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8 Summary

In this thesis, the molecular dynamics of water and biological (model) sys-
tems have been studied with advanced nonlinear optical techniques. In
Chapters 4 - 5, the technique of femtosecond mid-infrared pump probe spec-
troscopy has been used to study the energy transfer and the reorientational
dynamics of water molecules in solutions containing different solutes. In
Chapters 6, two-dimensional infrared (2D-IR) spectroscopy has been used to
study the energy transfer dynamics between vibrational marker modes of the
protein backbone of an antifreeze protein. In Chapter 7, the same technique
was used to determine the preferred geometry of a salt-bridge model complex in
solution. The last chapter of this thesis shows how vibrational sum-frequency
generation spectroscopy can be used to determine the absolute configuration of
chiral (bio)molecules at interfaces. The main results of the individual chapters
are summarized in the following.

Förster-type energy transfer In Chapter 4, we study the vibrational
relaxation dynamics of the OH-stretch vibration in aqueous sodium iodide solu-
tions of different isotopic composition. For low fractions of hydrogen (fH= 0.04),
the vibrational relaxation of water-bound and iodide-bound HDO molecules oc-
cur on two distinctly different timescales. An increase of the hydrogen fraction
leads to fast Förster-energy transfer of the vibrational excitation between the
water molecules in the ionic hydration shells and the bulk water. For HDO
molecules in the hydration shell of the anion the resonant energy transfer to
H2O molecules opens up a new vibrational relaxation channel that is much
faster than the intrinsic vibrational relaxation. As a result, the vibrational
energy relaxation of the anionic hydration shells is strongly accelerated. For
fH> 0.25, the Förster energy transfer becomes faster than the intrinsic vibra-
tional relaxation rates of all the water species, and a single decay rate is observed
that forms a weighted average of the relaxation rates of the different species.
We find that the Förster energy transfer becomes somewhat slower at higher
salt concentrations, which manifests itself as a decrease in the Förster radius
from 2.5 ± 0.2 Å at 1m NaI to 2 ± 0.2 Å at 6m NaI, which is likely the result
of the increase in average distance between the water molecules, as a result of
the dilution of water due to the presence of Na+ and I− ions.

Water dynamics in aqueous DMSO and acetone solutions In
Chapter 5, we study the vibrational energy relaxation and molecular reori-
entation dynamics of water molecules in water-DMSO and water-acetone
mixtures. For both solutes and at low solute fractions, a fraction of water
molecules is strongly slowed down in their reorientation dynamics as a result of
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148 Summary

the hydrophobic methyl groups. For water-acetone, the fraction of slow water
molecules is significantly smaller than for an aqueous solution of DMSO at the
same solute concentration. This suggests that substantially less water molecules
are exposed to the hydrophobic methyl groups of acetone when compared to
a water-DMSO mixture of equal solute mole fraction. This observation is a
strong indicator that acetone molecules have a tendency to aggregate and form
nano-clusters already at low concentrations.
At high solute fractions, the water-bound water molecules in both water-
acetone and water-DMSO mixtures show a very slow reorientation with a
time constant �10 ps. A striking difference between the two mixtures is that
the solute-bound water fraction is much smaller for water-acetone than for
water-DMSO mixtures at solute fractions Xsol > 0.4, which indicates that
water forms nano-confined water clusters in water-acetone mixtures. The
water molecules that are weakly hydrogen bonded to the C=O group of ace-
tone, show a relatively fast reorientation with a time constant that decreases
with increasing Xsol to 2.96±0.05 ps at Xacet = 0.9, which is nearly as fast
as the reorientation of the OD-group of water molecules in neat HDO:H2O
(τrot = 2.5 ps). For water-DMSO mixtures the water molecules forming hy-
drogen bonds to the S=O group show a much slower reorientation with a
time constant that decreases from 46±14 ps at XDMSO = 0.33 to 12±2 ps
at XDMSO = 0.95. The large difference in reorientation time constant of the
solute-bound water for DMSO and acetone can be explained from the fact
that the hydrogen bond between water and the S=O group of DMSO is much
stronger than the hydrogen bond between water and the C=O group of acetone.

The main topic of Chapters 6 - 8 is the determination of the conformation
of biomolecules. Chapter 6 covers the dynamical aspects, namely the energy
transfer between two vibrational modes associated with secondary structural
elements of a protein, while Chapters 7 and 8 concern static aspects of molecular
conformation. In Chapter 7, the structure of a salt-bridge, a type of ion-pair
encountered in polypeptides formed between charge-bearing side chains of amino
acids, is inferred from the coupling between the vibrations of the amino acid
side chains. In Chapter 8, we show how non-linear optical spectroscopy can be
used as a chirality-sensitive technique and allows for the distinction between
molecules that are mirror images (enantiomers) of each other.

Vibrational energy exchange in a type III AFP In Chapter 6 we re-
port on a study of the vibrational dynamics of the amide I vibration of a type
III antifreeze protein. In this study we found evidence for the presence of two
distinct subbands with lifetimes of 1.09 ± 0.01 ps and 3.21 ± 0.02 ps. It was
furthermore found that the two bands are coupled and exchange population
with a rate of kB→A= (7.1 ± 0.2 ps)−1. Based on this observation, we have
assigned the observed components to the α(+) and α(−)-modes of β-sheets,
which are associated with the in-phase and out-of-phase movement, respec-
tively, of amide oscillators on adjacent strands of the β-sheets. The population
exchange is likely enabled by the fast, (sub-)picosecond conformational fluctu-
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ations of the β-sheets. The exchange rate constant shows little variation over
a temperature interval from 2 to 20◦C. This finding indicates that the protein
backbone is flexible, even at temperatures near the freezing point (3.8◦C, D2O),
which might reconcile previous contradictory observations about the secondary
structure content of this protein (by X-ray diffraction and circular dichroism).

Model systems for protein salt bridges In Chapter 7, we study the
structure and dynamics of model compounds for protein salt bridges, namely
methylguanidinium (MeGd+) and trifluoroacetate (TFA−). For methylguani-
dinium we probe the CN stretching vibrations, for TFA− we probe the anti-
symmetric COO stretching vibration. We find that MeGd+ and TFA− have a
strong tendency to form salt-bridge complexes both for solutions in D2O and
DMSO. In these complexes the C=O groups of TFA− form strong hydrogen
bonds to two N–D groups of MeGd+. In DMSO the formation of the salt bridge
leads to a strong acceleration of the vibrational relaxation of the antisymmetric
COO vibration of TFA−, from 3.4±0.4 ps to 0.9±0.1 ps. The anisotropy of the
cross peaks of the 2D-IR spectrum shows that the transition dipole moments
of the antisymmetric νCOO mode of TFA− and the CN stretching vibration at
1620 cm−1 are oriented at an angle of θ ≈ 90◦. This CN mode involves the
stretching of the CN bond to the NDCH3 group in opposite phase to the sym-
metric stretching of the two CN bonds to the ND2 groups of the MeGd+ ion.
This result shows that the salt-bridge complex of MeGd+ and TFA− has a pre-
ferred bidentate end-on configuration in which the two C=O groups of TFA−

form strong hydrogen bonds to the two ND2 groups of MeGd+.

Chirality at interfaces The last chapter of this thesis concerns the dis-
crimination of enantiomeric molecules with high surface-specificity. We have
used the technique of vibrational sum-frequency generation (VSFG) to study
an interfacial layer of the (L)- and (D)-forms of an α-helical peptide with a
polarization combination that selectively probes chiral molecules. The real and
imaginary part of the second-order susceptibility χ(2) are determined by an in-
terferometric detection scheme, and the complex nature of χ(2) directly reflects
the absolute configuration of the chiral molecules. By comparison of the phase
of the detected sum-frequency light with reference sum-frequency light with a
well-known phase, generated from a z-cut quartz crystal, it is unambiguously
determined that the signal originates from interfacial molecules. The method
allows for the distinction between surface bound type I antifreeze peptides with
left- and right-handed helices, and generally allows to distinguish enantiomers of
chiral molecules with surface specificity, which up to now could not be achieved
with other spectroscopic techniques.




