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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

11
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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.
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2 Theory

2.1 Fundamentals of optics

The propagation of light in a non-magnetic (µ = 0) medium without free charges
(ρ = 0) is described by Maxwell’s equations in the following form:

∇ · �E =
ρ

ε0
(A) ∇× �E +

∂ �B

∂t
= 0 (B) (2.1)

∇ · �B = 0 (C) ∇×
�B

µ0
− ∂ �D

∂t
= 0 (D)

Here, �E, �B, µ0 and ε0 denote the electric field strength in V
m , the magnetic flux

density in V ·s
m2 , the free-space permeability in V ·s

A·m and the vacuum permittivity

in A·s
V ·m , respectively. Taking the curl of Eq. (2.1)D, exchanging the order of

spatial and temporal derivatives, and making use of the vector identity ∇×∇×
�E = ∇(∇ · �E)−∇2( �E), we obtain the wave equation

∇2 �E − 1

c2
∂2 �E

∂t2
= µ0

∂2 �P

∂t2
(2.2)

where c = 1/
√
ε0µ0 denotes the speed of light in vacuum and �P represents

the macroscopic polarization that is induced by an electric field �E in a medium.
The polarization �P that is generated in a medium by an external electric field �E
(oscillating with an angular frequency ω) is linked to this field by the frequency-

dependent electric susceptibility
↔
χa

�P (ω) = ε0
↔
χ(ω) �E(ω) (2.3)

The superscript ↔ denotes the fact that the electric susceptibility
↔
χ is generally

a tensorial quantity. In isotropic media, it reduces to a scalar quantity. The
electric field �E interacts with the bound charges in the material by displacing
them, leading to induced dipoles, which in turn give rise to the macroscopic
polarization that acts as a source term in Eq. (2.2). The solutions to Eq. (2.2)
are given by plane waves of the form

�E(ω,�k) = �Ee−i(ωt−�k(ω)·�r) (2.4)

aFor the dielectric displacement we can write �D = ε0(1 +
↔
χ ) �E.

15
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16 Theory 2.2

where ω and �k denote the angular frequency and the wave-vector, respectively.
The wave-vector �k(ω) inside a medium is related to the susceptibility χ(ω) as

k2(ω)
c2

ω2
= 1 + χ(ω) (2.5)

and its real part determines the speed (phase velocity vp = ω/�(k)) with which
a light field of frequency ω travels through the medium. Since the electric
susceptibility is generally complex-valued χ(ω) = χ′(ω) + iχ(ω)′′, the wave-
vector can also have an imaginary component, which leads to attenuation of
the light field during propagation. The extinction coefficient κ can be expressed
in terms of the imaginary part of the susceptibility χ′′ as

χ′′ = 2nκ (2.6)

with n =
√
εr being the refractive index.

2.2 Nonlinear optics

In a typical experiment described in this thesis, pulsed laser sources with fem-
tosecond pulse durations are used that create extremely high electric field
strengths. To obtain an estimate for the magnitude of the electric field, we
consider a pulse of 100 fs duration and 10 µJ pulse energy that is focussed into
an approximately cylindrical spot with a diameter of 100 µm. This experimental
geometry leads to a field strength on the order of 109 V/m. For comparison, the
intensities which are typically encountered in e.g. commercial infrared absorp-
tion spectrometers are on the order of 102 V/m.b For the orders of magnitude
higher field strengths generated by a (pulsed) laser source, the linear relation

of Eq. (2.3) between the applied electric field �E and the polarization generated

in a material �P is not valid anymore. Instead, we can express this relation by
a power series expansion in the electric field �E:

�P = ε0(
↔
χ

(1) �E +
↔
χ

(2) �E2 +
↔
χ

(3) �E3 + ...) (2.7)

The terms
↔
χ

(n)
with n ≥ 2 are referred to as the nonlinear susceptibility. The

electric polarization �P in Eq. (2.7) can be separated into a term that scales
linearly with the electric field and terms that are of higher order in the electric
field �En:

�P = �P lin + �PNL (2.8)

where the superscripts refer to linear and non-linear, respectively. Consequently,
the wave-equation Eq. (2.2) can also be separated into a linear and a nonlinear
part, which leads to the following relation between the electric field and the
nonlinear polarization:

∇2 �E − εr
c2

∂2 �E

∂t2
= µ0

∂2 �PNL

∂t2
(2.9)

bSee e.g. Newport product website for thermal (incoherent) mid-infrared lightsources
http://www.newport.com/Silicon-Carbide-Light-Sources/377949/1033/info.aspx
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2.3 Theory 17

with εr = 1 + χ(1). The nonlinear polarization �PNL acts as a source term that
can lead to the generation of electric fields with frequencies other than those of
the incoming fields. We will focus on the terms of 2nd order. We will examine
the case of two electric fields �E1 and �E2 of frequencies ω1 and ω2 impinging on

a medium with a nonlinear susceptibility
↔
χ

(2)
. The second-order polarization

then contains the following terms:

�P (2ω1) =
↔
χ

(2)
: �E1(ω1)

2 (2.10)

�P (2ω2) =
↔
χ

(2)
: �E2(ω2)

2 (2.11)

�P (ω3 = ω1 − ω2) =
↔
χ

(2)
: �E1(ω1) �E

∗
2 (ω2) (2.12)

�P (ω3 = ω1 + ω2) =
↔
χ

(2)
: �E1(ω1) �E2(ω2) (2.13)

�P (ω3 = 0) =
↔
χ

(2)
: ( �E1(ω1) �E

∗
1 (ω1) + �E2(ω2) �E

∗
2 (ω2) ) (2.14)

All of the above terms give rise to the emission of a third field �E3 with frequency
ω3 and wave-vector �k3, which must fulfil the condition ω3 = ±ω2±ω1. The first
two equations represent the case of second harmonic generation (SHG), i.e. the
generation of a light wave at twice the frequency of one of the incoming fields.
The third and fourth equation describe sum and difference frequency generation,
which lie at the heart of mid-infrared pulse generation described in Chapter 3
as well as vibrational sum-frequency generation (VSFG) spectroscopy reported
in Chapter 8. The last equation describes a static electric polarization induced
in the medium by the applied fields (optical rectification).

2.3 Nonlinear frequency conversion pro-
cesses

Second-order non-linear processes can be used to generate mid-infrared pulses
(λ = 3-6 µm) from the near-infrared pulses (λ = 800 nm) delivered by typical Ti-
tanium:sapphire laser systems. To describe the conversion process in non-linear
optical crystals such as β-barium borate (β-BaB2O4, BBO), we write the elec-

tric fields �E1 and �E2 as harmonic plane waves �Ei(�r, t) = �Ei(�r) ei(
�ki·�r−ωit)+ c.c.,

where c.c. denotes the complex conjugate. Here, we have assumed monochro-
matic light fields, i.e. the use of continuous-wave lasers, which is why the field
amplitude �E has no explicit time-dependence. The wave-equation Eq. (2.9)
becomes

∇2 �E +
εrω

2

c2
�E(�r) = −µ0ω

2 �PNL (2.15)

The amplitudes of the electric fields �Ei(�r) involved in the frequency conver-
sion process vary over the distance that the nonlinear wave-interaction takes
place and hence must be treated as a spatially dependent quantity. If one con-
siders only the variation of the electric fields along the propagation direction
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(z-axis), the vector fields �Ei can be expressed as scalar fields Ei(z) and the
spatial derivative ∇2 reduces to ∂2/∂z2. We assume here that the amplitude
Ei varies weakly over the distance that corresponds to one optical cycle, i.e. we
assume |∂2Ei/∂z2| � |ki ∂Ei/∂z|, which is known as the slowly varying envelope
approximation (SVEA). The rate of change of the electric field amplitude E for
the case of sum-frequency generation (ω3 = ω1 + ω2) is given by

∂E3
∂z

= −µ0ω
2
3

2ik3
χ(2)E1E2 ei(k1+k2−k3)z (2.16)

where we have expressed the non-linear polarization in Eq. (2.15) as

PNL(ω3 = ω1 + ω2) = χ(2)E1E2 ei(k1+k2)ze−i(ω1+ω2)t (2.17)

The corresponding expressions for the amplitudes of the electric fields at ω1 and
ω2 are given by

∂E2
∂z

= −µ0ω
2
2

2ik2
χ(2)E3E∗

1 ei(k3−k1−k2)z (2.18)

∂E1
∂z

= −µ0ω
2
1

2ik1
χ(2)E3E∗

2 ei(k3−k2−k1)z

The factor k1 + k2 − k3 = ∆k in the exponential of Eq. (2.16) is known as the
phase-mismatch between the nonlinear polarization and the generated electric
field. It is generally non-zero due to the refractive index dispersion of the
medium, thus setting an upper limit to the distance over which the new wave
of frequency ω3 can efficiently be generated. This distance lc = π/∆k is often
termed the coherence length. To achieve a high conversion efficiency, it is
crucial to minimize the phase-mismatch. Otherwise, the wavefront of the field
at ω3 generated at a certain point z in the medium by the nonlinear polariza-
tion will acquire a phase shift of π with respect to the wavefront generated at
another spot z′ = z + lc. Since the total energy stored in the three interacting
fields is conserved, the inversion of the nonlinear frequency conversion process
implies that energy from the wave ω3 is converted back to ω1 and ω2. A simple
way to overcome this limitation is the use of birefrigent crystals. By choosing
the correct polarization of the light fields and the correct crystal orientation,
the refractive indices of the waves can be adjusted such that the phase-match
condition k1 + k2 = k3 is fulfilled.

2.3.1 Pulsed light sources

A detailed derivation of the description of non-linear frequency conversion pro-
cesses driven by pulsed light fields can be found in Ref. [29] and only the final
result will be reproduced here. The extension to pulsed light fields can be done
by writing the electric fields E(z, t) in terms of their Fourier-integrals

E(z, t) =

∫
Ẽ(ω + η) ei(kz−(ω+η)t) dη + c.c. (2.19)
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with Ẽ(ω) as the pulse-envelope in the frequency domain, and the dielectric
displacement as

D(z, t) =

∫
ε(ω + η)Ẽ(ω + η) ei(kz−(ω+η)t) dη + c.c. (2.20)

The frequency-dependence of the dielectric constant ε(ω) is accounted for by
assuming that it varies only weekly over the bandwidth of the pulses such that
ε(ω+ η) ≈ ε(ω) + η ∂ε

∂ω . After neglecting terms with ηn with n ≥ 2, one arrives
at the modified version of Eq. (2.16) for a sum-frequency generation process,
driven by pulsed-light fields

( ∂

∂z
+

1

v3g

∂

∂t

)
E3 = −µ0ω

2
3

2ik3
χ(2)E1E2 ei∆kz (2.21)

with vg = ( ∂k∂ω )
−1 being the group velocity of the light pulse. In a dispersive

medium, the group velocities vg of the involved light fields are in general not
the same, which results in a temporal walk-off between the pulse envelopes of
the interacting fields. This aspect limits the maximally achievable bandwidth
of the newly generated fields. To illustrate this, we will consider the case of
optical parametric amplification that is employed e.g. in the conversion of the
800 nm pulses delivered from a Titanium:sapphire laser into two lower frequency
components termed signal and idler. If we let the index i denote the fields
(1 pump, 2 signal, 3 idler) and let δωi denote the frequency bandwidth of the
ith light fields, the conditions of energy and momentum conservation can be
written as

δω1 = δω2 + δω3 δk1 = δk2 + δk3 (2.22)

We can re-write these relations using δki ≈ δωi
∂ki

∂ω = δωi (vig)
−1 to obtain the

following relations for the bandwidth of the generated signal (2) and idler (3)
fields:

δω2 = q2δω1 δω3 = q3δω1 (2.23)

where q2 =
1/(v1g)−1/(v3g)
1/(v2g)−1/(v3g)

and q3 = 1 − q2 =
1/(v2g)−1/(v1g)
1/(v2g)−1/(v3g)

. From this ex-

pression, it becomes apparent that a large group velocity mismatch (GVM,
1/(v2g) − 1/(v3g)) between the signal and idler fields is detrimental for the
bandwidth δω2 and δω3 of both pulses. The largest bandwidth of signal and
idler pulses can thus be achieved when operating the optical parametric ampli-
fier close to degeneracy and for type I phase-matching conditions, i.e. similar
frequencies and polarization directions for signal and idler fields.
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2.4 Resonant light-matter interaction

The description in the previous section is appropriate to describe parametric
frequency conversion processes in lossless (non-absorbing) media. This implic-
itly assumes that the response of the medium is instantaneous and only persists
for the duration of the light pulses. This assumption does not hold when the
incoming light pulses are in resonance with a transition in the medium such as
a vibrational transition. In this case, the response of the medium has a non-
zero duration and can even be substantially longer than the duration of the
applied electric fields. To describe the resonant interaction between a medium
and a light field, a semiclassical treatment can be employed that describes the
medium quantum-mechanically, but treats the electric fields classically, as in the
preceding section. We will start by considering that the force that is exerted
on a molecule by an external electric field is typically much weaker than the
binding forces within a molecule. In this case, we can express the interaction of
a molecule with an external light field as a weak, time-dependent perturbation
and write a Hamiltonian of the form

Ĥ = Ĥ0 + V̂em(t) (2.24)

Here, Ĥ0 denotes the time-independent molecular system hamiltonian. The
term V̂em = −�̂µ · �E(t) describes the interaction of a molecule with a quasi-

monochromatic light field of the form �E = �E0 cos(ωt) with �̂µ being the electric
dipole operator. Approximating the light-matter interaction as purely dipolar in
nature is based on the assumption that the spatial variation of the electric field
over the molecule is negligibly small. This is true as long as the wavelength of the
electric field is much larger than the size of the molecule. For infrared light with
wavelengths λ = 3 - 6 µm interacting with molecules the size of several Å, this
forms a good approximation. Therefore higher order terms in the interaction can
be neglected. In order to be able to calculate the influence of a time-dependent
perturbation, we assume that we know the eigenstates of the static part of the
hamiltonian Ĥ0 and their corresponding energy eigenvalues. In reality, Ĥ0 will
have an extremely complicated form even for a simple triatomic molecule such
as water, as Ĥ0 includes in its full form the description of all electronic, nuclear,
rotational and translational degrees of freedom of the molecule as well as the
coupling between these degrees of freedom. We will consider the very simplified
situation where Ĥ0 describes a two-level system with states |1〉 and |2〉 (which
we will later extend to include also the second excited state). The associated
energy eigenvalues will be denoted as ε1, ε2 and the transition frequency between
the two states as ω12 = (ε2 − ε1)/�.

2.4.1 Optical Bloch equations

To describe the time-evolution of the system under the influence of an external
perturbation, we start from the time-dependent Schrödinger equation

i�
∂|ψ(t)〉

∂t
= Ĥ|ψ(t)〉 (2.25)
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where Ĥ denotes the hamiltonian given by Eq. (2.24), and write the wave-
function |ψ(t)〉 in the basis of eigenfunctions of Ĥ0 such that |ψ(t)〉 = c1(t)|1〉+
c2(t)|2〉. Here, we use the notation c1(t)|1〉 = C1(t)e

−iε1t/�|1〉, where Ci(t)
denotes a complex amplitude. Differentiation of Eq. (2.25) and its complex
conjugate leads directly to the expression

i�
dc1(t)

dt
=

2∑
k=1

H1kck(t) (2.26)

i�
dc∗2(t)

dt
= −

2∑
k′=1

c∗k′(t)Hk′2 (2.27)

where Hnm denotes a matrix with elements of the form 〈n|Ĥ|m〉. Merging the
above expression, we obtain

i�(c∗2
dc1
dt

+ c1
dc∗2
dt

) = i�
d(c1c

∗
2)

dt
=

2∑
k=1

H1kckc
∗
2 −

2∑
k′=1

c1c
∗
k′Hk′2 (2.28)

If we define a matrix ρ with elements ρnm = cnc
∗
m, we can rewrite Eq. (2.28) as

i�
d(c1c

∗
2)

dt
= i�

dρ12
dt

= (Hρ− ρH)12 (2.29)

or more generally

i�
d(cnc

∗
m)

dt
= i�

dρnm
dt

= (Hρ− ρH)nm (2.30)

This matrix ρ is called the density matrix, and we can identify the diagonal
entries ρ11 = |c1|2 and ρ22 = |c2|2 as the populations of the states |1〉 and |2〉,
i.e. the probability of finding the system in the states |1〉 and |2〉, respectively.
The off-diagonal entries ρ12 = c1c

∗
2 = C1C

∗
2 ei(ε2−ε1)t/� and ρ21 = c2c

∗
1 =

C2C
∗
1 e−i(ε2−ε1)t/� describe to what extent a fixed phase-relation (a coherence)

between the wave-functions of state |1〉 and |2〉 exists.
Letting the operator associated with the matrix ρmn be represented by ρ̂ =
|ψ〉〈ψ|c and introducing the commutator of two operators as [Â, B̂] = [ÂB̂−B̂Â],
we can rewrite Eq. (2.30) as

i�
dρ̂

dt
= [Ĥ, ρ̂] (2.32)

This equation is known as the Liouville-von-Neumann equation. It describes
the time-evolution of the density operator ρ̂ and its matrix elements ρnm. We

cOne can verify that this is equivalent to the definition introduced in Eq. (2.29) by ex-
pressing |ψ〉 in a given set of basis functions and evaluating the expression for an element
ρnm

ρnm = 〈n|ψ〉〈ψ|m〉 =
∑

n′,m′
c∗n′cm′ 〈n|m′〉〈n′|m〉 = cn〈n|n〉c∗m〈m|m〉 = cnc

∗
m (2.31)
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will see that it provides a convenient way of calculating expectation values of
operators.
In order to calculate the macroscopic polarization P given by P = N〈µ〉 with
N being the number density of induced dipoles from the quantum-mechanical
equations, we need to calculate the expectation value of the dipole moment
operator 〈µ〉 = 〈ψ|�̂µ|ψ〉. To that end, we first write the static and the time-
varying parts of the total hamiltonian in Eq. (2.24) in terms of the eigenfunctions
of Ĥ0 as

Ĥ0 = ε1(|1〉〈1|) + ε2(|2〉〈2|) (2.33)

V̂em = −�̂µ · �E(t) (|1〉〈2|+ |2〉〈1|) (2.34)

In matrix representation, we directly obtain

H0 =

(
ε1 0
0 ε2

)
, Vem =

(
0 −�µ12 · �E(t)

−�µ21 · �E(t) 0

)
(2.35)

where �µ12 denotes 〈1|�̂µ|2〉. We can now use the density matrix to obtain an
expression for 〈µ〉:

〈ψ|�̂µ|ψ〉 =
∑
m,n

c∗mcn〈m|�̂µ|n〉 =
∑
m,n

ρnmµmn =
∑
n

(ρµ)nn = Tr(ρµ) (2.36)

where Tr denotes the trace of the matrix. Combining Eqs. (2.35) and (2.36),

one sees that the expectation value of the dipole operator 〈�̂µ〉 is related to the
off-diagonal elements ρ12 and ρ21 of the density matrix:

〈µ̂〉 = Tr(ρµ) = µ12ρ21 + µ21ρ12 (2.37)

The time-dependence of these off-diagonal elements can be calculated with the
help of the Liouville-von-Neumann equation Eq. (2.32) together with Eq. (2.35),
and we arrive at the following expression

dρ

dt
= (2.38)

(
i
��µ · �E(t)(ρ21 − ρ12) − i

��µ · �E(t)(ρ11 − ρ22) + iω12 ρ12
i
��µ · �E(t)(ρ11 − ρ22)− iω12 ρ21

i
��µ · �E(t)(ρ12 − ρ21)

)

where we have written �µ12 = �µ21 = �µ.

Perturbative expansion of the density matrix In order to describe ef-
fects such as transient absorption changes observed in pump-probe experiments,
we need to go beyond interactions that are linear in the electric field �E. To that
end, we expand the density matrix perturbatively in powers of electric field, i.e.
we write for the electric field �E = λ�E and ρ as a power series of the form

ρ = ρ(0) + λρ(1) + λ2ρ(2) + ... (2.39)
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where λ constitutes a parameter with values ranging between 0 and 1 that
describes the strength of the interaction. If we perform this expansion for the
matrix elements in Eq. (2.38), we arrive after collecting terms of equal power
in λ, at the following expression for the time-dependence of the elements of the
density matrix in nth-order:

d

dt
ρ
(n)
12 = − i�µ · �E(t)

�
(ρ

(n−1)
11 − ρ

(n−1)
22 ) + iω12 ρ

(n)
12 (2.40)

d

dt
ρ
(n)
21 =

i�µ · �E(t)

�
(ρ

(n−1)
11 − ρ

(n−1)
22 )− iω12 ρ

(n)
21 (2.41)

d

dt
ρ
(n)
11 =

i�µ · �E(t)

�
(ρ

(n−1)
21 − ρ

(n−1)
12 ) (2.42)

d

dt
ρ
(n)
22 =

i�µ · �E(t)

�
(ρ

(n−1)
12 − ρ

(n−1)
21 ) (2.43)

If we define ρ̃12 = ρ12e
−iωt (and ρ̃21 = ρ21e

iωt) and rewrite the electric field as
�E(t) = 1

2 (
�E0(t)e

−iωt+ �E∗
0 (t)e

iωt) with �E0(t) denoting the pulse-envelope in the
time-domain, we can write for the time-dependence of the density matrix for a
two-level system

d

dt
ρ̃
(n)
12 = − i�µ · �E∗

0 (t)

2�
(ρ

(n−1)
11 − ρ

(n−1)
22 )− i(ω − ω12) ρ̃

(n)
12 (2.44)

d

dt
ρ̃
(n)
21 =

i�µ · �E0(t)

2�
(ρ

(n−1)
11 − ρ

(n−1)
22 ) + i(ω − ω12) ρ̃

(n)
21 (2.45)

d

dt
ρ̃
(n)
11 =

i�µ

2�
( �E∗

0 ρ̃
(n−1)
21 − �E0ρ̃

(n−1)
12 ) (2.46)

d

dt
ρ̃
(n)
22 =

i�µ

2�
( �E0ρ̃

(n−1)
12 − �E∗

0 ρ̃
(n−1)
21 ) (2.47)

where we have made the rotating wave approximation, i.e. we have neglected
rapidly oscillating terms such as e±i2ωt since those will contribute only negligi-
bly after integration.
The above equations are known as the optical Bloch equations that describe
the time-evolution of a two-level systems under the influence of a classical light
field. We focus first on the off-diagonal elements, since these are related to
the polarization of the medium. Eq. (2.44) constitutes an inhomogeneous dif-
ferential equation that can be solved by variation of constants. Doing so, one
obtains

ρ̃
(3)
12 (t) =

∫ t

−∞
− i�µ �E∗

0 (t
′)

2�
(ρ

(2)
11 (t

′)− ρ
(2)
22 (t

′))e−i(ω−ω12)(t−t′)dt′ (2.48)

ρ̃
(3)
21 (t) =

∫ t

−∞

i�µ �E0(t
′)

2�
(ρ

(2)
11 (t

′)− ρ
(2)
22 (t

′))ei(ω−ω12)(t−t′)dt′ (2.49)

The integrand describes the phase-evolution of frequency components ω of the
electric field relative to the resonance frequency ω12 of the system. Working
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back in the perturbation expansion, we obtain for the diagonal elements of the
density matrix in 2nd order:

ρ
(2)
11 (t) =

∫ t

−∞
− i�µ

2�
( �E∗

0 (t
′)ρ̃

(1)
21 (t

′)− �E0(t
′)ρ̃

(1)
12 (t

′))dt′ (2.50)

ρ
(2)
22 (t) =

∫ t

−∞
− i�µ

2�
( �E0(t

′)ρ̃
(1)
12 (t

′)− �E∗
0 (t

′)ρ̃
(1)
21 (t

′))dt′ (2.51)

For the off-diagonal element ρ
(1)
21 in the above equation, we can write:

ρ̃
(1)
12 (t) =

∫ t

−∞
− i�µ �E∗

0 (t
′)

2�
(ρ

(0)
11 (t

′)− ρ
(0)
22 (t

′))e−i(ω−ω12)(t−t′)dt′ (2.52)

ρ̃
(1)
21 (t) =

∫ t

−∞

i�µ �E0(t
′)

2�
(ρ

(0)
11 (t

′)− ρ
(0)
22 (t

′))ei(ω−ω12)(t−t′)dt′ (2.53)

The term (ρ
(0)
11 − ρ

(0)
22 ) is the population difference between the ground and the

excited state before any interactions with the electric fields has taken place. For

most molecular vibrations at room temperature ρ̃
(0)
22 ≈ 0. From the above equa-

tions, we can understand the following pathways through the density matrix:

• The interactions ρ̃
(0)
11

�E0−−→ ρ̃
(1)
21 and ρ̃

(0)
11

�E∗
0−−→ ρ̃

(1)
12 are excitations of the ket and

the bra, respectively, leading to the generation of new off-diagonal elements
(coherences)

• The interactions ρ̃
(1)
12

�E0−−→ ρ̃
(2)
22 and ρ̃

(1)
21

�E∗
0−−→ ρ̃

(2)
22 are excitations of the ket

and the bra, respectively, leading to the generation of new diagonal elements
(populations)

• The interaction ρ̃
(1)
21

�E∗
0−−→ ρ̃

(2)
11 and ρ̃

(1)
12

�E0−−→ ρ̃
(2)
11 are de-excitations of the ket

and the bra, respectively, leading to the generation of new diagonal elements
(populations)

• The interactions ρ̃
(2)
11

�E0−−→ ρ̃
(3)
21 and ρ̃

(2)
22

�E0−−→ ρ̃
(3)
21 are excitation of the ket

and de-excitation of the bra, respectively, leading to the generation of new
off-diagonal elements (coherences)

• The interactions ρ̃
(2)
11

�E∗
0−−→ ρ̃

(3)
12 and ρ̃

(2)
22

�E∗
0−−→ ρ̃

(3)
12 are excitation of the bra

and de-excitation of the ket, respectively, leading to the generation of new
off-diagonal elements (coherences)

We can summarize this as follows:

• An interaction with a field �E either excites a ket or de-excites a bra

• An interaction with a field �E∗ either excites a bra or de-excites a ket

• An odd number of interactions is required to generate off-diagonal elements

• An even number of interactions is required to generate new diagonal elements
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2.4.2 Pump-probe spectroscopy of two- and three-
level systems

We specify the electric field as the sum of pump (pu) and probe (pr) fields and
account also for their propagation directions by including the wave-vectors

�E(�r, t) = ( �Epu,0(�r, t)e
−iωt+i�kpu·�r + �E∗

pu,0(�r, t)e
+iωt−i�kpu·�r) (2.54)

+( �Epr,0(�r, t)e
−iωt+i�kpr·�r + �E∗

pr,0(�r, t)e
+iωt−i�kpr·�r)

where we have assumed both fields to have the same frequency components.

Each interaction with an electric field thus imprints a factor e±i�k·�r on the gen-
erated 3rd-order polarization. In a pump-probe experiment, the generated po-
larization P (3) results from two interactions with the pump field and thus the
generated signal can in principle carry any of the wave-vector combinations
given by �ks = ±�kpu ± �kpu ± �kpr. By measuring changes in the transmission of

the probe-pulse, we implicitly select a signal with �ks = �kpu − �kpu + �kpr = �kpr,

corresponding to a pathway generated by interactions with the fields �Epu, �E∗
pu

and �Epr. We let the time at which the interaction of the system with a field �E

or �E∗ occurs be denoted by t′1, t
′
2, t

′
3. We will consider the case that the pump

pulse interacts with the sample first, i.e. we enforce the following time-ordering
of interactions:

• �Epr(t
′
3)
�Epu(t

′
2)
�E∗
pu(t

′
1)

• �Epr(t
′
3)
�E∗
pu(t

′
2)
�Epu(t

′
1)

with t′3 > t′2 > t′1. The different pathways that fulfil the above time-ordering

and contribute to a 3rd-order signal with �ks = �kpr can be illustrated in the
form of Feynman-diagrams as shown in Figure 2.1. In this diagrammatic
notation, an arrow pointing to the right represents an electric field �E carrying

a phase-factor e−iωt+i�k·�r, and an arrow pointing to the left represents the

complex conjugate �E∗ with e+iωt−i�k·�r. An arrow pointing towards the diagram
represents excitation, an arrow away de-excitation or emission. Let us consider
the first diagram of Figure 2.1(top left): the system is initially described by
an equilibrium density matrix containing only diagonal elements until the first
interaction with the electric field �Epu at time t′1, which leads to creation of the

off-diagonal element ρ̃
(1)
21 according to Eqn. (2.53). This is indicated by the

notation |2〉〈1| and the system is said to be in a coherence state until the next

interaction with an electric field at time t′2. The interaction with �E∗
pu at t′2

creates a new diagonal element ρ̃
(2)
11 according to Eq. (2.50). The time-interval

t′3 − t′2 until the third interaction represents the experimentally controlled
pump-probe delay. During this time-interval population relaxation can occur.
The third electric field interaction at time t′3, resulting from the probe field
�Epr, generates again an off-diagonal element ρ̃21

(3)
. We see from Eqn. (2.49)

that the field being emitted as a result of this 3rd-order polarization reports
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Figure 2.1. Pathways through the density matrix describing a two-level system il-
lustrated by Feynman-diagrams. The time points at which the system interacts with
the electric fields of pump or probe pulses are denoted by t′1, t

′
2, t

′
3. The diagrams

that give rise to emission of a signal at time t in the direction �ks = �kpr are shown.
It is assumed that the pump pulse interacts with the system before the probe pulse
and that the pulse envelopes have only negligible overlap in time. The top row repre-
sents the non-rephasing diagrams, where the off-diagonal elements ρ̃12 and ρ̃21 of the
density matrix acquire a phase during the time interval (t − t′3) that is the same as
the one acquired during (t′2 − t′1). The lower row represents the rephasing diagrams,
corresponding to the opposite phase-evolution during the time intervals (t′2 − t′1) and
(t− t′3).

on the population differences present in the system at the time that these are
interrogated by the probe pulse and thus allows to follow vibrational relaxation
processes in time.
In a pump-probe experiment, we have no experimental control over the
time-interval (t′2 − t′1), and we cannot control if the interaction with �Epu

or �E∗
pu comes first. We see from Figures 2.1 that the order of interactions

�Epr(t
′
3)
�Epu(t

′
2)
�E∗
pu(t

′
1) give rise to off-diagonal elements in the density matrix

that acquire a phase during the time interval (t − t′3) that is opposite to
the one acquired during (t′2 − t′1). These pathways are usually referred to as
rephasing pathways. The upper row in Figure 2.1 shows that the pathway
�Epr(t

′
3)
�E∗
pu(t

′
2)
�Epu(t

′
1) gives rise to off-diagonal elements that acquire the same

phase during the time intervals (t−t′3) and (t′2−t′1). These pathways are usually
referred to as non-rephasing pathways. While in a pump-probe experiment
always the sum of all contributing pathways is measured, other implementa-
tions of 3rd-order non-linear spectroscopy such as 2- or 3-pulse photon-echo
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experiments allow to selectively measure rephasing or non-rephasing diagrams.
The systems usually encountered in infrared pump-probe spectroscopy, i.e.
anharmonic oscillators, are better described as a 3-level system. We therefore
need to include transitions to the second excited state, denoted here as |3〉.
These transitions give rise to two additional diagrams shown on the right side
of Figure 2.1. As will be shown in Section 2.5, for an anharmonic oscillator the
transition |2〉 → |3〉 is red-shifted with respect to the fundamental transition
|1〉 → |2〉, and these two new diagrams thus give rise to a red-shifted induced
absorption that becomes only possible after population has been prepared in
the first excited state by two preceding field interactions. In contrast, the
diagrams in the left and the middle column of Figure 2.1 create a signal at the
fundamental transition frequency of an oscillator, and result from the bleaching,
i.e. the decreased absorption due to reduced ground state population, and the
stimulated emission from the first excited state.

The emitted signal In the diagrams of Figure 2.1, the emission of the
field originating from P (3) is represented by a dashed arrow. We can use
Eqs. (2.48)-(2.53) and Eq. (2.36) to calculate the n-th order non-linear polar-
ization as

P (n)(t) = N〈µ̂〉 = N Tr(ρ̂(n)µ̂) (2.55)

Eq. (2.55) together with the wave equation Eq. (2.9), provide a complete de-
scription for the electric field that is detected in a 3rd-order nonlinear optical
spectroscopy such as pump-probe, 2D-IR and photon-echo experiments. The
pump-induced absorption changes that are measured by the probe pulse can be
seen as resulting from the interference between �Epr and the electric field radiated
by the 3rd-order polarization P (3). It can be shown that the experimentally ob-
served, pump-induced absorption change in a pump-probe experiment is given
by

∆α = − log10

(Ipr
I◦pr

)
≈ − log10

(
�P (3)Epr

EprE∗
pr

)
(2.56)

where Ipr and I◦pr denote the intensity of the probe pulse in the presence and
absence of the pump field, respectively.
We see that taking the trace in Eq. (2.55) adds another factor of �µ so that the
total 3rd-order response (polarization) scales with �µ4. In contrast, a first-order
polarization obtained from Eq. (2.55) scales with �µ2. Since the absorption
cross-section is related to the transition dipole moment as σ ∝ |�µ|2, the im-
portant consequence arises that linear optical phenomena such as absorption
scale linearly with the absorption cross-section σ, but a non-linear, 3rd-order
signal scales with σ2. This scaling allows to e.g. observe pump-probe spectra
of strongly absorbing chromophores (σsolute � σsolvent) in strongly dilute solu-
tions (csolute � csolvent) with very small background signal from the solvent, as
the 3rd-order response in a pump-probe experiment is given by cσ2. In contrast,
the absorption band of this chromophore in the linear spectrum may be of sim-
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Figure 2.2. Coherent artifact arising from the interaction of the sample with the
light fields in the order pump-probe-pump. If pump and probe pulses overlap in time,
the interference between the two light fields results in a spatial intensity (and hence

excitation) modulation in the sample with a periodicity of ∆x = 2π/|�kpu − �kpr| =
λpu/2 sin θpu, where it is assumed that both beams have the same angle of incidence
(θpu = θpr). The electric field radiated by the 3rd-order polarization can be viewed as

the pump pulse that is diffracted off this population grating in the direction �ks = �kpr.
This can be seen when considering the condition for the first order diffraction peak
formed by a grating with periodicity ∆x given by ∆x(sin θpu+sin θout) = λpu, which is
fulfilled for θout = θpr. The coherent artifact thus leads to an additional signal emitted
into the direction of the probe pulse, as long as pump and probe pulses overlap in time.
One of in total three Feynman-diagrams contributing to this signal is shown on the
right. The other diagrams can be found e.g. in Ref. [30].

ilar amplitude or even smaller than the solvent bands due to the overwhelming
presence of solvent molecules, as the first-order signal scales as cσ.

Artifacts Additional pathways need to be considered if the pump and probe
pulses overlap in time and interaction of the system with light fields in the order
pump-probe-pump can occur. These pathways constitute an unwanted artifact
during the time that the envelopes of pump and probe pulses overlap in time,
arising from the finite duration of these pulses. When pump and probe beams
with wave-vectors �kpu and �kpr, respectively, are crossed in the sample and
overlap in time, they create an interference pattern in the sample characterized
by a periodicity of ∆x = 2π/(|�kpu − �kpr|). This periodic intensity variation
translates into a spatially dependent excitation probability, i.e. a spatial varia-

tion in the population difference (ρ
(2)
11 − ρ

(2)
22 ) across the sample. This is often

referred to as a population grating, and it can be shown that the 3rd-order
field arising from this time-ordering is emitted in the same direction as if it
were the result of the pump pulse being diffracted off this population grating,
as illustrated in Figure 2.2. The effect, often called the coherent artifact, gives
rise to an additional absorption change during the time-overlap of pump and
probe pulses, that does not reflect population relaxation [31, 32]. Hence, care
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Figure 2.3. Perturbed free induction decay arising from the interaction of the sample
with the light fields in the order probe-pump-pump. If the probe pulse precedes the
pump pulse and the dephasing time T2 is long compared to the pulse durations, a
non-zero first-order polarization associated with the off-diagonal elements ρ̃

(1)
12 and

ρ̃
(1)
21 is present already in the sample at the time that the pump pulse enters it. New

diagonal elements of second order (ρ
(2)
11 , ρ

(2)
22 ) given by Eq. (2.50) will thus be generated

and, after another interaction with the pump field, give rise to a non-zero 3rd-order
polarization and thus to a change of the emission in the probe direction for negative
delay times. In the case of rapid dephasing as schematically outlined below, the
polarization has completely decayed at the time that the pump pulse interacts with
the system (ρ̃

(1)
12 , ρ̃

(1)
21 = 0) and no third-order signal is generated at negative delay

times. One of in total three Feynman-diagrams illustrating the origin to this signal is
shown on the right. The other diagrams can be found e.g. in Ref. [30].

has to be taken when analyzing the transient absorption changes around time
delay zero of a pump-probe experiment.

An additional 3rd-order signal can be observed for spectrally narrow reso-
nances. If the dephasing time T2 of a transition, which is approximately given by
the inverse line width of the absorption band, is long compared to the duration
of the light pulses, the signal generated by the time-ordering probe-pump-pump
needs to be accounted for. In that case, a non-zero transient absorption change
can be observed at negative delay times, i.e. before the pump pulse excites the
sample. This feature has been termed the perturbed free induction decay and is
the result of the presence of non-zero off-diagonal elements in the density matrix
induced by the probe at the time at which the pump-pulse interacts with the
sample (t′2). It leads to a signal at negative delay times that rises approximately
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with the dephasing time T2 of the transition [33,34]. Its origin is schematically
outlined in Figure 2.3.

2.4.3 Line shapes in the condensed phase

In the condensed phase, molecules that are described by the hamiltonian Ĥ0

are typically strongly interacting with the surrounding molecules. Hence, the
system-part of the hamiltonian Ĥ0 is not only dependent on the intramolec-
ular coordinates, but also on the dynamics of the surrounding molecules (the
bath), the coordinates of which we collectively write as Q and consequently
Ĥ0 = Ĥ0(Q). Additionally, the system and bath dynamics may be coupled to
each other and hence terms of the form ĤSB(Q, q), that depend on both system
and bath coordinates, need to be included in Ĥ0. Besides irreversible relax-
ation of a light-induced excitation, these couplings can lead to a modulation
of the transition frequency ω12 monitored in a pump-probe experiment that
reflects the randomly fluctuating forces exerted by the bath on the vibrational
oscillator. These modulations are called spectral diffusion processes.
We can define a frequency-frequency correlation function (FFCF) as
Cω12ω12

(t) = 〈δω12(t=0)δω12(t)〉, where we define 〈ω12〉 = ω12 + 〈δω12〉, to
describe the modulation of the transition frequency. The correlation function
Cω12ω12(t) is often assumed to decay exponentially in time:

Cω12ω12(t) = ∆s e
−t/τc (2.57)

where ∆s represents the width of the frequency distribution and τc represents
a characteristic decay time-constant. We will illustrate the effect of a fluctuat-
ing bath on the spectroscopic line shape by considering the linear absorption
spectrum, which is obtained from the Fourier-transform of the first-order po-
larization response. For an ensemble of oscillators with a randomly fluctuating
transition frequency ω12(t), we can write

S(ω) ∝ FT
{〈

e−i
∫ t
0
ω12(t

′)dt′e−t/2T1

〉}
(2.58)

= FT
{〈

e−iω12te−i
∫ t
0
δω12(t

′)dt′e−t/2T1

〉}
(2.59)

where FT denotes the Fourier transform and
〈
...
〉
denotes an ensemble average

over all oscillators. The finite lifetime T1 of the upper state gives rise to a non-
zero line width 1/(2πT1) (in units of 1/s) even in the absence of any frequency
modulation processes, an effect that is called lifetime broadening. It can be
shown [35, 36] that if the fluctuations in the transition frequency ω12 are the
result of many statistically independent processes, Eq. (2.58) can be approxi-
mated by the introduction of the line shape function g(t), which is related to the

FFCF by g(t) = 1
2

∫ t

0
dτ ′

∫ t

0
dτ ′′〈δω12(τ

′′)δω12(τ
′)〉. Writing out the integration

explicitly leads to

g(t) = ∆2
sτ

2
c (e

−t/τc +
t

τc
− 1) (2.60)
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The linear absorption spectrum can then be rewritten as

S(ω) ∝ FT
{
e−iω12te−g(t)e−t/2T1

}
(2.61)

Eq. (2.61) is simply a different way of writing the ensemble averaged phase-
fluctuations that are accumulated over time as described by the factor
e−i

∫ t
0
ω12(t

′)dt′ in Eq. (2.58). Depending on the time-scales on which the
modulations occur, we can distinguish two limiting cases:

• For ∆sτc � 1, Eq. (2.60) reduces to ginhom(t) =
∆2

st
2

2 , which can be seen
by expanding the exponential up to second order. ∆s reflects a degree of
inhomogeniety that is not changing on the time-scale of the experiment,
and this functional form of the line shape function g(t) leads to a Gaussian
distribution of frequencies in Eq. (2.61). This is termed the inhomogeneous
limit.

• In the case of rapid frequency modulations (∆sτc � 1), Eq. (2.60) reduces
to ghom(t) = ∆2

sτct, which leads to a purely exponential decay in Eq. (2.61)
and hence a Lorentzian line shape function after Fourier transformation.
This is called the homogeneous limit and the decay time T2 = 1/(∆2

sτc) is
called the homogeneous lifetime.

It is worth noting that in the homogeneous limit the line width 1/(πT2) =
∆2

sτc/π (in 1/s) is narrower than the actual frequency distribution ∆s. This
seemingly counterintuitive effect can be understood from the following consid-
erations: if oscillators in the experimentally probed ensemble experience slow
frequency fluctuations (characterized by a long correlation time τc), they will
quickly acquire a significant phase-difference, leading to a loss of mutual co-
herence between them (dephasing). In contrast, if these modulations of the
resonance frequencies are very short lived (short τc), the oscillators tend (on
average) towards the center frequency of the distribution ∆s and get less rapidly
out of phase with each other, thus leading to a slower dephasing process and
a narrower linewidth. This is reflected in the inverse scaling of the dephasing
time T2 with the correlation time τc.
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2.5 Vibrational couplings

The vibrational modes of a molecule are often described as independent har-
monic oscillators but this is in fact a very crude approximation. To realistically
model the vibrational dynamics of a molecule, the interaction with other vi-
brational modes within the same molecule (intramolecular couplings) as well as
the interactions with other molecules in spatial proximity need to be accounted
for. These interactions include mechanical couplings between different molec-
ular vibrations, the coupling to low-frequency modes such as hydrogen-bond
vibrations, as well as electrostatic interactions between the (transition) dipoles.
While in a purely harmonic system, the restoring force scales linearly with the
displacement of the oscillator from its equilibrium position, for most molecular
vibrations this is a good approximation only at small displacements. A realistic
potential has a dissociation limit and a restoring force that decreases as the
oscillator displacement increases. This can be incorporated with a vibrational
hamiltonian of the form Ĥvib = T̂kin+V̂pot(q̂i), with V̂pot(q̂i) denoting the poten-
tial energy, that includes terms that are of third or higher order in the position
(operator) such as q̂31 , q̂

4
1 , q̂

2
1 q̂2, q̂

2
1 q̂

2
2 . In the following, we will first introduce

a set of operators (ladder operators) that provide a convenient way to describe
the effect of anharmonic couplings and then apply these to the specific case of
quartic anharmonicity and two near-resonantly coupled, anharmonic oscillators.

2.5.1 Ladder operators

If we let |n〉 denote the nth eigenstate of a harmonic oscillator, we can introduce
the operators â and â† as

â =
1√
2

(√
mω

�
q̂ + i

p̂√
mω�

)
â† =

1√
2

(√
mω

�
q̂ − i

p̂√
mω�

)

where m and ω represent the reduced mass and the resonance frequency of the
harmonic oscillator. It can be shown that they fulfil the following relations

â†|n〉 =
√
(n+ 1)|n+ 1〉 (2.62)

â|n〉 =
√
(n)|n− 1〉

The operators â† and â have thus been termed creation and annihilation op-
erators or ladder operators. We can now express the momentum and position
operators p̂ and q̂ in terms of these new operators as

p̂ =

√
mω�
2

(
â− â†

i

)
q̂ =

√
�

2mω

(
â+ â†

)
(2.63)

The hamiltonian of a harmonic oscillator ĤHO can thus be written as

ĤHO = �ω
(
â†â+

1

2
Î
)

(2.64)
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with Î being the identity operator. The equivalence of Eq. (2.64) with the more

common definition of the harmonic oscillator hamiltonian Ĥ = p̂2

2m + 1
2mω2q̂2

can be easily seen by inserting Eq. (2.63) into this expression and making use of
the commutation relation [q̂, p̂] = i�Î, where Î denotes the identity operator.d

2.5.2 The quartic anharmonic oscillator

We now wish to investigate how the introduction of anharmonicity into the
potential energy operator V̂pot affects the energy levels of an oscillator. In the
following, we will use the numbering |0〉, |1〉, |2〉 ... to denote the ground state,
the first, and the second excited state of the oscillator, respectively. We will
cover the case of a quartic anharmonicity term (k4q̂

4) and explicitly calculate
the first order correction to the nthenergy levels of the oscillator. We can write
this correction as

∆E(1)
n = E(0)

n − E(1)
n = k4〈n|q̂4|n〉 (2.65)

Using Eq. (2.63), it is apparent that we can replace q̂ by a term proportional to
(â+ â†). Writing out Eq. (2.65) leads to an expression that includes a sum over
terms of the form ân(â†)m with m+ n = 4. We can simplify this expression by
noting that only terms with m = n = 2 are energy conserving, i.e. the number of
quanta of excitation equals the number of annihilated quanta and thus energy
conservation is fulfilled. Collecting all terms ân(â†)m with m = n = 2 and
making repeated use of Eq. (2.62), we arrive at an expression for the energy
shift to first order:

∆E(1)
n =

k4�2

4m2ω2

(
6n2 + 6n+ 3

)
(2.66)

where m and ω denote the reduced mass and the resonance frequency of the
(harmonic) oscillator, respectively. We see that as a consequence of including
an anharmonic term in V̂pot(q̂i) the eigenvalues of Ĥvib are no longer equally
spaced as in the case of a strictly harmonic potential. Classically, this can
be understood as a restoring force that depends on the amplitude of the
displacement and, as we have reasoned in the beginning of this section, the
restoring forces become weaker as the oscillator displacement becomes large.

Consequently, the force constant k4 has a negative sign and so has ∆E
(1)
n . This

has the important consequence that the eigenvalues of the anharmonic hamil-

tonian Ĥ = p̂2

2m + 1
2mω2q̂2 + k4q̂

4 converge with increasing quantum number.
This results in a transition frequency from the first to the second vibrationally
excited state (|1〉 → |2〉) which is shifted to lower frequencies compared to
the fundamental transition frequency (|0〉 → |1〉). This unequal spacing of the
energy levels of an anharmonic oscillator is a necessary requirement to observe a
pump-probe signal or any other 3rd-order spectroscopic signal. For a harmonic
oscillator, the 3rd-order response vanishes exactly since the responses arising
from transitions between states |n〉 ↔ |n+1〉 and |n+1〉 ↔ |n+2〉 cancel each

dAlong the same lines, one can also show that â and â† satisfy the commutation relation
[â, â†] = 1

i� [q̂, p̂] = Î.
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Figure 2.4. Illustration of the effect of quartic diagonal anharmonicity on the energy

levels of a quantum mechanical oscillator described by the hamiltonian Ĥ = p̂2

2m
+

1
2
mω2q̂2 + k4q̂

4. The term proportional to q̂4 leads to a lowering of the nth energy
eigenvalues relative to the energy level of a quantum harmonic oscillator. The energy
levels converge with increasing quantum number according to Eq. (2.65). The effect
on the transition frequencies between states n and n+1 and the associated absorption
spectrum is illustrated in the bottom panels: the convergence of the energy levels leads
to a red-shift of the n → n + 1-transition frequency relative to the 0 → 1-transition
with increasing quantum number n.

other exactly.

2.5.3 Near resonantly coupled oscillators

We will consider now the case of two coupled oscillators, for which we write the
full hamiltonian as

Ĥ = Ĥ1 + Ĥ2 + V̂coup(q̂1, q̂2) (2.67)

We will assume the simplest form for the coupling term V̂coup, i.e. a bilinear
coupling, which we write as

V̂coup(q̂1, q̂2) = k12q̂1q̂2 (2.68)

It will become clear later on that that it is important to include the effect of
anharmonicity in the expressions for Ĥ1 and Ĥ2. We will let ∆i denote the an-
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Figure 2.5. Energy level diagram for two weakly coupled, anharmonic oscillators.
The coupling between the two oscillators leads to a shift of the energy levels relative to
the uncouples states. Since state |11〉 is lowered by an amount ∆ε|11〉 from the sum of
the energies of the first excited states ε1 + ε2, the transition |01〉 → |11〉 is red-shifted
from the transition |00〉 → |10〉. The coupling between molecular vibrations can thus
experimentally be observed by selectively exciting the fundamental transition of one
oscillator (|00〉 → |01〉) and probing the absorption changes of the other oscillator. A
non-zero transient absorption change will be observed at the frequency of the funda-
mental transition of the second oscillator as a result of the red-shift of the absorption
spectrum. This mechanism gives rise to cross-peaks in a two-dimensional IR-spectrum
and is illustrated on the right side of this figure for the case where the coupling results
from an intermolecular interaction.

harmonicity of the oscillator, i.e. the amount by which the second excited state
differs from the the harmonic value ∆ = 2ε|n=1〉 − ε|n=2〉. Making again use of
creation and annihilation operators and assuming for simplicity ∆1 = ∆2 = ∆,
we can write for Eq. (2.67)e

Ĥ =

2∑
i=1

[
�ωi

(
â†i âi +

1

2
Î
)
+

∆

2
â†i â

†
i âiâi

]
+ k′12(â1 + â†1)(â2 + â†2) (2.69)

where k′12 = − 1
2k12�

√
1

ω1ω2m1m2
as can be seen by comparison with Eq. (2.63).

If we write out the last term in Eq. (2.69), we obtain terms of the form â1â2
and â†1â

†
2. These terms are non-quantum conserving terms, i.e. they create or

annihilate excitations on oscillators 1 and 2 simultaneously and thus couple
states that differ by two quanta of excitation. Unless the coupling constant
is extremely large, these terms lead to negligible mixing and energy shifts. In
contrast, terms of the form â1â

†
2 and â†1â2 couple energetically closely lying

states by creating an additional excitation on one oscillator while annihilating
an excitation on the other.
We can express the hamiltonian in Eq. (2.69) in a basis that includes the

ground states as well as the first two excited states of two oscillators, and we
will denote these states as |00〉, |01〉, |10〉, |11〉, |02〉, |20〉. If we let β12 denote

e ∆
2
〈n = 2|â†â†ââ|n = 2〉 = ∆
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elements of the form k′12〈01|â1â
†
2|10〉, this leads to the matrix [35]

H =




0
ε1 β12

β12 ε2
2ε1 −∆ 0

√
2β12

0 2ε2 −∆
√
2β12√

2β12

√
2β12 ε1 + ε2




(2.70)

Here, the term β12 couples only states that are close in energy. This makes
Eq. (2.70) block-diagonalizable, i.e. the matrix can be diagonalized with respect
to its one-excitation states and separately with respect to the 2-excitation states.
While for the degenerate case ω1 = ω2 = ω, the elements of the diagonal
hamiltonian matrix can be found analytically (see e.g. Chapter 6 of [35]), this
is not feasible for the non-degenerate case, but can be done numerically in a
straight-forward way. Thus in order to be able to calculate the energy levels and
hence the frequencies at which cross- and diagonal peaks can be expected in a
2DIR-experiment, only an expression for the coupling strength β12 is required.
An explicit expression for the off-diagonal anharmonicity can be obtained by
treating the coupling as a weak perturbation and using 2nd-order perturbation
theory [37,38]:

∆ε|11〉 ≡ ε
(2)
|11〉 − ε

(0)
|11〉 =

2β2
12

ε0|11〉 − ε0|20〉
+

2β2
12

ε0|11〉 − ε0|02〉
(2.71)

We have included only states from the two-quanta manifold in the sum, since
terms involving states from the 1-quanta manifold contribute only negligibly due
to the energy spacing in the denominator of Eq. (2.71). Evaluating the previous
expression and neglecting terms that are quadratic in the site anharmonicity ∆,
we arrive at the expression

∆ε|11〉 = − 4∆β2
12

ε|10〉 − ε|01〉
(2.72)

where we have used ε|20〉 = 2ε|10〉 −∆ and ε|02〉 = 2ε|01〉 −∆. Thus we see that
the off-diagonal anharmonicity in a 2D-IR experiment is related to the energy
splitting between the two oscillators ε|10〉 − ε|01〉, the coupling strength β12 and
the diagonal anharmonicity ∆. The latter factor is especially relevant: we see
from the form of Eq. (2.72) that cross-anharmonicity can only be observed for
two coupled anharmonic oscillators, i.e. for a non-zero diagonal anharmonicity
∆. A hamiltonian matrix describing coupled harmonic oscillators can always be
diagonalized, and in this case a cross-anharmonic response cannot be observed.

2.5.4 Vibrational couplings and their relation to
molecular structure

The physical nature of the coupling constant β has not been vital up to this
point of the discussion. In many instances, it can be approximated by the
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simple transition dipole coupling (TDC) model. This model approximates the
interaction of oscillators in spatial proximity as purely dipolar in nature. For a
more complete description of the coupling mechanism, multipolar electrostatic
interactions as well as through-bond effects should be included, which comes at
the expense of a less intuitive and computationally more demanding procedure
[39, 40]. Within the TDC-model, the expression for β is given by [30,37]

βij =
�µi · �µi − 3 (�nij · �µi)(�nij · �µj)

�r 3
ij

(2.73)

Here, �µi, �µj denote the transition-dipoles of two vibrational modes i and j, �rij
denotes the distance vector between the dipoles and �nij is a unit vector along
�rij . Thus we see that the electrostatic interaction between vibrational modes
is strongly distance- and orientation dependent. This type of interaction is of
relevance for vibrational oscillators in close spatial proximity such as the OH-
groups in liquid water (Chapter 4) or the amide moieties (C=O-groups) in a
protein (Chapter 6). The TDC model provides a simple and efficient way of cal-
culating the effects of transition dipole coupling on e.g. the experimental 2D-IR
experiment. To describe the 2D-IR-response in the spectral region of the amide
vibrations for a complex molecule such as a peptide or a protein comprising
several coupled amide oscillators, the effects of distance and orientation depen-
dent electrostatic coupling can be calculated from Eq. (2.73). This expression
can be combined with the atomic coordinates from a high resolution molecular
structure obtained from X-ray crystallography or nuclear magnetic resonance
spectroscopy. The anharmonicity ∆ and the transition dipole strength |�µi| of
an individual amide group, which are required to calculate the off-diagonal an-
harmonicity in Eq. (2.72), can be experimentally determined from a simple
model compound such as N-methyl acetamide, which contains a single amide
unit. With these parameters, the 2D-IR spectrum can be calculated. Dynamical
effects arising from the interactions with the fluctuating bath, leading to relax-
ation and spectral diffusion processes, can be obtained e.g. from a molecular
dynamics simulation.
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2.6 Orientational relaxation

2.6.1 The anisotropy parameter

In Chapter 5, the orientational dynamics of water (HDO) molecules in binary
mixtures with DMSO and acetone are studied by polarization-resolved pump-
probe spectroscopy with mid-infrared pulses that are resonant with the OD-
stretch vibration. The quantity of interest is the anisotropy parameter R(t),
which is determined from the transient absorption signal obtained under parallel
(∆α‖) and perpendicular (∆α⊥) polarization of pump and probe pulses as

R(ω, t) =
∆α‖(ω, t)−∆α⊥(ω, t)

∆α‖(ω, t) + 2∆α⊥(ω, t)
(2.74)

While water molecules are typically randomly distributed in thermal equilib-
rium, the excitation of the OD-stretch vibration with a linearly polarized pump
pulse leads to the preparation of an anisotropic distribution of excited HDO
molecules. The excitation probability of a molecule via a dipolar light-matter
interaction is related to the angle θ between the transition dipole vector �µ and
the electric field vector �E0 and can be written in terms of Fermi’s golden rule
as

W01 =
2π

�2
�E2
0 cos2(θ)|〈0|�̂µ|1〉|2 δ(ω ± ω01) (2.75)

where |0〉 and |1〉 denote the two states involved in the transition. The excitation
pulse preferentially excites those molecules that have their transition dipoles
oriented parallel to the polarization axis of the pump pulse, which is reflected
in the cos2(θ)-factor in Eq. (2.75). We will treat the problem in spherical
coordinates and assume a coordinate system in which the polarization vector
of the excitation pulse coincides with the z-axis, as schematically outlined in
Figure 2.6. The distribution of molecules with transition dipole moments �µ is
assumed to be isotropic, and the distribution of excited molecules will therefore
be independent of the azimuthal angle φ, and only depend on the relative angle
between �µ and �Eexc. The anisotropic distribution of excited molecules prepared
by the pump pulse can thus be written asf

p(θ) =
3

4π
cos2 θ =

1

4π
[1 + 2P2(cos θ)] (2.76)

where P2(cos θ) denotes the second Legendre polynomial defined as P2(cos θ) =
1/2(3 cos2 θ − 1). In order to evaluate the values that can be expected for
the experimentally determined anisotropy parameter R(t), we will consider the
case that the probe pulse interrogates the ensemble of excited molecules before
any reorientation has taken place. If we let χ denote the angle between the

fp(θ) represents a probability density function and is therefore required to be normalized.

The normalization constant is obtained by calculating
∫
dΩcos2 θ =

∫ 2π
0 dφ

∫ π
0 sin θdθ cos2 θ =

4π/3.
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exc,z
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Figure 2.6. Coordinate system used to calculate the transient absorption changes
∆α⊥, ∆α‖ observed in a polarization-resolved experiment in response to excitation
of an ensemble of molecules with a linearly polarized light pulse with its polarization
vector parallel to the z-axis of the coordinate system. θ denotes the angle between the
transition dipole moment �µ and the z-axis of the coordinate system, and ψ refers to
the angle between �µ and the x-axis. φ denotes the azimuthal angle.

polarization vector of the probe pulse and the transition dipole �µ as indicated
in Figure 2.6, we can write for the transient absorption changes obtained with
a probe pulse with polarization perpendicular to the excitation pulse (| �Epr| =
Epr,x)

∆α⊥ =

∫ π

0

sin θdθ

∫ 2π

0

dφp(θ) sin2 θ sin2 φ = 1/5 (2.77)

where we have written the solid angle dΩ as sin θdθdφ and substituted cos2 χ by
sin2 θ sin2 φ. For the transient absorption change obtained with a probe pulse
with the same polarization as the excitation pulse (| �Epr| = Epr,z), we can write

∆α‖ =

∫ π

0

sin θdθ

∫ 2π

0

dφp(θ) cos2 θ = 3/5 (2.78)

Substituting these values in Eq. (2.74), it follows that we can expect a value
of 2/5 for the anisotropy parameter at the earliest pump-probe delay times, i.e.
before reorientation affects the outcome of the measurement. The scrambling
of the anisotropy as a function of time will be treated in the next section.

2.6.2 The time-dependence of the anisotropy parame-
ter

So far we have only considered the anisotropy value that is to be expected if
an anisotropic ensemble of molecules is prepared via (dipolar) excitation by a
linearly polarized light pulse. Molecular motions however will lead to a loss of
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orientational correlation between the excited molecules, thus causing the excited
molecules to become isotropically distributed. This is equivalent to saying that
all excited molecules are equally distributed over the surface of a unit sphere
with area 4π and thus we can write for the long-time behavior of Eq. (2.76)
p(t → ∞) = 1/4π. We will treat the reorientational motion of excited molecules
as rotational diffusion on a sphere of unit radius. The distribution of excited
molecules is independent of φ at all times t. The probability that a molecule
with transition dipole �µ has an orientation given by θ at time t will be denoted
as p(θ, t). The time-evolution of this probability is then given by the diffusion
equation

∂p(θ, t)

∂t
= −Dr∆θp(θ, t) (2.79)

where Dr is the angular diffusion constant and ∆θ denotes the operator
1

r2 sin2 θ
[sin θ ∂

∂θ sin θ
∂
∂θ ] with r = 1 for the radius of a unit sphere. If we know

the function G(θt t|θ0, t0), which represents the conditional probability that the
orientation will be θt at time t, given that it was θ0 at t0, we can write for the
distribution p(θ, t) at time t:

p(t, θt) =

∫ 2π

0

dφ0

∫ π

0

sin θ0dθ0G(θt, t|θ0, t0)p(t0, θ0) (2.80)

The function G(θt, t|θ0, t0) is the Green’s function solution to the diffusion equa-
tion Eq. (2.79), which can be written in terms of the Legendre polynomials
P l(cos θ) of rank l:

G(θt, t|θ0, t0) =
∑
l=0

e−l(l+1)Drt P l(cos θt)P
l(cos θ0) (2.81)

Substituting Eq. (2.81) into Eq. (2.80) and using Eq. (2.76) for p(t0, θ0), we
obtain for the probability of a molecule having an orientation θt at time t

p(θt, t) =
1

4π
[1 + 2e−6DrtP2(cos θt)] (2.82)

where we have made use of the orthogonality relation of the Legendre polyno-
mials. In analogy to Eq. (2.78) and Eq. (2.77), we can now write an expression
for the time-dependence of the transient absorption changes ∆α‖ and ∆α⊥ for
parallel and perpendicularly polarized excitation and probe pulses:

∆α‖(t) =

∫
dΩtp(t, θt) cos

2 θt (2.83)

=

∫
dΩt

∫
dΩ0G(θt, t|θ0, t0)p(t0, θ0) cos2 θt

∆α⊥(t) =

∫
dΩtp(t, θt) sin

2 θt sin
2 φt

=

∫
dΩt

∫
dΩ0G(θt, t|θ0, t0)p(t0, θ0) sin2 θt sin2 φt
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where we have introduced
∫
dΩ as shorthand for

∫ 2π

0
dφ

∫ π

0
sin θdθ. Substituting

Eq. (2.82) in Eq. (2.83), we obtain

∆α‖(t) =
1

3
+

4

15
e−6Drt (2.84)

∆α⊥(t) =
1

3
− 2

15
e−6Drt (2.85)

From these results, we obtain the time-dependence of the anisotropy parameter
as defined in Eq. (2.74)

R(t) =
2

5
e−6Drt (2.86)

We can see an important consequence of Eq. (2.82), namely that the decay
time that is measured in an experiment depends on the order l as τr = 1

Drl(l+1) .

While the angular diffusion constant Dr is obviously a molecular parameter, the
decay times that are obtained under different experimental configurations can
thus differ. A pump-probe experiment such as described in this thesis, probes
the second-rank orientational correlation function (l = 2), whereas dielectric
relaxation experiments measure the first rank (l = 1) correlation function. The
associated decay time constants thus differ by a factor of 3 in the case of dif-
fusive reorientation. This subtlety has to be kept in mind when comparing
experimental data obtained for the same sample with different techniques.
This section is largely based on: T. Tao Bioplymers, 1968; G. Lipari & A. Szabo
Biophys.J. 1980, B. Berne & Pecora, Dynamic Light Scattering.
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In the following, the three experimental setups that have been used in collecting
the data for this thesis are presented.

3.1 One-color infrared pump-probe setup

The experiments described in Chapters 4 and 5 were performed with a fem-
tosecond mid-infrared setup based on a commercial regenerative Titan:sapphire
amplifier system (Spectra Physics Hurricane), delivering 100 fs-pulses centered
around 800 nm and a pulse energy of 1 mJ at a repetition rate of 1 kHz. About
700 µJ of the pulses are used to pump a commercial optical parametric am-
plifier (OPA, Spectra Physics) based on β-barium borate (BBO). The OPA is
seeded by a white-light continuum generated by focussing a small fraction of the
800 nm-beam into a sapphire plate. The white-light seed and a fraction of the
800 nm-pump beam are then overlapped in a BBO-crystal, leading to the gener-
ation of signal and idler beams in the wavelength ranges of λS = 1250-1330 nm
(signal) and λI = 2000-2200 nm (idler). The signal beam is filtered out by a
dichroic mirror and the idler is used to seed a second amplification process in
the same BBO-crystal driven by ∼ 570 µJ of the 800 nm-pump beam, yielding
final pulse energies of 40 µJ (signal) and 20 µJ (idler). The desired wavelengths
are selected by angle tuning of the BBO-crystal. The resulting idler beam is
frequency doubled in a second BBO-crystal to a wavelength of 1000-1100 nm
and is subsequently used as a seed for parametric amplification pumped by the
remaining part (∼ 300 µJ) of the 800 nm-beam in either a lithium niobate
(LiNbO3) or a potassium titanyl phosphate (KTiPO4) crystal, leading to the
generation of mid-infrared pulses with a center wavelength of λIR = 3-4 µm and
a pulse length of ∼ 150 fs. Pulse energies are typically in the range of 5-9 µJ.
Residual signal and (doubled) idler beams are filtered out by a germanium-
based long-wave pass (LWP) filter with a cut-off wavelength of 2.5 µm.
The mid-infrared pulses are used in a pump-probe experiment as schematically
depicted in Figure 3.1. Reflections from the front and the back side of a calcium
fluoride (CaF2) wedge are used as probe and reference beams, respectively. The
transmitted part (∼ 90%) is used as the pump beam. Its plane of polarization
is rotated by a λ/2-plate to an angle of 45◦ relative to the plane of polarization
of the probe beam. A chopper running at half the repetition of the laser sys-
tem is placed in the beam path of the pump to block every other shot, so that
long term drifts are minimized and only pump-induced absorption changes are
monitored. The probe beam is delayed in time by sending it over a motorized
delay stage. All beams are focussed by a gold-coated off-axis parabolic mirror

43
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MCT
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Figure 3.1. Schematic outline of the infrared pump-probe experiment that was used
for the experiments in Chapters 4 and 5 of this thesis. The mid-infrared pulses are
delivered from an a optical parametric amplifier/difference frequency generation stage
as described in the text and split into three parts. The pump-beam resonantly excites
the the OH-stretch (OD-stretch) vibration of water molecules, and a weak, time-
delayed probing pulse measures the pump-induced absorption changes. The probe
and the reference pulse are frequency-dispersed by a spectrograph and imaged on an
MCT-array detector of 2x32 pixels.

with a focal length of f = 100 mm into the sample and recollimated by an
identical mirror. The sample itself is usually a liquid layer of 1-100 µm thick-
ness, sandwiched between two CaF2 windows. The polarization components of
the probe beam parallel and perpendicular to the pump beam are selected by
a wire grid polarizer on CaF2, placed behind the sample, that can be rotated
over 90◦. The probe and reference beams are sent into an imaging spectrograph
(Lot Oriel) and imaged on a 2x32 pixel array of a mercury cadmium telluride
(MCT)-based infrared detector (Infrared Associates), placed in the exit plane of
the spectrograph. The signal is amplified by a gated boxcar-integrator and digi-
tized by a 16-bit A/D-converter card (Measurement Computing). The transient
absorption change is calculated as

∆α = − log10
Ipr/I

o
pr

Iref/Ioref
(3.1)

where Ipr and Iref denote the recorded intensity of probe and reference beams
in the presence of the pump, and Iopr and Ioref denote the probe and reference
intensity in the absence of the pump. Dividing the recorded probe intensity Ipr
by the intensity of the reference beam Iref eliminates pulse-to-pulse fluctuations
and increases the signal-to-noise ratio of the experiment. If we let ∆α‖ denote
the absorption change monitored with the polarization component of the probe
beam that is parallel to the plane of polarization of the pump beam and ∆α‖ the
absorption change with the perpendicularly polarized component of the probe
beam, we can calculate the isotropic absorption change ∆αiso as
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∆αiso(ω, t) =
1

3
(∆α‖(ω, t) + 2∆α⊥(ω, t)) (3.2)

The isotropic signal is unaffected by orientational effects and reflects vibrational
relaxation and spectral diffusion. In addition, we also construct the anisotropy
parameter R(ω,t) given by Eq. (2.74), which reflects the orientation of the tran-
sition dipole moment of the probed vibration.

3.2 Two-dimensional infrared setup

The experimental setup for two-dimensional infrared (2D-IR) spectroscopic ex-
periments in Chapters 6 and 7 is shown in Figure 3.2. The experiments were
performed with a frequency-domain implementation of two-dimensional spec-
troscopy (spectral hole burning) that makes use of spectrally narrow excitation
pulses. In this experiment, mid-infrared pulses with a center wavelength of
∼ 6 µm were generated in a commercial high-energy optical parametric ampli-
fier (HE-Topas, Light Conversion) pumped by 35 fs 800 nm pulses with a pulse
energy of 4.5 mJ delivered by a commercial regenerative Titanium:sapphire
amplifier (Legend Elite Duo, Coherent) at a repetition rate of 1 kHz. The first
parametric amplification step in a BBO-crystal is seeded by a white-light con-
tinuum, generated by focussing a small fraction of 800 nm-light into a sapphire-
plate. Signal and idler beams with wavelength of λS ≈ 1.4 µm and λI ≈ 1.8 µm,
respectively, are then further amplified to final pulse energies of 1.125 mJ (sig-
nal) and 0.875 mJ (idler) in two subsequent BBO-crystals. Mid-infrared pulses
with a pulse energy of ∼ 25 µJ and a bandwidth of 350 cm−1 are generated
via a type I difference-frequency generation (DFG) process by overlapping the
signal and idler beams in a 0.6 mm thick silver thiogallate crystal (AgGaS2,
cut-angle θ = 39◦). After the generation of the mid-infrared pulses, the residual
signal and idler beams are filtered out by a germanium-based long-wave pass
filter with a cut-off wavelength of 4 µm. The use of a longer cut-off wavelength
(compared to the one-color infrared pump-probe setup) is required to filter out
infrared light at 3 µm, resulting from a second harmonic generation process of
the mid-infrared pulses at 6 µm that is close to being phase-matched in the
AgGaS2 crystal.
The mid-infrared pulses are split in pump, probe and reference pulses as de-
scribed in Section 3.1. The pump light is directed into an air-spaced, tunable
Fabry-Perot etalon, consisting of two parallel, highly reflecting mirrors (reflec-
tivity R = 90%). The spacing between the mirrors and thus the optical path
length difference, that determines which frequency components interfere con-
structively and destructively, can be adjusted to generate spectrally narrow
excitation pulses from the broad-band mid-infrared pulses. The narrow-band
excitation pulses have a Lorentzian-shape profile with a full-width at half max-
imum of 12-15 cm−1, which corresponds in the time-domain to a single-sided
exponential with a characteristic decay time τ in the range of 500-600 fs, as in-
ferred from two-photon absorption in an indium-arsenide wafer. Pump, probe
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Figure 3.2. A transmission through the sample, a small fraction of the narrow-band
pump pulse is directed into the spectrograph and dispersed on a 32-pixel MCT-array.
The measured pump-pulse spectrum is then used as the input signal for the feedback-
loop that controls the piezo-driven mirror mount. To compensate for the drift of the
piezo-actuators on a time-scale of minutes, a reoptimization of the mirror positions
after every delay scan is required (typically ∼5 mins) is required.

and reference beams are focussed by a gold-coated off-axis parabolic mirror with
a focal length of f = 75 mm into the sample and recollimated by an identical
mirror. The measurement of the pump-induced absorption changes ∆α‖, ∆α⊥
is performed in essentially the same way as was described in Section 3.1. A
two-dimensional data set is assembled by scanning the spectrally narrow pump
pulse over the desired frequency range, which requires adjusting the spacing
between the mirrors of the etalon. In practice, this is achieved by placing one
of the two mirrors on a piezo-driven mount and monitoring the pulse spectrum
by directing a weak reflection of the pump light from a CaF2-window into the
spectrograph and imaging it on the MCT detector. The signal from the MCT
detector is used in an automated feedback routine to drive the piezo-actuators,
thereby allowing the tuning of the spectrally narrow excitation pulse to the
desired center frequency.

3.3 Sum-frequency generation spectroscopy
setup

The surface sum-frequency generation experiment is based on a commercial Ti-
tanium:sapphire regenerative amplifier (Coherent Legend Elite) that delivers 35
fs pulses centered at 800 nm with a pulse energy of 3.5 mJ at a repetition rate
of 1 kHz. Approximately two thirds of the output is used to pump a home-built
optical parametric amplifier (OPA) based on β-barium borate, generating sig-
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nal and idler pulses around 1270 nm and 2150 nm, respectively. Mid-infrared
pulses are generated by mixing the signal and idler pulses in a type I difference
frequency mixing process (DFG) in a 0.6 mm thick silver thiogallate crystal
(AgGaS2). The resulting femtosecond mid-infrared pulses (IR) are centered
around 3200 cm−1, have a bandwidth of ∼ 350 cm−1 and a pulse energy of
8 - 10 µJ. About 450 µJ of the 800 nm-output is sent through an air-spaced
etalon to generate pulses with a narrow spectral bandwidth of ∼ 15 cm−1 cen-
tered around 800 nm.
The SFG technique probes the elements of the second-order susceptibility ten-
sor χ(2). The polarizations of the IR, visible (= 800 nm) and the detected
sum-frequency light determine which elements are probed. The polarizations
are denoted with s or p, depending on whether the light is polarized perpen-
dicular (s-polarized) or parallel (p-polarized) to the plane of incidence of the
beams. A polarization configuration psp implies that the detected SFG-light
is p-polarized, the visible (VIS) is s-polarized, and the mid-infrared beam is
p-polarized. The polarizations of the VIS and the IR beams are set by means
of λ/2-plates in combination with a wire-grid polarizer (IR) or a Glan-Laser-
prism (VIS). The VIS and the IR beams are focused on the sample surface
by lenses with focal lengths of f = 200 mm and f = 100 mm, respectively.
The beams are sent to the sample with an angle of incidence of ∼ 50◦ and
∼ 55◦, respectively, and are spatially and temporally overlapped at the sample
to generate light at the sum-frequency (SFG). For intensity (non-phase-resolved)
SFG-measurements, the generated SFG-light is sent into a spectrograph, after
filtering out the residual 800 nm light, and dispersed on a thermoelectrically-
cooled EMCCD-camera (Andor Technologies). A polarizing beam-splitter cube
in the detection path is used to select the polarization of the generated SFG-
light. The SFG-spectra are normalized to a non-resonant reference SFG-signal
from a z-cut quartz crystal. The signal is integrated for typically 10 minutes in
both direct and phase-resolved SFG-experiments.
Phase-resolved SFG spectra are obtained by interfering the SFG light generated
by the sample with the SFG light generated from a local oscillator. The lay-out
is schematically depicted in Figure 3.3. The IR- and the VIS-beam are first
focused on a bare gold mirror to generate a local oscillator (LO) before they
are refocused by a spherical mirror together with the LO-beam on the sample.
The LO-beam from gold is time-delayed (∼ 2 ps) by transmitting it through a
fused silica plate. The SFG-signals from gold and from the sample propagate
collinearly through the detection path and generate a spectral interferogram on
the CCD-camera after being dispersed by a spectrograph. In Figure 3.4A, a
spectral interferogram from a phase-resolved SFG-experiment recorded under
ssp-polarization is shown. The fringe pattern originates from the interference
between the time-delayed LO-SFG-signal (ELO) and the SFG-signal generated
from an aqueous sample (Esample). The recorded intensity of the heterodyne-
detected SFG (HD-SFG) signal is given by:

IHD−SFG(ω) ∝ |Esample(ω)|2 + |ELO(ω)|2 (3.3)

+E∗
sample(ω)ELO(ω)e

iω∆t + Esample(ω)E
∗
LO(ω)e

−iω∆t
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Figure 3.3. Top: schematic of the experimental geometry of the sum-frequency
generation spectroscopy setup used for intensity (non-phase resolved) measurements.
Mid-infrared pulses (IR) are generated by a home-built optical parametric amplifier
and spectrally narrow upconversion pulses (VIS, ∆ν̃ ≈15 cm−1) are generated by
transmission of a fraction of the 800 nm laser fundamental through an air-spaced
etalon. The desired polarization of the generated SFG-light is selected with a po-
larizing beam splitter (PBS) and subsequently frequency-dispersed in a spectrograph
and imaged on a CCD-camera. Bottom: Experimental arrangement used for phase-
resolved measurements. A non-resonant SFG-field (local oscillator, LO) is generated
from the surface of a bare gold mirror and delayed in time by transmission through
a silica plate. Subsequently, all three beams (IR, VIS, LO) are recombined on the
sample surface, where a second SFG-generation process takes place. The interference
between the SFG-field generated at the sample and the time-delayed local oscillator
leads to a fringe pattern in the detected interferogram.

The cross-term EsampleE
∗
LOe

−iω∆t of this equation contains the electric field of
the SFG-signal originating from the sample and therefore offers access to the
complex non-linear susceptibility. As was shown in Section 2.2, the SFG-field
is related to the non-linear susceptibility as ESFG ∝ χ(2)EV ISEIR. To retrieve
the complex-valued χ(2) of the sample, an inverse Fourier transformation of the
recorded interferogram FT−1[IHD−SFG(ω)] is performed. The imaginary part
of the complex time-domain signal obtained in this way is shown in Figure 3.4B.
The desired cross-term indicated in Figure 3.4B can now be isolated by setting
the signal at t ≤ 0.8 ps to zero and subsequently Fourier-transforming the
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Figure 3.4. (A) Spectral interferogram recorded from an aqueous solution of an
antifreeze protein under ssp-polarization setting. (B) Imaginary part of the time-
domain signal obtained by applying an inverse Fourier transformation to the data in
panel (A). The data for delay times t ≤ 0.8 ps (indicated by the dashed line) are set
to zero. (C) Imaginary part of the complex SFG-spectrum from the sample obtained
by Fourier transformation of the filtered signal in panel (B).

filtered time-domain signal back to the frequency domain. In practice, the
signal for t ≤ 0.8 ps is filled with random numbers from a gaussian distribution
with zero mean and a width comparable to the experimental noise level to
avoid artifacts in the Fourier transformation arising from discontinuities in the
signal. The imaginary part of the cross-term Esample(ω)E

∗
LO(ω)e

−iω∆t obtained

after filtering is shown in Figure 3.4C. The non-linear susceptibility χ
(2)
sample(ω)

is then obtained by dividing the signal shown in Figure 3.4C by a reference
signal, which is obtained by replacing the sample with a z-cut quartz crystal
with a known χ(2). After applying the same filtering process as outlined above,

χ
(2)
sample(ω) is obtained as

χ
(2)
sample(ω) = χ

(2)
ref

Esample(ω)E
∗
LO(ω)e

−iω∆t

Eref (ω)E∗
LO(ω)e

−iω∆t
(3.4)

where χ
(2)
ref and Eref denote the nonlinear susceptibility of the (reference)

quartz-crystal and the SFG-field generated from the crystal, respectively.
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4 Vibrational energy
transfer in anionic
hydration shells

We study the influence of Förster energy transfer on the vibrational
relaxation dynamics of anionic hydration shells by performing time-
resolved mid-infrared spectroscopy on the OH-stretch vibration of
water molecules in aqueous solutions of sodium iodide. We observe
that Förster energy transfer leads to a pronounced acceleration of
the vibrational relaxation. We describe the observed dynamics with
a model in which we include Förster vibrational energy transfer be-
tween the different hydroxyl groups in solution. With this model we
can quantitatively describe the experimental data over a wide range
of isotopic compositions and salt concentrations. Our results show
that resonant energy transfer is an efficient mechanism assisting in
the vibrational relaxation of anionic hydration shells.

4.1 Introduction

The introduction of ions into the hydrogen-bonding network of liquid water
leads to a disruption of the tetrahedral hydrogen-bonding arrangement, as was
first observed with linear absorption and Raman experiments [41]. An im-
portant question related to ions in water concerns the range over which ions
influence the structure of aqueous salt solution. Based on viscosity measure-
ments and thermodynamics properties, the influence of ions on the hydrogen
bonding network of water has been discussed in terms of ”structure makers”
and ”structure breakers” , an idea that was first introduced in the 1930s by Cox
and Wolfenden [42]. The term ”structure makers” refers to small ions with a
high charge density such as F−, which are thought to have an ordering effect on
the hydrogen bonding network, whereas ”structure breakers” generally refers to
larger ions with a low charge density such as Cs+, that presumably lead to a
weakening of the overall hydrogen bonding strength of water [43].
Over the past decade, time-resolved infrared spectroscopy has proven to be a
useful technique to study the dynamics of water molecules both in the pure
liquid and in the hydration shells of ions [6, 11, 12, 14, 44–48]. The hydroxyl
stretch vibration (OH- or OD-stretch) has been the focus of most of the mid-
infrared pump-probe-studies on aqueous salt solutions, since this mode forms

51
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a highly sensitive spectroscopic marker for the local environment of a water
molecule [6,9,11,12,14,44–49]. These spectroscopic studies have yielded valuable
information on the vibrational [46,47] and reorientational [6, 11,44,48] dynam-
ics of water and on the dynamics of its hydrogen bonding network [11, 45, 49].
For example, the reorientational motion and the spectral diffusion dynamics of
water molecules residing in the hydration shell of halide anions have both been
found to show a very slow component in comparison to the dynamics of pure
water [11,13,50]. The lifetime of the hydroxyl stretch vibration has been found
to vary substantially in different hydrogen bonding environments. Several stud-
ies on aqueous salt solutions have shown that the formation of a hydrogen bond
to a halide ion leads to a substantial increase in the lifetime of the hydroxyl-
stretch vibration [11,47]. Similarly, for water contained in AOT reverse micelles,
it was observed that the water molecules forming weak hydrogen bonds to the
sulfonate groups of the AOT surfactants show a significantly slower vibrational
relaxation with a T1 time constant on the order of 3 ps [51, 52]. The groups
of Fayer and Gaffney studied how long a water molecule resides in the hydra-
tion shell of an ion. In their studies, they observe an exchange between water
molecules residing in anionic hydration shells and bulk water molecules that
takes place on a timescale of 7 ps for BF−

4 [12] and 9 ps for ClO−
4 [13]. In both

studies the rotation of water molecules out of the hydration shell was found to
take place via large angular jumps. This mechanism of water reorientation has
been predicted by Laage & Hynes [50]. The same mechanism is also active in
bulk water [53].
Nearly all of the previously mentioned time-resolved infrared experiments have
been performed on either the OD-stretch vibration of HDO molecules dissolved
in H2O or the inverse system (OH-stretch of HDO in D2O) [8,9,11,45–49,54–56].
However, in real life, aqueous solutions usually contain pure H2O, which has
properties that are distinct from the aforementioned isotopic mixtures. One im-
portant feature of neat H2O is the presence of efficient Förster resonant energy
transfer between the OH-stretch vibrations. Förster resonant energy transfer
has been studied both in neat H2O and D2O [57–59], and has been found to
lead to an ultrafast redistribution of the excitation energy over neighboring OH
(OD)-groups. In isotopic solutions resonant energy transfer is suppressed be-
cause of the increase in average distance between OH (OD) groups.
In view of this previous work, it is interesting to see how Förster resonant en-
ergy transfer affects the vibrational dynamics of water molecules in aqueous
salt solutions. In this paper, we use aqueous solutions of sodium iodide as a
model system to study the influence of Förster energy transfer on the vibrational
relaxation dynamics of anionic hydration shells.

4.2 Experimental section

The experiments in this chapter were performed with the one-color mid-infrared
pump-probe setup described in Section 3.1. We measure the vibrational relax-
ation dynamics of the OH stretch vibration of HDO and H2O molecules for
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solutions of NaI in mixtures of H2O/D2O. The femtosecond pulses required
for this study are generated by a series of nonlinear frequency conversion pro-
cesses that are pumped with the pulses of a commercial Ti:sapphire regenerative
amplifier (Spectra-Physics Hurricane). About 500 µJ of the amplifier output
is split off to pump a white-light seeded optical parametric amplifier (OPA,
Spectra Physics) based on BBO (β-barium borate), generating signal and idler
pulses with a wavelength around 1250 nm and 2200 nm, respectively. The idler
pulses are frequency-doubled in a second BBO-crystal, and the resulting pulses
at 1100 nm are used as a seed for parametric amplification in a KTiOPO4-
crystal (potassium titanyl phosphate) that is pumped by the remaining 300 µJ
of 800 nm light, leading to amplification of the doubled idler and generation of
mid-IR pulses at the difference frequency. The resulting mid-IR pulses have a
wavelength of ∼2.8 µm and have a duration of 180 fs, an energy of 5 µJ, and a
spectral width of approximately 150 cm−1.
We use the pulses in a pump-probe experiment as described in Section 3.1. We
study aqueous solutions with NaI concentrations ranging from 1 to 6 mol/kg.
NaI was purchased from Sigma Aldrich and used without further purification.
The fraction of hydrogen

fH =
[H2O]

[H2O] + [D2O]
(4.1)

was varied between 0.04 and 1, with fH = 1 corresponding to neat H2O. The
samples were held between two CaF2 windows separated by Teflon spacers
with thicknesses ranging from 3.8 to 25 µm. Samples containing neat H2O
were measured without spacer to avoid complete absorption of the infrared
light due to the large absorption cross section of H2O in the frequency region
of the OH stretch vibration. The estimated length of these samples is ∼1 µm.
We measured linear absorption spectra of the samples with a Perkin-Elmer
spectrometer. In all experiments we tuned the center frequency of the mid-IR
pulses to the maximum of the linear absorption spectrum.

4.3 Results

4.3.1 Linear absorption spectra of HDO

Figure 4.1 shows linear absorption spectra in the OH stretch region for neat
HDO:D2O (fH = 0.04) and for aqueous NaI solutions of the same isotopic
composition with salt concentrations ranging from 1 mol/kg to 4 mol/kg. The
OH stretch band is centered at 3400 cm−1 for neat HDO:D2O, and shifts to
higher frequencies upon the addition of NaI, an effect that has been observed
before for aqueous solutions containing halide ions [11,12,47,60]. The blueshift
results from the weakening of the hydrogen bonds upon the formation of anionic
hydration shells. In particular, water molecules that donate a hydrogen bond
to Cl−, Br− or I− ions absorb at a higher frequency than water molecules that



�

�
“thesis” — 2015/10/5 — 12:09 — page 54 — #54 �

�

�

�

�

�

54 Vibrational energy transfer in anionic hydration shells 4.3

3000 3200 3400 3600 3800 4000

0.2

0.4

0.6

0.8

1

wavenumbers [cm-1]

A
b

so
rp

ti
o

n
 [

a
.u

.]

 

 
neat HDO
1m NaI
2m NaI
4m NaI

Figure 4.1. Linear absorption spectra of the OH-stretching region for aqueous NaI
solutions (fH = 0.04) and neat HDO:D2O.

donate a hydrogen bond to the oxygen atom of another water molecule. In the
following, we will distinguish anion-bound and water-bound water molecules,
the latter referring to water molecules for which both hydroxyl groups donate
hydrogen bonds to the oxygen atoms of other water molecules.

4.3.2 Vibrational relaxation of water molecules in
NaI solutions

Figure 4.2A shows transient absorption spectra that were measured for a 4m
NaI solution (fH = 0.04) at delay times ranging from 0.2 ps to 10 ps. The
concentration of OH-groups in this sample is sufficiently low to avoid Förster
resonant energy transfer between the OH stretch vibrations [57]. Hence, this
solution allows the study of the separate vibrational relaxation dynamics of
anion-bound and water-bound water molecules. At early delay times, the spec-
tra show a strong negative peak centered around 3420 cm−1, originating from
the bleaching of the ground state and stimulated emission from the first excited
state. The excited state absorption (1→2 transition) is red-shifted by 200 cm−1

from the fundamental transition and lies outside the spectral window of the ex-
periment. At late delay times (> 12 ps), the transient absorption spectra have
the shape of a thermal difference spectrum, showing an induced absorption on
the blue side and a bleaching-like signature in the red wing of the spectrum.
This final spectrum results from the heating of the sample following the vibra-
tional relaxation of the excited OH stretch vibrations. This signal does not
change over the time scale of the experiment (∼1 ns).
The signal decays clearly faster on the red side of the spectrum than on the
blue side. In Figure 4.2B we plot the transient absorption changes as a function
of delay time at three different probe frequencies. The absorption changes have
been corrected for the ingrowing heating signal. The signals are plotted on a
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Figure 4.2. (A) Transient spectra of a 4 mol/kg NaI solution (fH = 0. 04) at delay
times of 0.3, 0.6, 1, 1.5, 2, 3, 4, 6 and 10 ps. (B) Heat-corrected delay traces of the
same sample at frequencies of 3400, 3430 and 3460 cm−1. The excitation frequency
was centered at ∼3430 cm−1.

logarithmic scale to show the strong non-exponential character of the decay.
We observe a fast decay within the first two picoseconds, followed by a slower
second decay process with a lifetime of several picoseconds. The amplitude of
the slow component increases with frequency. We assign the fast component
to water-bound HDO molecules showing a vibrational relaxation time constant
of 740 fs [61, 62]. The slow component is assigned to the OH groups of HDO
molecules forming a hydrogen bond to the I− anion [46,47].

4.3.3 The influence of the H/D-ratio on the relax-
ation kinetics

To investigate how the relaxation dynamics depend on the isotopic composition
of the sample, we varied the fraction of hydrogen fH from 0.04 to 1. For a given
fH , the sample thickness was adjusted to give an absorbance of ∼1 unit of optical
density (OD) at the maximum of the OH-stretch absorption band. Figure 4.3
we show a comparison between the transient absorption changes for different
concentrations of NaI at an elevated H/D-ratio of fH = 0.2. The decay curves
in Figure 4.3B have been corrected for the ingrowing heat signal. We observe a
clear slow-down of the vibrational relaxation with increasing salt concentration,
which can be understood from the increase of the fraction of iodide-bound HDO
molecules.
Figure 4.4A shows that an increase of fH leads to a rise of the final heat-

signal relative to the magnitude of the initial bleach. This observation can be
understood from the higher density of OH oscillators. For fH = 0.25, 0.5 and
1, the energy of the pump-pulse that is absorbed by the sample is dumped
in a smaller volume than in the case of fH = 0.04, leading to a larger rise in
temperature and thus to a stronger heating signal. Figure 4.4B shows decay
curves that have been corrected for the ingrowing heating signal and reveal the
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Figure 4.3. (A) Transient absorption as a function of delay time for solutions con-
taining 1, 2, 4 and 6 m of NaI and a fraction of hydrogen fH = 0.2. All signals are
measured at a probe frequency of 3450 cm−1. The excitation pulses were centered
at frequencies between 3400 and 3450 cm−1. The solid lines are obtained with the
kinetic model described in the text. Panel (B) shows the transient absorption changes
(squares) together with the kinetic model (solid lines) after correction for the time-
dependent grow-in of the heating signal. The vibrational relaxation slows down upon
increasing the concentration of NaI.

contribution to the decay curves that is due to vibrational relaxation only. A
rise in the fraction of hydrogen in the sample clearly leads to an acceleration
of the vibrational relaxation, ultimately leading to a nearly complete decay of
the signal within 1.5 ps for fH = 1 (dashed red curve). It is clear that neither
of the two water components (water-bound and iodide-bound HDO) that were
observed for fH = 0.04 can be responsible for this fast decay. It is well known,
however, that bulk H2O-molecules have an extremely short vibrational lifetime
of 200 fs [58, 63]. Hence we conclude that the presence of a significant fraction
of H2O-molecules at higher values of fH opens up an additional, highly efficient
vibrational relaxation channel. It is conceivable that the fast component in the
decay curves is not only due to H2O-molecules that are directly excited by the
pump pulse, but also represents H2O molecules that are excited by resonant
energy transfer from the other water species in the sample. These other water
species may thus employ nearby H2Omolecules to relax their vibrational energy.

4.3.4 Förster energy transfer

Förster energy transfer has been observed before for isotopic mixtures of neat
water [57, 59], and leads to very efficient energy transfer among the hydroxyl
stretch vibrations of the most abundant isotopic species. Förster energy trans-
fer leads to a decay of the probability to find the excitation on the originally
excited oscillator. Assuming a statistical distribution (radially and orientation-
ally), Förster energy transfer leads to the following time-dependent survival
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Figure 4.4. (A) Transient absorption as a function of delay time for solutions with
fH varying from 0.04 (black squares) to 1 (red squares) and a NaI concentration of 6m.
All signals are measured at a probe frequency of 3450 cm−1. The excitation pulses
were centered at a frequency of 3450 cm−1. The solid lines are obtained with the
kinetic model described in the text. Panel (B) shows the transient absorption changes
(squares) and the kinetic model (solid lines) after correction for the time-dependent
grow-in of the heating signal. The vibrational relaxation accelerates upon increasing
fH .

probability of the excited oscillator:

S(t) = exp(−4

3
· π3/2 · COH ·

√
R6

0/T1) (4.2)

where COH denotes the number density of the OH-groups, R0 the Förster-radius
and T1 the pure vibrational relaxation time, unaffected by energy transfer. The
term

√
R6

0/T1 represents the coupling between the donor and acceptor hydroxyl
vibrations. The parameter T1 enters in this expression to define the Förster ra-
dius R0 as the distance between donor and acceptor for which energy transfer
plays a role within the lifetime T1. Hence, the value of the Förster-radius is
referenced with respect to a T1 value. Here we define the Förster radius R0 with
respect to T1= 200 fs, the vibrational lifetime of the O-H stretch vibrations of
bulk H2O. We keep this reference T1 the same in fitting equation Eq. (4.2) to all
studied solutions. As a result, the obtained values for R0 are representative for
the magnitudes of the average dipole-dipole couplings of the studied solutions.
S(t) is the probability that an initially excited OH-group still remains excited
after some time t, i.e. it represents the probability that the excitation has not
yet hopped to another OH-group. It should be noted that the description of
resonant energy transfer in terms of Eq. (4.2) also accounts for intramolecular
energy transfer between OH-groups located on the same molecule, albeit in an
approximate manner. Eq. (4.2) is derived assuming a statistical distribution of
OH oscillators (with a concentration of 111 M for pure H2O), that starts at zero
donor-accepter distance. Hence, intramolecular energy transfer is represented
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Figure 4.5. Comparison of the decay of the survival probability according to Eq. (4.2)
(dashed lines), reflecting the energy exchange, and the vibrational relaxation for dif-
ferent fraction of hydrogen, corrected for the grow-in of the heat signal (points). The
concentration of NaI is 6 mol/kg for all curves. The vibrational relaxation curves
have been normalized to unity for better comparison and the S(t)-curves have been
convolved with a Gaussian of fwhm = 250 fs to include the effects of the duration of
the laser pulses used in the experiment. Only in the isotopically most dilute sample
(fH = 0.04) the vibrational relaxation occurs faster than the exchange of energy.

by the transfer between OH groups at typical mutual distances <2 Å. Obvi-
ously, this description is an approximation as the true intramolecular distance
of the two O-H groups in H2O is clearly not statistical.
In Figure 4.5 we show heat-corrected transient absorption changes for a 6 m
NaI solution with fractions of hydrogen of fH = 0.04, 0.25, 0.5 , 1. We compare
these data with the decay of the survival probability according to Eq. (4.2). We
use values of T1 = 200 fs and R0 = 2.1 Å from Ref. [57], that were obtained
from a pump-probe study on mixtures of HDO:D2O. We calculate the number
density of the accepting OH-oscillators from the given fraction of hydrogen via
COH = 2 ·fH ·NA ·ρH2O/MH2O , where NA, ρH2O and MH2O denote Avogadro’s
constant, the density of liquid H2O and the molar mass of H2O, respectively.
Figure 4.5 shows that the decay of the survival probability is highly sensitive
to the value of fH . For fH = 0.04, S(t) decays slowly over a timescale of sev-
eral picoseconds. The comparison with the corresponding transient absorption
changes reveals that the decay of the survival probability is slower than the
vibrational relaxation, which implies that for fH = 0.04 intermolecular coupling
between the OH-groups of the water-bound or iodide-bound HDO-molecules
is negligible. When increasing fH to 0.25, the decay of the survival probabil-
ity becomes strongly accelerated, leading to a drop to ∼50% of its initial value
within the first 500 fs. This finding implies that the excitation undergoes several
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’hopping’ events from one OH-group to another before it relaxes. The effect of
energy exchange on the relaxation dynamics is also notable when comparing the
decay curves for different values of fH (Figure 4.4B). The biexponential behav-
ior that we observe for fH = 0.04 is essentially absent for fH = 0.25, 0.5 and 1.
Instead we observe a quasi-monoexponential decay, indicative of an averaging of
the lifetimes of different water species in the sample (water-bound HDO/H2O,
iodide-bound HDO/H2O), a behavior that is caused by the exchange of excita-
tion on a time scale shorter than the vibrational relaxation. We conclude that
the rapid exchange of population causes a speed-up of the vibrational relax-
ation, namely by enabling the water-bound and anion-bound HDO-molecules
to transfer their excitation to rapidly relaxing water-bound and anion-bound
H2O molecules.

4.3.5 Modeling the vibrational relaxation for all fH

From Figures 4.4B and 4.5, it is obvious that the addition of hydrogen does
not only lead to an averaging, but also to a strong acceleration of the decay.
We wish to establish a global model that is able to describe the experimentally
obtained decay curves at any fraction of hydrogen and any concentration of NaI.
To this purpose we first need to determine the relative abundance of each of
the different water species (anion-bound HDO/H2O, water-bound HDO/H2O).
The amount of each water species in the sample can be quantified from only two
parameters. The first parameter is the equilibrium constant Keq of the isotope
exchange reaction of water and heavy water:

H2O +D2O ←→ 2 HDO (4.3)

that has been measured with NMR-spectroscopy [64]. From the equilibrium
constant of this reaction, that is defined as,

Keq =
[HDO]2

[D2O]× [H2O]
= 3.86 (4.4)

the amount of each of the three isotopomers in the sample at each fH can be
obtained. The second parameter required to determine the relative abundance
of each water species is the hydration number of the iodide ion. We obtain this
hydration number from a description that was used in Ref. [46] that accounts
for the presence of unoccupied sites in the hydration shell of the iodide ion.

Kiodide =
[OH · · · I]

[IS ]× [OH · · ·O]
(4.5)

where [Is] denotes the concentration of unoccupied sites in the ion’s hydration
shell. When the association constant Kiodide and the maximum number of water
molecules in the first hydration shell are known, the fraction of anion-bound and
water-bound OH-groups can be calculated at any concentration of NaI. We use
a value for Kiodide of 0.25 as used in Ref. [46], and assume a maximum number
of 8 water molecules to reside in the hydration shell of the I− ion. Hence,
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[OH · · · I]+[Is] = 8 × [I−]. Eqs. 4.4 and 4.5 are used to calculate the amount
of water-bound HDO, anion-bound HDO, water-bound H2O and anion-bound
H2O. The kinetic model that we employ to describe the experimentally observed
relaxation dynamics is illustrated in Figure 4.6. We assume the presence of three
excited states, namely water-bound and anion-bound HDO and H2O (bound
to water or to the anion) molecules that have different intrinsic vibrational
lifetimes. Each of the three species is allowed to exchange energy with each of
the other species via Förster-energy transfer. By differentiation of Eq. (4.2),
one obtains the following expression for the time-dependent Förster-rate kF :

kF (t) =
2

3
· π3/2 · COH ·

√
R6

0/T1 · t−1/2 (4.6)

with T1 = 200 fs and the number density of accepting OH-groups COH being
calculated as outlined in the previous section. The coupled rate-equations are
outlined in the appendix and numerically solved by a 4th-order Runge-Kutta
algorithm, including the cross-correlate of the pump and probe pulses. The
vibrational lifetimes of all three excited states are available from previous stud-
ies [47, 61, 63]. Following previous studies on the vibrational relaxation of bulk
H2O [58, 63], we include an intermediate state in the relaxation of H2O with a
lifetime of 800 fs that accounts for the delayed rise of the heat signal. The in-
trinsic vibrational lifetime of the O-H groups of H2O molecules that donate one
or two hydrogen bonds to I− ions is not known, as the vibrational relaxation
of these species will always be dominated by intramolecular energy transfer
and/or energy transfer to the very fast relaxing H2O molecules that show a T1

of 200 fs. However, the rapid initial decay of the signal for fH = 1 of Figure
4.4A shows that the intrinsic T1 time constant of iodide-bound H2O molecules
must be fast and close to 200 fs. If the T1 of iodide-bound H2O would have
been significantly longer than 200 fs, the initial decay would have slowed down
with increasing iodide concentration, because the initial decay represents the
averaged vibrational relaxation of bulk-like and iodide-bound H2O molecules.
We observe a similar rapid initial decay at all studied NaI concentrations and fH
= 1. Therefore, in modeling the data we take the intrinsic relaxation behavior
of the I− bonded H2O molecules to be the same as for bulk H2O molecules.
We perform a fit of 20 experimental datasets with a model that employs only
a single adjustable parameter, namely the Förster-radius R0. Figures 4.3A and
4.4A show that the fitted curves are in excellent agreement with the experi-
mental data at all salt concentrations and all fractions of hydrogen. We find
the Förster-radius R0 to depend slightly on the concentration of sodium iodide,
having values of 2.5 ± 0.2 Å at 1m and 2m NaI, 2.4 ± 0.2 Å at 4m NaI and
2 ± 0.2 Å at 6m NaI. For comparison, the Förster-radius of neat H2O was
found to be 2.1 Å [57].
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vheat = 0

v* = 0, O  HOH  O

v = 1, O  HOH  Ov = 1, DOH  O v = 1, DOH  I

T
1
 = 5 ps T

1
 = 800 fs T

1
 = 200 fs

T* = 800 fs

Figure 4.6. The kinetic model used to fit the experimental data for fH = 0.15, 0.2,
0.25, 0.5, and 1, and NaI concentrations of 1, 2, 4, and 6 m. The time-dependent
Förster-rate kF (t) is calculated as outlined in the text. The vibrational T1 relaxation
time constants are obtained from the literature.

4.4 Discussion

We observe that an increase in the fraction of hydrogen leads to an accelera-
tion of the vibrational relaxation of all water OH vibrations present in aqueous
solutions of NaI. This acceleration of all water OH groups can be explained
from the rapid resonant energy transfer between the different water species and
the intrinsically fast relaxation of H2O. For water hydroxyl groups with an in-
trinsically slow relaxation like the OH groups of HDO molecules donating a
hydrogen bond to I−, the resonant energy transfer to H2O opens up an addi-
tional efficient relaxation channel. The comparably long relaxation time of the
HDO molecules donating a hydrogen bond to I− has been explained in terms of
a reduced anharmonic coupling between the excited OH stretch vibration and
the OH· · ·I− hydrogen-bonding mode [47]. The fast decay of the stretch band
of H2O molecules has been explained by the Fermi-resonance of the OH stretch
vibrations with the overtone of the bending mode [63,65].
In Figure 4.4B it is seen that the fitted curve for fH =1 (solid red line, rep-
resenting the convolution of the cross-correlate and the vibrational relaxation
with T1 = 200 fs) deviates from the heat-corrected data points at later delay
times. This deviation may originate from the description of the rise of the ther-
mal signal with a single (exponential) time constant. It is conceivable that at
salt concentrations as high as 6 mol/kg this assumption is not fully appropriate
anymore and that the dynamics of the heat rise are heterogeneous in nature,
and should thus be modeled by a distribution of time constants rather than a
single time constant.
Our modeling of the resonant energy transfer in terms of the survival probabil-
ity (Eq. (4.2)) is based on the assumption of a randomly oriented distribution
of acceptor molecules. Furthermore, we assume that the transfer of the vibra-
tional excitation occurs irreversibly. The assumption of a statistical distribution
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is of course a simplification of the actual physical picture. The validity of these
assumptions has been studied in a recent paper by the Skinner group [66]. In
this study, it was found that the effects of the reversibility of the energy transfer
and the influence of the relative orientation and spatial distribution of the OH
oscillators on the rate of resonant energy transfer counteract each other to some
extent, making Eq. (4.2) a reasonable approximation to describe the dynamics
of Förster energy transfer in liquid water. The rate of resonant energy transfer
between different types of oscillators depends on the overlap of the homoge-
neous lineshapes and the cross sections [67]. The rate of energy transfer from
iodide-bound to water-bound water molecules can thus differ from the rate of
energy transfer between bulk water molecules. For the iodide bound water, the
absorption band is narrower and the cross-section is somewhat larger, leading
to an increase of the resonant energy transfer rate. On the other hand, the
central frequencies of the OH· · ·I and OH· · ·O vibrations differ, leading to a
decrease of the rate of energy transfer. It is to be expected that these effects
more or less compensate each other, thus explaining why the fitted Förster-
radius does not change dramatically with increasing NaI concentration. The
small decrease of the Förster-radius from 2.5 ± 0.2 Å at 1m to 2 ± 0.2 Å at
6m NaI most likely results from a dilution effect: the Na+ and I− ions take up
space, thereby increasing the average distance between the hydroxyl groups of
the water molecules.

4.5 Conclusions

We measured the vibrational relaxation dynamics of the OH-stretch vibration
in aqueous solutions of sodium iodide of different isotopic composition. For
low fractions of hydrogen (fH = 0.04), we observe two separately decaying wa-
ter species that we assign to water-bound and iodide-bound HDO molecules.
Increasing the hydrogen fraction leads to a drastic change in the relaxation be-
havior. We observe fast Förster-energy transfer of the vibrational excitation
between the different water species present in the sample, i.e. the ion hydration
shell and the bulk water. For HDO molecules in the hydration shell of the an-
ion the resonant energy transfer to H2O molecules opens up a new vibrational
relaxation channel that is much faster than the intrinsic vibrational relaxation.
Hence, the resonant energy transfer strongly accelerates the vibrational energy
relaxation of the anionic hydration shells. For fH > 0.25, the Förster energy
transfer is faster than the intrinsic vibrational 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 model the data with a kinetic model
that includes the Förster energy transfer between the different water species.
This model provides an excellent description of the data for all studied NaI con-
centrations and isotope compositions. From the model we find that the Förster
radius decreases from 2.5 ± 0.2 Å at 1m NaI to 2 ± 0.2 Å at 6m NaI. This
means that the Förster energy transfer becomes somewhat slower at higher salt
concentrations, most probably because the average distance between the water
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molecules increases as a result of the dilution of water due to the presence of
Na+ and I− ions.

4.6 Appendix

The coupled rate-equations for the relaxation scheme outlined in Figure 4.6 read
as follows:

d[DOH · · · I]
dt

= − 1

TDOH···I
1

[DOH · · · I]− kF (t)[DOH · · · I]+

kF (t)fDOH···I([DOH · · ·O] + [DOH · · · I] + [HOH]) (4.7)

d[DOH · · ·O]

dt
= − 1

TDOH···O
1

[DOH · · ·O]− kF (t)[DOH · · ·O]+

kF (t)fDOH···O([DOH · · ·O] + [DOH · · · I] + [HOH]) (4.8)

d[HOH]

dt
= − 1

THOH
1

[HOH]− kF (t)[HOH]+

kF (t)fHOH([DOH · · ·O] + [DOH · · · I] + [HOH]) (4.9)

d[HOH∗]

dt
=

1

THOH
[HOH]− 1

T ∗ [HOH∗] (4.10)

d[vheat = 0]

dt
=

1

T ∗ [HOH∗] +
1

TDOH···I [[DOH · · · I] + 1

TDOH···0 [DOH · · ·O]

(4.11)

Each of the three excited states [DOH · · · I], [DOH · · · O] and [HOH]
decays with its respective T1-lifetime. We have used values of TDOH···I

1 = 5 ps,
TDOH···O

1 = 800 fs, TO···HOH···O
1 = 200 fs and T∗ = 800 fs [47, 61, 63]. In

addition, each excited state transfers population to the other two excited
states via Förster-energy transfer, which is described by the second term in
Eqs. (4.7)-(4.9). The time-dependent Förster-rate kF (t) is calculated according
to Eq. (4.6). At the same time, each state gains population from the other ex-
cited states according to its relative abundance in the sample. The back transfer
is accounted for by the last term in Eqs. (4.7)-(4.9). The relative weighting fac-
tors fi in Eqs. (4.7)-(4.9) are calculated from Eqs. (4.4) and (4.5). Numerical
integration of the above rate equations is performed with a 4th-order Runge-
Kutta algorithm and yields the population of all involved states at every time
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point t. We have introduced a scaling factor of 2.5 for the contribution of H2O
molecules at all salt concentration and fractions of hydrogen to account for the
larger absorption cross-section of this species in comparison to water-bound and
iodide-bound HDO.
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5 Dynamics of water
molecules in DMSO and
acetone

We study the vibrational relaxation dynamics and the reorienta-
tion dynamics of HDO molecules in binary water-dimethylsulfoxide
(DMSO) and water-acetone mixtures with polarization-resolved fem-
tosecond mid-infrared spectroscopy. For low solute concentrations
we observe a slowing down of the reorientation of part of the water
molecules that hydrate the hydrophobic methyl groups of DMSO and
acetone. For water-DMSO mixtures the fraction of slowed-down wa-
ter molecules rises much steeper with solute concentration than for
water-acetone mixtures, showing that acetone molecules show sig-
nificant aggregation already at low concentrations. At high solute
concentrations, the vibrational and reorientation dynamics of both
water-DMSO and water-acetone mixtures show a clear distinction
between the dynamics of water molecules donating hydrogen bonds
to other water molecules and the dynamics of water donating a hydro-
gen bond to the S=O/C=O group of the solute. For water-DMSO
mixtures both types of water molecules show a very slow reorien-
tation. The water molecules forming hydrogen bonds to the S=O
group reorient with a time constant that decreases from 46±14 ps at
XDMSO=0.33 to 13±2 ps at XDMSO = 0.95. The water molecules form-
ing hydrogen bonds to the C=O group of acetone show a much faster
reorientation with a time constant that decreases from 6.1±0.2 ps at
Xacet = 0.3 to 2.96±0.05 ps at Xacet = 0.9. 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 be-
tween water and the S=O group of DMSO is much stronger than the
hydrogen bond between water and the C=O group of acetone. We
attribute the strongly different behavior of water in DMSO-rich and
acetone-rich mixtures to their difference in molecular shape.

5.1 Introduction

Both acetone and DMSO molecules are polar, amphiphilic molecules pos-
sessing hydrophobic groups in the form of two methyl-groups. Despite their

65
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apparent similarity in terms of their molecular formula, acetone and DMSO
show large differences in many of their physical properties such as the dipole
moment (µ(DMSO) = 3.96 D, µ(acetone) = 2.9 D), the dielectric constant
(ε(DMSO) = 48, ε(acetone) = 21) [68] and the phase transition temperatures
(Tmelt(acetone) = -94.5◦C, Tmelt(DMSO) = 18.5◦C, Tboil(acetone) = 56◦C,
Tboil(DMSO) = 191.6◦C) [69]. These differences likely find their origin in the
different structures of DMSO and acetone. The geometry of DMSO differs from
that of acetone due to the presence of a lone electron pair on the sulphur atom
of DMSO, causing the molecule to adapt a trigonal-bipyramidal shape, which
implies that the S=O group is tilted out of the C-S-C plane. For acetone the
C=O group is in the C-C-C plane, making the molecule essentially planar.

Aqueous solutions of both compounds have long been known to show highly
non-ideal behavior, exhibiting a strongly non-linear behavior with sample com-
position in various physicochemical properties such as the enthalpy of mix-
ing [70, 71], the viscosity [72, 73], the dielectric relaxation times [74, 75] and
the self-diffusion coefficients [76, 77]. For example, a water-dimethylsulfoxide
(DMSO) mixture with a molar fraction XDMSO = 0.33 (Xwat = 0.67) has a
freezing point of -70 ◦C [78], whereas pure water and DMSO have freezing
points of 0 and 17 ◦C. This latter property, together with DMSO’s ability to
permeate the cell wall [79], has led to its widespread use as a cryoprotective
agent in many cell-biological and medical applications [78,80–83]. At the same
time, the ability to penetrate the cell-wall has also been linked to the neurotoxic
effects of DMSO [84].

The deviation from ideal behavior indicates that the aqueous mixtures of
both compounds are strongly affected by hydrogen-bonding interactions with
water molecules. Especially for DMSO-water mixtures, evidence for strong as-
sociative interactions has been found, and the non-ideal behavior has been ex-
plained from the formation of stable DMSO-water complexes with a well-defined
stoichiometry of 1:1 or 1:2 [85–87]. The exact structure of such complexes is
still a matter of debate. Using molecular dynamics simulations, Borin and
Skaf [85] observed the prevalence of 1:2 DMSO-water complexes with both water
molecules donating a hydrogen bond to the S=O group over a large composi-
tion range, only at low water content a stronger tendency for water molecules to
bridge two DMSO-molecules via hydrogen bonds was found. Neutron diffraction
studies of water-DMSO mixtures [88] and simulation work based on molecular
dynamics [86, 87] came to similar conclusions. In contrast, electronic structure
calculations by Reiher and co-workers [89] showed that the most stable config-
uration of 1:2 DMSO-water complexes is formed by a configuration in which
the oxygen atom of the S=O group acts as a hydrogen-bond acceptor for only
one water molecule, with the second water molecule binding preferentially to
this water molecule. In recent work employing two-dimensional infrared and
optical Kerr-effect spectroscopy, Wong et al. showed that the spectral diffusion
dynamics and reorientation of water molecules are significantly affected by the
presence of DMSO, and it was suggested that the observed dynamics are linked
to the collective reorientation of solute-solvent complexes [90].

Molecular dynamics simulations and far-infrared absorption experiments
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have provided evidence that water-acetone mixtures possess a less associative
character than water-DMSO mixtures and instead tend to segregate into solute
and solvent clusters [91, 92]. A comparative neutron-scattering and molecular-
dynamics simulation study of aqueous DMSO and acetone solutions [93] came
to similar conclusions, and the differences between binary aqueous DMSO and
acetone solutions were explained from differences in the strength of the hydrogen
bonds formed between water and the solute molecules. However, other studies
found evidence for the presence of an essentially random distribution of water
molecules in acetone [94, 95].
Here, we report on a femtosecond infrared study of the hydrogen-bond dynamics
in the binary mixtures of water-acetone and water-DMSO over a wide compo-
sition range. We study the isotropic and anisotropic vibrational dynamics of
water molecules in these mixtures with molar fractions of water Xwat ranging
from 0.05 to 1, thereby covering both the situation where acetone and DMSO
act as a solute in a dilute aqueous solution (low Xsol), and the regime of high
Xsol, where acetone and DMSO act as a solvent and water molecules take the
role of the solute.

5.2 Experiment

We measure the vibrational relaxation dynamics of the OD stretch vibration of
HDO molecules in binary water-acetone and water-DMSO mixtures with molar
fractions of solute in the range Xsol = 0 - 0.95. The femtosecond pulses re-
quired for this study are generated by a series of nonlinear frequency conversion
processes that are pumped with the pulses of a commercial Ti:sapphire regen-
erative amplifier (Spectra-Physics Hurricane). The amplifier system delivers
100 fs-pulses centered around 800 nm with a pulse energy of 0.8 mJ. About
500 µJ of the amplifier output is split off to pump a white-light seeded op-
tical parametric amplifier (OPA, Spectra Physics) based on β-barium borate
(BBO), generating signal and idler pulses with a wavelength around 1333 nm
and 2000 nm, respectively. The idler pulses are frequency-doubled in a sec-
ond BBO-crystal, and the resulting pulses are used as a seed for parametric
amplification in a lithium niobate (LiNbO3) crystal pumped by the remaining
300 µJ of 800 nm pulses, leading to the generation of mid-infrared pulses with
a wavelength of 3.8 - 4 µm (2500 - 2600 cm−1) and a duration of 180 fs. The
mid-infrared pulses have a pulse energy of 7 - 9 µJ and a spectral width of ap-
proximately 115 cm−1.
The generated mid-infrared pulses are used in a pump-probe experiment as
described in Section 3.1. The samples consisted of aqueous (8% HDO:H2O)
mixtures of acetone or DMSO, and were held between two CaF2 windows sep-
arated by Teflon spacers with thicknesses ranging from 50 to 500 µm. Acetone
(≥ 99% purity, HPLC-grade) and DMSO (water-free, 99.9 % purity) were ob-
tained from Sigma Aldrich and were used without further purification.
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Figure 5.1. Linear absorption spectra of the OD-stretch region of solutions of (A)
DMSO and (B) acetone in 8% HDO:H2O for various sample compositions. The spectra
in panel (A) and (B) have been corrected for the solvent background by subtracting
the absorption spectrum of either neat H2O or a solution of H2O in DMSO or ace-
tone. The latter procedure has been applied to samples with Xsol ≥ 0.2 in order to
properly subtract resonances around 2575 - 2650 cm−1, that arise from either acetone
or DMSO molecules and the exact resonance frequency of which is sensitive to sample
composition and hence to Xsol.

5.3 Results and Discussion

5.3.1 Linear infrared spectra

In Figure 5.1 we show FTIR-spectra of the OD-stretch region of solutions of ei-
ther acetone or DMSO in 8% HDO:H2O over the whole concentration range
studied, i.e. for molar fractions of solute Xsol ranging from 0 to 0.9. For
both solutes, the width of the OD-stretch absorption band is independent of
solute concentration for Xsol ≤ 0.2, and has approximately the same value
(fwhm ≈ 155 cm−1) as for neat HDO:H2O. This observation indicates that the
dissolution of modest quantities of acetone or DMSO does not lead to a se-
vere disruption of the hydrogen-bond network of water. Increasing the molar
fraction of the solute causes a pronounced blueshift of the OD-stretch absorp-
tion band, which is generally attributed to a weakening of the hydrogen-bond
strength of water. The blueshift is accompanied by a reduction in linewidth
down to approximately 85 cm−1 and 95 cm−1 full width at half maximum at
Xsol = 0.9 for water-DMSO and water-acetone, respectively, suggesting that
the distribution of hydrogen-bond strengths in the mixtures becomes substan-
tially less inhomogeneous with increasing solute fraction. For HDO molecules
in water-acetone, the OD-stretch absorption band becomes increasingly asym-
metric with increasing acetone content, whereas for water-DMSO solutions the
band retains a Gaussian shape at all compositions.
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5.3.2 Nonlinear infrared spectra and vibrational re-
laxation dynamics

Figure 5.2 shows transient absorption spectra of the OD-stretch vibration of
HDO-molecules in aqueous DMSO (Xsol = 0.06) and acetone (Xsol = 0.05)
solutions for delay times ranging from 0.5 ps to 20 ps. The transient spectra
show a negative response that peaks around 2500 - 2510 cm−1, originating from
the bleaching of the ground state (ν = 0) and stimulated emission from the
first excited state (ν = 1) of the oscillator. The positive feature in the tran-
sient spectrum observed on the red side of the spectra originates from excited
state absorption (ν = 1 → 2). The spectra at late delay times have the shape
of a temperature-difference spectrum and result from the thermalization of the
vibrational excitation and the energy redistribution over low-frequency degrees
of freedom. We find that the data can be well described by a model in which
the excited state of the OD-stretch vibration relaxes via an intermediate state
to the heated ground state. The intermediate state is included in this model to
account for the delayed rise of the thermal signal with respect to the decay of ex-
cited state of the OD-stretch vibration. We assume that the intermediate state
has the same absorption spectrum as the ground state, meaning that its associ-
ated (differential) transient absorption spectrum equals zero at all frequencies.
Relaxation from the intermediate state to the ground state likely represents the
adaptation of the hydrogen bonding network to the dissipation of the energy of
the vibrational excitation. This model has been successful in describing the vi-
brational relaxation dynamics of the OD-stretch band in neat HDO:H2O [56,96],
and has also been successfully applied to describe the relaxation of the same
mode in aqueous solutions of small, amphiphilic solutes [97].

The results of the fits are shown in Figure 5.2(C,D). This figure shows the
vibrational relaxation time T1 of the OD-stretch vibration of HDO-molecules in
water-acetone and water-DMSO mixtures as a function of Xsol. We observe that
with increasing concentration of either solute, the vibrational lifetime increases
from 1.65 ps (Xsol = 0) to 2.66 ps at Xsol = 0.22 (water-DMSO) and to 2.55 ps
at Xsol = 0.2 (water-acetone), respectively. The gradual increase in T1 with
increasing concentration of solute agrees with the results of previous studies of
aqueous solutions of other amphiphilic molecules of comparable size, such as
tetramethylurea, proline and N-methylacetamide [98]. The vibrational lifetimes
of Figure 5.2C also agree well with the lifetimes recently reported by Wong et
al. [90].

In Figure 5.3 we show isotropic transient absorption changes of the OD-
stretch vibration of HDO-molecules with DMSO and acetone in large excess
(Xsol = 0.9). The maximum of the bleaching signal is clearly shifted to higher
frequencies, when compared to the transient spectra in Figure 5.2. The shifts
in the transient spectra of 100 cm−1 in the case of water-acetone (Figure 5.3B)
and 50 cm−1 in the case of water-DMSO (Figure 5.3A) are consistent with the
blueshifts of the OD-stretch absorption band in the linear spectra shown in
Figure 5.1(A,B). The transient spectra in Figure 5.3 show a pronounced slow-
ing down of the vibrational relaxation of the OD-stretch vibration compared
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Figure 5.2. Isotropic transient spectra of (A) water-DMSO solutions with Xsol =
0.06 and (B) water-acetone solutions with Xsol = 0.05. Open circles are datapoints
and solid lines are a fit to the model outlined in the text. Panel (C) and (D) show the
vibrational lifetimes of the OD-stretch vibration (T1-times) that have been extracted
from the fit of the model outlined in the text to the experimental datasets obtained
from water-DMSO and water-acetone mixtures, respectively. The solid lines in panel
(C) and (D) are a guide to the eye.

to Figure 5.2(A,B). The transient spectra of Figure 5.3 also show a blueshift
with increasing delay time, suggesting the presence of subensembles of HDO-
molecules exhibiting different vibrational lifetimes. In order to account for the
presence of different water species, we fit the data of Figure 5.3(A,B) with a
model that includes two excited states that relax to a common, heated ground
state. We employ this model in the analysis of all water-acetone and water-
DMSO data sets with Xsol > 0.2. The initial populations of the two excited
states are allowed to vary in the minimization routine, while the spectral am-
plitudes are constrained to be equal. This description provides an excellent
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Figure 5.3. Isotropic transient spectra of (A) water-DMSO solutions with Xsol =
0.9 and (B) water-acetone solutions with Xsol = 0.9. The open circles represent the
data points and the solid lines are a fit to the model described in the text.

description of the transient spectral data at all delay times, which shows that
the inhomogeneity of the absorption band persists within the experimental time
window of ∼10 ps. Hence, there is no rapid exchange between the water species
that are associated with the two excited states.

In Figure 5.4(A,B) the initial populations and vibrational lifetimes of the
two excited states are plotted as a function of Xsol for water-acetone and water-
DMSO solutions. The increase of the relative amplitude of the high-frequency
bands with increasing solute content, as seen in Figure 5.4A, strongly sug-
gests that the high-frequency bands represent HDO molecules forming hydrogen
bonds to the solute. Indeed in previous neutron scattering and molecular dy-
namics simulation studies a strong tendency for water molecules to bind to the
S=O groups of DMSO was found [85,88]. Likewise, we assign the high-frequency
band of OD-oscillators in water-acetone mixtures to water molecules forming
hydrogen bonds to the C=O groups. For both water-DMSO and water-acetone
the vibrational relaxation time constant of the lower frequency band varies in
the range 1.5 to 2 ps (Figure 5.4B), and is thus comparable to the relaxation
rate of the OD-stretch vibration of neat HDO:H2O. We therefore assign this
band to HDO-molecules having their OD-groups hydrogen bonded to the oxy-
gen atom of other water molecules. The relaxation time constants associated
with the high frequency bands are significantly longer and increase monoton-
ically from approximately 4 ps around Xsol = 0.3 to 8 ps at Xsol = 0.95 for
water-DMSO solutions and to 13 ps at Xsol = 0.9 for water-acetone solutions.
The relatively high frequency and slow relaxation dynamics of these bands indi-
cate that the hydrogen bonds between water and the solute are relatively weak.
The more pronounced slowing down of the vibrational relaxation together with
the stronger blueshift of C=O bound waters compared to S=O bound waters
in Figures 5.1 and 5.3 indicate that water molecules hydrating the C=O groups
of acetone form much weaker hydrogen bonds than water molecules hydrating
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Figure 5.4. Fitresults obtained from the isotropic transient absorption data of water-
acetone and water-DMSO solutions with Xsol = 0.3 - 0.95. (A) Integrated spectral
amplitude of the bleaching signal of the two components used in the fit of the isotropic
transient absorption changes ∆αiso(ω, t). (B) Vibrational relaxation times obtained
from the fit. Solid lines are a guide to the eye.

the S=O group of DMSO. This observation is in agreement with the results ob-
tained from calorimetric studies, where an excess enthalpy of mixing of about
-2.5 kJ/mol for water-DMSO solutions at XDMSO= 0.33 was reported [70].
Water-acetone mixtures were found to exhibit a maximum negative excess en-
thalpy of mixing of only -0.67 kJ/mol at Xacet= 0.15 [99].

The relative amplitude of the high-frequency band is consistently lower for
water-acetone than for water-DMSO solutions. For water-acetone solutions,
the amplitude of the low-frequency band, representing HDO molecules bound
to other water molecules, is quite large even at Xsol = 0.9 (Xwat = 0.1). For the
water-DMSO solution this amplitude strongly decreases with increasing solute
concentration, and is only 0.1 at Xsol = 0.9. This finding agrees with the linear
absorption spectra in Figure 5.1, where it is seen that the OD-stretch band of
water-acetone has a noticeably asymmetric lineshape at Xsol = 0.9, exhibiting a
shoulder on the low-frequency side around ∼ 2550 cm−1, while the OD-stretch
vibration in water-DMSO shows a nearly symmetric, gaussian lineshape.

The large differences between the amplitudes of the spectral bands of the
water-acetone and water-DMSO solutions in the range of Xsol = 0.3 - 0.95 can
be explained from the different mesoscopic structures of the solutions. Our
results suggest that in water-acetone solutions water clusters already form at
high Xsol (= low Xwat), leading to a higher fraction of water-molecules hydrogen
bonded to other water molecules and a correspondingly lower fraction of water
molecules that are hydrogen bonded to C=O. For water-DMSO solutions, the
amplitudes of the water-bound and S=O bound water molecules show a concen-
tration dependence that is to be expected in the case of homogeneous mixing,
meaning that this system will be far less (microscopically) segregated.
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For both water-DMSO and for water-acetone we find that the vibrational
relaxation of the OD stretch vibration strongly slows down with increasing
solute fraction Xsol. This slowing down of the vibrational relaxation can partly
be explained from the increased fraction of water molecules that are hydrogen
bonded to the S=O and C=O groups. These hydrogen bonds are weaker than
between water molecules, which implies that the anharmonic coupling between
the OD stretch vibration and the hydrogen bond will be weaker. In addition,
with increasing solute fraction it becomes more likely that both hydroxyl groups
of these water molecules are bonded to S=O or C=O groups, and it becomes
less likely that these water molecules accept hydrogen bonds from other water
molecules. Molecular dynamics simulations of water-acetone mixtures [91] and
water-DMSO mixtures [85, 86] showed that the number of accepted hydrogen
bonds per water molecule decreases with increasing solute fraction. The reduced
probability of water-water hydrogen bonds is expected to lead to a decrease in
the density of accepting modes of the excited hydroxyl stretch vibration, thus
causing a decrease in the relaxation rate of water molecules that are hydrogen
bonded to C=O or S=O groups, as seen in Figure 5.4B. This scenario is similar
to the one recently proposed by Wong et al. in their study on the vibrational
dynamics of water-DMSO solutions [90].

5.3.3 Water reorientation dynamics at low solute
fractions

In Figure 5.5(A,B) the anisotropy decay of the OD-stretch vibration of HDO-
molecules is presented for the composition range Xsol = 0.0 - 0.2. The data
have been corrected for the rise of the thermal end level, where we assumed the
final heated state to be isotropic. The addition of DMSO or acetone leads to the
appearance of a slow component in the decay of the anisotropy, which shows very
little decay on a timescale of 8 picoseconds. The amplitude of this component
scales with the concentration of solute. This slow component is reminiscent
of the slow reorientation component that has been observed in the anisotropy
decay of water molecules in the vicinity of hydrophobic groups [97,98]. Therefore
we assign the slow component of Figure 5.5(A,B) to water molecules hydrating
the hydrophobic methyl groups of DMSO and acetone. The anisotropy curves
can be well described by a function of the form R(t) = R1·exp(-t/τor)+R0.
In Figure 5.5(C,D) we plot the reorientation time constants that we obtain
by fitting this function to the data in Figure 5.5(A,B). For both DMSO and
acetone, the values of τor are very similar to the reorientation time constant of
2-2.5 ps of the OD-stretch vibration in neat HDO:H2O [56, 96]. This finding
indicates that the reorientation dynamics are bimodal: a fraction of the water
molecules is strongly slowed down in its reorientation by the presence of the
solute, whereas the other water molecules are essentially unaffected and exhibit
reorientation dynamics comparable to that of water molecules in neat liquid
water.

In Figure 5.6, we plot the ratio of the amplitude of the slow water frac-
tion and the total amplitude of the anisotropy, R0/R0+R1, as a function of
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Figure 5.5. Anisotropy decay of the OD-stretch vibration of HDO-molecules in (A)
water-DMSO and (B) water-acetone mixtures. The data represent an average over
40 cm−1around the center frequency of the bleach. Open circles represent experimen-
tal data points that have been corrected for the time-dependent rise of the thermal
endlevel, solid lines are fits to a function of the form R(t) = R1·exp(-t/τor)+R0. The
reorientation time constants τor obtained from the fits of the data in panel (A) and
(B) are plotted in panel (C) and (D), respectively. The solid lines in panel (C) and
(D) are a guide to the eye.

Xsol. These amplitudes have been obtained from fitting the anisotropy curves
in Figure 5.5. We find that the amplitude of the slow-water fraction of aqueous
DMSO solutions is consistently larger than the amplitude of the slow water
fraction in aqueous acetone solutions of the same Xsol. This result is surpris-
ing, since both solute molecules possess two hydrophobic methyl groups. In a
previous femtosecond infrared study, in which the orientational dynamics of wa-
ter around amphiphilic molecules with different numbers of hydrophobic groups
over a similar concentration range as in Figure 5.6 was studied, the fraction of
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Figure 5.6. Normalized amplitude of the slow water fractions obtained from the
anisotropy decays of Figure 5.5(A,B) as a function of Xsol for binary mixtures of
water and DMSO (red open circles) as well as water and acetone (blue open circles).
Solid lines are a guide to the eye.

slowed down water molecules was found to scale linearly with the number of so-
lute methyl groups [97]. The data in Figure 5.6 suggest that in aqueous acetone
solutions less water molecules are exposed to the hydrophobic methyl groups
than in DMSO solutions. This result indicates that acetone molecules tend
to aggregate already at low solute concentrations, thereby reducing the num-
ber of methyl groups interacting with water. This interpretation agrees well
with results from neutron scattering studies of an acetone-water mixture with
Xacet = 0.05 [93], and with results from molecular dynamics simulations [92].

5.3.4 Water reorientation dynamics at high solute
fractions

In Figure 5.7, we plot the decay of the anisotropy of the OD-stretch vibration
of HDO-molecules in aqueous DMSO and acetone solutions for a broad com-
position range 0.1 ≤ Xsol ≤ 0.9. The data have been obtained by averaging
over a spectral range of 70 cm−1 to 100 cm−1 of the bleaching signal of the
parallel and perpendicular transient absorption spectra. For DMSO we ob-
serve the slowest anisotropy decay in the range of XDMSO = 0.33 - 0.5. This
finding agrees with the results of several previous studies that suggested that
water and DMSO molecules can form very stable clusters in this composition
range. It thus appears likely that the maximum slow-down of water molecules at
XDMSO= 0.33 - 0.5 finds its origin in the formation of stable 1:2 DMSO-water
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Figure 5.7. (A) Normalized anisotropy decay of the OD-stretch vibration of HDO
molecules in aqueous DMSO solutions for Xsol = 0.1 - 0.95 . The data have been
averaged over a range of ∼ 70 - 90 cm−1 of the bleaching signal of the transient
absorption spectra. (B) Normalized anisotropy decay of the OD-stretch vibration of
HDO molecules in aqueous acetone solutions for Xacet = 0.1 - 0.9. The data have
been averaged over a range of ∼ 100 cm−1 of the bleaching signal of the transient
absorption spectra. The solid lines are serve as a guide to the eye.

clusters. A further increase of the DMSO concentration is observed to result in a
moderate acceleration of the anisotropy decay. It is also seen that the anisotropy
decay becomes more single exponential, i.e. less bimodal. It followed from the
isotropic data (Figure 5.4A) that for large XDMSO values the signals are dom-
inated by the response of HDO molecules bound to the S=O groups of DMSO.
Hence, in the range of XDMSO = 0.33 - 0.8, the anisotropy curves of Figure 5.7A
represent a gradual transition from the regime of hydrophobic hydration to a
regime where the hydrogen-bonding interaction with the S=O moiety of DMSO
starts to determine the anisotropy dynamics. The solute fraction at which we
observe the maximum slow-down of water molecules in water-DMSO solutions
(XDMSO= 0.33) matches very well with the composition at which theoretical
and experimental self-diffusion coefficients show a minimum [76, 85], and the
composition at which the viscosities [72] and the dielectric relaxation times [74]
show a maximum. The observation of a maximum slowing down in dynamics
at a particular composition agrees with the results obtained for the spectral dif-
fusion and reorientation dynamics of water molecules in water-DMSO mixtures
reported by Wong et al. [90].

For water-acetone mixtures (Figure 5.7B) the anisotropy decay is observed to
slow down with increasing solute concentration in the range of Xacet = 0 - 0.4,
but becomes faster again for higher Xacet. For Xacet = 0.9 the anisotropy
decay is even similar to the anisotropy decay of pure water (Xacet = 0). The
composition of water-acetone mixtures, at which we find the slowest anisotropy
decays of water molecules in Figure 5.7B (Xacet = 0.4) is somewhat different
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Figure 5.8. Anisotropy decays of water-DMSO solutions associated with the low-
and high-frequency bands of which the amplitudes and T1 time constants are shown
in Figure 5.4. Panel (A) shows the decay of the anisotropy of the OD-group of HDO-
molecules with their OD-group hydrogen bonded to other water molecules for XDMSO

= 0.33 - 0.84, and panel (B) shows the decay for HDO-molecules having their OD-
groups hydrogen bonded to the S=O group of DMSO. The anisotropy decays in this
figure have been obtained by the decomposition of the polarization resolved transient
absorption changes as outlined in the text. The solid lines in panel (B) are monoex-
ponential fits.

from the composition at which the self-diffusion coefficient of water molecules
has a minimum, which occurs around Xacet = 0.2 as determined by NMR-spin
echo experiments [77, 100].

Since the anisotropy decays are obtained from an average over the bleach-
ing signal, they represent the response of all types of water molecules in the
sample, i.e. water molecules forming hydrogen bonds to other water molecules
and water molecules forming hydrogen bonds to the S=O groups of DMSO
and the C=O groups of acetone. As these different types of water molecules
show different spectral responses, we can disentangle their contributions to the
anisotropy dynamics. We use the spectral bands that we obtained from fit-
ting the isotropic transient absorption changes ∆αiso(ω, t) of water-DMSO and
water-acetone mixtures with Xsol ≥ 0.3, to perform a decomposition of the
polarization-resolved data sets ∆α‖(ω, t) and ∆α⊥(ω, t). The resulting ampli-
tudes of the two spectral bands in ∆α‖(ω, t) and ∆α⊥(ω, t) at different time
delays are used to construct the anisotropy dynamics of the two bands. A de-
tailed outline of the procedure and exemplary spectral bands for water-bound
and S=O/C=O-bound HDOmolecules are given in the appendix of this chapter,
respectively.

For water-DMSO mixtures, the spectral response of the low-frequency band
becomes quite small at high DMSO mole fractions, as seen in Figure 5.4A, which
makes the determination of the anisotropy of the low-frequency band very noisy.
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Figure 5.9. Anisotropy decays of water-acetone solutions at Xacet = 0.3 - 0.9. Panel
(A) shows the decay of the anisotropy of the OD-group of HDO-molecules with their
OD-group hydrogen bonded to other water molecules, and panel (B) shows the corre-
sponding decay for HDO-molecules having their OD-groups weakly hydrogen bonded
to acetone. The anisotropy decays in this figure have been obtained by the decom-
position of the polarization resolved transient absorption changes as outlined in the
text. The solid lines in panel (B) are monoexponential fits.

For XDMSO ≥ 0.9 the transient absorption is dominated by the high-frequency
band and its anisotropy can still be well determined. In Figure 5.8 we present the
anisotropy decay of the low-frequency water-bound band up to XDMSO = 0.84
and the anisotropy decay of the high-frequency band up to XDMSO = 0.95.
The anisotropy RWW (t) of the low-frequency water-bound band (Figure 5.8A)
is more or less constant, which means that the water-bound water molecules
in water-DMSO mixtures show very little reorientation in the measured delay-
time interval. An analysis of the dynamics for delay times longer than 4 ps is
obstructed by the comparably short vibrational lifetime of this type of water
molecules (T1 ≈ 2 ps) and its relatively small amplitude (Figure 5.4A). The
anisotropy RWD(t) of the high-frequency S=O group bound water molecules
(Figure 5.8B) shows a slow exponential decay that becomes somewhat faster
with increasing XDMSO. The time constants of the reorientation are shown in
Figure 5.10. The time constant decreases from 46±14 ps at XDMSO = 0.33 to
13±2 ps at XDMSO = 0.95.

The results of the decomposition analysis for the water-acetone mixtures are
shown in Figure 5.9. In this figure we present the anisotropy decays RWW (t) of
water-bound HDO-molecules (Figure 5.9A) and RWA(t), the anisotropy decay
of HDO-molecules that are hydrogen bonded to the C=O groups of acetone
molecules (Figure 5.9B). RWW (t) shows only a partial decay to about 80 - 90 %
of the initial value within the first 4 ps. The results in Figure 5.9A show
that water molecules that are hydrogen bonded to other water molecules, are
strongly impaired in their reorientation. It is likely that these water molecules
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are present in the form of small water clusters, which agrees with the fact that
the vibrational lifetime of these water molecules is similar to that of neat water
(Figure 5.4). The anisotropy RWA(t) of the C=O bound water shown in Figure
5.9B is much faster than that of the S=O bound water shown in Figure 5.8B.
This difference can be explained from the fact that the hydrogen bond between
water and the C=O group of acetone is much weaker than that between water
and the S=O group of DMSO. Due to the weakness of the hydrogen bond to the
C=O group, the barrier for reorientation is low, thus making the hydroxyl group
highly mobile. This interpretation is supported by the observations that these
water molecules absorb at high frequencies and have a long vibrational lifetime
of T1 ≈ 13 ps. Both observations indicate that the hydrogen bond donated
by the O–D groups of these HDO molecules is very weak. It is seen in Figure
5.9B that the decay of the anisotropy RWA(t) significantly accelerates with
increasing acetone concentration. The time constants of the reorientation are
shown in Figure 5.10 and decrease from 6.1±0.2 ps at Xacet = 0.3 to 2.96±0.05
ps at Xacet = 0.9.

For both water-DMSO and water-acetone mixtures the anisotropy decay of
the water molecules that are hydrogen bonded to the solute becomes faster
with increasing solute concentration (Figures 5.8B and 5.9B). This acceleration
is likely due to the fact that the water molecules that donate a hydrogen bond to
the S=O group of DMSO/C=O group of acetone will become less coordinated
with other water molecules when the solute concentration increases. With in-
creasing XDMSO, the fraction of 1:1 water-DMSO complexes will increase over
the fraction of 2:1 water-DMSO complexes. As a result, the water molecule
that is hydrogen bonded to the S=O group will no longer accept a hydrogen
bond from another water molecule, which increases its orientational mobility.
It has been observed that upon addition of acetone to water the number of 4-
fold coordinated water molecules, which is the prevalent species in pure water,
is gradually reduced, and that 3- and 2-fold coordinated water molecules be-
come more prominent [91,92]. Hence, at high acetone content, water molecules
that donate a hydrogen bond to the C=O group with one hydroxyl group no
longer donate a hydrogen bond to a water molecule with their other hydroxyl
group, and no longer accept hydrogen bonds from other water molecules. As
a result, the C=O bound water molecules become more mobile, leading to an
acceleration of their reorientation.

The observed differences in vibrational relaxation and molecular reorienta-
tion dynamics of water molecules in water-DMSO and water-acetone mixtures
likely find their origin in the different molecular geometries of the DMSO and
acetone molecules. As mentioned in the introductory section, acetone adopts
an essentially planar geometry, whereas the oxygen atom of a DMSO molecule
lies outside the C-S-C plane. Additionally, the C-C and C=O bond lengths are
considerably shorter than the the C-S and S=O bonds in DMSO, respectively,
making acetone an overall more compact molecule. It is conceivable that the
specific molecular geometry of DMSO allows a water molecule to donate a hy-
drogen bond to the oxygen atom of the S=O group of DMSO with little steric
hindrance from the methyl groups. In contrast, the methyl groups of acetone
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Figure 5.10. Time constants of the anisotropy decay of water molecules hydrogen
bonded to the S=O group of DMSO as a function of XDMSO (panel A), and the time
constants of water molecules hydrogen bonded to the C=O group acetone as a function
of Xacet (panel B). The time constants are obtained from a single-exponential fit of
the data shown in Figures 5.8B and 5.9B.

might pose a significant steric barrier for the formation of hydrogen-bonds to
the oxygen atom of the C=O group, due to the planar and overall more compact
geometry of the acetone molecule.

5.4 Conclusions

We studied the vibrational energy relaxation and molecular reorientation dy-
namics of water molecules in water-DMSO and water-acetone mixtures with
polarization-resolved femtosecond mid-infrared spectroscopy. For both water-
DMSO and water-acetone mixtures we observe a slowing down of the vibrational
relaxation dynamics of the water molecules with increasing solute fraction. For
solute fractions Xsol ≥ 0.3 the transient spectra show the presence of two com-
ponents, corresponding to water molecules that are hydrogen bonded to other
water molecules, and water molecules that are hydrogen bonded to C=O or
S=O groups. The vibrational relaxation time constant T1 of the C=O/S=O
bound water molecules strongly increases with increasing solute fraction (Figure
5.4B), to 7.9 ps at XDMSO = 0.9, and to 12.7 ps at Xacet = 0.9. This increase
in vibrational lifetime can be explained from the decreased probability that the
water molecule that is hydrogen bonded to S=O/C=O is involved in hydrogen
bonds with other water molecules.

The water-DMSO and water-acetone mixtures show remarkable differences
in the reorientation dynamics of the water molecules. At low solute fractions,
we observe for both mixtures a fraction of water molecules that are strongly
slowed down in their reorientation. We attribute this slow fraction to water
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molecules that hydrate the hydrophobic methyl groups. The fraction of slow
water is much smaller for water-acetone than for water-DMSO at the same
concentration. For water-acetone the slow fraction does not exceed ∼20% of
the total number of water molecules, and this plateau value is reached already
at a solute concentration of Xacet = 0.05. This finding indicates that the acetone
molecules form clusters already at low solute concentrations. With increasing
solute fraction, the water-DMSO mixtures show a gradual transition from the
effect of hydrophobic hydration to the effect of hydrogen bonding to the S=O
group.

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 (Figures 5.9A and 5.8A). A difference between the two mix-
tures is that the amplitude of the water-bound water is much higher for water-
acetone than for water-DMSO mixtures, which indicates that water forms nano-
confined water clusters in water-acetone mixtures. The water-acetone mixtures
also contain water molecules that are weakly hydrogen bonded to the C=O
group. These water molecules show a relatively fast reorientation with a time
constant that decreases from 6.1±0.2 ps at Xacet = 0.3 to 2.96±0.05 ps at
Xacet = 0.9 (Figure 5.9B). For water-DMSO mixtures the water molecules form-
ing hydrogen bonds to the S=O group show a much slower reorientation (Figure
5.8B) 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 is due to 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.

Our observations support the notion of earlier studies that the structure of
water-DMSO mixtures is largely determined by stable DMSO:water complexes
for all mixture compositions, whereas the microscopic structure of water-acetone
mixtures appears to be highly heterogeneous, showing nano-confined acetone
clusters at low acetone concentrations and nano-confined water clusters at high
acetone concentrations. This remarkable difference between water-DMSO and
water-acetone mixtures is probably due to the difference in molecular structure
between DMSO and acetone. The larger, bent DMSO molecule offers sufficient
space for water molecules to form strong hydrogen bonds to the S=O group,
while the more compact, planar acetone molecule does not provide sufficient
space for a water molecule to form a strong hydrogen bond to the C=O group.

5.5 Appendix: Data analysis

In this section we present the kinetic model used to describe the isotropic tran-
sient absorption changes ∆αiso(ω, t) and the decomposition of the polarization-
resolved data ∆α‖(ω, t) and ∆α⊥(ω, t). When cast into matrix form, the set of
ordinary differential equations associated with the vibrational relaxation model
read as follows:
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Figure 5.11. (A) Graphical representation of the model employed to describe the
vibrational relaxation dynamics of the OD-stretch vibration of HDO molecules in
water-DMSO and water-acetone mixtures. The excited states (ν = 1) of water-bound
(WW) and solute-bound (WS) HDO molecules decay to a common heated groundstate
(ν = 0). (B) Associated spectral signatures of the excited OD-stretch vibration of HDO
molecules having their excited OD-group hydrogen bonded to other water molecules
(lower frequency band) or the SO-/CO-moiety of DMSO/acetone. The spectra have
been normalized to the maximum absolute value of the negative part of the spectra.
The spectral separation between the two types of HDO-species is about 20 cm−1 for
DMSO-water and 50 cm−1 for acetone-water.

d

dt



NWW (t)
NWS(t)
Nheat(t)


 =



−1/TWW 0 0

0 −1/TWS 0
1/TWW 1/TWS 0


 ·



NWW (t)
NWS(t)
Nheat(t)


 (5.1)

Numerical integration of the above equations yields the time dependent pop-
ulation Ni(t) of the three states included in the relaxation model. The best
values for the vibrational lifetimes of water-bound HDO molecules TWW and
solute-bound HDO molecules TWS are obtained by minimizing the target func-
tion

χ2(Ti) =
∑
k

(
∆αiso(ω, tk)−

∑n
i Ni(tk;Ti) · σi(ω)

εiso(ω, tk)

)2

(5.2)

The frequency-dependent, spectral signature of the ith states σi(ω) are found
by simultaneously finding the least-square solution to the following equation:

d

dσi(ωj)

∑
j

(
∆αiso(ωj , t)−

∑n
i Ni(t;Ti) · σi(ωj)

εiso(ωj , t)

)2

= 0 (5.3)
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where i runs over all three states involved in the model of Figure 5.11A
(n = 3).

Having obtained the spectral signatures of the excited states of water-bound
and solute-bound HDO molecules, σWW (ω) and σWS(ω) are then used to dis-
entangle the contribution from these distinct water species to the anisotropy
decays in Figure 5.7(A,B). The anisotropy decays associated with each of the
two water species individually are found by performing a decomposition of the
polarization-resolved transient absorption changes ∆α‖(ω, t) and ∆α⊥(ω, t). To
that end, we write the transient absorption changes obtained under parallel and
perpendicular polarization of pump and probe pulses as

∆α‖(ω, t) =

n∑
i=1

(1 + 2 ·Ri(t)) ·Ni(t) · σi(ω) =

n∑
i=1

Ni,‖(t) · σi(ω) (5.4)

∆α⊥(ω, t) =

n∑
i=1

(1−Ri(t)) ·Ni(t) · σi(ω) =

n∑
i=1

Ni,⊥(t) · σi(ω) (5.5)

where Ri(t) denotes the anisotropy of a given species i of water molecules,
which is assumed to have no frequency dependence, and the sum runs over all
water species contributing to the transient absorption changes. Since the heated
ground state (i = 3 ) represents a thermal difference spectrum, it is assumed to
be isotropic and not to contribute to the anisotropy decay. Therefore, the
signal contribution of the heated ground state is subtracted and the decompo-
sition is performed with the two excited states only (n = 2 in Eq. (5.4) and Eq.
(5.5)). The decomposition of the polarization resolved data sets ∆α‖(ω, t) and
∆α⊥(ω, t) with the previously obtained σWW (ω), σWS(ω) is based on finding
the least square solution to the following equation:

d

dNi,‖(tk)

∑
k

(
∆α‖(ω, tk)−

∑
i Ni,‖(tk) · σi(ω)

ε‖(ω, tk)

)2

= 0 (5.6)

The same procedure is performed for ∆α⊥. Having obtained Ni,‖(t) and
Ni,⊥(t), we can extract the anisotropy decay that reflects purely the reorienta-
tion dynamics of the ith water species:

Ri(t) =
Ni,‖(t)−Ni,⊥(t)

Ni,‖(t) + 2 ·Ni,⊥(t)
(5.7)
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6 Vibrational energy
transfer in an antifreeze
protein

We performed time- and polarization-resolved pump-probe and two-
dimensional infrared (2D-IR) experiments to study the dynamics of
the amide I vibration of a 7 kDa type III antifreeze protein. In the
pump-probe experiments, we used femtosecond mid-infrared pulses
to investigate the vibrational relaxation dynamics of the amide mode.
The transient spectra show the presence of two spectral components
that decay with different lifetimes, indicative of the presence of two
distinct amide subbands. The 2D-IR experiments reveal the coupling
between the two bands in the form of cross-peaks. Based on previous
work by Demirdöven et al. (J. Am. Chem. Soc. 126 (25), 2004),
we assign the observed bands to the two infrared-active modes α(−)
and α(+) found in protein β-sheets. The amplitudes of the cross-peak
were found to increase with delay time, indicating that the cross-
peaks originate from population transfer between the coupled amide
oscillators. The time constant of the energy transfer was found to be
6-7 ps.

6.1 Introduction

Among the various normal modes of the protein backbone, the amide I band
forms a particularly sensitive marker for secondary structural elements. The vi-
bration consists primarily of the displacement of the carbonyl group of the amide
moiety with additional contributions from CN-streching and NH-bending [101].
The latter contribution is responsible for a slight shift of the amide I reso-
nance frequency upon isotopic exchange from hydrogen to deuterium (denoted
as amide I’). Amide oscillators are known to be coupled by electrostatic inter-
actions, leading to the formation of vibrational excitons [102, 103]. Depending
on the degree of structural disorder, these excitons can be partially delocalized
over several residues of the peptide chain. Hochstrasser and coworkers were the
first to investigate the signature of the excitonic states of the amide I’ band with
nonlinear infrared spectroscopy [30]. They found that vibrational excitations
are delocalized between coupled sets of amide oscillators over a length of ∼ 8 Å.

85



�

�
“thesis” — 2015/10/5 — 12:09 — page 86 — #86 �

�

�

�

�

�

86 Vibrational energy transfer in an antifreeze protein 6.2

Over the past years, twodimensional infrared (2D-IR)-spectroscopy has become
an extremely valuable tool for the study of the amide I’ vibration of proteins and
peptides, owing to its sensitivity to fast dynamics occuring on femto- to picosec-
ond timescales. Most 2D-IR-studies have focussed on the analysis of lineshapes
and coupling patterns, and many insightful observations about the structure and
the conformational dynamics have been obtained [15,16,104–109]. In combina-
tion with theoretical modeling and residue-specific isotope labeling, mechanistic
models and structure-function relationships have been devised for systems as
complex as the M2 proton channel [104,108], membrane-associated peptides [16],
and dimers of transmembrane helices [109] based on 2D-IR-spectra. The afore-
mentioned studies have mainly been performed for a fixed timing of the pulses
in the 2D-IR-pulse sequence, and relatively few studies have focussed on the
dynamics of the amide mode [3,110–112]. In a recent study by Middleton et al.
it was found that the vibrational lifetime of the amide I’ mode is correlated with
the degree of structural disorder [110]. Hamm and coworkers have observed the
breaking and reformation of hydrogen bonds between the amide groups of N -
methylacetamide and the hydroxyl groups of methanol [111]. The same group
has also studied the energy transfer dynamics between the amide oscillators of
small peptides embedded in different environments [3, 112].
In this paper, we report on a study of the response of the amide I’ vibration of a
67-residue type III antifreeze protein (AFPIII) from ocean pout (macrozoarces
americanus) with linear- and nonlinear infrared spectroscopy. Antifreeze pro-
teins are a class of proteins that are found in the body fluids of organisms that
need to survive at sub-zero temperatures and are known to act as cryopro-
tectants by lowering the freezing point of aqueous solution with respect to the
melting point [113]. We have applied polarization-resolved infrared pump-probe
experiments using femtosecond pulses to the study of vibrational relaxation dy-
namics, and in addition performed delay-dependent 2D-IR-experiments using
narrowband excitation pulses to obtain insight into the energy transfer dynam-
ics of the amide I’ band of AFPIII. The results strongly suggest the presence of
intramolecular β-sheets in agreement with the X-ray crystal structure, demon-
strating the sensitivity of 2D-IR for flexible structural elements invisible by
commonly employed spectroscopic tools to probe protein structure in solution
such as circular dichroism spectroscopy [114–116].

6.2 Experimental section

Nonlinear infrared spectroscopy

We use femtosecond mid-infrared spectroscopy to measure the vibrational re-
laxation dynamics of the amide I’ vibration of 1.4 mM solutions of AFPIII dis-
solved in a D2O-buffer (containing 150 mM NaCl, 20 mM tris(hydroxymethyl)
aminomethane). D2O is used instead of H2O to avoid the absorption of the
mid-infrared pulses by the bending mode of H2O. The mid-infrared femtosec-
ond pulses required for this study are generated by a series of nonlinear fre-
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quency conversion processes that are pumped with the pulses of a commercial
Ti:sapphire regenerative amplifier (Coherent Legend Elite Duo) as described
in Chapter 3. To avoid absorption of the infrared pulses by ambient air, the
setup is purged with nitrogen during the experiment. The pulse length at the
sample position was determined by two-photon-absorption in an InAs-wafer and
inferred to be ∼100 fs. We use the mid-infrared pulses in a polarization resolved
pump-probe experiment as described in Section 3.1.

Relaxation of the initially excited amide I’ oscillators as well as direct absorp-
tion of the pump light by the high-frequency shoulder of the D2O-band centered
at 1500 cm−1lead to the rise of a thermal signal in the pump-probe spectra.
In order to describe the kinetics of this process in a model-free approach, we
have measured the pump-induced shift of the OD-stretch band using a sec-
ond, independently tunable optical paremtric amplifier in combination with a
AgGaS2-based difference frequency generation scheme, generating probe pulses
in resonance with the shoulder of the OD-stretch absorption band of the solvent
(∼ 2200 cm−1). The pump pulse remains tuned to the amide I’ vibration. The
kinetics obtained from this experiment are used to subtract the time-dependent
thermal signal from the pump-probe data set prior to further analysis. In this
procedure, we have implicitly assumed that the time-dependence of thermal ef-
fects is identical for all modes in the sample.
In addition, we perform two-dimensional infrared (2D-IR) experiments as de-
scribed in Section 3.2. During all experiments, the samples were held between
two CaF2 windows separated by Teflon spacers with a thickness in the range
between 25 and 50 µm. The temperature of the sample was set by a thermo-
electric module and actively stabilized over the course of the experiment by a
programmable temperature controller (PTC 10, Stanford Research Systems),
driven by in-house designed software. In the experiments below 8◦C, the sam-
ples were rotated during the measurement to ensure that each laser shot probes
a fresh portion of the sample so as to avoid steady-state heating in the focus.

6.3 Experimental results and interpretation

6.3.1 Isotropic transient spectra

Figure 6.1 shows the transient absorption changes of the amide I’ band of
AFPIII. The spectrally broad excitation pulses used in this experiment have
sufficient bandwidth to cover the entire amide I’ absorption band. The spec-
tra show a negative response that peaks at 1640 cm−1, originating from the
bleaching of the ground state (ν = 0) and stimulated emission from the first
excited state (ν = 1) of the amide I’ mode. The positive feature in the tran-
sient spectrum observed at frequencies < 1620 cm−1 originates from excited
state absorption (ν = 1 → 2). The signal at delay times > 20 ps has a flat
and featureless shape (not shown here) and originates from the shift of the
solvent background due to heating. The contribution from this signal has been
subtracted from the data in Figure 6.1 as outlined in the experimental section.
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Figure 6.1. 1D-pump-probe data of AFPIII obtained under broadband excitation.
The sample thickness used in the experiment was 50 micron. The open circles represent
the data points after subtraction of the time-dependent rise of the thermal signal. The
solid lines represent a fit to the model outlined in the text. The inset shows the linear
absorption spectrum of the sample after subtraction of the solvent background.

It is worth noting the difference in spectral shapes between the linear absorp-
tion spectrum of AFPIII shown in the inset of Figure 6.1 and the nonlinear
pump-probe spectrum. In the FTIR-spectrum, the amide I’ band appears
as a nearly Gaussian-shaped absorption line without shoulders or sidelobes.
The slight asymmetry might in fact be caused by imperfect subtraction of the
solvent background. In contrast, the bleaching signal of the transient spectra in
Figure 6.1 exhibits a clear additional shoulder around 1670 cm−1, which is not
observed in the linear spectrum. The difference in intensity distribution can
be understood from the dependence of the signal amplitude on the absorption
cross-section, which is linear in the case of the FTIR-spectrum, but scales
quadratically with the absorption cross-section in the pump-probe spectrum.
In Figure 6.2 we plot the isotropic transient absorption changes obtained from
the broadband excitation experiments at four different detection frequencies.
To avoid any unwanted contributions arising from coherent coupling between
pump- and probe pulses during the time-overlap of the pulses [31, 32] or per-
turbed free induction decay effects [33, 34] (see Section 2.4.2), we analyze the
population relaxation only after a pump-probe delay of 300 fs. The data
have been normalized to the maximum signal to facilitate a comparison of the
dynamics. The population decay of the amide I’ vibration has a pronounced
frequency dependence, which points at the presence of more than one sub-
ensemble of amide oscillators within the absorption band. We find the decay to
slow down with increasing frequency, which is consistent with the observation
of a blue-shift of the transient spectrum in Figure 6.1 with increasing delay
time. We describe the data set ∆α(ω, t) with a model that contains two excited
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Figure 6.2. Transient absorption change obtained under broadband excitation condi-
tions at different detection frequencies. The data have been normalized to the signal
at 300 fs. Open circles represent the data points obtained after subtraction of the
thermal signal as described in the text. The solid lines represent the fit of the kinetic
model outlined in the text, and the inset shows the spectral signatures σA and σB of
the excited states obtained with the fit.

states decaying with different lifetimes to a common ground state. The spectral
signatures of the excited states that we extract from the fit are depicted in the
inset of Figure 6.2. We find the lower-frequency component of the spectrum to
decay with a lifetime of Ta

1 of 1.09 ps, whereas the high frequency component
exhibits a longer lifetime Tb

1 of 3.21 ps. The details of the fitting procedure are
described in section 6.3.2.
More detailed information on the structural origin of the two components can
be obtained from a two-dimensional infrared spectroscopic (2D-IR) experiment,
in which the coupling between different sets of amide modes reveals itself in the
form of crosspeaks. As outlined in Section 3.2, we have implemented 2D-IR-
spectroscopy in the form of a hole-burning experiment, in which we make use
of tunable, spectrally narrow excitation pulses in combination with broadband
probing pulses [3, 30, 37, 117]. In Figure 6.3 we show 2D-IR-spectra obtained
at delays of 1 ps (Figure 6.3A) and 2 ps (Figure 6.3B) measured with a probe
pulse with a polarization perpendicular to that of the pump. The negative
bleaching/stimulated emission signal shows a pronounced elongation along the
diagonal in both spectra. This correlation between excitation and probing
frequency reflects inhomogeneous broadening, which is static on the timescales
shown here (1-2 ps). In addition, we observe a ridge in the negative signal
above the diagonal at ωprobe = 1670 cm−1, which becomes more pronounced
with increasing delay time (Figure 6.3B).
To visualize the time-evolution of the spectrum, we plot in Figures 6.3C

and 6.3D cuts through the 2D-IR-spectrum at excitation frequencies of
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Figure 6.3. 2D-IR-spectra of the amide I’ region of AFPIII, obtained at a delay time
of (A) 1 ps and (B) 2 ps measured with perpendicular polarization of the pump- and
probe pulses. The spectra have been generated from a series of narrowband excitation
experiments with 12 different pump positions. Negative absorption signals are depicted
as blue, positive absorption signals in red. The contours are equally spaced between
+70% and -70% of the maximum bleaching signal. (C,D) Cuts through the isotropic
part of the 2D-IR-spectrum for excitation frequencies ωpump = 1630 cm−1 (C) and
ωpump = 1670 cm−1 (D), normalized to the minimum of bleaching signal. The inset in
(C) shows the delay traces of the diagonal peak (ωprobe = 1630 cm−1, blue symbols)
and the off-diagonal signal (ωprobe = 1670 cm−1, red symbols) for ωpump = 1630 cm−1.
The off-diagonal signal is magnified by a factor of 9 for clarity.

ωpump = 1630 cm−1 and ωpump = 1670 cm−1 at delay times ranging from
0.6 ps to 4 ps, normalized to the minimum of the bleaching signal. The thermal
level has been subtracted in the same way as described above for the exper-
iments under broadband excitation. Upon excitation of the amide oscillators
at either frequency positions, a delayed rise of a bleaching signal is seen in
the off-diagonal region, pointing at the presence of rising crosspeaks in these
regions of the 2D-IR-spectrum. The inset in Figure 6.3C shows the delay traces
at ωprobe = 1630 cm−1 (diagonal signal) and ωprobe = 1670 cm−1 (off-diagonal
signal). The plot clearly shows that the off-diagonal signal peaks at a later
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Figure 6.4. FTIR difference spectra of the amide I’ band of AFPIII for different
temperatures. The spectra have been obtained by first subtracting a spectrum of
the solvent measured at the same temperature from the raw absorption spectrum of
the sample, and subsequently taking the difference spectra between the background-
corrected absorption spectra of AFPIII. The sample thickness in this experiment was
50 µm.

delay time than the diagonal signal, and that both signals decay with differ-
ent lifetimes. The signal at ωprobe = 1670 cm−1 must therefore constitute a
cross-peak that likely results from the exchange of population with the directly
excited amide oscillators. In Figure 6.3D, the rise of a bleaching signal in the
region ωprobe= 1630 - 1660 cm−1 is observed. The bleaching signal is partially
compensated by the positive-valued induced 1→2 absorption. The rise of this
off-diagonal bleaching signal results from population transfer from the directly
excited mode at 1670 cm−1 to amide oscillators at lower frequencies.
To exclude the possibility that the delayed rise of the off-diagonal signals in
Figure 6.3(C,D) originates from a local, transient heating effect resulting from
thermalization of the vibrational relaxation, we have studied the influence of
a temperature increase on the amide I’ band by measuring solvent-corrected
temperature-difference absorption spectra. From these difference spectra shown
in Figure 6.4 it is apparent that an increase in temperature leads to a blueshift
of the amide I’ band, which is accompanied by a decrease in absorption cross-
section. In the transient absorption spectrum, a temperature increase would
thus lead to a bleach in the frequency region from 1620 cm−1 to 1660 cm−1

and an induced absorption in the region >1660 cm−1. This is in contrast to the
observations of Figure 6.3C, where the delayed rise of a bleaching signal in the
frequency region of ωprobe >1660 cm−1 is clearly seen. The bleaching nature
of this signal excludes the possibility that it originates from a local increase in
temperature and strongly supports our assignment of the off-diagonal dynamics
to the population transfer from directly excited amide modes at 1630 cm−1 to
amide oscillators at higher frequencies.
Recently, a systematic study of the 2D-IR-spectroscopic signatures of differ-
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Figure 6.5. Rate model employed to fit the isotropic pump-probe data set
∆αiso(ω, t). The rates of population transfer between the two excited states are
constrained by the detailed balance condition kA→B/kB→A= e−∆E/kT . The explicit
expression for the rate equations are given in the appendix of this chapter.

ent structural elements of proteins and peptides has been performed by the
Tokmakoff-group [105]. In this study, it was shown that the two infrared-active
vibrational modes associated with antiparallel β-sheet elements, denoted as
α(+) and α(−), are strongly coupled and give rise to a distinct cross-peak in
the 2D-IR-spectrum. Based on this work, we assign the two components that
we observe at ω ≈ 1630 cm−1 and ω ≈ 1670 cm−1 in the 2D-IR-spectra of
AFPIII to the α(−) - and α(+) - modes of β-sheets, respectively. The α(+)
and α(−) are collective modes that consist primarily of the in-phase move-
ment of amide I’-oscillators on adjacent strands, leading to a delocalized mode
with a transition dipole moment perpendicular to the direction of the β-strands
(α(−)), and the in-phase movement of neighboring oscillators within one strand
(α(+)), forming a mode with a transition dipole moment approximately parallel
to the strands. The character of these modes is illustrated in Figure 6.9B.

6.3.2 Kinetic modeling of the exchange

With the findings in the previous paragraph in mind, we return to the kinetic
analysis of the broadband pump-probe data. To account for the energy transfer
within the amide I’ absorption band that was observed in the 2D-IR-spectra,
we employ a kinetic model that is outlined schematically in Figure 6.5 to fit the
isotropic pump-probe data set ∆αiso(ω, t). We assume that the data set can be
described by the product of the time-dependent populations Ni(t) of the states
involved in the relaxation scheme and their associated spectral signatures σi:

∆αiso(ω, t) = NA(t) · σA +NB(t) · σB +N0(t) · σ0 (6.1)

The subscripts A, B and 0 denote the two excited states included in the
model of Figure 6.5 and the groundstate, respectively. It should be noted that
the spectra σi represent difference spectra with the absorption spectrum of
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Figure 6.6. Rate constants obtained from a fit of the isotropic data set ∆αiso(ω, t)
to the model of Figure 6.5 for different sample temperatures between 2 and 20◦C.
Both the vibrational relaxation rates kA = 1/TA

1 and kB = 1/TB
1 of the two amide I’

subbands as well as the exchange rate kB→A show only minor variation with temper-
ature.

the ground state. At later delay times, the transient spectrum will be formed
by a thermal difference spectrum representing the change in absorption of the
groundstate induced by the thermalization of the vibrational excitation. How-
ever, this contribution is already eliminated by the subtraction of the rising
thermal difference spectrum from the data set as outlined in the experimen-
tal section. From a least-square fit, we find a rate of energy transfer from the
higher-lying state to the lower-energy state of kB→A= (7.1 ± 0.2 ps)−1 and
rates of relaxation to the groundstate of kA = 1/TA

1 = (1.09 ± 0.01 ps)−1 and
kB = 1/TB

1 = (3.21 ± 0.07 ps)−1. Figure 6.6 shows the temperature depen-
dence of the rate constants obtained from the least-square fit, ranging from 2 to
20◦C. We find that the exchange rate kB→A as well as the vibrational relaxation
rates kA and kB are essentially temperature independent over the investigated
range. The associated spectral signatures of the excited states σA and σB that
we extract from the fit are depicted in the inset of Figure 6.2.

We employ the rate constants outlined above to perform a model calcu-
lation of the time-evolution of the 2D-IR-spectrum. The results of these cal-
culations are presented in Figure 6.7 for two different excitation frequencies
of ωpump = 1630 cm−1 and ωpump = 1670 cm−1. The calculated spectra are
to be compared with the experimental data in Figure 6.3(C,D). The calcula-
tions are based on fitting the isotropic transient spectra at an early delay time
(τ = 0.6 ps) obtained for ωpump = 1630 cm−1 and ωpump = 1670 cm−1 with
a sum of Lorentzians and subsequently calculating the time evolution of these
two components with the kinetic model and the rate constants outlined in the
previous paragraphs. The peak positions and the linewidths of the Lorentzians
are presented in Table I. The spectra obtained for ωpump = 1630 cm−1 are in
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Figure 6.7. Calculated delay-time dependence of cuts through the 2D-IR-spectrum
for excitation frequencies of (A) ωpump = 1630 cm−1and (B) ωpump = 1670 cm−1. The
results are directly to be compared with the experimental data in Figure 6.3(C,D).

excellent agreement with the transient spectra in Figure 6.3C. The delayed rise
of the bleaching signal in the range of ωprobe = 1640 - 1680 cm−1 as well as the
small blueshift of the induced absorption signal with increasing delay time are
well reproduced. It should be noted that also the initial increase and subsequent
decay of the induced absorption signal with a maximum at intermediate delay
times (τ = 2.5 ps, yellow curves in Figures 6.3C and 6.7A) is well reproduced
by our model. The agreement of the calculations for ωpump = 1670 cm−1 in
Figure 6.7B with the experimental data of Figure 6.3D is less good, but the
main features and trends of the time-dependent transient spectra can be re-
produced. The transient redshift of the induced absorption and the rise of the
bleaching signal in the region of ωprobe = 1640 - 1665 cm−1 is accounted for by
the calculations, albeit that the latter feature is less pronounced in the calcu-
lations than in the experimental data. The overall less good agreement of the
model calculations with the experimental data for ωpump = 1670 cm−1 than for

ωpump ν1 fwhm sign ν2 fwhm sign ν3 fwhm sign
1630 1618.5 26.3 pos. 1628.0 28.1 neg.
1670 1624.5 26.0 pos. 1647.6 32.1 neg. 1675.3 13.4 neg.

Table I. Parameters used for the calculation of delay-time dependence of the nar-
rowband excitation spectra (cuts of the 2D-IR-spectrum along ωprobe for ωpump =
1630 cm−1 and 1670 cm−1) shown in Figure 6.7. The parameters have been obtained
from a fit of a sum of Lorentzian lineshape functions to the transient spectra in Figure
6.3(C,D) at earliest delay times (0.6 ps). νi and fwhmi denote the center frequency
and the full-width at half maximum of the Lorentzian functions, respectively, and
are given in cm−1. The sign indicates whether the signal originates from a bleach
(negative) or an induced absorption (positive).
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Figure 6.8. (A) Anisotropy decays obtained from a decomposition of the polarization-
resolved broadband pump-probe data sets ∆α‖(ω, t) and ∆α⊥(ω, t). (B) Anisotropy
decays of the diagonal signal of the 2D-IR-spectrum for narrowband excitation
ωpump = 1630 cm−1 and ωpump = 1670 cm−1. The solid lines are exponential fits
to the data.

ωpump = 1630 cm−1 might be due to the presence of additional spectral equili-
bration after narrowband excitation at 1670 cm−1, which is not included in the
present model. The narrower width of the bleaching signal immediately after
excitation at 1670 cm−1 (τ = 0.6 ps in Figure 6.3D) when compared to the
initial bleach after excitation at 1630 cm−1 (τ = 0.6 ps in Figure 6.3C) suggests
that a slow spectral diffusion process affects the time-evolution of the transient
spectra stronger in the case of excitation of the α(+)-band at 1670 cm−1, for
which a narrow spectral hole of ∼10 cm−1 is burned, than in the case of pumping
at 1630 cm−1, where the initial bleach has a width of approximately 20 cm−1.

6.3.3 Anisotropy dynamics of the pump-probe experi-
ments

The spectral signatures can be used together with the polarization-resolved data
sets ∆α‖(ω, t) and ∆α⊥(ω, t) to construct the time-dependent anisotropy de-
cays for both individual bands by using the approach described in the appendix
of Chapter 5 (Eqs. (5.4)-(5.7)). The anisotropy curves obtained in this way are
shown in Figure 6.8. We find that the anisotropy curve of the high-frequency
band RB(t) exhibits a large drop within the first 500 fs, leading to an almost
complete decay. In contrast, the anisotropy of the low-frequency band, RA(t),
shows a much slower decay on a time-scale of several picoseconds. We find that
the decay of RA(t) can be well described by a single exponential with a decay
rate of 1/τ = (5.5 ps)−1.
In Figure 6.8B we show the anisotropy decays of the diagonal signals of the
2D-IR-spectrum. Interestingly, neither of the anisotropy curves in Figure 6.8B
shows a similar rapid decay as observed for the RB(t)-curve in Figure 6.8A.



�

�
“thesis” — 2015/10/5 — 12:09 — page 96 — #96 �

�

�

�

�

�

96 Vibrational energy transfer in an antifreeze protein 6.4

Instead, both curves decay on a timescale comparable to RA(t) in Figure 6.8A.
The different dynamics of the anisotropy decays in broadband pump-probe ex-
periments compared to 2D-IR-experiments has its origin in the exchange of
population between the two modes considered in our model. In the 2D-IR-
experiment, the spectrally selective excitation pulse creates population in only
one of the excited states. The excited state population can either decay to the
ground state (T1-relaxation) or transfer population to the other mode (cross-
relaxation). Both processes lead to a decay of the isotropic pump-probe signal
of the initially excited mode, i.e. of the diagonal signal in the isotropic 2D-IR-
spectrum, while at the same time leaving the anisotropy of the signal unaffected.
The anisotropy of each probed amide I’ vibration can only decay due to molec-
ular reorientation, or if another excited vibration with a different orientation,
i.e. the other amide I’ mode, changes its character (frequency) to that of the
probed vibration.
The situation outlined above for the narrowband-excitation 2D-IR experiments
contrasts the situation encountered in the pump-probe experiments with broad-
band excitation pulses. The spectrally broad pump-pulse generates excited state
population in both modes, with the ratio of population in the ν = 1-states be-
ing determined by the cross-sections of the two modes. The excitation of both
modes enables the exchange of population between the two excited, differently
oriented amide I’ modes, thereby opening up an efficient loss-channel for the
anisotropy. Considering that the cross-section of the lower-frequency band σA

is higher than that of σB , mode A will be more strongly excited than mode B.
As a result, the exchange will have a much stronger effect on the anisotropy of
mode B that on the anisotropy of mode A, thus likely causing the observed fast
decay in the anisotropy curve RB shown in Figure 6.8A.

6.4 Discussion

The splitting of the amide I’ band and the accompanying formation of cross-
peaks in the 2D-IR-spectrum is highly characteristic for antiparallel β-sheets
[105,118]. Structurally disordered segments do not feature this distinctive line-
shape behaviour. Therefore the two amide I’ modes as observed in our ex-
periment appear to be dominated by β-sheet character, thus supporting an
assignment to α(−)- and α(+)-modes. The prevalence of β-sheet character in
the amide I’ response is in agreement with the crystal structure of AFPIII that
has been determined by Anston et al. [115] and is shown in Figure 6.9A. Never-
theless, in view of the structure of AFPIII proteins it is likely that one or even
both of the spectral components obtained in the analysis (inset of Figure 6.2)
contains a contribution from random coil elements of the protein [114–116]. It
should be noted that, in case the amide oscillators in random coil or α-helical
segments exhibit vibrational lifetimes very similar to either the α(-) or α(+)
mode, an unambiguous distinction solely based on a kinetic analysis is not pos-
sible. The high-frequency band (blue curve) shown in the inset of Figure 6.2 has
a non-negligible amplitude around 1650 cm−1, which likely originates from the
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amide I’ vibrations of random coil/helical elements, that show a similar lifetime
as the α(+) mode.

A

1

2

3
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Figure 6.9. (A) Crystal structure of type III AFP determined by Antson et al. [115]
(pdb-code 1HG7). The strands of the β-sheets are represented in red, random coil
elements in blue and helices in yellow. (B) Schematic representation of the infrared-
active collective vibrations of antiparallel β-sheets according to Ref. [105]. Red arrows
indicate the direction of the transition dipole moment of the amide I’ mode of the
individual peptide moieties 1 to 4. Both the α(−) and α(+) modes correspond to
the out-of-phase stretching movement of the (1,4) and (2,3) pairs of amide oscillators
on adjacent β-strands. The α(+)-mode is associated with the in-phase movement of
neighboring oscillators (pairs (1,3) and (2,4), respectively), whereas the α(−)-mode
corresponds to the out-of-phase movement of these oscillators.

In a simulation study of the 11-residue β-hairpin peptide trpzip2, Jansen
and Knoester found population transfer between the α(−)- and α(+)- modes
of β-sheets [119], but in this study the transfer rate was found to be approxi-
mately a factor of 10 larger than in the present study. The value of (7.1 ps)−1

we find for the exchange rate of AFPIII is in good agreement with the cross-
relaxation rates of (5.26 ps)−1 measured by Woutersen et al. for tri-alanine [3].
In this latter study, the energy transfer dynamics were found to be completely
determined by a sub-picosecond component in the correlation function of the
fluctuating coupling between the amide oscillators. It is thus conceivable that
the cross-relaxation between the α(−) and α(+)-modes in AFPIII results from
fast conformational fluctuations of the β-sheets of the protein. We measured
the temperature dependence of the exchange rate over an interval from 2◦C
to 20◦C, and found the exchange rate to vary only within the experimental
uncertainty. This observation implies that the protein backbone remains rel-
atively flexible over the investigated temperature range, even at temperatures
approaching the freezing point of the solvent. This notion of highly flexible
β-sheets is supported by the absence of detectable secondary structure in circu-
lar dichroism spectroscopy, while the X-ray diffraction structure of flash-frozen
crystals with strongly suppressed dynamics reveals two β-sheets, a β-bridge,
and two 310-helices [114–116]
In the case of broadband pumping, the anisotropy of α(+) shows a very fast
decay that we can explain from the energy transfer between the α(−) and α(+)



�

�
“thesis” — 2015/10/5 — 12:09 — page 98 — #98 �

�

�

�

�

�

98 Vibrational energy transfer in an antifreeze protein 6.5

modes. Similar subpicosecond decays of the anisotropy have been observed be-
fore in infrared pump-probe experiments on the peptides apamin, scyllatoxin
and bovine pancreatic inhibitor [30]. In line with our interpretation, these fast
decays have been assigned to energy transfer within the amide I’ vibrational
manifold [30]. In the case of narrowband excitation, the anisotropy dynamics
of both the α(−) and the α(+) mode are quite slow because the transfer be-
tween these modes will negligibly contribute to the anisotropy decay. In the
experiments of Figure 6.8B only either of the two modes gets excited, and to
get an effect of energy transfer on the anisotropy the energy should not only
be transferred to the unexcited mode but also back to the excited mode, which
makes this contribution rather unimportant. The observed slow decay of the
anisotropy can be ascribed to either molecular reorientation or to energy trans-
fer between different modes α(−) or between different modes α(+). The first
option can be ruled out in the present case considering the size of the protein
and the relatively fixed orientation of the amide moiety in the peptide chain.
The second option of energy transfer between different modes α(−)/α(+) im-
plies that there is a coupling between the modes leading to an excitonic manifold
of delocalized α(−) states and an excitonic manifold of delocalized α(+) states.
When either of the bands is excited, a set of excitonic states is populated that
initially interferes constructively to an excited state for which the transition
dipole moment is well aligned with the polarization of the pump pulse. The
subsequent quantum interference and dephasing of the excitonic states will lead
to a change of the orientation of the transition dipole moment and thus to a
decay of the anisotropy. This type of quantum interference and dephasing has
been discussed in Ref. [30] for the amide I modes of several other peptides, and
also for the case of coupled electronic states in Ref. [33]. The interpretation of
the anisotropy decay of Figure 6.8B in terms of dephasing of an excitonic man-
ifold of α(−)/α(+) states is further corroborated by inspection of the width of
the spectral hole that is burned into the amide I’ absorption band upon excita-
tion with a narrowband pump pulse. A fit of a Lorentzian lineshape function
to the spectral hole obtained upon excitation of the α(+)-mode at 1670 cm−1

in Figure 6.3D yields a full width at half maximum (fwhm) of approximately
12 cm−1. This value is comparable to the bandwidth of the excitation pulse
(∆νfwhm ≈ 10 cm−1), which implies that the dephasing time of the a(+)-states
must occur on a timescale that is significantly longer than the duration of the
excitation pulses. Previous work showed that the dephasing of excitonic amide
I modes typically takes place with a time constant T2 ≈1 ps [16, 30, 120], thus
making it indeed plausible that excitonic dephasing can lead to a decay of the
anisotropy on a time scale of picoseconds, as observed in Figure 6.8B.

6.5 Conclusions

We have shown that the vibrational relaxation of the amide I’ band of a type III
antifreeze protein shows a pronounced frequency dependence, originating from
the presence of two distinct amide I’ bands with lifetimes of 1.09 ± 0.01 ps



�

�
“thesis” — 2015/10/5 — 12:09 — page 99 — #99 �

�

�

�

�

�

6.6 Vibrational energy transfer in an antifreeze protein 99

and 3.21 ± 0.02 ps. From a twodimensional spectroscopic experiment, it was
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 ob-
served components to the α(−) and α(+)-modes of β-sheets. The influence of
population exchange between the modes was found to have a large impact on the
anisotropy dynamics obtained under broadband excitation conditions, whereas
the anisotropy dynamics of narrowband-pump experiments are rather insensi-
tive to this aspect. The population exchange is likely enabled by the fast, (sub-)
picosecond conformational fluctuations of the β-sheets. The exchange rate con-
stant 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). This notion is corroborated by the ab-
sence of detectable secondary structure in circular dichroism spectroscopy, while
the X-ray diffraction structure of flash-frozen crystals with strongly suppressed
dynamics reveals two β-sheets, a β-bridge, and two 310-helices.

6.6 Appendix: Rate equations

The rate equations describing the time-dependent populations of the three states
included in the model schematically depicted in Figure 6.5 can be written in
matrix form as

d

dt



NA(t)
NB(t)
N0(t)


 =



−kA − kA→B kB→A 0

kA→B −kB − kB→A 0
kA kB 0


 ·



NA(t)
NB(t)
N0(t)


 (6.2)

The rate equations are integrated numerically and the rates of vibrational relax-
ation to the ground state kA = 1/T1a and kB = 1/T1b and the rate of population
transfer kA→B= 1/TA→B are varied in a least-square minimization of the tar-
get functions Eqs. (5.2) and (5.3) given in the appendix of Chapter 5 until the
best agreement with the experimentally obtained isotropic transient absorp-
tion changes ∆αiso are obtained. The rate of energy transfer in the reversed
direction is constrained to obey the detailed balance condition kA→B/kB→A=
e−∆E/kT where k, T and ∆E denote Boltzman’s constant, the sample temper-
ature in Kelvin and the energy gap between the two coupled amide modes of
∼ 35 cm−1.
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7 Structure and dynamics of
a salt-bridge model system

We study the interaction between the ions methylguanidinium and
trifluoroacetate dissolved in D2O and dimethylsulfoxide (DMSO)
with linear infrared spectroscopy and femtosecond two-dimensional
infrared (2D-IR) spectroscopy. These ions constitute model systems
for the side groups of arginine and glutamic and aspartic acid that
are known to form salt bridges in proteins. We find that the salt-
bridge formation of methylguanidinium and trifluoroacetate leads to
a significant acceleration of the vibrational relaxation dynamics of
the antisymmetric COO stretching vibration of the carboxyl moi-
ety of trifluoroacetate. Salt-bridge formation has little effect on the
rate of the spectral fluctuations of the CN stretching vibrations of
methylguanidinium. The anisotropy of the cross peaks between the
antisymmetric COO stretching vibration of trifluoroacetate and the
CN stretching vibrations of methylguanidinium reveals that the salt-
bridge is preferentially formed in a bidentate end-on configuration
in which the two C=O groups of the carboxylate moiety form strong
hydrogen bonds with the two ND2 groups of deuterated methylguani-
dinium.

7.1 Introduction

Salt bridges are an ubiquitous structural motive in proteins formed between
amino acids with a basic side chain (histidine, lysine or arginine), which are
protonated at physiological pH conditions and hence bear a positive charge,
and amino acids with an acidic side chain (aspartic/glutamic acid), which are
deprotonated and hence bear a negative charge under all but the most acidic
conditions. It has long been believed that the favorable coulombic interaction
between the charged side chains would generally contribute to energetically
stabilize the folded state of a protein over an unfolded state. However, this
assumption has been challenged by the discovery of an energetically unfavor-
able salt bridge network in the Arc repressor protein [121]. Since then, other
possible roles for salt bridges have been discussed. A recent study showed for
example that the presence for geometrically optimized salt bridges can speed
up the folding of α-helical peptides [122], which has led the authors to specu-
late if salt bridges might be involved in stabilizing intermediate or transition

101
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states during the folding process, rather than the fully folded state of a peptide.
Salt bridge interactions are often studied using model systems. Acetate is often
used to mimic the natural amino acids glutamic acid (Glu) and aspartic acid
(Asp), which both bear a carboxylate group in their side chain. The guani-
dinium cation forms a good model system for the naturally occurring amino
acid arginine (Arg), which bears a guanidinium moiety in its side chain.
Deuterated guanidinium and guanidinium-like moieties are strong infrared ab-
sorbers in the region of 1600 cm−1 due to a mode that has mainly asymmet-
ric CN stretching character with weak admixture of an ND2-bending vibra-
tion [123]. The asymmetric CN stretch vibration is a two-fold degenerate mode
in guanidinium, whereas in the methyl-guanidinium ion (MeGd+) the degener-
acy of this mode is broken by the methyl substitution, causing a splitting of the
bands into a low-frequency band at 1585 cm−1 and a high-frequency band at
1615 cm−1 [124,125]. A similar splitting of the modes is also present in the side
chain of the amino acid arginine. It was shown with two-dimensional infrared
(2D-IR) spectrosopy that the CN stretching modes of arginine side-chains and
of isolated guanidinium ions are strongly coupled and exhibit ultrafast energy
transfer on a time scale of 2 ps [125,126]. Recently, 2DIR-spectroscopy was used
for the first time to determine the structure of a salt bridge model system in
dimethylsulfoxide (DMSO) [127]. From the cross-peaks resulting from mixing of
the vibrational modes of guanidinium and acetate, the geometry of the complex
could be inferred.
Here we use 2D-IR spectroscopy to study the salt-bridge interaction between
methylguanidinium (MeGd+) and trifluoroacetate (TFA−) in D2O and DMSO.
The TFA− anion exhibits sharp and intense infrared absorptions in the spec-
tral region of 1670 to 1690 cm−1 due to the antisymmetric COO-stretch vi-
brations [128]. Trifluoroacetic acid (HTFA) is a strong organic acid (pKa in
water 0.23) [129] and has found widespread use in many areas of preparative
and analytical chemistry such as reversed-phase chromatography [130], mass-
spectrometry [131] and solid-phase synthesis of peptides [132]. Furthermore, a
stabilizing effect of TFA− on urea-unfolded proteins has been reported [133].
The role of TFA− in inducing conformational transitions of proteins towards a
molten globule state by binding to positively charged sites and thereby mini-
mizing intraprotein charge repulsion has been discussed [134]. An effect of the
presence of small amounts of TFA− anions on the size and morphology of fibrils
formed by β-amyloid peptides has been reported [135]. By using MeGd+ as a
model for the side chain of the amino acid arginine in combination with TFA−,
we are able to identify the preferred binding geometry between the two ions.

7.2 Experimental methods

We study the salt-bridge interaction with the spectral hole-burning implemen-
tation of two-dimensional infrared (2D-IR) spectroscopy. The experiments in
this chapter were performed with the two-dimensional infrared setup described
in Section 3.2. Methylguanidinium chloride (MeGdCl), sodium trifluoroacetate
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Figure 7.1. FTIR-absorption spectra of MeGd+ dissolved in (A) D2O and (B)
DMSO. The spectra have been normalized to the COO-stretch absorption line in
the 1670 - 1690 cm−1 region. Absorption spectra without TFA− have been normal-
ized to the maximum of the CN stretching band. The spectra in panel (A) have been
corrected for the broad D2O background absorption.

(NaTFA), and deuterated d6-DMSO were obtained from Sigma-Aldrich and
used without further purification. The samples were prepared by dissolving the
salts in D2O (Cambridge Isotope Laboratories, isotopic purity 99.96%). D2O is
used instead of H2O to avoid absorption of the infrared pulses by the bending
mode of H2O around 1660 cm−1. Prior to experiments in DMSO, hydrogen-
deuterium exchange of MeGd+ was performed by dissolving MeGdCl in D2O
and subsequently freeze drying the solution. After performing the procedure
twice, the deuterated product is dissolved in DMSO.

7.3 Results and Discussion

7.3.1 Linear absorption spectra

Figure 7.1 shows linear absorption spectra of solutions of MeGd+ and TFA in
D2O and DMSO. The spectra show a double peak structure around 1600 cm−1

that can be assigned to the CN-stretching vibrations of MeGd+ [126]. The
lower-frequency mode at 1590 cm−1 is associated with an antisymmetric vibra-
tion of CN bonds to the two ND2 groups of MeGd+, while the higher-frequency
mode at 1620 cm−1 is dominated by a CN stretching vibration in which the
stretching of the CN bond to the NDCH3 group is in opposite phase to the
symmetric stretching of the two CN bonds to the ND2 groups [126]. The mode
at 1620 cm−1 has a transition dipole moment that is oriented close to the bisec-
trix of the two ND2 groups, and the transition dipole of the mode at 1590 cm−1

is oriented at an angle of ∼100◦ with respect to this bisectrix. The spectra
also show a Lorentzian-shaped peak at 1690 cm−1 for solutions in DMSO and



�

�
“thesis” — 2015/10/5 — 12:09 — page 104 — #104 �

�

�

�

�

�

104 Structure and dynamics of a salt-bridge model system 7.3

at 1670 cm−1 for solutions in D2O. This band is assigned to the antisymmetric
COO-stretch vibration of the carboxylate group of TFA. The resonance position
and the full width at half maximum (fwhm) of ∼ 16 cm−1 are in good agreement
with results from previous studies [128]. The addition of TFA− to a solution
of MeGd+ in D2O leads to minor variation in the absorption lines, leaving the
center frequencies and the line width of both the CN-bands and the COO-band
largely unaffected. For solutions in DMSO a strongly different behavior is ob-
served. Most notably, in a solution containing both MeGd+ and TFA− the
absorption line associated with the COO-stretch vibration acquires a double-
peaked line shape. The amplitude of the lower frequency peak at 1670 cm−1

increases with concentration of MeGd+, suggesting that this peak originates
from TFA− anions that form a hydrogen-bonded complex with MeGd+ cations.
The high-frequency peak at 1690 cm−1 also exhibits a small, but significant
red-shift of a few wavenumbers with respect to the position of this absorption
line in the absence of MeGd+. Additionally, the two CN stretching modes of
MeGd+ split further apart with increasing MeGd+ concentration. The features
observed in the linear absorption spectra of Figure 7.1A suggest that in DMSO
the MeGd+ cation and TFA− anion have a strong propensity to interact and to
form complexes. The double-peak structure of the antisymmetric COO stretch
absorption line suggests that the strength of the interaction is bimodal, with
the 1670 cm−1-peak representing strongly interacting MeGd+-TFA− complexes
and the 1690 cm−1-peak originating from rather weakly bound complexes.

7.3.2 2D-IR spectra

In Figure 7.2(A-F) we show 2D-IR spectra measured for a solution of 0.4 M
MeGd+ and 0.4 M TFA− in D2O. Three peaks on the diagonal of the spec-
trum can be identified, each consisting of a negative (shown in blue) change
in absorption (∆α) at the fundamental frequency of the vibration and a red-
shifted, positive ∆α (shown in red) associated with the transition between the
first and second excited state of the oscillator. Analogously to the FTIR-spectra
in Figure 7.1, the peaks at 1590 cm−1 and 1620 cm−1 are assigned to the CN
stretching vibrations of the MeGd+-ion (referred to as ν1590CN and ν1620CN in the
following) and the most intense peak at 1670 cm−1 is assigned to the antisym-
metric COO-stretching vibration of TFA−. The latter will be referred to as
νCOO. Furthermore, cross-peaks between ν1590CN and ν1620CN can be observed in
the off-diagonal region of the spectrum. these can be best seen in the spectra
shown in Figure 7.2(D-F), which have been obtained under perpendicular polar-
ization of pump and probe pulses. Additionally, cross-peaks between the νCOO

vibration and the CN stretching modes of MeGd+ can be identified, which are
indicative of an interaction between the two ions.
In Figure 7.3, we plot the dynamics of the diagonal peaks of the isotropic 2D-
IR spectrum that is constructed by adding the 2D-IR spectrum measured for
parallel pump-probe polarization to 2 times the 2D-IR spectrum measured for
perpendicular polarization (Eqn. 3.2). The decay of the diagonal peaks reflects
the vibrational relaxation dynamics. With D2O as the solvent, the vibrational
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Figure 7.2. 2D-IR spectra at various delay times obtained for a solution of 0.4 M
MeGd+ + 0.4 M TFA− in D2O (a-f) and a solution of 0.6 M MeGd+ + 0.15 M
TFA− in DMSO (g-l). The 2D-IR spectra (A-C) and (G-I) are measured with parallel
polarization of the excitation and detection pulses, and 2D-IR spectra (D-F) and
(J-L) are measured with perpendicular polarization of the excitation and detection
pulses. Cross-peaks between TFA− and MeGd+ upon excitation of the νCOO mode
at 1670 cm−1 are indicated.
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Figure 7.3. Diagonal dynamics of the 2DIR-spectra in Figure 7.2. The solid lines
are fits of a mono-exponential decay (with an offset) to the data points.

relaxation of the ν1590CN , ν1620CN and the νCOO modes all exhibit very similar vi-
brational relaxation time scales of 1.6±0.2 ps. In DMSO, the ν1590CN and ν1620CN

vibrations show quite similar relaxation dynamics as in D2O, showing time con-
stants of 1.8±0.2 and 2.1±0.3 ps, while the νCOO bands show quite different
relaxation behavior. The νCOO band at 1670 cm−1 decays significantly faster
(T1 = 0.9±0.1 ps) than the νCOO band at 1690 cm−1 (T1 = 3.4±0.4 ps). The
decay of the νCOO mode at 1670 cm−1 is in fact biexponential and also contains
a slow decay component with a time constant of > 10 ps, which we attribute to
a slower thermalization of the relaxed vibrational energy. The strikingly faster
decay of the νCOO band at 1670 cm−1 compared to the νCOO band at 1690 cm−1

band is likely the result of the presence of strong hydrogen bonds between the
carboxylate group of TFA− and the ND-groups of the MeGd+ cation. The
formation of a strong hydrogen bond increases the anharmonic coupling of the
antisymmetric COO stretch vibration to lower-frequency accepting modes (in-
cluding hydrogen-bond stretch vibrations), thereby speeding up the vibrational
relaxation. The observation of a fast vibrational relaxation of the νCOO band
at 1670 cm−1 is thus consistent with the assignment of the 1670 cm−1 band to
the antisymmetric COO stretch vibration of TFA− anions in strongly bound
salt-bridge complexes with MeGd+ cations.
The reorientation dynamics of the TFA− anions can be inferred from the dy-
namics of the anisotropy parameter R(t) associated with the diagonal peaks
in the 2D-IR-spectrum. In Figure 7.4 we compare the anisotropy dynamics of
the νCOO mode of TFA− anions absorbing at 1670 cm−1 with the anisotropy
dynamics of the νCOO mode of TFA− anions absorbing at 1690 cm−1. For
the νCOO mode at 1670 cm−1 we present the anisotropy dynamics of the in-
duced absorption (1→2) instead of the anisotropy dynamics of the bleaching
(0→1) because the bleaching signal of this mode partially overlaps with the
1→2-transition (induced absorption) of the νCOO mode at 1690 cm−1. We ob-
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serve that the νCOO mode at 1670 cm−1 shows a much slower anisotropy decay
than the νCOO mode at 1690 cm−1. This supports our assignment of the νCOO

vibrations at 1670 cm−1 and 1690 cm−1 to strongly bound and weakly bound
TFA− anions, respectively. The 2D-IR spectral line shapes give information on
the homogeneous and inhomogeneous contributions to the line width of the ab-
sorption bands. In the case of inhomogeneous broadening the 2D-IR line shape
is elongated along the diagonal. In Figure 7.2(A-F) it is seen that the diagonal
peak of the νCOO vibration shows negligible elongation along the diagonal which
implies that its vibrational line shape exhibits very little inhomogeneity already
at a delay time of 1 ps. This finding agrees with the very fast, sub-picosecond
decay of the frequency-frequency correlation function (FFCF) of this vibration
that was reported in Ref. [128]. With DMSO as solvent the diagonal peak as-
sociated with the νCOO vibration of TFA− (Figure 7.2(G-L)) has a complex
shape resulting from the interference between different transitions associated
with the two partially overlapping peaks of this band. This complex shape also
shows little elongation along the diagonal, which implies that the νCOO vibra-
tion also shows little inhomogeneity when TFA− is dissolved in DMSO. The
diagonal peaks of the ν1590CN and ν1620CN resonances of MeGd+ also show little in-
homogeneity when MeGd+ is dissolved in D2O (Figure 7.2(A-F)). The observed
2D-IR line shapes are nearly parallel to the pump-axis of the spectrum. This
observation is in agreement with the ∼ 1 ps - decay time reported in Ref. [125]
for the frequency-frequency correlation function (FFCF) of Gdm+ in D2O. In
this work the apparent ultrafast spectral diffusion processes were attributed to
the rapid reconfigurations of the solvation shell around the ion. In contrast, the
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Figure 7.4. Comparison of the dynamics of the anisotropy parameter R(t) of
the bleaching signal of the diagonal peak associated with weakly bound TFA− an-
ions at ωpump= ωprobe= 1690 cm−1(blue circles) and the induced absorption sig-
nal of the diagonal peak of the strongly bound TFA− anions at ωpump= 1670 cm−1,
ωprobe= 1650 cm−1 (red circles). The solid lines are mono-exponential fits.
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Figure 7.5. 2D-IR spectra of 0.6 M MeGd+, 0.15 M TFA− in D2O at various delay
times, obtained under parallel (A-C) and perpendicular (D-F) polarization of pump
and probe pulses.

spectra obtained for a solution of MeGd+ in DMSO (Figure 7.2(G-L)) show a
strong elongation of the diagonal peak associated with the ν1620CN -mode along
the diagonal of the spectrum that is not fully decayed at a delay time of 4 ps
(Figure 7.2I). A similar diagonal elongation is also observed for the ν1590CN -mode
in the 2D-IR-spectra shown in the Figures 7.5 and 7.6, where the ωpump- and
ωprobe-axes extend to lower frequencies. Hence, spectral diffusion is much slower
in DMSO than in D2O.
To quantify the spectral diffusion dynamics, we determined the delay depen-
dence of the center line slope, i.e. the slope of the line that connects the fre-
quency positions of the maxima of the negative absorption changes obtained at
different excitation frequencies ωpump. Plotting this slope as a function of delay
time reflects the decay of the frequency-frequency correlation function [136].
In Figure 7.7 we present the results of this analysis for the ν1620CN vibration of
MeGd+ in DMSO, both in the presence and in the absence of TFA−. The center
line slope of ν1620CN is found to show a decay with a time-constant of 7.5±1 ps
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Figure 7.6. 2D-IR spectra of 0.2 MMeGd+ in DMSO at various delay times, obtained
under parallel (A-C) and perpendicular (D-F) polarization of pump and probe pulses

both in the presence and in the absence of TFA−. The slightly higher starting
value seen in Figure 7.7 in the presence of TFA− indicates that the formation
of salt bridges increases the width of the frequency distribution of the ν1620CN vi-
bration. The insensitivity of the spectral diffusion dynamics with respect to the
addition of TFA− shows that the spectral fluctuations likely result from inter-
actions with surrounding DMSO solvent molecules that show little dependence
on the presence of the salt bridge. This explanation is in line with the fact
that the ν1620CN line shape is near homogeneous in D2O, where the interactions
with the light D2O molecules are expected to fluctuate on a much shorter time
scale. It should be noted that, due to the spectrally narrow bandwidth of the
excitation pulses in our experiment, we cannot resolve the dynamics occurring
on time scales shorter than ∼ 1 ps. Hence, the frequency-frequency correlation
of the ν1620CN -mode of MeGd+-ions embedded in a salt-bridge complex may in
fact contain an additional sub-picosecond component.
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Figure 7.7. Central line slope as a function of delay time for the symmetric CN
stretching mode of MeGd+ at 1620 cm−1. Black symbols show the data obtained for
a solution of 0.2 M MeGdCl in DMSO, and red symbols represent the data obtained
for a solution of 0.2 M MeGdCl and 0.15 M NaTFA in DMSO.

7.3.3 Cross-peak anisotropy of the 2D-IR spectra

The anisotropy of the cross-peaks in the 2DIR-spectrum reveals the relative
orientation of the transition dipole moments of the excited and probed vibra-
tions [37, 127, 137, 138]. The dashed line in Figures 7.8 and 7.9 is a weighted
average of a subset of the anisotropy values within a given frequency range. In
this weighted average only anisotropy data points that correspond to a certain
minimum isotropic signal (the value is given in the figure captions) have been
included, since the anisotropy value is no longer reliable in case the isotropic
signal is close to zero. In Figure 7.8 we show the frequency dependence of the
anisotropy parameter R(ω) at 1 ps delay time upon selective excitation of the
ν1590CN mode and the ν1620CN mode of MeGd+. The isotropic spectra (solid lines)
clearly show that excitation of either mode leads to a response of the other
mode. This off-diagonal response shows that the two modes are coupled. Both
the transient spectra and the frequency dependent anisotropy values are very
similar for solutions in D2O (Figure 7.8(A,C)) and DMSO (Figure 7.8(B,D)),
which implies that the intramolecular coupling between the ν1590CN mode and the
ν1620CN mode is largely unaffected by interactions with the solvent.
In the diagonal region (same mode excited and probed) the anisotropy ranges
between 0.3 and 0.4, which shows that there is very little reorientational mo-
tion in the first picosecond after the excitation. In the off-diagonal region the
anisotropy parameter R(ω) has a negative value around -0.05. The value of
the off-diagonal anisotropy can be related to the angle θ between the transition
dipoles using the relation R = 1

5 (3 cos
2 θ − 1). We infer an angle of 120±5◦

between the transition dipole moments of the two modes, which is somewhat
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Figure 7.8. Cuts through the CN stretching region of 2D-IR spectra at a delay time
of 1 ps after excitation of the ν1590

CN mode of MeGd+ (a,b) and of the ν1620
CN mode

(c,d) of MeGd+, measured for a solution of 0.6 M MeGdCl and 0.15 M NaTFA in
D2O (a,c) and DMSO (b,d). The symbols denote the frequency-dependent anisotropy
R(ω) (left vertical axis), and the solid lines represent the isotropic transient spectrum
(right vertical axis). The dashed line is a weighted average of the anisotropy values
of the diagonal and cross-peaks. Only anisotropy data points that correspond to an
isotropic signal ∆αiso > 0.15 mOD have been included.

higher than the value of 115◦ that was reported in Ref. [126] for arginine. The
angle of 120◦ agrees well with the assignment of the ν1590CN mode to an antisym-
metric vibration of the CN bonds to the two ND2 groups of MeGd+, and of
the ν1620CN mode to an antisymmetric stretching of the CN bond to the NDCH3

group with respect to the symmetric stretching of the two CN bonds to the two
ND2 groups [126].
In Figure 7.9, we show the transient spectra and anisotropy values over a fre-
quency range that encompasses both the CN stretching vibrations of MeGd+

and the COO-stretching vibrations of TFA−. Excitation of the ν1620CN or the
νCOO band at 1670 cm−1 gives a clear cross-peak response at the other type of
modes due to the formation of a salt bridge between MeGd+ and TFA−.
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Figure 7.9. Cuts through the 2D-IR spectra at 1 ps delay time after excitation of
the ν1620

CN mode of MeGd+ (A,B) and the νCOO mode at 1670 cm−1 of TFA− (C,D),
measured for a solution of 0.6 M MeGdCl and 0.15 M NaTFA in D2O (A,C) and
DMSO (B,D). The symbols denote the frequency dependent-anisotropy R(ω) (left
vertical axis), and the solid lines represent the isotropic transient spectrum (right
vertical axis). The dashed line is a weighted average of the anisotropy values of the
diagonal and cross-peaks. Only anisotropy data points that correspond to an isotropic
signal ∆αiso > 0.05 mOD have been included.

The cross-peaks in the 1670 - 1690 cm−1 region for ωpump = 1620 cm−1 are
more pronounced for a solution in DMSO (Figure 7.9B) than for a solution in
D2O (Figure 7.9A). This result is not unexpected as DMSO has a lower dielec-
tric constant than water (εDMSO = 48, εwater = 80), which leads to a stronger
coulombic attraction between the two oppositely charged ions. Hence MeGd+

and TFA− show a higher propensity to form salt-bridge complexes in DMSO
than in D2O. Excitation of the ν1620CN mode of MeGd+ in DMSO leads to two
distinct cross-peaks at ωprobe = 1670 cm−1 and ωprobe = 1690 cm−1 which shows
that both νCOO modes are coupled to the ν1620CN mode (Figure 7.9B). The obser-
vation of both νCOO modes at 1670 cm−1 and 1690 cm−1 following excitation of
ν1620CN shows that both νCOO bands contain contributions from hydrogen-bonded



�

�
“thesis” — 2015/10/5 — 12:09 — page 113 — #113 �

�

�

�

�

�

7.3 Structure and dynamics of a salt-bridge model system 113

complexes of MeGd+ and TFA−. This points at a bimodal distribution of bind-
ing strengths.
Salt bridges exist in different binding geometries in proteins. In a bidentate
binding geometry both C=O groups of a carboxylate moiety are hydrogen
bonded to two N–D groups of a guanidinium moiety, whereas in a monodentate
configuration only a single C=O group and a single N–D group form a hydro-
gen bond. In general the salt-bridge interaction between arginine and aspartic
or glutamic acid has a prevalence for a bidentate configuration [139]. There
are two possible configurations for this bidentate binding interaction. The two
C=O groups can either bind to two ND2-groups of the guanidinium-moiety
(end-on) or bind to an ND2 group and the NDR group that includes the alkyl
R substituent (side-on) [139]. The salt-bridge configuration in proteins will
strongly depend on steric effects. For instance, it has been found with 2D-IR
spectroscopy that a bidentate geometry is preferred in a model β-turn polypep-
tide, whereas a monodentate configuration is preferred in a model α-helical
peptide [140]. The geometry of the salt bridge formed between MeGd+ and
TFA− can be derived from the polarization-resolved 2D-IR spectra of Figure
7.2.
The anisotropy of the νCOO mode following excitation of the ν1620CN mode has a
value close to zero (Figure 7.9(A,B)). This finding shows that the response of the
νCOO modes is dominated by cross-anharmonic coupling between the ν1620CN and
νCOO modes and not the result of direct excitation of the very low-frequency
wing of the absorption band of the νCOO vibrations, as this would result in a
value of R(ω) of ∼0.4. The small value of the anisotropy indicates that the
transition dipole moments of the ν1620CN and νCOO modes are oriented at a large
relative angle. For solutions of MeGd+ and TFA− in D2O the signal of the
ν1620CN mode following excitation of the νCOO mode is very weak (Figure 7.9C),
thus preventing an accurate determination of its anisotropy. The weak signal of
the cross peak indicates that there exists a large fraction of free (uncomplexed)
TFA− in D2O. Excitation of the νCOO mode at 1670 cm−1 for a solution of
MeGd+ and TFA− in DMSO yields a clear cross-peak signal at the ν1620CN mode
with an anisotropy value of R(ω) = -0.2 (Figure 7.9D). Excitation of the νCOO

mode at 1670 cm−1 in DMSO exclusively excites TFA− molecules forming salt-
bridge complexes. Hence, the contribution of directly excited νCOO modes to
the signal measured in the frequency range of the ν1620CN mode will be smaller
than in the case of Figure 7.9B, where the signal measured in the frequency
region of the νCOO modes also has a significant contribution of uncomplexed
TFA− anions at the given stochiometry of MeGd+:TFA− = 4:1.
The excitation of the CN-mode at 1620 cm−1 is therefore not selective for

MeGd+ ions in salt-bridge complexes, but also involves the excitation of un-
bound MeGd+ ions. This latter species does not give rise to a cross-peak
signal at 1670 cm−1, but its high-frequency wing gives rise to a transient
absorption change in the 1670 cm−1-region. This signal will have a high
(R = 0.4) anisotropy value and adds to the low anisotropy (R = -0.2) ex-
pected for the (ωpump = 1620 cm−1, ωprobe = 1670 cm−1)-cross-peak, resulting
in the intermediate anisotropy value of R = 0.1 that is observed in Figure
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Figure 7.10. (A) Cuts through the 2D-IR spectra at 1 ps delay time after excita-
tion of the νCOO mode of weakly bound TFA− anions at 1690 cm−1, measured for
a solution of 0.6 M MeGdCl and 0.15 M NaTFA in DMSO. The symbols denote the
frequency dependent anisotropy R(ω) (left vertical axis), and the solid lines repre-
sent the isotropic transient spectrum (right vertical axis). The cross-peak anisotropy
of R ≈ -0.2 suggests that weakly bound salt bridge complexes between MeGd+ and
TFA− also adopt an end-on geometry, similar to the strongly bound complexes. (B)
Time-dependence of the cross-peak anisotropy associated with the ν1620

CN -mode upon
excitation of the νCOO-1670 cm−1-mode. Each data point has been obtained by aver-
aging along the ωprobe-axis from 1614 to 1638 cm−1.

7.9B. Since the 1670 cm−1-peak results exclusively from TFA− anions in salt-
bridge complexes, the aforementioned effect does not affect the anisotropy of the
(ωpump= 1670 cm−1, ωprobe= 1620 cm−1)-cross-peak, making the anisotropy in
Figure 7.9D a reliable measure for the angle between the transition dipoles of
the COO-stretch vibration and the CN-stretch vibration in a salt-bridge com-
plex.
For the cross-peak of the νCOO-mode around 1690 cm−1 and the ν1620CN -mode,
originating from weakly-bound salt bridge complexes, we also observe a value of
R = -0.2 in Figure 7.10A. It can be excluded that the cross-peak in the region
of the ν1620CN -vibration originates from excitation of the high-frequency wing of
the νCOO-vibration of strongly bound TFA− anions based on the absence of
any bleaching-like feature 1670 cm−1 in the isotropic transient spectrum of Fig-
ure 7.10A. In Figure 7.10B we present the dynamics of the cross-peak around
ωprobe = 1620 cm−1 upon excitation of the νCOO-mode at 1670 cm−1. The
anisotropy shows little time dependence (within the experimental uncertainty)
up to a delay time of 5 ps, indicating that the reorientation is a quite slow
process, in agreement with the observation of the slow decay of the anisotropy
of the diagonal νCOO-peak at 1670 cm−1 in Figure 7.4.
An anisotropy value of R(ω) = -0.2 corresponds to a relative angle of 90◦ be-
tween the transition dipole moments of the νCOO and ν1620CN modes. The results
of Figures 7.9(A,B,D) and 7.10A thus show that the transition dipole moments
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1590 
cm-1

1620 cm-1

1670 
cm-1

Figure 7.11. Geometry of the salt bridge formed between MeGd+ and the TFA−-
anion as inferred from the polarization-resolved 2D-IR spectrum. The cross-peak
anisotropy values indicate that the complex adopts an bidentate end-on geometry,
with the carboxylate-group of TFA− binding to the two ND2-groups of the MeGd+

cation. Arrows depict the transition dipoles of the CN stretching modes of MeGd+

and the νCOO-mode of the TFA−-anion.

of ν1620CN and the antisymmetric νCOO-vibrations have a nearly perpendicular
orientation in the salt-bridged complexes of MeGd+ and TFA−. This finding
indicates a geometric arrangement as outlined in Figure 7.11. The carboxylate
group of the TFA−-anion binds in a bidentate end-on configuration to the two
ND2-groups of the MeGd+ cation.

7.4 Conclusions

We study the interaction between methylguanidinium (MeGd+) and trifluo-
roacetate (TFA−) in D2O and DMSO using linear infrared spectroscopy and
femtosecond two-dimensional infrared (2D-IR) spectroscopy. For methylguani-
dinium we probe the CN stretching vibrations at 1590 and 1620 cm−1, for
TFA− we probe the antisymmetric COO stretching vibration with a frequency
of 1670 cm−1 in D2O and frequencies of 1670 cm−1 and 1690 cm−1 in DMSO.
We find that in both solvents MeGd+ and TFA− have a strong tendency to form
salt-bridge complexes in which the C=O groups of TFA− from 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. Salt bridge formation has little effect on the time
constant of vibrational relaxation of the CN stretching vibrations. Both CN
stretching vibrations at 1590 and 1620 cm−1 have a vibrational relaxation time
of ∼2 ps, irrespective of the solvent or formation of a salt-bridge. In DMSO
the CN stretching vibrations show quite slow spectral diffusion with a time
constant of 7.5±1 ps. This time constant is the same for isolated MeGd+ and
for MeGd+ contained in a salt-bridge complex, showing that the spectral fluc-
tuations are governed by intermolecular interactions with the DMSO solvent
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molecules. This result is consistent with the observation that the spectral diffu-
sion is much faster in D2O where the interactions with the light D2O molecules
fluctuate on a much shorter time scale.
The anisotropy of the cross peaks of the 2D-IR spectrum show that the transi-
tion dipole moments of the two CN stretching vibrations at 1590 and 1620 cm−1

have a relative angle of 120◦, which agrees with an assignment of the 1590 cm−1

mode to an antisymmetric vibration of the CN bonds to the two ND2 groups
of MeGd+, and of the 1620 cm−1 mode to a stretching of the CN bond to the
NDCH3 group that is in opposite phase to the symmetric stretching of the two
CN bonds to the ND2 groups [126]. From the anisotropy values of the cross
peaks of the CN stretching vibration at 1620 cm−1 and the antisymmetric νCOO

mode of TFA− it follows that the transition dipole moments of these vibrations
have a relative orientation that is close to perpendicular. This result shows that
the salt-bridge complex of MeGd+ and TFA− has a preferred bidentate end-on
configuration in which the two C=O groups of TFA− form strong hydrogen
bonds to the two ND2 groups of MeGd+ (Figure 7.11).
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8 Probing chirality at
aqueous interfaces

We demonstrate that the absolute configuration of complex chi-
ral molecules at an aqueous interface can be determined using
heterodyne-detected vibrational sum-frequency generation (VSFG).
We perform VSFG spectroscopy with a polarization combination that
selectively probes chiral molecular structures. We use frequencies
that are far detuned from electronic resonances to probe the chiral
molecular structures with high surface specificity. By heterodyning
the generated sum-frequency light with light of a local oscillator, we
enhance the signal and we determine the phase of the sum-frequency
light generated by the chiral molecules. With this approach we can
distinguish right-handed (L-type) and left-handed (D-type) helical
peptides at a water-air interface. We thus show that heterodyne-
detected VSFG allows for the determination of the absolute configu-
ration of complex macromolecules with monolayer sensitivity.

8.1 Introduction

The determination of the absolute configuration of a chiral molecule is of impor-
tance in many areas of (bio)chemistry, ranging from enantioselective catalysis,
supramolecular chemistry to protein biochemistry. Chirality is often connected
to a stereogenic carbon atom. Macromolecules can also exhibit chirality if their
building blocks are arranged in such a way that the macromolecular assembly is
non-superimposable with its mirror image. Examples of supramolecular chiral-
ity that is related to the intrinsic chirality of the building blocks are biological
macromolecules, such as proteins, peptides and nucleic acids, and self-assembled
polymer-helices [141]. The assembly of supramolecular structures from achiral
building blocks has been demonstrated [142,143], a process likely related to an
asymmetry in the molecular forces driving the assembly.
Only few measurement techniques are capable of determining the absolute con-
figuration of chiral molecules. One of these techniques is anomalous X-ray scat-
tering dispersion [20]. More common is circular dichroism (CD) with which the
difference in absorption of left- and right-circularly polarized light is measured.
Electronic CD-spectroscopy in the near-ultraviolet region is routinely employed
to quantify secondary structural elements in peptides and proteins [144, 145].

117
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Vibrational circular dichroism in the mid-infrared [146–149] and Raman op-
tical activity [150–152] potentially hold a greater promise for the structural
elucidation of small molecules in solution, owing to their sensitivity to distinct
vibrational marker bands.
Since the aforementioned experimental approaches are all based on linear optical
techniques, their enantiomer-specificity results from magnetic dipole or electric
quadrupole interactions, which are inherently weak, and much effort has been
devoted to the enhancement of electronic and vibrational CD-spectroscopic sig-
natures, both in terms of instrumentation and chemical modification of the
samples [21, 25, 28, 153]. Additionally, the potential of non-linear optical tech-
niques such as second harmonic generation (SHG) and sum-frequency genera-
tion (SFG) to study chiral molecules has been increasingly recognized over the
past years. The first non-linear optical study of chiral molecules was reported
by Hicks and co-workers [154, 155], who observed a pronounced difference in
the efficiency of SHG from oriented surface layers of 2,2’-hydroxy-1,1’-binaphtyl
using either left- or right-circularly polarized light.
Vibrational SFG-spectroscopy (VSFG), illustrated in Figure 8.1A, is a second-
order non-linear optical technique, in which an infrared and a visible pulse are
combined at an interface to generate light at their sum-frequency. This genera-
tion is enhanced in case the infrared light is in resonance with specific molecular
vibrations. Within the electric dipole approximation, SFG is only allowed in
media that lack inversion symmetry such as chiral media [156] or interfaces [157],
where the inversion symmetry is inherently broken. Vibrational SFG therefore
offers the structural resolution of vibrational spectroscopy with the specificity
to non-centrosymmetric media, thus combining spectroscopic aspects ideal for
the study of chirality at interfaces.
The application of VSFG to the study of chiral molecules has been pioneered
by Shen and co-workers [24, 158]. In these early studies, chiral VSFG-spectra
were obtained from the bulk of optically active solutions, and the detection of
a chiral VSFG-spectrum from a molecular monolayer was only possible under
electronically resonant conditions [24]. Recently, chiral VSFG-spectra of pro-
tein monolayers at the air-water interface were successfully measured in the
spectral region of the amide I vibration (C=O-stretch) and the NH-stretch vi-
bration [159–162]. This approach allowed for the first time the monitoring of
complex structural rearrangements of proteins with interface specificity. In par-
ticular, Yan and co-workers have succeeded in studying the aggregation behavior
of amyloidic peptides at water-lipid interfaces and found that the aggregation
of the human islet amyloid peptide at the water-lipid interface proceeds via
an α-helical intermediate before folding into a β-sheet structure [161]. Such
structural transformations taking place at aqueous interfaces cannot be studied
with many other techniques, as these do not provide surface specificity (such
as 2-dimensional infrared spectroscopy [163]), or merely probe interfacial order-
ing without the ability to resolve structural features (such as X-ray reflectivity
measurements [164]).
In the aforementioned studies, only the intensity of the generated SFG-light
Isfg ∝ |χ(2)|2 was detected, from which only the absolute value of the complex-
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valued, 2nd-order nonlinear susceptibility χ(2) can be inferred [165–170]. The

non-linear susceptibility χ
(2)
chiral of a chiral molecule contains elements that

change sign between enantiomers, and thus valuable information on the absolute
configuration of chiral molecules could be obtained in case the real and imagi-

nary part of χ
(2)
chiral could be determined. A phase-resolved chiral SFG-spectrum

has been reported for the CH-stretch vibrations of the R- and S-enantiomers of
limonene under electronically off-resonant conditions [171], in which the signal
originated from the bulk of the solution and therefore did not provide access
to chirality at interfaces, and recently also for a variety of proteins at the air-
water interface [172]. Here, we demonstrate heterodyne-detected chiral VSFG
spectroscopy of two enantiomeric forms of a complex (bio)macromolecule at
the water-air interface. We show that this method allows for an unambiguous
identification of the absolute configuration of macromolecules at interfaces.

8.2 The molecular origin of the SFG-signal

The macroscopic non-linear susceptibility χ
(2)
IJK , where the indices I,J,K refer to

the laboratory coordinate frame (X,Y,Z), is linked to the microscopic molecular
hyperpolarizability βijk, where the indices i,j,k refer to the molecular coordi-
nate frame (x,y,z). The hyperpolarizability βijk in turn is determined by the
transition dipole moment and the Raman polarizability of a molecular vibration
as [173]

χ
(2)
IJK = N

∑
i,j,k

〈RIiRJjRKk〉βijk (8.1)

where R denote rotation matrices and 〈...〉 denotes an orientational average.
For an isotropic surface the orientational average corresponds to an integral

of the form
∫ 2π

0
dφ and for an isotropic three dimensional distribution to∫ π

0
sin θdθ

∫ 2π

0
dφ

∫ 2π

0
dψ, where θ, φ and ψ denote the Euler angles.

Chirality can be due to local chiral molecular groups giving rise to chiral ten-
sor elements like βxyz or more generally βijk with i �= j �= k [173]. In addi-
tion, elements of the molecular hyperpolarizability tensor such as βxxz, that

are achiral in the molecular frame, can contribute to χ
(2)
chiral in case a chiral

arrangement of chromophores is present, such as in a helix with a well-defined
handedness [173–175].
In order to understand the chiral specificity of particular polarization combina-
tions in an SFG-experiment, we consider the point groups to which chiral and
achiral surfaces belong. In the following, we assume a laboratory coordinate
frame in which the X- and Y-axis span the interfacial plane and the Z-axis is
normal to the surface. A chiral surface belongs to the C∞-point group, whereas
an achiral surface has C∞V -symmetry. The latter point group contains mirror
planes as additional symmetry operations compared to the C∞-symmetry of
chiral surfaces. Because of the mirror symmetry, all elements of the non-linear

susceptibility tensor χ
(2)
IJK , where the indices I,J,K refer to the laboratory co-
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ordinate frame (X,Y,Z), with I �= J �= K such as χ
(2)
XY Z are zero for a surface

composed of achiral molecules, and only elements with two equal indices such

as χ
(2)
XXZ , χ

(2)
Y Y Z are non-zero [173]. In contrast, elements χ

(2)
IJK with I �= J �= K

can be non-zero for a surface containing chiral molecules.
A chiral VSFG signal can in principle originate both from the bulk and the
surface of a solution. However, for an isotropic bulk system, the generation
of a chiral SFG signal requires the antisymmetric part of the Raman tensor
to be nonzero, which is only the case at frequencies close to electronic reso-
nances [23,24,158,173,176]. In an aqueous solution, the helices are isotropically
oriented in three dimensions, and thus χbulk

chiral = 0, if the Raman-tensor is to-
tally symmetric, which is usually the case if ωV IS and ωSFG are far away from
electronic resonances. The surface possesses C∞ symmetry which implies that
the orientational average in Eq. (8.1) is only performed over the in-plane ori-

entation of the molecules. Hence, χsurface
chiral can be non-zero, even for a totally

symmetric Raman-tensor [173,174]. In the present experiments ωV IS and ωSFG

are far away from electronic resonances, meaning that the chiral SFG signal is
only generated by protein molecules at the water-air interface. The phase of
χsurface
chiral can be determined by comparing the phase of the chiral SFG signal

with the phase of the SFG signal from a system with a known χ(2) (see below).

8.3 Results and Discussion

We use VSFG to study the biologically relevant type I antifreeze peptide
(AFP1) [177] at the water-air interface. AFP1 is naturally found in the body
fluids of the cold-adapted winter flounder fish, forming a natural protection
against freeze damage from ice-crystals by adsorbing to the ice-crystal surfaces
and inhibiting further growth [178]. AFP1 is 37 amino acids in length and fully
α-helical. The handedness of an α-helix is defined by the chirality of the amino
acids (L- or D-enantiomers) and constitutes a form of supramolecular chirality.
We have synthesized two AFP1 peptides with either (L)- or (D)-amino acid
configuration, which allows us to selectively control the handedness of the helix
and hence the absolute configuration of the molecule. The helicity of (L)- and
(D)-AFP1 was studied by circular dichroism. The CD-spectra in Figure 8.2C
show the characteristics of an α-helix, but with opposite sign for (L)-AFP1 and
(D)-AFP1, confirming that the two peptides form indeed helices with oppo-
site handedness. The temperature-dependence of the CD-spectra shows that
the thermal stability of (L)- and (D)-AFP1 is highly similar and agrees with
literature values (see Appendix B). An independent activity assay (sonocrys-
tallization) demonstrated that (L)- and (D)-AFP1 show also equal antifreeze
activity (see Appendix B).

The sum-frequency generation setup described in Section 3.3 has been used
to record VSFG-spectra of AFP1 at the air-water interface. Figure 8.1B shows
the intensity VSFG-spectrum of (L)-AFP1 obtained under ssp-polarization con-
ditions (s-polarized SFG, s-polarized VIS, p-polarized IR). The spectrum con-
sists of a broad band around ∼ 3200 cm−1 originating from the OH-stretch
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Figure 8.1. (A) Schematic representation of the sum-frequency generation process:
a femtosecond mid-infrared pulse (IR) couples the vibrational ground-state |0 > and
the first vibrationally excited state |1 > of the NH-stretch vibration of the peptide
backbone and the resulting coherence is upconverted by a non-resonant 800 nm-pulse
(VIS), leading to the emission of light at the sum-frequency (SFG). (B) Direct SFG-
spectrum obtained from an aqueous solutions of (L)-AFP1 using ssp polarization con-
ditions. The sharp resonances below 3000 cm−1 originate from CH-stretch vibrations
of the peptide and the broad resonance centered around ∼ 3200 cm−1 originates from
the OH-stretch vibration of interfacial water molecules. A peak on the high frequency
side of the broad OH-band can be observed around 3350 cm−1.

vibration of interfacial water molecules, and two additional narrow resonances
at 2890 cm−1 and 2950 cm−1, which originate from the symmetric and anti-
symmetric CH3-stretching vibrations [179] of methyl-groups in the amino acid
side chains of AFPI. Additionally, a peak on the high frequency side of the
broad OH-band is observed at 3350 cm−1. Based on its resonance position and
its narrow line-width, we assign this band to an NH-stretch vibration. While
the signal could in principle also originate from NH-groups in the side-chains
of amino acids (lysine and arginine) or the N-terminus/amidated C-terminus
of the peptide, the overwhelming prevalence of backbone-NH-groups (36) over
side-chain (2) or N/C-terminal NH-groups (2) supports an assignment to back-
bone NH-vibrations.

We now turn to chiral-specific VSFG-spectra. By performing the SFG-
experiment with a polarization combination that specifically probes elements of

the non-linear susceptibility tensor χ
(2)
IJK with I �= J �= K such as χ

(2)
XY Z , we

can probe the chiral molecules without any contribution from achiral molecules
[22–24, 160–162, 173, 181]. If the plane of incidence of the IR- and VIS-beams
is spanned by the X- and Z-axis of the laboratory coordinate frame, the polar-
ization combination psp (p-polarized SFG, s-polarized VIS, p-polarized IR) will

probe the chiral-specific χ
(2)
ZYX -element. For a helical peptide, the chirality re-

sults from the handedness of the helix, which is right-handed for (L)-AFP1 and
left-handed for (D)-AFP1. The NH-stretch vibrations of the peptide backbone
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Figure 8.2. (A) Chiral SFG-spectra of L-type and D-type AFP1 obtained under
psp-polarization settings. The sharp resonance at 3300 cm−1 originates from the NH-
vibration of the peptide backbone [161]. (B) Structure of AFP synthesized from L-
and D-amino acids; the structure of (D)-AFP1 has been generated by a mirror-image
transformation of the structure of (L)-AFP1 published in [180](Protein Data Bank
identifier 1WFA). (C) Near UV-circular dichroism spectra obtained from solutions of
(L)- and (D)-AFP1 at 15 ◦, respectively. The CD-spectra exhibit the characteristic
features of an α-helix, showing extrema in the molar ellipticity at 207 and 222 nm.
The opposite sign of the CD-spectra confirms that (L)- and (D)-AFP1 indeed form
helices with opposite handedness and are enantiomeric to each other.

report on this chirality [161,173].

The spectra of Figure 8.2A are measured using psp-polarization conditions.
The broad signal from the OH-stretch vibration of water molecules observed
in Figure 8.1B is completely absent from the psp SFG spectrum, and only the
sharp NH-feature of the peptide backbone is observed. Both the resonance
frequency and the width of the peak are in good agreement with the values
that were recently reported for the NH-stretch vibration of a number of other
α-helical peptides and proteins [161].

The intensity-spectra in Figure 8.2A only demonstrate the presence of chi-
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Figure 8.3. (A) Spectral interferogram of L-type AFP1 protein obtained by Fourier
filtering of the spectral interference signal measured in psp configuration. (B) Spectral
interferogram of the quartz surface obtained by replacing the sample with a quartz
crystal.

ral molecules at the surface, but do not provide information on their absolute
configuration, i.e. their handedness. The χ(2)-elements, that are probed under
psp-polarization, change sign between enantiomers [22–24,158,171,173]. Hence,
the nature of the enantiomer can be determined by measuring the phase of χ(2),
which requires heterodyne detection of the SFG light. We perform heterodyne-
detected SFG experiments using the setup that is schematically depicted in
Figure 3.3. The IR and visible beams are first both sent on a gold mirror
which leads to the generation of broadband light at the sum-frequency (local
oscillator, LO). Subsequently, the three resulting beams (IR, VIS and SFG) are
sent together onto the sample where additional SFG light is generated at the
aqueous surface. The local oscillator SFG light is delayed by ∆t by sending
this beam through a tilted fused silica plate. The SFG light generated at the
gold mirror and at the sample co-propagate to the spectrograph and are de-
tected by the CCD camera. The detected intensity of the heterodyne-detected
SFG (HD-SFG) signal is given by Eq. (3.3). The cross-term EsampleE

∗
LOe

−iω∆t

contains the electric field of the SFG-signal originating from the sample and is
directly proportional to the complex χ(2). The detected spectral interferogram
is Fourier filtered to remove the |ELO(ω)|2 and |Esample(ω)|2 contributions and
back transformed to yield an interferogram as shown in Figure 8.3A.
To determine the absolute phase of the SFG light generated by the proteins
at the water-air interface, we compare the interferogram resulting from the
heterodyne-detected SFG experiment of the sample with an interferogram mea-
sured for a sample with a well-known phase. To this purpose, we replace the
sample by a quartz crystal that we orient in such a way that its bulk χ(2) equals
zero. For quartz the sum-frequency generation process is non-resonant, mean-
ing that χ(2) is real and frequency independent. Hence, the real and imaginary
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Figure 8.4. (A) Real and imaginary χ(2) measured for L-type AFP1. (B) As (A)
but for D-type AFP1. The intensity VSFG-spectra (proportional to |χ(2)|2) of (L)-
and (D)-AFP1 are shown in black for comparison.

χ(2) of the AFP molecules at the water-air interface can be obtained from the
ratio of the spectral interferogram measured for the surface of the aqueous AFP-
solution (Figure 8.3A) and the interferogram measured for the quartz surface
(Figure 8.3B) directly yields the values of according to Eq. (3.4).

χ
(2)
sample(ω)

= χ
(2)
quartz(ω)

Esample(ω)E
∗
LO(ω)e

−iω∆t

Equartz(ω)E∗
LO(ω)e

−iω∆t
= χ

(2)
quartz(ω)

Esample(ω)

Equartz(ω)
(8.2)

In Figure 8.4, we plot the real and imaginary χ(2) of L-and D-type AFP1 in
the spectral region of the NH-stretch vibration obtained under psp-polarization
settings and calculated according to Eq. (8.2). The opposite phase of the back-

bone NH-vibration resulting from the different signs of χ
(2)
chiral for right-handed

(L-AFP1) and left-handed (D-AFP1) α-helical peptides is clearly resolved. This
is most clearly seen in the absorptive imaginary part of χ(2) that shows a sign

change between (L)-AFP1 and (D)-AFP1. The dispersive real parts of χ
(2)
chiral

reflect the same trend, with Re(χ
(2)
chiral) of (L)-AFP1 being negative at ω < ω0,

exhibiting a zero-crossing at ω0 and becoming positive ω > ω0. For (D)-AFP1
the opposite trend is observed, which is fully consistent with the opposite sign

of the imaginary parts of χ
(2)
chiral. The observed frequency dependence of the

real and imaginary parts of χ
(2)
chiral confirms that the psp SFG signal originates

from AFP molecules located at the surface. In case these signals would have

resulted from bulk AFP molecules, the detected χ
(2)
chiral would have been phase

shifted by π/2 [182,183]. Then the imaginary part of χ
(2)
chiral would have shown

a dispersive shape, i.e. a sign change at the resonance frequency of 3350 cm−1,
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and the real part would have been absorptive.
The above results demonstrate that the heterodyne-detected chiral SFG method
allows for the determination of the absolute configuration of chiral molecules
at interfaces. Due to the low sample amount that is required and short data
integration times (<10 minutes), the experimental approach outlined here is
perfectly suited to study (bio)chemical transformations at interfaces, offering
unique insight in structural and conformational rearrangements of interfacial
macromolecules. This method may find many applications, especially in fields
where stereoselective (bio)chemical processes at interfaces play an important
role. Examples are the assembly of superhelical protein complexes such as
SNARE-complexes during membrane fusion events [184], the enantiospecific
interaction between nucleobases and amino acids at surfaces [185] and the for-
mation of two-dimensional chiral domains upon adsorption of helicenes onto
metal surfaces [186].

8.4 Conclusions

We demonstrate heterodyne-detected chiral vibrational sum-frequency gener-
ation (VSFG) of an interfacial layer of biomolecules. By interfering the SFG
light generated at the surface with the light of a local oscillator, and by com-
paring the resulting interferogram with that of a sample for which the phase
of the SFG light is known, we determine the real and imaginary part of the
second-order susceptibility χ(2), and we demonstrate that the signal originates
from molecules at the surface. This χ(2) directly reflects the absolute configu-
ration of chiral molecules. We show that the method allows for the distinction
between surface bound type I antifreeze peptides with left- and right-handed
helices. Probing the absolute configuration of chiral molecules at interfaces is
of great value in understanding the adsorption affinity of proteins at interfaces
and their associated structural and conformational changes.
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8.5 Appendix A: Determination of the phase
of ESFG
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Figure 8.5. (A) Comparison of the orientations of the quartz-crystal used for refer-
encing in psp-polarization. (X,Y,Z) and (x,y,z) denote the laboratory coordinate frame
and the crystal coordinate frame, respectively. The optical axis (o.a.) of the z-cut
crystal is oriented parallel to the surface normal (the Z-axis of the laboratory frame).
φ denotes the angle between the X-axis and the x-axis. The φ = 0◦-orientation is
also used in the experiments under ssp-polarization. (B) The spectral interferograms
obtained for φ = 90◦ and φ = 0◦ under psp-polarization with 7 sec. and 55 sec. of
integration time, respectively. The signal for φ = 90◦ has been scaled down by a factor
of 0.65 for better comparison. The inset shows the corresponding time-domain data
obtained by an inverse Fourier transformation of the spectral interferograms. (C) The
complex phase-resolved chiral SFG-spectrum of (L)-AFP1 obtained using Eq. (8.2)
and the quartz-crystal at φ = 0◦-orientation. (D) Same as (C) but using Eq. (8.3)
and the quartz-crystal at φ = 90◦-orientation.
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Since for a solution of chiral molecules the SFG-spectrum obtained under psp-
polarization can in principle originate both from an interface and from the bulk
of the isotropic solution [22,24], we use the phase of the SFG-spectrum relative
to the SFG-spectrum from quartz Equartz to determine the origin of the sample-
SFG (interface or bulk). The efficiency of the SFG-process is determined by the
effective nonlinearity deff , and in quartz its dependence on rotation over the
surface normal (the z-axis of the crystal) is given by deff ∝ dxxx cos(3φ) in
ssp and deff ∝ dxxx sin(3φ) in psp [187, 188], where φ is the angle between the
X-axis of the laboratory frame and the x-axis of the crystal frame as shown
in Figure 8.5A. We can verify this by comparing the spectral interferograms
obtained from quartz in two different orientations, φ = 0◦ and φ = 90◦. As
expected, the signal obtained for φ = 0◦ is much smaller (about one order of
magnitude) than for φ = 90◦. We furthermore note that the fringe patterns in
the two interferograms in Figure 8.5B are exactly π/2 phase-shifted with respect
two each other. This can also be clearly observed in the time-domain signals in
the inset of Figure 8.5B obtained from an inverse Fourier transformation of the
interferogram. These observations confirm that the quartz signal obtained for
a crystal orientation of φ = 0◦ under psp-polarization results from the interface
between quartz and air and not from the bulk. The real and imaginary part of

χ
(2)
chiral of the aqueous interface are then obtained from Eq. (8.2). This procedure

has been applied to Figure 8.4. An alternative approach is to rotate the quartz
crystal by φ = 90◦ and to compare the spectrogram measured for the AFP
solution with that of bulk quartz. In this case the real and imaginary part of

χ
(2)
chiral are determined by:

χ
(2)
sample(ω) = χ

(2)
quartz(ω)

Esample(ω)

iEquartz(ω)
(8.3)

The factor of i in the denominator of this equation is introduced because the
sum-frequency field generated in the bulk of the non-centrosymmetric quartz
crystal has a phase shift of π/2 relative to the sum-frequency electric field
generated at the surface [182,183].
The very efficient SFG-generation from quartz at φ = 90◦-orientation causes the
CCD-camera to become saturated after a few seconds of signal integration, thus
posing an upper limit for the integration time of the much weaker LO-signal. It
is possible to show that the noise in the cross-terms of Eq. (3.3) is dominated
by the shot-noise from the SFG-field with the higher intensity [170]. If ELO is
smaller than than Equartz by a factor of f with f�1, then it can easily be shown
that the signal-to-noise ratio is effectively reduced by a factor of f compared to
the usual situation where the LO is large compared to the signal it interferes
with [170]. Thus referencing the peptide-SFG signal to the quartz-SFG signal
obtained at φ = 90◦ leads to an elevated noise level in the final phase-resolved
SFG-spectrum of the peptide sample. The effect can be seen when comparing
Figure 8.5D to 8.5C. Measuring the reference spectrum from quartz for φ = 0◦

circumvents this problem since in this case ELO and Equartz are of comparable
magnitude, thus avoiding the introduction of additional noise sources into the
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final phase-resolved spectrum.

8.6 Appendix B: characterization of (L)- and
(D)-AFP1

8.6.1 UV-Circular Dichroism

To determine the thermodynamic properties of (L)- and (D)-AFP1, the unfold-
ing of the peptides was studied using a circular dichroism temperature wave-
length scan from 1 to 85 ◦C (Figure 8.6). All samples were measured in a
quartz cuvette with a path length of 0.2 cm in 5 mM phosphate buffer on a
Jasco J-815 spectropolarimeter, where the sensitivity, time constant and scan-
rate were chosen appropriately. Temperature was controlled by a PFD-425S/15
Peltier-type temperature controller. To derive the thermodynamic parameters
from the temperature dependent CD measurements, we used a simple two-state
model, where the peptide is either in a fully folded (F) or a fully (reversible)
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Figure 8.6. Temperature-dependent CD-spectra of (A) (L)-AFP1 and (B) (D)-AFP1.
(C,D) Circular dichroism temperature-wavelength scan at 222 nm of (L)-AFP1 and
(D)-AFP1. Black symbols are data points, red and blue lines denote a fit for the 100%
unfolded state (fu) and for the 100% folded state (ff ), respectively. The latter were
obtained from a quadratic fit to the data points outside the transition region. The
melting temperature Tm corresponding to fu = ff is 23◦C for both peptides.
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unfolded (U) state, given by

F � U, KD =
U

F
(8.4)

The fraction folded (ff ) and unfolded (fu) peptide is then

ff =
α

α+ β
, fu =

β

α+ β
(8.5)

where α and β is the helicity calculated as the difference between the fitted
lines for 100% (un)folded and experimental data points. These equations can
be inserted into Eq. (8.4), leading to KD = fu/ff . A Van’t Hoff plot of ln(KD)
vs 1/T [K−1] can be used to derive the thermodynamic parameters. Equimolar
amounts of folded and unfolded peptide (ff = fu) give KD = 1 and ln(KD)
= 0, from which the denaturation temperature Tm can be derived from the
intercept with the horizontal axis, which gives an equal denaturation temper-
ature Tm = 23 ◦C for (L)- and (D)-AFP1, which agrees well with literature
values [189].

8.6.2 Freezing hysteresis activity of (L)- and (D)-
AFP1

A B

Figure 8.7. Activity of (A) (L)-AFP1 and (B) (D)-AFP1 as determined by thermal
hysteresis measurements. While both (L)- and (D)-AFP1 alone exhibit very little ac-
tivity, both peptides are able to potentiate the observed antifreeze-activity of AFP-III.
This agrees with the observations in Ref. [190] from ice-crystal growth measurements.

The thermal hysteresis activity of the synthesized peptides was measured by
sonocrystallization of which the methods and experimental setup are described
elsewhere [191]. Sonocrystallization is a method to determine the lowering of
the non-equilibrium freezing point by antifreeze proteins. Samples are cooled
to -6 ◦C after which ice-crystallization is initiated by the application of a short
ultrasound pulse, resulting in the release of latent heat. This raises the sam-
ple temperature until it stabilizes at the non-equilibrium freezing point of the
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solution. Hereafter the temperature is slowly raised to determine the melting
point of the solution. As expected, type III antifreeze protein (AFP-III) shows
a stable freezing plateau as seen in Figure 8.7. Surprisingly, type I AFP does
not form a stable freezing plateau, however the addition of AFP1 to AFP-III
enhances the non-colligative freezing point depression. The effects observed in
the sonocrystallization experiments are virtually indistinguishable for (L)-AFP1
and (D)-AFP1.

The CD-spectroscopic characterization and freezing hysteresis activity tests
have been performed at the Laboratory of Macromolecular and Organic Chem-
istry of the Technical University Eindhoven by Luuk L.C. Olijve under the su-
pervision of Dr. Ilja K. Voets.
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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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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.
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In dit proefschrift hebben we de moleculaire dynamica van water en biologische
(model) systemen bestudeerd met geadvanceerde niet-lineaire optische tech-
nieken. In hoofstukken 4 - 5 hebben we femtoseconde infrarood pomp-probe
spectroscopie gebruikt om de energieoverdracht en het reoriënteren van water-
moleculen in oplossingen met verschillende opgeloste stoffen te bestuderen. In
hoofdstuk 6 hebben we tweedimensionale infrarood spectroscopie gebruikt om
de snelheid van energieoverdracht tussen C=O-groepen in de ruggengraat van
een antivrieseiwit te bestuderen. In hoofdstuk 7 werd dezelfde techniek gebruikt
om de geometrie van een zoutbrug model complex in oplossing te bepalen. Het
laatste hoofdstuk van dit proefschrift laat zien hoe som-frequentie generatie
spectroscopie kan worden toegepast om de absolute configuratie van chirale
(bio) moleculen aan grensvlakken te bepalen. De belangrijkste resultaten van
de afzonderlijke hoofdstukken zijn samengevat in het volgende.

Förster-type energieoverdracht In hoofdstuk 4 hebben we het re-
laxatiemechanisme van de OH-rekvibratie in waterige natriumjodide (NaI)
oplossingen met verschillende isotopenverhoudingen bestudeerd. We vinden
dat bij een lage fractie van waterstofatomen de vibratierelaxatie op twee ver-
schillende tijdschalen plaatsvindt. Een verhoging van de waterstoffractie leidt
tot een snelle Förster-energieoverdracht van de vibrationele excitatie tussen de
watermoleculen in de solvatieschil van de I− ionen en watermoleculen in de
bulkfase. De resonante energieoverdracht naar H2O moleculen vormt een extra
relaxatiemechanisme voor HDO moleculen in de hydratatieschil van de I− io-
nen, wat tot een versnelling van van de relaxatie leidt. Voor fH> 0.25 wordt de
Förster-energieoverdracht sneller dan de intrinsieke vibratierelaxatie, waardoor
een enkele snelheidsconstante wordt waargenomen die een gewogen gemiddelde
is van de verschillende soorten watermoleculen. We hebben waargenomen dat
de Förster-energieoverdracht langzamer wordt als de zoutconcentratie verhoogd
wordt. Dit leidt tot een vermindering van de Förster radius van 2.5 ± 0.2 Å
voor een oplossing met een zoutconcentratie van 1m NaI tot 2 ± 0.2 Å voor een
oplossing met 6m NaI. Dat is waarschijnlijk het resultaat van de toename van
de gemiddelde afstand tussen de watermoleculen, welke op zijn beurt weer het
gevolg is van de aanwezigheid van de Na+ and I− ionen.

De dynamica van water moleculen in waterige oplossingen van
DMSO en aceton In hoofdstuk 5 beschrijf ik een studie van de dynamica
van de vibratierelaxatie en reoriëntatie van watermoleculen in water-DMSO
en water-aceton mengsels. We vinden dat de reoriëntatie van een deel van de
watermoleculen in allebei de oplossingen sterk wordt vertraagd. Bij lage concen-
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traties van de opgeloste stoffen vinden we dat de vertraging van de reoriëntatie
wordt veroorzaakt door de hydrophobe methylgroepen. In oplossingen van
aceton in water is de fractie langzaam water duidelijk lager dan in oplossingen
van DMSO in water van dezelfde concentratie. Hieruit volgt dat minder wa-
termoleculen worden bëınvloed door de hydrophobe methylgroepen van aceton
dan door de methylgroepen van DMSO. Deze waarneming wijst erop dat ace-
tonmoleculen al bij lage concentraties de neiging hebben om nano-clusters te
vormen.
Het aantal watermoleculen dat met een waterstofbrug gebonden is aan het
opgeloste molecuul is aanmerkelijker lager in oplossingen van aceton dan in
oplossingen van DMSO. Dit duidt erop dat water nano-clusters vormt in water-
aceton mengsels. De watermoleculen, die zwak waterstof gebrugd zijn met de
C=O-groep van aceton, tonen een relatief snelle reoriëntatie met een tijdscon-
stante die afneemt met toenemende Xsol tot 2.96±0.05 ps voor Xacet = 0.9. Dat
is bijna net zo snel als de reoriëntatie van de OD-groep van watermoleculen in
een pure HDO:H2O oplossing (τrot = 2.5 ps). In water-DMSO mengsels hebben
de watermoleculen die met een waterstofbrug aan de S=O-groep gebonden zijn,
een veel tragere reoriëntatie met een tijdsconstante die afneemt van 46±14 ps
bij XDMSO = 0.33 tot 12±2 ps bij XDMSO = 0.95. Het grote verschil in
reoriëntatietijdsconstante tussen watermoleculen die aan DMSO gebonden zijn,
en watermoleculen die aan aceton gebonden zijn, kan worden verklaard uit
het feit dat de waterstofbrug tussen water en DMSO veel sterker is dan de
waterstofbrug tussen water en de C=O-groep van aceton.

Het centrale thema van hoofdstukken 6 - 8 is de bepaling van de conformatie
van biomoleculen. Hoofdstuk 6 beschrijft de dynamica van de energieoverdracht
tussen vibraties die gerelateerd zijn aan de secundaire stuktuur van eiwitten. In
hoofdstuk 7 worden experimenten beschreven die laten zien hoe de ruimtelijke
structuur van een zoutbrug eruitziet. In het laatste hoofdstuk worden expe-
rimenten beschreven waaruit blijkt hoe niet-lineaire spectroscopie kan worden
gebruikt om spiegelbeeldisomeren (enantiomeren) van elkaar te onderscheiden.

Energieoverdracht in een antivrieseiwit In hoofdstuk 6 hebben we
de vibratiedynamica van de amide I trillingen van een type III antivrieseiwit
bestudeerd. De resultaten lieten zien dat er twee verschillende amide I trillin-
gen zijn met verschillende levensduren van 1.09 ± 0.01 ps en 3.21 ± 0.02 ps.
Daarnaast hebben we waargenomen dat er energieoverdacht tussen deze twee
trillingen plaatsvindt met een tijdsconstante van 7.1 ± 0.2 ps. Op basis van deze
waarnemingen kunnen we de twee trillingen aan de α(+) en de α(−)-modes van
β-sheets toekennen. Deze vibraties vormen de in-fase en uit-fase beweging van
amide I oscillatoren. De energieoverdracht wordt mogelijk gemaakt door snelle
fluctuaties van de β-sheet conformatie op een tijdschaal van (sub)picoseconden.
De snelheid van de energieoverdracht hangt nauwelijks af van de temperatuur in
een interval van 2 tot 20◦C. Dit resultaat wijst erop dat de ruggengraat van het
eiwit heel flexibel is, zelfs bij temperaturen nabij het vriespunt. Deze interpre-
tatie wordt ondersteund door de afwezigheid van meetbare secundaire structuur
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in circular dichröısme spectroscopie.

Model systeem voor zoutbruggen in eiwitten In hoofdstuk 7 beschrijf
ik hoe we met tweedimensionale infrarood spectroscopie methylguanidinium
(MeGd+) en trifluoroacetate (TFA−) hebben bestudeered. Dit systeem vormt
een model voor de zoutbrug interacties die in eiwitten een belangrijke rol
spelen in de bepaling van de secundaire structuur. We zagen dat MeGd+

en TFA− in DMSO en in water een sterke neiging tot vorming van zout-
bruggen hebben, waarbij de C=O-groepen van TFA− een sterke waterstofbrug
met de twee N–D-groepen van MeGd+ vormen. De vorming van dit com-
plex leidt tot een versnelling van de vibratierelaxatie van de antisymmetrische
COO strekvibratie van TFA−, de levensduur neemt af van 3.4±0.4 ps naar
0.9±0.1 ps. Uit de anisotropie van de cross-peaks in het tweedimensionale IR-
spectrum hebben we de hoek tussen de overgangsdipoolmomenten van de anti-
symmetrische COO strekvibratie en de CN strekvibratie met een resonantie fre-
quentie van 1620 cm−1 bepaald. We vonden dat de overgangsdipoolmomenten
van deze vibraties onder een hoek van θ ≈ 90◦ met elkaar staan. Dit resultaat
toont aan dat het complex uit MeGd+ en TFA− bij voorkeur een geometrie aan-
neemt, waarin de twee C=O-groepen van TFA− waterstofbruggen met de twee
ND2-groepen van MeGd+ vormen (een zogenoemde ”end-on” configuratie).

Chiraliteit aan grensvlakken Het laatste hoofdstuk van dit proefschrift
gaat over het onderscheiden van spiegelbeeldisomeren (enantiomeren) aan
grensvlakken. Met behulp van vibrationele som-frequentie generatie (VSFG)
spectroscopie hebben we een monolaag van een α-helicale peptide aan het
lucht-water grensvlak bestudeerd. De peptides zijn opgebouwd uit of (L)- of
(D)-aminozuren. Wij gebruikten een polarisatiecombinatie die alleen gevoelig
is voor chirale moleculen en geen signal opleveren van achirale moleculen zoals
bijvoorbeeld water. Met behulp van interferometrische detectie hebben we
het reele en het imaginaire deel van de χ(2)-tensor bepaald. Deze waarden
zijn direct gerelateerd aan de absolute conformatie van het chirale molecuul.
Door de fase van het gedetecteerde SFG-licht te vergelijken met de fase van
het SFG-licht gegenereerd met behulp van een z-gesneden quartz kristal, kon
ondubbelzinning worden vastgesteld dat het signaal van peptide moleculen aan
het water-lucht grensvlak afkomstig is, en niet van moleculen in de bulk van
de oplossing. Daarmee hebben we laten zien dat onze methode kan worden
gebruikt om peptides met links- en rechtsdraaiende helices aan grensvlakken te
onderscheiden. Dit is niet mogelijk met andere spectroscopische methoden.
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ich bin dir für Deine Unterstüztung sehr dankbar. Papa, danke auch Dir für
Dein stetes Interesse an meiner Arbeit.


