τc ) to obtain f  t  . As seen in Fig. 9.5, the room
temperature signal is well described by a double-sided exponential. This means that f  t  2,
and hence f  t  , is a double-sided exponential, and that for the parametrically generated
light we can assume
f  t
exp   t * τc 
(9.13)
with the coherence time τc to be determined from the room temperature measurement.
We now want to obtain the FWM signal (Eq. (9.9)) for a second-order moment function
of the form (9.13). In the literature, explicit expressions are given for the incoherent FWM
signal are given for various limiting cases of the relative magnitudes of τc , T1 and T2
T2 τc in Ref. [162], T1 T2
τc in Ref. [149]). In the present case however, T1 , T2
(T1
and τc are all of the same order of magnitude, and no simplifying assumptions can be made
except that the pulse duration τpulse is much larger than the other time constants involved.
Fortunately, with some effort, the FWM signal of Eq. (9.9) can be calculated analytically without any assumptions concerning the relative magnitude of τc , T2 and T1 , if f  t 
is of the form (9.13). Performing the multiple integration in Eq. (9.9), we find:
S  τ

C  τ   S1  τ 


S0 5

(9.14)

with S0 the delay-independent background FWM signal discussed in Section 9.2.3, and
S1  τ  the delay-dependent FWM signal, given by
2γ1 3  2  1  γ2   4γ1 2  2  γ2   γ1  7  5γ2  e2x
if τ 6 0,
γ1 2  1  γ1   2  γ1   1  γ2   1  2γ2   2  γ1  2γ2 


S1  τ 
S1  τ 
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if τ 0,
 2  γ1    γ2  γ2 3 <;2=
2










where γ1 τc * T1 , γ2 τc * T2 and x τ * τc . The complexity of this expression is a result of
the fact that in the multiple integration the integrated volume has to be divided into a large
number of subvolumes depending on the sign of the arguments of the f  t  ’s occurring
in the integrand. The integration over each subvolume is in itself straightforward. The
expression (9.15) is continuous and differentiable in τ 0. We checked its correctness
by taking the limit τc
0. In that case (9.14) exactly agrees with the FWM signal for
f  t
δ  t  , which has previously been calculated by Morita and Yajima [149].
We now describe the experimental results in terms of Eq. (9.14). First, we will use
the room temperature data (for which T2 0 τc- ) to - determine the coherence time τc . To
calculate C  τ  , we use the intensity envelope ε  t  2, which is given by a Gaussian with
a FWHM of 20 ps (as determined from an autocorrelation trace). The dashed curve in
Fig. (9.5) represents a least-squares fit to the room temperature data using Eq. (9.14) and
literature values [24] of T1 5 ps and T2 0  2 ps. The good agreement between the data
and the calculation justifies the use of Eq. (9.13). The fit to the room temperature yields
a value of τc 1  13 > 0  07 ps for the coherence time. Therefore, at room temperature we
indeed have T2 0 τc , and instead of Eq. (9.14) one could also use (9.12). As was discussed
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at the end of Section 9.3.1, the decay of the echo signal is determined by both T1 and T2 .
With τc known, the data at 15 K can be used to determine the value of T2 at this
temperature. We did this by means of a least-squares fit of Eq. (9.14) to the data points,
using the literature value for T1 at 300 K. It might be that at 15 K the value of T1 is slightly
larger than at 300 K, although no temperature dependence of this value has been observed
over a temperature range from 80 to 300 K [25]. Simulations using Eq. (9.14) show that
increasing T1 by several ps has a negligible effect on the value obtained for T2 . From
the fit a value of T2 2  8 > 0  3 ps was obtained (solid curve in Fig. 9.5), which implies
that at 15 K the homogeneous dephasing time is an order of magnitude larger than at
room temperature. Furthermore, the measured value of T2 corresponds to a homogeneous
linewidth of  4 cm  1 , which implies that at 15 K the homogeneous linewidth is nearly
two orders of magnitude smaller than the width of the absorption band (shown in Fig. 9.2).
Theoretical analysis has shown that photon-echo experiments performed with incoherent light can be sensitive to spectral diffusion [159, 163]. This means that the value obtained for T2 might in principle contain a contribution due to spectral diffusion, although
in the present system the influence of slow frequency-fluctuations on the signal is limited
due to the rapid decay of the excited state population [24].
9.5 Conclusions
To summarize, we have presented a simple method to generate infrared photon echoes
using a standard setup for parametric downconversion. The time resolution of the experiment is determined by the coherence time of the infrared pulses, and is short enough to
enable the investigation of vibrational dephasing in the condensed phase. The technique
has been applied to a hydrogen-bonded polymer, and yielded an accurate determination
of the homogeneous dephasing time of the OH-stretch vibration of this polymer. With the
setup depicted in Fig. 9.1, any vibration in the 1.5–4 µm wavelength region can be studied
in the same way. The accumulative nature of the incoherent photon echo makes it possible
to study molecular vibrations with small absorption cross sections, notably the OH-, CH-,
and NH-stretch modes, which are of great chemical and biological importance.
The method of incoherent four-wave mixing is a very powerful one: it enables photon
echo studies with high time resolution in wavelength regions where coherent ultrashort
pulses are not yet available, or difficult to generate. In the visible wavelength region, it
has not only be used to study dephasing of optical transitions, but also for the study of orientational [164] and population relaxation [165]. Similar experiments can be performed
on vibrational transitions using the setup shown in Fig. 9.1. The most important disadvantage of the incoherent FWM method is that the delay between only two of the three
fields that create the third-order polarization is known. That this renders the interpretation
more complicated, becomes clear when one compares the incoherent photon-echo signal
(Eq. (9.15)) to the simple expression e  4τ  T2 which applies for coherent photon echoes.
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Summary
This thesis is concerned with the dynamical behavior of vibrational excitations in
hydrogen-bonded systems. In particular, we have investigated the dynamics of the OHstretch mode in water, ice, and hydrogen-bonded ethanol clusters. The dynamics of the
OH-stretch mode supplies important information on the structure and dynamics of the hydrogen bonds in these systems, because the OH-stretch vibration and the hydrogen bond
are strongly coupled. The method used in our experiments is that of time-resolved pumpprobe spectroscopy: an intense resonant pump pulse excites a fraction of the OH-groups
from the ground (vOH 0) state to the first excited (vOH 1) state, and a second, delayed probing pulse monitors the vibrational dynamics. By detecting the probe pulse in a
polarization-resolved manner, the orientational dynamics of the vibrational excitation can
be monitored as well.
We found that in hydrogen-bonded ethanol clusters, excitation of the OH-stretch mode
leads to a fast (subpicosecond) predissociation of the hydrogen bond. The predissociation lifetime decreases with increasing hydrogen-bond strength, as a consequence of the
stronger coupling between the OH-stretch mode and the hydrogen bond. The polarizationresolved measurements show that the OH-stretch excitation is rapidly delocalized over the
ethanol molecules in the hydrogen-bonded cluster.
The strong coupling of the OH-stretch mode and the hydrogen bond in water leads to
several remarkable features in the vibrational dynamics of this liquid. We found that the
excitation of the OH-stretch mode in dilute solutions of HDO in D2 O leads to a dynamic
Stokes shift of the OH-stretch frequency. This Stokes shift is a consequence of the fact
that the minima of the hydrogen-bond potentials in the vOH 0 and vOH 1 states occur
at different positions. Upon excitation from the vOH 0 to the vOH 1 state, the hydrogen
bond is initially in a non-equilibrium position and the subsequent relaxation (contraction)
to its equilibrium position in the vOH 1 state causes a dynamic Stokes shift of the OHstretch frequency.
The coupling between the OH-stretch mode and the hydrogen-bond leads to an approximately linear relation between the hydrogen-bond strength and the OH-stretch frequency. This means that by tuning the center frequency of the infrared pulses used in our
experiments to a particular OH-stretch frequency, we can in principle selectively study
subensembles of water molecules with a specific hydrogen-bond strength. In this way, we
were able to study the influence of hydrogen-bonding on the orientational dynamics of
HDO molecules dissolved in D2 O. It was found that the orientational relaxation of a water
molecule can occur on two distinct time scales, depending on the local hydrogen-bond
structure. On the basis of our measurements, we propose a model for the hydrogen-bond
strength dependence of the orientational relaxation constant. In this model, we also take
into account the dynamic Stokes shift of the OH-stretch vibration that occurs upon excitation to the vOH 1 state. It is found that the model accurately describes both our
pump-probe measurements and the low-frequency dielectric response function of liquid
water.
As a consequence of the strong coupling between the OH-stretch mode and hydrogen
bond, energy can be transferred very efficiently from the first excited state of the OH-
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stretch mode to the hydrogen-bond mode. The vibrational lifetime in water is observed to
become longer with increasing temperature, in contrast to what is generally observed. This
can be explained by the fact that the average coupling strength between the OH-stretch and
hydrogen-bond mode decreases with increasing temperature.
It is well known that in pump-probe experiments, the observed transients are strongly
influenced by coherent coupling between the pump and probe pulses. This effect is well
understood and has been described quantitatively in many studies. If the pump and probe
pulses have the same center frequency, the coherent coupling leads to an additional contribution to the pump-probe signal, that can easily be mistaken for a spectral hole in a
transient pump-probe spectrum. Using a third-order perturbation expansion of the density
matrix, we show that the “spectral holes” in the OH-stretch bands of water and ethanol,
which were recently reported by Laenen et al., are in fact such coherent coupling contributions to the pump-probe signal, and have nothing to do with the vibrational dynamics of
the OH-stretch vibration.
Finally, we have presented the first observation of an incoherent vibrational photon
echo. Compared to coherent photon-echo spectroscopy, the method of incoherent photon
echoes has the advantage of experimental simplicity: since the time resolution is determined by the coherence time rather than the duration of the light pulses used in a photonecho experiment, a good time-resolution can be obtained using relatively long pulses.
We demonstrate this in a vibrational photon-echo experiment with subpicosecond timeresolution using pulses with a duration of 20 picoseconds.
It is only since a few years that it is possible to generate the short and intense midinfrared pulses needed for femtosecond time-resolved vibrational spectroscopy. In this
short period, femtosecond spectroscopy on the OH-stretch mode has revealed many new
aspects of the complex dynamics of hydrogen-bonded systems such as liquid water. There
is no doubt that in the future, as femtosecond vibrational time-resolved spectroscopy will
be used to investigate even more complicated systems, such as surfaces, adsorbates, and
proteins, many other unexpected properties of matter will be revealed.

Samenvatting van het proefschrift “Femtosecond vibrational dynamics in
hydrogen-bonded systems”
In dit proefschrift wordt het dynamisch gedrag van vibratie-excitaties in waterstofgebrugde systemen bestudeerd met behulp van tijdsopgeloste spectroscopie. In het
bijzonder hebben we de dynamica van de OH-strekvibratie in water, ijs en ethanol
onderzocht. Het gedrag van de OH-strekvibratie wordt in hoge mate bepaald door de
structuur en dynamica van de waterstofbruggen eromheen. Daardoor vormt de studie
van de OH-strekvibratie een ideale methode om de waterstofbrugstructuur te onderzoeken. In onze experimenten gebruiken we de zogeheten ‘pump-probe’ methode:
een intense resonante puls exciteert een deel van de OH-groepen van de grondtoestand
naar de eerste aangeslagen toestand, en een zwakke probe-puls wordt gebruikt om de
respons waar te nemen. Door de probe-puls polarisatie-opgelost te detecteren, kan ook
het dynamisch gedrag van de oriëntatie van de OH-groepen worden waargenomen.
We vonden dat in waterstofgebrugde ethanolclusters excitatie van de OHstrekvibratie leidt tot predissociatie van de waterstofbrug. Deze predissociatie vindt
sneller plaats bij sterkere waterstofbruggen als gevolg van de sterkere koppeling tussen
de OH-strekvibratie en de waterstofbrug. Polarisatie-opgeloste metingen laten verder
zien dat de OH-strek vibratie zeer snel delokaliseert over de ethanolcluster.
In water leidt de sterke koppeling tussen de OH-strekvibratie en de waterstofbrug
tot bijzondere effecten. Zo vonden we dat in verdunde oplossingen van HDO in D2 O
excitatie van de OH-strekvibratie leidt tot een dynamische roodverschuiving van de
OH-strekfrequentie. Deze roodverschuiving wordt veroorzaakt door de verschillende
evenwichtsposities van de waterstofbrug in de vOH 0 en vOH 1 toestand. Wanneer een HDO-molecuul van de vOH 0 naar de vOH 1 toestand wordt gebracht,
bevindt de waterstofbrug zich aanvankelijk in een niet-evenwichtspositie. De relaxatie
(contractie) van de waterstofbrug die vervolgens plaatsvindt veroorzaakt een roodverschuiving van de OH-strekfrequentie.
De koppeling tussen de OH-strekvibratie en de waterstofbrug leidt tot een
bij benadering linear verband tussen de sterkte van de waterstofbrug en de OHstrekfrequentie. Door de frequentie van de infrarode pulsen in onze experimenten
op een bepaalde waarde in te stellen kunnen we watermoleculen met een bepaalde
waterstofbrugsterkte bestuderen. Op deze manier hebben we de invloed van de waterstofbrugsterkte op de oriëntatie-dynamica van HDO moleculen opgelost in D2 O
onderzocht. Uit onze experimenten blijkt dat er een duidelijke tweedeling bestaat wat
betreft de bewegingsvrijheid van de watermoleculen. Een klein deel van de moleculen
kan min of meer vrij roteren. Dit blijken de moleculen met zwakke waterstofbruggen
te zijn: de OH-groepen van deze moleculen verliezen binnen ongeveer 700 femtoseconden hun oorspronkelijke richting. De moleculen met sterke waterstofbruggen
daarentegen blijken vrijwel stil te staan. De lokale waterstofbrug-structuur bepaalt dus
in hoeverre een watermolecuul zich kan bewegen in vloeibaar water.
Als gevolg van de koppeling tussen de OH-strekvibratie en de waterstofbrug kan
1)
energie zeer efficiënt worden overgedragen van de eerste aangeslagen (vOH

toestand van de OH-strekvibratie naar de waterstofbrug. De levensduur van de
vOH 1 toestand blijkt in water langer te worden bij hogere temperatuur, in tegenstelling tot wat in bijna alle andere stoffen wordt waargenomen. Deze temperatuurafhankelijkheid wordt veroorzaakt doordat de gemiddelde sterkte van de koppeling
tussen OH-strekvibratie en de waterstofbrug afneemt bij hogere temperatuur.
Het is bekend dat pump-probe metingen sterk worden beı̈nvloed door coherente
koppeling tussen de pump- en probe-pulsen. Wanneer de excitatie- en de probe-puls
dezelfde frequentie hebben, leidt de coherente koppeling tussen de twee pulsen tot een
extra bijdrage aan het pump-probe signaal, die in frequentie-opgeloste metingen de
vorm heeft van een scherpe piek. Door middel van een kwantitatieve analyse wordt
in dit proefschrift getoond dat de scherpe pieken in de pump-probe-metingen die in
meerdere publikaties van Laenen en Laubereau voorkomen een gevolg zijn van coherente koppeling, en derhalve geen informatie over het dynamisch gedrag van de
OH-strekvibratie bevatten.
Tenslotte wordt in dit proefschrift de eerste waarneming van een incoherente foton echo aan een vibratie-overgang gepresenteerd. De methode van incoherente foton
echo’s berust op het feit dat de tijdsresolutie in een foton-echo-experiment niet wordt
bepaald door de duur, maar door de coherentietijd van de lichtpulsen. Met zeer lange
pulsen kan dus toch een goede tijdsresolutie worden bereikt, mits de coherentietijd
maar kort genoeg is. Dit wordt gedemonstreerd aan de hand van een foton-echoexperiment waarin sub-picoseconde tijdsresolutie wordt bereikt ondanks een pulsduur
van 20 picoseconden.
Het is pas sinds enkele jaren mogelijk om de korte en intense mid-infrarode
pulsen te genereren die nodig zijn voor femtoseconde tijdsopgeloste spectroscopie
aan vibraties. In deze korte periode heeft femtoseconde spectroscopie aan de OHstrekvibratie al zeer veel nieuwe aspecten onthuld van het dynamisch gedrag van
waterstof-gebrugde systemen zoals water. Waarschijnlijk zal in de nabije toekomst
femtoseconde vibratie-spectroscopie worden gebruikt om ook complexere systemen
zoals oppervlakken, adsorbaten en proteı̈nen te onderzoeken, en zullen ook van deze
systemen vele nieuwe en onverwachte eigenschappen worden ontdekt.
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