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1 Introduction

1.1 Molecular structure and function

The conformation of molecules is a crucial factor in many aspects of live. For
example, every living organism relies fundamentally on the correct functioning
of complex macromolecules, which lie at the heart of the organism’s cellular
machinery. The replication of the genetic information encoded by deoxyribonu-
cleic acid (DNA) is based on the interplay of several enzymes, two of the key
steps of which are the unwinding of a double-stranded helix by the protein DNA
helicase and the synthesis of a new strand by the DNA polymerase. For these re-
actions to occur in the correct manner, the involved proteins need to be in their
functional conformation. Among the techniques most commonly employed as a
probe of protein structure are nuclear magnetic resonance (NMR) spectroscopy
and X-ray crystallography, both of which offer atomic resolution. Nearly 90%
of all protein structures reported in the protein data base (www.pdb.org) have
been obtained using x-ray crystallography. Since this experimental approach is
based on the analysis of a diffraction pattern generated by the 3-dimensional
periodic arrangements of a solid crystal, it necessarily provides only a static
picture of molecules in the solid state. The conformational dynamics, i.e. the
”jiggling and wiggling of atoms” (R.P. Feynman), cannot be tracked with this
experimental approach. Although latest developments in the area of free elec-
tron lasers (FELs) have lead to the generation of ultrashort x-ray bursts and
allowed to glimpse at the time-resolved changes in the diffraction pattern of a
photosynthetic reaction center in response to an external trigger [1], this tech-
nique is still in its infancy and is applicable only to a limited range of samples.
The atomic resolution of NMR-spectroscopy is accompanied by its applicability
to liquid samples, which enables e.g. the study of biomolecules in a (near) native
environment. NMR-spectroscopy also opens up the window to studies on time
scales into the submicrosecond regime, allowing to monitor e.g. the transitions
between conformational sub-states such as the switching between the open and
closed states of enzymes [2]. Molecular processes, that occur on even faster time
scales such as conformational fluctuations on nano- to picosecond time scales [3],
are inaccessible to NMR-spectroscopy.

1.1.1 Hydrogen bonds and molecular conformation

Arguably the most important type of intermolecular interaction in the con-
text of biological macromolecules is the formation of hydrogen bonds between
XH..Y-groups as illustrated in Figure 1.1, where X and Y are elements with
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12 Introduction 1.1

Figure 1.1. Structure of hydrogen bonded systems, left: the tetrahedral structure
of water molecules in the condensed phase arising from the hydrogen bond interac-
tion between OH-groups. Hydrogen bonding underlies also the formation of complex
biomolecular structures such as protein α-helices shown in the middle and the DNA
double helix shown on the right.

large electronegativity such as O,N,S or halides. The formation of secondary
structural elements (α-helices, β-sheets) in proteins as well as the pairing of
nucleobases in DNA is a direct result of the hydrogen-bonding interaction. The
hydrogen-bonding interaction also lies at the heart of the unusual properties
of water such as its maximum density at a temperature of 4◦C. A sensitive
spectroscopic marker for the hydrogen bond interaction in water and aqueous
solutions is the hydroxyl stretch vibration (OH-vibration), whose spectroscopic
line shape is a result of strong inhomogeneous broadening and reflects different
hydrogen bond environments. Many of the dynamical processes such as the
breaking and reformation of hydrogen bonds or the fluctuations around the
equilibrium bond length and angle occur on femto- to picosecond timescales
(10−12-10−15s). While these dynamical processes affect the line shapes of in-
frared marker modes such as the OH-vibration, they are not readily accessible to
conventional absorption spectroscopy. Optical techniques based on femtosecond
infrared light sources have made it possible to study these ultrafast processes
in real time [4–14]. In these types of experiments, one or two intense infrared
pulses are used to resonantly excite the hydroxyl stretch vibrations of water
molecules and a time-delayed, weak probe pulse reports on the processes the
ensemble of excited molecules has undergone during the time-interval between
excitation and probe.
Intense infrared-active marker modes that are of particular relevance for the
field of protein biochemistry are the vibrations of the protein backbone, in
particular the amide I vibration that involves the displacement of the carbonyl
group of the protein backbone. The resonance frequency and the spectroscopic
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1.2 Introduction 13

line shape of the amide I vibration are determined by the distinct hydro-
gen bonding patterns of protein secondary structural elements together with
the solvent accessibility of the backbone. With ultrafast infrared experiments,
structural and dynamic information on this vibrational mode has been obtained,
which, in combination with residue-specific isotope labeling, has allowed for the
development of models for the orientation and hydration pattern of membrane-
associated peptides [15, 16]. The (sub-)picosecond molecular dynamics, on
which these structural models are based, cannot be accessed by other types of
spectroscopy and thus highlight the importance of ultrafast optical techniques.

1.1.2 Absolute configuration

An important aspect of molecular configuration is chirality, which is illustrated
in Figure 1.2. If a molecule cannot be superposed on its mirror image, it is called
chiral. The molecule and its mirror image are called enantiomers. Chirality is
ubiquitous in biochemistry: peptides and proteins are built from chiral amino
acids containing a stereogenic α-carbon atoma, the L-enantiomer of which is
the most prevalent form in nature. The chirality originating from a stereogenic
carbon atom is translated to the macromolecular scale, which is encountered in
e.g. poly-peptides, where L-amino acids form right-handed α-helices, whereas
D-amino acids form left-handed helices. Interestingly, Linus Pauling in his first
report of the structure of the α-helix [17] proposed a left-handed conformation,
based on the (incorrect) assumption that proteins would contain D-amino acids.
DNA (deoxyribonucleic acid), the carrier of genetic information in all living or-
ganisms, has in its most common form, termed B-DNA, a right-handed twist,
which originates from the D-enantiomer of the sugar deoxyribose that forms its
backbone [18]b. The distinction between two enantiomers, i.e. the determination
of their absolute configuration, has been a challenge for a long time, primar-
ily because enantiomers exhibit the same physico-chemical properties in many
aspects. Only few spectroscopic techniques are capable of distinguishing enan-
tiomers. The first distinction was achieved in the 1950’s, when Johannes Bijvoet
and co-workers determined the absolute configuration of a tartrate-complex by
means of anomalous x-ray scattering [20]. Since then, only few techniques have
been added to the spectroscopic toolbox of stereochemists. Currently, the most
commonly applied method to distinguish enantiomers of chiral molecules is to
measure the weak difference in absorption of left and right circularly polarized
light, referred to as circular dichroism. The development of new spectroscopic
tools that combine the ability to distinguish between enantiomers with more de-
tailed structural information is an active field of research [21–28], and over the
past 10-20 year the usefulness of non-linear optical techniques to this purpose
has been recognized and exploited [22–26].

aA carbon atom is referred to as stereogenic if it is tetrahedrally coordinated by four
different substituents, making it impossible to overlay it with its mirror image

bIt should be noted that also a left-handed form of DNA containing the D-enantiomer of
deoxyribose is sometimes encountered in nature. This has been termed Z-DNA. [19]
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Figure 1.2. Examples of chirality: on the left the L- and D-enantiomers of amino
acids, which possess an asymmetrically substituted Cα-atom and constitute a form
of point chirality, are shown. On a macromolecular scale, the chirality of the amino
acids translates into a well-defined handedness in the secondary structural elements
of proteins such as α-helices shown on the right.

1.2 Outline of this thesis

In the first part of Chapter 2 of this thesis, the theoretical foundation of the
generation of femtosecond infrared pulses based on non-linear optical frequency
conversion processes is laid out. In the second part of that chapter, the theory
of light-matter interaction in a semi-classical description is developed. At the
end of Chapter 2, molecular reorientation and the interaction (coupling) of vi-
brational modes are treated. In Chapter 3 the experimental setups, that have
been used to collect the data for this thesis, are described. In Chapters 4 and
5 the molecular dynamics of water molecules are studied with time-resolved
infrared pump-probe spectroscopy. In Chapter 4, the rate of resonant energy
transfer between the hydroxyl groups (OH-groups) of water molecules and its
dependence on intermolecular distances is determined. In Chapter 5, a compar-
ative study of the vibrational relaxation and orientational dynamics of water
molecules in two highly non-ideal mixtures, namely aqueous solutions of ace-
tone and dimethylsulfoxide (DMSO), is presented. In Chapters 6, 7 and 8 we
report on the structure and dynamics of complex biomolecules. In Chapter 6
the conformational fluctuations of a natural cryoprotectant molecule (antifreeze
protein) are studied. In Chapter 7 a model system for salt-bridges, a ubiquitous
structural motif in polypeptides, is investigated. In Chapter 8 a new technique
that allows for the study of chirality at interfaces is introduced and applied to
the left- and right-handed forms of an α-helical peptide.


