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CHAPTER 1

Introduction

1.1 The hydrogen bond

A hydrogen bond is an attractive interaction between a hydrogen atom and a highly

electronegative atom like O, F or N. It has been first proposed by Moore and Win-

mill1 almost a century ago. They used an interaction between ammonium hydrox-

ide and water to explain the fact that tertiary ammonium hydroxide is a weaker

base than quaternary ammonium hydroxide. The profound implications of hy-

drogen bonding were recognized a few years later, when Latimer and Rodebush2

proposed “a transfer of a hydrogen nucleus from one molecule to another” and

thus suggested that the hydrogen atom may serve as a link that binds two water

molecules together. In their study, this association of molecules is used to explain

the unusually high dielectric constant and proton mobility in liquid water and am-

monia.

Since then, countless numbers of publications have shown the importance of

the hydrogen-bond interaction. Although the hydrogen bond is a relatively weak

bond, it has great implications for many molecular properties. Among others, hy-

drogen bonding is responsible for the high freezing and boiling points of water,

its abnormally high heat capacity, surface tension and charge mobility. There are

numerous consequences of hydrogen bonding in nature; in particular, the three-

dimensional structures adopted by proteins and nucleic acids (DNA) are largely

determined by hydrogen bonding. Intramolecular hydrogen bonding forces the

folding of these macromolecules into specific conformations that in fact determine

their functionality.

The binding energy of a hydrogen bond (varying from ∼0.08eV or 660 cm−1

for NH· · ·O, through∼0.2 eV or 1650 cm−1 in liquid water (OH· · ·O) up to∼1.6 eV
or 12900 cm−1 for FH· · ·F) lies somewhere between between that of Van der Waals

interactions (binding energy typically <0.025eV or 200 cm−1) and covalent bonds
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1. Introduction Nanotechnology and molecular machines

(binding energy typically >3eV or 24000 cm−1). This energy allows them to easily

form or break at room temperature, thus making them very important for physical,

chemical and biological processes.

The following sections will introduce two complex hydrogen-bonding systems

that are studied in this thesis. The first one is a novel group of molecules, consid-

ered promising components of molecular machines, that are capable of performing

mechanical movements on a nanometer scale. The second one is liquid water, the

most abundant substance on the surface of the Earth. In both systems, the hydrogen

bond is responsible for their complexity, and has profound consequences for their

macroscopic properties and functionality. In the first case, the mechanical func-

tionality of the studied supramolecular complex is determined by weak hydrogen-

bond interactions, whereas in the second case, the extraordinary properties of liquid

water are a direct consequence of the complex hydrogen-bond network that inter-

connects one of the smallest molecules there is.

1.2 Nanotechnology and molecular machines

In speculations about its future development, nanotechnology is often associated

with nanorobotics, where nanoscopic self-sustainable robots would be capable of

microsurgery on human tissue or assembling other larger machines. As yet, how-

ever, nanotechnology is mostly about simple nanomachines, with molecules as

their basic building blocks. The first step towards the science-fiction-like nano-

robots is the synthesis of a device in which interlocked components are capable

of performing mechanical movements with respect to one another. The synthetic

molecular machines made for this purpose often resemble macroscopic machines

both in appearance and function, and include molecular shuttles,3, 4 propellers,5

gears,6 ratchets,7 valves,8 turnstiles,9 motors,10, 11 brakes12 and elevators.13 The

elementary parts of these molecular devices are connected by means of covalent

bonds,11, 14 hydrogen bonds,15 Van der Waals interactions16 or only by simple me-

chanical constraints.17, 18 The second essential step requires the stimulation and

control of motion. The source of energy needed for the motion has to be sup-

plied externally by means of photons,3 chemical reaction,12, 18 or electrical poten-

tial (electrochemically induced redox reaction).19

The choice of the external stimulus is closely related to the strength of the

bond that forms the link between the components of the molecular device. In the

case of a covalent bond, the high energy required to break such bonds limits the

stimulus to far-UV photons and chemical reactions. The former stimulus usually

has destructive side effects on the structure of molecules, while the latter is gen-

erally very slow (ms), which limits its applicability. On the other hand, Van der
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1. Introduction Liquid water

Waals interactions are very weak allowing molecular devices to operate at high

rates. However, the weakness of these templates is that the thermal fluctuations at

room temperature already influence their functionality. Molecular machines based

on hydrogen-bonding combine the advantages of both the Van der Waals and cova-

lently bonded molecular devices. This is due to the strength of the hydrogen bond,

which on the one hand allows for the largest flexibility in the choice of the external

stimulus and on the other hand for the best control over various co-conformations

of the molecular machine.∗

To be able to observe the motion within such a molecular machine one needs

a tool that is sensitive to structural fluctuations in the vicinity of specific hydrogen

bonds. This technique should also provide dynamical information on a time scale

typical for hydrogen-bond formation. The logical candidates for these studies are

steady-state and non-linear infrared spectroscopy.

1.3 Liquid water

The structure and dynamics of liquid water have been one of the central themes

of natural science research for decades. It is not just due to the importance of

water in biological and chemical processes, but also because of its exceptional

chemical and physical properties. In liquid water, hydrogen bonds do not just link

two molecules together, but create a complex network of interconnected individual

molecules, responsible for its unique properties. Although water is one of the most

actively studied compounds, many questions about the structure and dynamics of

this hydrogen-bond network have remained unanswered.

The hydrogen bonds in liquid water form between the lone electron pair of the

oxygen atom of one and the hydrogen atom of another water molecule. One water

molecule can create at most four hydrogen bonds with its neighbors in a tetrahedral

configuration. This is achieved only in ice, however. In the liquid state, there is

a constant process of formation and rupture of hydrogen bonds. The understand-

ing of hydrogen-bond dynamics is a crucial condition if we ever want to explain

the nature of the extraordinary properties observed in liquid water. To study the

dynamics of hydrogen bonds requires a probe that is sensitive to the structure of a

hydrogen-bonded system and reflects its complex structural dynamics. It has been

found that the frequencies of the fundamental stretching and bending modes in

hydrogen-bonded molecules are strongly influenced by the strength of the hydro-

gen bond that is linking them.21, 22 It is also well established that hydrogen bonds

influence vibrational relaxation. In particular, the vibrational lifetimes of both the

∗The term co-conformer refers to one of several specific positions of mechanically interlocked

components with respect to each other.20
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1. Introduction Vibrational normal modes and hydrogen bonding

stretching and bending modes of a monomeric water molecule23, 24 is two orders of

magnitude longer than in liquid water.25, 26 Therefore, by studying the dynamics

of the vibrational normal modes in water, we are indirectly probing the structural

dynamics of its hydrogen bonds.

1.4 Vibrational normal modes and hydrogen bonding

To study the structure and dynamics of hydrogen-bonding systems we focus on the

mid-infrared spectral region. Here, vibrational normal modes like the OH-stretch,

amide I (mainly CO-stretch), II (mainly NH-bend and CN-stretch) and amide A

(NH-stretch) are the best candidates for such studies due to their proximity and

direct link to the hydrogen bonds. The frequency ranges of the vibrational modes

discussed in this thesis are summarized in Fig. 1.1. The center frequencies of both

stretch and bend modes depend strongly on the presence of the hydrogen-bonding.
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Figure 1.1: Typical regions of absorptions for various stretching and bending modes.

Depending on the strength of the hydrogen bond, the frequencies of the amide

A and amide I shift to lower values typically by 200 and 10 cm−1, respectively.
The redshift of the stretch modes is caused by the anharmonic coupling between

the stretch mode (νstretch) and hydrogen-bond mode (νHB). We can assume the

Hamiltonian of the coupled system of νstretch and νHB modes to be27–30
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1. Introduction Infrared absorption spectroscopy

H =
p2

2m
+
mω2q2

2
+
P2

2M
+
MΩ2Q2

2
+Kq2Q, (1.1)

where the q,p,m,ω and Q,P,M,Ω are the normal coordinates, conjugate momenta,

reduced masses, and frequencies of the νstretch and νHB modes, respectively, and K
is an anharmonic coupling constant. We can rewrite this Hamiltonian as31

H =
p2

2m
+
mω2

eff(Q)q2

2
+
P2

2M
+
MΩ2Q2

2
(1.2)

where the effective frequency ωeff(Q) of the νstretch mode is given by

ωeff(Q) = ω

√

1+
2KQ

mω2
≈ ω + const.×Q. (1.3)

The frequency of the νstretch mode is thus approximately proportional to the

hydrogen-bond length Q: the frequency of the stretch mode redshifts approxi-

mately linearly with decreasing hydrogen-bond length.

1.5 Infrared absorption spectroscopy

The interaction of light and matter can have many forms, one of them being the ab-

sorption of photons. Absorption spectroscopy refers to an experimental technique

that measures the wavelength dependence of absorption in a sample. Absorption

is caused by the resonant excitation of electronic, vibrational or rotational states

of studied molecules or atoms. Infrared (IR) radiation does not have enough en-

ergy to induce electronic transitions in the molecular systems studied in this thesis,

and thus IR absorption spectroscopy is in this case restricted to vibrational and

rotational states.

Absorption spectroscopies are among the most common experimental tech-

niques used to study structure and dynamics of hydrogen-bonding systems. All

absorption spectroscopies are based on the same principle: the intensity of light

before (I0) and after (I) the interaction with a sample is measured and compared.

The transmittance T of a homogeneous sample is defined as

T (ν) =
I(ν)

I0(ν)
. (1.4)

However, experimental spectra are generally plotted as the dependence of the ab-

sorbance A on the frequency ν . The absorbance is directly related to the transmit-
tance by

A(ν) = − log(T (ν)) = − log

(

I(ν)

I0(ν)

)

. (1.5)

15



1. Introduction Non-linear absorption spectroscopy

Absorbance is also used to quantitatively describe the absorption of light in a mate-

rial by means of the Lambert-Beer law which states that the absorbance of a sample

is directly proportional to its concentration c in a homogeneous solution.

A(ν) = ε(ν)cd, (1.6)

where ε(ν) and d are the molar extinction coefficient as a function of frequency

and the thickness of the sample, respectively.

1.6 Non-linear absorption spectroscopy

The interaction of intense light and matter can be described using non-linear re-

sponse theory which describes the induced polarization P(t) in a sample as a power
expansion of the applied electric field E(t):

P(t) = χ (1)E(t)+ χ (2)E2(t)+ χ (3)E3(t)+ . . . , (1.7)

where χ (1), χ (2) and χ (3) are the 1st, 2nd and 3rd order susceptibilities. While

steady-state absorption spectra are fully determined by the linear term χ (1), to de-

scribe pump-probe, 2D-IR and photon-echo spectroscopy one needs to take the

third term χ (3) into consideration. The processes determined by the second term of

the power expansion are restricted to anisotropic media, e.g. surfaces and birefrin-

gent materials, since χ (2) is zero for isotropic materials.

To extract the relaxation dynamics from steady-state absorption spectra, the

shape of the absorption band has to be determined with very high accuracy. How-

ever, this is often very difficult because of the strong congestion in the IR spectral

region. In many cases the studied absorption band overlaps with other fundamen-

tal, combination or overtone bands.

In vibrational pump-probe spectroscopy, one excites the sample with an intense

infrared pump pulse, and observes the subsequent change in the absorption α by

means of a delayed probe pulse. In this thesis, we generally measure the absorption

change ∆α both as a function of frequency ω and pump-probe delay τ . We res-

onantly excite specific vibrational modes in the electronic (S0) ground state from

the vibrational ground state (v= 0) to the first vibrationally excited stated (v= 1).

As a consequence, the population in the ground state (v = 0) is depleted, whereas

the population in the excited state v = 1 is increased. The resulting absorption

spectrum (Fig. 1.2b - solid line) shows a decrease in absorption at frequency ω
and an increase in absorption at frequency ω −∆ in which ∆ is the anharmonicity.

The difference absorption spectrum ∆α , shown in Fig. 1.2c, is recorded using a

second weaker laser pulse (probe) that passes through the sample and is detected
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1. Introduction 2D-infrared spectroscopy

with and without the pump being present. Due to the anharmonic nature of the

vibrational potential (ω0→1 6= ω1→2, see Fig. 1.2a) ∆α generally contains negative

contributions (bleaching) coming from depletion of the ground state and stimulated

emission of the excited state, and positive (induced absorption) contributions from

the induced population of the excited state.

Figure 1.2: (a) Vibrational potential energy and schematic representation of the pump-probe

signal of a single vibrational mode. (b) Steady-state absorption spectra of a vibrational mode

where the solid and dashed lines represent the spectrum with and without pump pulse, respec-

tively. The center frequency and anharmonicity of the mode are represented by the symbols ω
and ∆, respectively. (c) Difference absorption spectrum of a single vibrational mode.

The dynamics of a molecular system can be investigated by varying the delay

(τ) between the pump and probe pulse and in this way sampling the difference-

absorption spectrum as a function of τ . It should be noted that there are other

processes like heating effects and energy transfer, that can also contribute to the

difference-absorption spectrum (see Chapters 4 and 8).

1.7 2D-infrared spectroscopy

2D-IR spectroscopy is often compared to the 2D-NMR technique. The great advan-

tage of both methods is their capability to disentangle congested one-dimensional

spectra by projecting them onto a second axis which in the case of 2D-IR spec-

troscopy is the frequency of the pump pulse. The main difference between the
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1. Introduction 2D-infrared spectroscopy

two techniques is that while 2D-NMR spectroscopy uses the couplings between

nuclear spins to determine the structure, 2D-IR spectroscopy studies the couplings

between vibrational modes. Both techniques allow to determine the geometry and

conformation of systems under study, but the fundamental advantage of 2D-IR

spectroscopy over 2D-NMR is its superior time resolution, which is determined by

the duration of the optical pulses and is usually less than 1 ps.

There are two different methods to perform 2D-IR experiments: a Fourier

transform and a double-resonance approach, which are based on vibrational photon-

echo and pump-probe spectroscopy, respectively. Although they differ in the way

the response function is read out, the obtained structural and dynamical informa-

tion is identical.32–34 The Fourier-transform method allows more precise control

of the experiment since all three pulses may have different polarizations, which

can be used to eliminate particular contributions in the 2D-IR spectrum.35 Another

advantage of this technique is the spectral resolution which is limited only by the

scanning range at which the signal measured, while in case of the double-resonance

method, the spectral resolution is determined by the bandwidth of the pump pulse.

The spectrally narrow pump pulse is also limiting time resolution, which makes the

Fourier-transform method superior when studying systems with sub-ps structural

dynamics. However, experimentally the double-resonance technique is simpler and

faster to perform and it does not require any complex data analysis. Moreover, it

allows greater flexibility, because one does not need to scan the whole pump region

to determine the coupling between one particular mode and the other modes in the

molecule. This feature can be used to obtain a better signal-to-noise ratio by longer

averaging times at specific pump frequencies.32, 36 In this thesis, all 2D-IR spectra

are obtained using the double-resonance method.

Double-resonance 2D-IR spectroscopy differs from one-color pump-probe

spectroscopy in that the spectral bandwidth of the pump pulse, typically chosen

to be about 10 cm−1, is narrower than that of the probe pulse. The 2D-IR mea-

surement consists of a series of pump-probe experiments in which the frequency

of the pump pulse is varied across the probe range to selectively excite each of the

normal modes of the molecule. The absorption spectrum of the studied molecule

is probed at all frequencies with a spectrally-broad probe pulse, and the result is

plotted as a contour plot of the absorption-difference spectrum, see Fig. 1.3c. In

other words, the 2D-IR spectrum is a series of pump-probe spectra where the pump

pulse is relatively narrow to achieve better spectral resolution. By pumping one vi-

brational mode at a time and observing the entire spectral range we can determine

if the vibrational modes are coupled and/or if energy transfer occurs.

The 2D-IR spectrum of two coupled vibrational modes A and B consists of four

separate features (see Fig. 1.3b) each consisting of a negative (blue) and positive

(red) part. Two features are located on the diagonal of the spectrum (peaks 2, 2’, 3

18



1. Introduction 2D-infrared spectroscopy

Figure 1.3: (a) Schematic diagram of energy levels in a system with two coupled vibrational

modes and (b) an example of 2D-IR spectrum.

and 3’) and represent traditional pump-probe signals. As depicted in Fig. 1.3a, each

vibrational state can be written as |nAnB〉 where nA and nB represent the number
of vibrational quanta in modes A and B. When mode A is pumped, the population

from the ground state |00〉 is transfered to the excited state |10〉. The corresponding
peaks for bleaching 3 and induced absorption 3’ are shown at the bottom part of

the 2D-IR spectrum.

The off-diagonal features (peaks 1, 1’, 4 and 4’) arise from the coupling be-

tween modes A and B and can be understood as follows. If two modes are cou-

pled, they can be considered to “share” a common ground state which results in

the spectral feature 4 coming from the transition |00〉 → |01〉. In other words, the
bleaching of the ground state of mode A also causes the bleaching of the 0→1

transition of mode B. After excitation of mode A, the probe pulse can induce not

only an excitation to the overtone |10〉 → |20〉 but also induces the |10〉 → |11〉
transition leading to peak 4’.

Although the diagonal and off-diagonal peaks look similar, they have in fact

entirely different origins. As already explained the diagonal peaks arise from the
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1. Introduction 2D-infrared spectroscopy

different population of the ground and vibrationally excited state. On the other

hand, the off-diagonal peak can be understood as a shift of the frequency of mode

B due to excitation of mode A by the so-called cross-anharmonicity δAB. If δAB is
smaller than the bandwidth of the absorption band, the signal in the 2D-IR spec-

trum can be approximated by the derivative of the absorption band.

To describe the 2D-IR spectra quantitatively we use an excitonic model.37–39

Here, we discuss the simplest case, a system consisting of two coupled oscillators.

To describe such a system, the eigenstates of the non-interacting oscillators are

chosen as a basis set. In this case the Hamiltonian consist of one zero-exciton, two

one-exciton and three two-exciton manifolds. We will use the same formalism for

describing the number of excitons in state A and B as in the previous paragraphs

(nA and nB). So if the basis set is ordered as

{|0,0〉; |1,0〉; |0,1〉; |2,0〉; |0,2〉; |1,1〉}, (1.8)

the Hamiltonian H will be

H =

















0

ε1 β
β ε2

2ε1−∆ 0
√
2β

0 2ε2−∆
√
2β√

2β
√
2β ε1+ ε2

















, (1.9)

where ∆ and β are the anharmonicity and coupling strength between the oscil-

lators, respectively, and ε1 and ε2 the vibrational frequencies of the non-coupled
oscillators. In this matrix, the zero-, one- and two-exciton manifold are separated

by lines.

We now discuss harmonic and anharmonic systems both with and without the

presence of a coupling term. The simplest case is the system of two harmonic

oscillators (∆ = 0) with β = 0, where the Hamiltonian is already diagonalized.

Clearly, for two independent harmonic oscillators the eigenvalues associated with

the two-excitonic states will be 2εi and ε1 + ε2. After excitation from the zero- to

one-excitonic state, three transitions contribute to the difference absorption signal:

bleaching (0→1) of the ground state, stimulated emission (1→0) and induced ab-

sorption (1→2) of the excited state. The first two processes contribute to the signal

negatively and the last one positively. Since for a harmonic oscillator the ampli-

tude of the induced absorption is equal to the sum of the bleaching and stimulated

emission,40 the signals will cancel each other for a harmonic system (∆ = 0). The

resulting pump-probe signal would be zero.

The second case is a system of two independent (β = 0) anharmonic oscilla-

tors (∆ 6= 0). The Hamiltonian is already diagonalized in the chosen basis set, so
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1. Introduction 2D-infrared spectroscopy

the eigenvalues for the one- and two-exciton states are known. In contrast to the

previous case, the eigenvalues for the two-exciton states |2,0〉 and |0,2〉 are shifted
by the anharmonicity. The pump-probe signal will consist of two separate features

since the frequency of the induced absorption is now different from the frequency

of the bleaching and stimulated emission. This leads to a pump-probe signal as

shown in Fig. 1.2.

The next possibility is a system consisting of two coupled (β 6= 0) harmonic

oscillators (∆ = 0). Even without diagonalization of the Hamiltonian, we can say

that all necessary physical information is already in the one-exciton manifold. One

can argue that for ∆ = 0 the energy difference between the |0,0〉 and |1,0〉 states,
and |1,0〉 and |2,0〉 states are the same and thus once we determine the one-exciton
eigenstates, we also know them for the two-exciton states. Although the eigenstates

for the coupled system are different from the ones in the original “uncoupled” basis

set, the same arguments lead to the conclusion that there will be a zero pump-probe

signal here as well. Description of a system with ∆ = 0 and β 6= 0 using a more

traditional nuclear potential energy surface V leads to

V (q1,q2) =
1

2
ε1q

2
1+

1

2
ε2q

2
2+ βq1q2, (1.10)

where the qA and qB represent the nuclear coordinates and the term βq1q2 is the
bilinear coupling term.

The last possible scenario is when both the anharmonicity ∆ and coupling β
are non-zero. In this case, neither of the previous simplifications holds and to find

the new eigenstates and eigenvalues one must diagonalize the complete Hamil-

tonian in Eq. 1.9. Clearly, the eigenstates |2,0〉 and |0,2〉 will be shifted by the

anharmonicity ∆A and ∆B, respectively. Additionally, all eigenstates will be shifted
by the so-called cross-peak anharmonicity δAB, that can be determined to a good

approximation using second-order perturbation theory and is found to be equal to

δAB = 4∆
β 2

(ε2− ε1)2
. (1.11)

To determine all parameters in the 2D-IR spectrum including the cross-peak an-

harmonicity more accurately, we need to diagonalize the complete Hamiltonian in

Eq. 1.9.

As with the previous system, this one can be described using the nuclear po-

tential energy surface, but with the addition of the third order terms 1
6

χ111q31 and
1
6
χ222q32:

V (q1,q2) =
1

2
ε1q

2
1+

1

2
ε2q

2
2 + βq1q2+

1

6
χ111q

3
1+

1

6
χ222q

3
2+ · · · . (1.12)
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1. Introduction 2D-infrared spectroscopy

In this formalism, the third order terms lead to the diagonal anharmonicity ∆. The
cubic terms qiq

2
j with i= j describe the anharmonicity as being localized on only

one mode. Since the remaining cubic terms (i 6= j) are significantly smaller than

the bilinear coupling term (χi j j � β ) we can safely neglect them. The diago-

nalization of the associated Hamiltonian leads to diagonal ∆i and off-diagonal δi j
anharmonicities. For the previous system we explained that the complete physical

representation of the coupling is already given by the Hamiltonian of the harmonic

potential energy. However, to be able to experimentally determine the value of

coulings, the potentials of the measured system must be anharmonic.

Another important aspect in 2D-IR spectra are the lineshapes of the peaks. It

has been demonstrated that these lineshapes can give an insight into the structural

dynamics and fluctuations, and into the interactions of the vibrational modes with

the surrounding bath. In Fig. 1.3b, we have used Lorentzian lineshapes to simulate

the features in the 2D-IR spectrum, which would be a representation of a 2D-

IR spectrum of homogeneously broadened vibrational modes measured using the

Fourier-transform technique. The choice of the double-resonance method results

in the larger elongation of the peaks in the direction of the pump axis due to the

finite bandwidth of the pump pulse, or in other words, the resolution of the 2D-

IR spectrum in the vertical direction is determined by the bandwidth of the pump

pulse. For the ideal experimental parameters one needs to match the bandwidth of

the pump pulse with the homogeneous bandwidth of the transition and in this way

maximize spectral and temporal resolution.

The peaks in 2D-IR spectra of transitions that are inhomogeneously broadened,

like hydrogen-bonded stretch modes, are generally stretched along the diagonal

axis of the 2D-IR spectrum (see for example Fig. 3.2b, c). To understand this,

we consider the scheme in Fig. 1.4 which depicts how a 2D-IR spectrum is con-

structed in the case of an inhomogeneously broadened absorption band. The top

row shows the steady-state spectrum of such a normal mode after bleaching with a

spectrally narrow pump pulse (solid line) and the original unperturbed absorption

band (dashed line). The population at a specific frequency is bleached and thus

a so-called population hole is “burned”. The corresponding difference absorption

spectrum is shown below each steady-state absorption spectrum. However, this is

only true for relatively short delays between the pump and probe pulse compared

to the spectral diffusion.† As the pump-probe delay approaches the rate of spec-

tral diffusion the diagonal elongation gradually vanishes. In this way, we can use

2D-IR spectroscopy to determine both the equilibrium structure and structural fluc-

tuations of the studied systems.41–43 Dynamics of the structural fluctuations can be

†Spectral diffusion is a process in which structural fluctuations in a system cause random modu-

lations in the absorption frequency of a transition.
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1. Introduction Outline of this thesis

Figure 1.4: Top row: the steady-state absorption spectra of a normal mode where the dashed

and solid lines represent the spectrum without and with the pump pulse. Middle row: the

corresponding difference absorption spectra, while the bottom scheme shows these spectra with

the probe and pump frequencies projected on the x and y axis, respectively.

also determined using three-pulse photon-echo experiments in which the quantity

directly resembling the structural fluctuations is the population dependent photon

echo peak shift (see Chapter 6).

1.8 Outline of this thesis

This thesis consists of two major parts in which the common theme is the structure

and dynamics of two hydrogen-bonding systems: rotaxanes and liquid water. In

the next Chapter, we begin with an introduction of the experimental setups that are

used to study these systems.

The first group of complex molecular systems we have investigated are rotax-
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1. Introduction Outline of this thesis

anes. In Chapters 3, 4 and 5 we determine their equilibrium structure using 2D-IR

and hetero-vibrational IR spectroscopy. To better understand the dynamics of ro-

taxanes we investigate in Chapter 6 the structural fluctuations in their equilibrium

structure using three-pulse photon-echo spectroscopy. In the final and most in-

triguing Chapter 7 about rotaxanes, we investigate their shuttling mechanism using

UV-pump IR-probe spectroscopy.

The second major topic of this thesis concerns liquid water and specifically its

vibrational relaxation. In Chapter 8 we study the relaxation dynamics of the HDO

bending mode in isotopically diluted solution of HDO in D2O. The last Chapter of

this thesis focuses on the mechanism of vibrational relaxation of the H2O bending

mode by investigating the concentration and temperature dependence of its life-

time.
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